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Executive Summary 
2EVHUYDWLRQV�PDGH�VLQFH�WKH�HDUO\�����
V�KDYH�QRWHG�GHFOLQLQJ�DEXQGDQFHV�RI�LPSRUWDQW��SHODJLF�
PHPEHUV�RI�WKH�6XLVXQ�%D\�DQG�6DFUDPHQWR�6DQ�-RDTXLQ�'HOWD�IRRG�ZHEV���,Q�UHVSRQVH��
QXPHURXV�LQYHVWLJDWLRQV�KDYH�EHHQ�ODXQFKHG��DLPHG�DW�LGHQWLI\LQJ�WKH�XQGHUO\LQJ�FDXVH�V��RI�
ZKDW�LV�UHIHUUHG�WR�UHJLRQDOO\�DV�WKH�3HODJLF�2UJDQLVP�'HFOLQH��32'���7KH�FRQFHSWXDO�PRGHO�IRU�
WKH�32'�UHFRJQL]HV�WKDW�PXOWLSOH�IDFWRUV�PD\�DFW�LQ�FRQFHUW�WR�GHJUDGH�KDELWDW�DQG�FRQWULEXWH�WR�
WKH�32'��%D[WHU�HW�DO���������15&��������LQFOXGLQJ��FKDQJHV�LQ�IORZ�UHJLPH��SK\VLFDO�DOWHUDWLRQV�
WR�KDELWDW��ODQG�XVH�FKDQJHV��LQYDVLYH�VSHFLHV��FRQWDPLQDQWV��DQG�QXWULHQWV���8QGHUVWDQGLQJ�WKH�
XQGHUO\LQJ�FDXVHV�RI�KDELWDW�GHJUDGDWLRQ�DQG�WKH�32'�LQ�6XLVXQ�%D\�DQG�WKH�'HOWD�UHTXLUHV�DQ�
LQWHJUDWHG�DQDO\VLV�DFURVV�WKH�UDQJH�RI�SRWHQWLDO�GULYHUV��7KLV�UHSRUW�IRFXVHV�RQ�RQH�VHW�RI�WKHVH�
LVVXHV��HOHYDWHG�ORDGLQJV�DQG�FRQFHQWUDWLRQV�RI�DPPRQLXP��1+�

���LQ�6XLVXQ�%D\�DQG�D�VXEVHW�RI�
WKH�SURSRVHG�PHFKDQLVPV�E\�ZKLFK�1+�

��PD\�DGYHUVHO\�LPSDFW�HFRV\VWHP�KHDOWK���

5HFHQW�VWXGLHV�KDYH�K\SRWKHVL]HG�WKDW�DQWKURSRJHQLF�QXWULHQW�ORDGV�RYHU�WKH�SDVW�IHZ�GHFDGHV��LQ�
SDUWLFXODU�1+�

���DUH�QHJDWLYHO\�LPSDFWLQJ�IRRG�ZHEV�LQ�6XLVXQ�%D\�DQG�WKH�'HOWD��(OHYDWHG�1+�
��

FRQFHQWUDWLRQV�DUH�K\SRWKHVL]HG�WR�EH�LQKLELWLQJ�SULPDU\�SURGXFWLYLW\�LQ�6XLVXQ�%D\��6DQ�3DEOR�
%D\��DQG�WKH�6DFUDPHQWR�5LYHU��'XJGDOH�HW�DO���������3DUNHU�HW�DO����������DQG�LQGLUHFWO\�
FRQWULEXWLQJ�WR�WKH�32'�E\�GHFUHDVLQJ�WKH�SRWHQWLDO�IRRG�VXSSO\��2WKHU�LQYHVWLJDWRUV�K\SRWKHVL]H�
WKDW�FKDQJHV�LQ�QXWULHQW�UDWLRV�DQG�IRUPV�RI�1�DUH�H[HUWLQJ�DGGLWLRQDO�ERWWRP�XS�SUHVVXUHV�RQ�
'HOWD�DQG�6XLVXQ�IRRG�ZHEV�E\�DOWHULQJ�WKH�SK\WRSODQNWRQ�FRPPXQLW\�FRPSRVLWLRQ�DQG�WKH�1�3�
FRPSRVLWLRQ�RI�LQGLYLGXDO�FHOOV��H�J���*OLEHUW�HW�DO���������*OLEHUW�HW�DO���������,Q�DGGLWLRQ��D�
UHFHQW�VWXG\�UHSRUWHG�HYLGHQFH�WKDW�1+�

���DW�FRQFHQWUDWLRQV�REVHUYHG�LQ�VRPH�DUHDV�RI�WKH�'HOWD�
DQG�6DFUDPHQWR�5LYHU��FDQ�H[HUW�FKURQLF�WR[LFLW\�RQ�D�FRSHSRG�VSHFLHV��3VHXGRGLDSWRPXV�
IRUEHVL��WKDW�LV�DQ�LPSRUWDQW�IRRG�UHVRXUFH��7HK�HW�DO�����������

7KH�SXUSRVH�RI�WKLV�UHSRUW�LV�WR�SURYLGH�DQ�RYHUYLHZ�RI�WKH�VWDWH�RI�WKH�VFLHQFH�DQG�LGHQWLI\�
VFLHQFH�JDSV�UHODWHG�WR�D�VXEVHW�RI�WKH�K\SRWKHVL]HG�DGYHUVH�LPSDFWV�RI�1+�

��LQ�6XLVXQ�%D\��DQG�
FKDUDFWHUL]H�1+�

��ORDGV��FRQFHQWUDWLRQV��DQG�IDWH��7KH�UHSRUW¶V�VSHFLILF�JRDOV�DUH�WR�

�� 6\QWKHVL]H�WKH�VFLHQWLILF�OLWHUDWXUH�RQ�QLWURJHQ�XWLOL]DWLRQ�E\�PDULQH�DQG�HVWXDULQH�
SK\WRSODQNWRQ��ZLWK�D�SDUWLFXODU�IRFXV�RQ�IDFWRUV�DQG�PHFKDQLVPV�WKDW�UHJXODWH�WKH�1�
IRUP�XWLOL]HG�E\�SK\WRSODQNWRQ��DQG�WKH�HIIHFW�RI�GLIIHUHQW�1�VRXUFHV�RQ�SULPDU\�
SURGXFWLRQ�UDWHV���6HFWLRQ����

�� 7KURXJK�WKH�SHUVSHFWLYH�RI�WKH�EURDGHU�VFLHQWLILF�OLWHUDWXUH��HYDOXDWH�WKH�UHVXOWV�DQG�
LQWHUSUHWDWLRQV�RI�UHFHQW�VWXGLHV�WKDW�K\SRWKHVL]H�WKDW�HOHYDWHG�1+�

��OHYHOV�LQKLELW�SULPDU\�
SURGXFWLRQ�UDWHV���6HFWLRQ����

�� 6XPPDUL]H�WKH�VFLHQWLILF�OLWHUDWXUH�UHODWHG�WR�1+�
��WR[LFLW\�WR�FRSHSRGV���6HFWLRQ����

�� 6\QWKHVL]H�WKH�VFLHQWLILF�OLWHUDWXUH�RQ�FRSHSRG�HFRORJ\�DQG�FKDQJHV�LQ�FRPPXQLW\�
FRPSRVLWLRQ�DQG�DEXQGDQFH�LQ�6XLVXQ�%D\��6HFWLRQ����

�� 4XDQWLI\�1+�
��ORDGV�WR�6XLVXQ�%D\��HYDOXDWH�ORQJ�WHUP�FKDQJHV�DQG�VHDVRQDO�YDULDWLRQV�

LQ�DPELHQW�1+�
��FRQFHQWUDWLRQV��DQG�FKDUDFWHUL]H�1+�

��IDWH���6HFWLRQ����
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�� 6XPPDUL]H�NH\�REVHUYDWLRQV�DQG�LGHQWLI\�QH[W�VWHSV���6HFWLRQ����

$OWKRXJK�DGGLWLRQDO�SDWKZD\V�RI�QXWULHQW�UHODWHG�LPSDLUPHQW�KDYH�EHHQ�SURSRVHG�LQ�6XLVXQ�%D\�
DQG�WKH�'HOWD��WKLV�UHSRUW�LV�QDUURZO\�IRFXVHG�RQ�WKH�DERYH�JRDOV��7KH�UHSRUW�ZDV�GHYHORSHG�
XQGHU�WKH�DVVXPSWLRQ�WKDW�LW�ZRXOG�EH�XVHG�LQ�FRQMXQFWLRQ�ZLWK�FRPSOHPHQWDU\�UHSRUWV�
�LQFOXGLQJ�UHSRUWV�DOUHDG\�GHYHORSHG��H�J���%D[WHU�HW�DO���������0H\HU�HW�DO��������WKDW�DGGUHVV�
RWKHU�IDFWRUV�DIIHFWLQJ�HFRV\VWHP�KHDOWK�LQ�6XLVXQ�%D\�DQG�WKH�'HOWD�WR�KHOS�LGHQWLI\�WKH�
RXWVWDQGLQJ�VFLHQFH�TXHVWLRQV�ZKRVH�DQVZHUV�ZLOO�LQIRUPHG�PDQDJHPHQW�GHFLVLRQV��For 
additional background and context on nutrient related issues in San Francisco Bay, the reader is 
referred a recent nutrient conceptual model report (Senn et al. 2014).  

7KH�UHSRUW�LV�RUJDQL]HG�LQWR�LQGLYLGXDO�VHFWLRQV�WKDW�DGGUHVV�HDFK�RI�WKH�VL[�PDLQ�JRDOV��DQG�WKH�
RYHUDOO�ILQGLQJV�DUH�VXPPDUL]HG�EHORZ���

NH4
+ inhibition of primary production 

7KH�1+�
��LQKLELWLRQ�K\SRWKHVLV�ZDV�GHYHORSHG�WKURXJK�PXOWLSOH�VWXGLHV�E\�UHVHDUFKHUV�DW�6DQ�

)UDQFLVFR�6WDWH�8QLYHUVLW\¶V�5RPEHUJ�7LEXURQ�&HQWHU��57&��IRU�(QYLURQPHQWDO�6WXGLHV�RYHU�WKH�
SDVW�GHFDGH��H�J���:LONHUVRQ�HW�DO���������'XJGDOH�HW�DO���������3DUNHU�HW�DO�������D������E��
'XJGDOH�HW�DO�����������7KH�FRQFHSWXDO�PRGHO�IRU�WKH�HFRORJLFDO�LPSDFWV�RI�WKH�1+�

��LQKLELWLRQ�
K\SRWKHVLV�LV�EXLOW�DURXQG�WKUHH�PDLQ�SRLQWV��

P.1  7KH�SUHVHQFH�RI�1+�
��DW�HOHYDWHG�OHYHOV��!�����PRO�/����LQKLELWV�WKH�XSWDNH�RI�QLWUDWH�E\�

SK\WRSODQNWRQ��

P.2  7KH�UDWH�RI�12�
��XSWDNH��ZKHQ�1+�

��LV�DEVHQW�RU�OHVV�WKDQ�����X0��LV�JUHDWHU�WKDQ�WKH�UDWH�
RI�1+�

��XSWDNH���7KXV��ZKHQ�12�
��XSWDNH�LV�VXSSUHVVHG��DQG�RQO\�1+�

��LV�EHLQJ�WDNHQ�XS�
E\�SK\WRSODQNWRQ��WKH�RYHUDOO�UDWH�RI�1�XSWDNH�LV�ORZHU��

P.3 7KH�ORZHU�UDWH�RI�1�XSWDNH�UHVXOWLQJ�IURP�WKLV�PHFKDQLVP�WUDQVODWHV�LQWR�ORZHU�UDWHV�RI�
SULPDU\�SURGXFWLRQ��

'XJGDOH�HW�DO��������UHIHU�WR�WKH�VXSSUHVVLRQ�RI�EORRP�GHYHORSPHQW�E\�HOHYDWHG�1+�
��DV�³WKH�

1+�
��SDUDGR[´��7KH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�WKDW�LV�EDVHG�RQ�3���3���DUJXHV�WKDW�
SK\WRSODQNWRQ�XSWDNH�RI�12�

���WKH�ODUJHVW�SRRO�RI�1�LQ�WKH�6DQ�)UDQFLVFR�(VWXDU\��LV�QHFHVVDU\�
IRU�SK\WRSODQNWRQ�EORRP�GHYHORSPHQW��8QGHU�WKLV�PRGHO��EORRP�LQLWLDWLRQ�LV�GHSHQGHQW�RQ�ORZHU�
1+�

��FRQFHQWUDWLRQV�FRPELQHG�ZLWK�FHUWDLQ�ULYHU�IORZ�DQG�ORDGLQJ�FRQGLWLRQV��DVVXPLQJ�
VXIILFLHQW�LUUDGLDQFH���DQG�WKUHH�FULWHULD�PXVW�EH�PHW������1+�

��ORDGLQJ�PXVW�QRW�H[FHHG�WKH�
FDSDFLW\�RI�WKH�SK\WRSODQNWRQ�WR�DVVLPLODWH�WKH�LQIORZ�RI�1+�

������1+�
��FRQFHQWUDWLRQ�PXVW�EH�

HTXDO�WR�RU�OHVV�WKDQ����PRO�/���WR�HQDEOH�SK\WRSODQNWRQ�12�
��XSWDNH�����7KH�GLOXWLRQ�UDWH�RI�WKH�

SK\WRSODQNWRQ�ELRPDVV��VHW�E\�ULYHU�IORZ��PXVW�QRW�H[FHHG�WKH�SK\WRSODQNWRQ�JURZWK�UDWH�WR�
DYRLG�ZDVKRXW��
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7KHUH�LV�VWURQJ�VXSSRUW�LQ�WKH�VFLHQWLILF�OLWHUDWXUH�IRU�3����ZLWK�QXPHURXV�VWXGLHV�GHPRQVWUDWLQJ�
HLWKHU�WKDW�PXOWLSOH�VSHFLHV�RI�SK\WRSODQNWRQ�H[KLELW�D�VWURQJ�SUHIHUHQFH�IRU�1+�

��RU�WKDW�12�
��

XSWDNH�LV�DFWLYHO\�LQKLELWHG�E\�HOHYDWHG�1+�
��FRQFHQWUDWLRQV��57&�VWXGLHV�RIIHU�FRQYLQFLQJ�

VXSSRUW�IRU�3����ZLWK�12�
��XSWDNH�E\�SK\WRSODQNWRQ�VWURQJO\�LQKLELWHG�ZKHQ�1+�

��FRQFHQWUDWLRQV�
H[FHHG������PRO�/����

3���LV�QRW�ZHOO�VXSSRUWHG�E\�WKH�EURDGHU�VFLHQWLILF�OLWHUDWXUH�RQ�1�XSWDNH�UDWHV�E\�SK\WRSODQNWRQ��
)HZ�ZHOO�FRQWUROOHG�VWXGLHV�KDYH�DFWXDOO\�LQYHVWLJDWHG�1�XSWDNH�UDWHV�GXULQJ�H[SHULPHQWV�LQ�
ZKLFK�ERWK�12�

��DQG�1+�
��ZHUH�DYDLODEOH�RYHU�D�UDQJH�RI�FRQFHQWUDWLRQV��7KXV��WKHUH�UHPDLQV�D�

FULWLFDO�JDS�LQ�WKH�OLWHUDWXUH�RQ�WKLV�WRSLF��:KLOH�WKHUH�DUH�OLPLWHG�VWXGLHV�WKDW�H[SOLFLWO\�FRPSDUH�
12�

��YV��1+�
��XSWDNH�NLQHWLFV��WKH�PRUH�EURDGO\�DFFHSWHG�FRQFHSWXDO�PRGHO�LV�WKDW��ZKHQ�

QXWULHQWV�DUH�DEXQGDQW��FHOOV�DFFHVV�ZKLFKHYHU�1�VRXUFH�LV�PRVW�UHDGLO\�DYDLODEOH��DQG�WKDW�XSWDNH�
UDWHV�RI�12�

��DQG�1+�
��DUH�VLPLODU��7KH�57&�VWXGLHV�SURYLGH�VRPH�VXSSRUW�IRU�3���WKURXJK�

HQFORVXUH�H[SHULPHQWV�FDUULHG�RXW�ZLWK�%D\�ZDWHU�DQG�XVLQJ�DPELHQW�SK\WRSODQNWRQ�FRPPXQLW\�
DVVHPEODJHV��3DUNHU�HW�DO�������D���DQG�ZLWK�RQH�VHW�RI�XSWDNH�NLQHWLF�H[SHULPHQWV�XVLQJ�DPELHQW�
FRPPXQLW\�DVVHPEODJHV���+RZHYHU��57&�VWXGLHV�DOVR�\LHOG�VRPH�H[SHULPHQWDO�HYLGHQFH�WKDW�
VXJJHVWV�1+�

��XSWDNH�UDWHV�FDQ�EH�FRPSDUDEOH�WR�RU�HYHQ�JUHDWHU�WKDQ�12�
��XSWDNH�UDWHV��,Q�

DGGLWLRQ��XQFHUWDLQW\�UHPDLQV�DERXW�ZKHWKHU�H[SHULPHQWDO�DUWLIDFWV�RU�RWKHU�UHDVRQDEOH�
H[SODQDWLRQV�FRXOG�H[SODLQ�VRPH�RI�WKH�REVHUYDWLRQV�XVHG�DV�HYLGHQFH�LQ�VXSSRUW�RI�3�����:KLOH�
3���UHPDLQV�D�SODXVLEOH�K\SRWKHVLV��DGGLWLRQDO�UHVHDUFK�LV�QHHGHG�WR�PRUH�ULJRURXVO\�HVWDEOLVK�
12�

��DQG�1+�
��NLQHWLFV�XQGHU�D�UDQJH�RI�FRQGLWLRQV��WHPSHUDWXUH��OLJKW�OHYHOV���LQFOXGLQJ�

H[SHULPHQWV�FDUULHG�RXW�ZLWK�PRQR�FXOWXUHV�RI�SK\WRSODQNWRQ�VSHFLHV�RU�WD[D�FRPPRQO\�SUHVHQW�
LQ�6XLVXQ�%D\������

3��LV�QRW�ZHOO�VXSSRUWHG�E\�WKH�EURDGHU�VFLHQWLILF�OLWHUDWXUH��$V�ZLWK�3���WKH�PRUH�EURDGO\�
DFFHSWHG�FRQFHSW�LV�WKDW�PRVW�SK\WRSODQNWRQ�WD[D�JURZ�HTXDOO\�ZHOO�ZKHQ�XVLQJ�1+�

��RU�12�
��DV�

WKHLU�QLWURJHQ�VRXUFH��VHH�6HFWLRQ���IRU�IXUWKHU�GLVFXVVLRQ����0XOWLSOH�VWXGLHV�KDYH�IRXQG�VLPLODU�
JURZWK�UDWHV��UDWHV�RI�FDUERQ�IL[DWLRQ��DFURVV�D�UDQJH�RI�WD[D�ZKHQ�XVLQJ�1+�

��RU�12�
����:KLOH�

WKH�UDWH�RI�JURZWK�YDULHV�ZLWK�GLIIHUHQW�OHYHOV�RI�OLJKW��H[SHULPHQWV�LQ�ZKLFK�PRQRFXOWXUHV�RI�
SK\WRSODQNWRQ�ZHUH�JURZQ�XQGHU�GLIIHUHQW�OLJKW�UHJLPHV�DQG�GLIIHUHQW�1�VRXUFHV�IRXQG�WKDW�
JURZWK�UDWH�ZDV�QRW�VWURQJO\�GHSHQGHQW�RQ�ZKHWKHU�12�

��RU�1+�
��ZDV�SURYLGHG��VHH�6HFWLRQ�����

$V�ZLWK�3����IHZ�VWXGLHV�KDYH�GRQH�JURZWK�H[SHULPHQWV�LQ�ZKLFK�SK\WRSODQNWRQ�KDYH�WKH�FKRLFH�
EHWZHHQ�1+�

��DQG�12�
���VR�WKHUH�DOVR�UHPDLQV�D�FULWLFDO�JDS�LQ�WKH�OLWHUDWXUH�RQ�WKLV�UHODWHG�WRSLF���

57&�ILHOG�DQG�HQFORVXUH�H[SHULPHQWV�SURYLGH�VRPH�HYLGHQFH�WKDW�LV�FRQVLVWHQW�ZLWK�WKH�WKH�
K\SRWKHVLV�WKDW�SULPDU\�SURGXFWLRQ�UDWHV��XVLQJ�UDWHV�RI�&�XSWDNH��DUH�VORZHU�DW�KLJK�1+�

��OHYHOV��
DQG�WKDW�JURZWK�UDWHV�LQFUHDVH�ZKHQ�1+�

��LV�GHSOHWHG�DQG�SK\WRSODQNWRQ�EHJLQ�XWLOL]LQJ�12�
��

�3DUNHU�HW�DO�������D������E���,Q�RWKHU�VWXGLHV��SULPDU\�SURGXFWLRQ�UDWHV�DUH�LQIHUUHG�IURP�
FKDQJHV�LQ�FKO�D�RU�DVVXPHG�WR�EH�SURSRUWLRQDO�WR�WKH�1�XSWDNH�UDWH��ERWK�RI�ZKLFK�DUH�SURQH�WR�
FRQVLGHUDEOH�XQFHUWDLQW\��GXH�WR�YDULDWLRQV�LQ�&�FKO�D�DQG�&�1���,Q�DGGLWLRQ��LQ�VRPH�FRPSRQHQWV�
RI�57&�VWXGLHV��H[SHULPHQWDO�DUWLIDFWV��H�J���DFFOLPDWLRQ�WLPH�WR�OLJKW�FRQGLWLRQV�LQ�HQFORVXUHV��RU�
FRPSHWLQJ�H[SODQDWLRQV�KDYH�QRW�EHHQ�VXIILFLHQWO\�UXOHG�RXW��LQFOXGLQJ�WKH�SRWHQWLDO�UROH�RI�RWKHU�
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FRQWDPLQDQWV��HLWKHU�FR�RFFXUULQJ�LQ�WUHDWHG�ZDVWHZDWHU�HIIOXHQW��RU�RWKHU�VRXUFHV�VXFK�DV�
DJULFXOWXUDO�UXQRII��(YHQ�LI�3���DQG�3���DUH�RFFXUULQJ��1�XSWDNH�DQG�SULPDU\�SURGXFWLRQ�LQ�6XLVXQ�
%D\�DSSHDU�WR�EHKDYH�GLIIHUHQWO\�FRPSDUHG�WR�WKH�FRQFHSWXDO�PRGHO��ZKLFK�ZDV�GHYHORSHG�
ODUJHO\�EDVHG�RQ�REVHUYDWLRQV�LQ�6DQ�3DEOR�DQG�&HQWUDO�%D\��'XJGDOH�HW�DO���������3DUNHU�HW�DO���
�������'XJGDOH�HW�DO���������DQG�3DUNHU�HW�DO������D��DFNQRZOHGJH�WKH�SRWHQWLDO�UROH�RI�RWKHU�
IDFWRUV��VXFK�DV�RWKHU�FRQWDPLQDQWV��+RZHYHU��WKHLU�FRQFOXVLRQV�DERXW�6XLVXQ�%D\�GR�QRW�
VXIILFLHQWO\�DGGUHVV�WKLV�QXDQFH��RU�WKH�H[WHQW�WR�ZKLFK�WKH�1+�

��EDVHG�H[SODQDWLRQV�FDQ�EH�
UHDGLO\�DSSOLHG�LQ�6XLVXQ�%D\��)LQDOO\��1+�

��OHYHOV�DUH�SUHVHQW�DW�FRPSDUDEOH�OHYHOV�LQ�6RXWK�6DQ�
)UDQFLVFR�%D\��DQG�H[DPSOHV�RI�1+�

��LQKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�UDWHV�KDYH�QRW�EHHQ�
GRFXPHQWHG�WKHUH���

6LPLODU�WR�3����3���UHPDLQV�D�SODXVLEOH�K\SRWKHVLV��,QKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�E\�HOHYDWHG�
1+�

��KDV�EHHQ�SURSRVHG�DV�RQH�SRVVLEOH�PHFKDQLVP�WR�H[SODLQ�ORZHU�SURGXFWLRQ�UDWHV�HOVHZKHUH�
�H�J���'HODZDUH�%D\��<RVKLKDPD�DQG�6KDUS���������7KH�57&�VWXGLHV�KDYH�WDFNOHG�WKH�LVVXH�ZLWK�
ILHOG�REVHUYDWLRQV�DQG�H[SHULPHQWDO�VWXGLHV�XVLQJ�DPELHQW�SK\WRSODQNWRQ�DVVHPEODJHV��DV�
RSSRVHG�WR�SXUH�FXOWXUH�H[SHULPHQWV��7KHLU�ILHOG�VWXGLHV�DQG�VLPXODWLRQ�RI�ILHOG�FRQGLWLRQV�
WKURXJK�HQFORVXUH�H[SHULPHQWV�ZLWK�%D\�ZDWHU�DQG�DPELHQW�SK\WRSODQNWRQ�FRPPXQLWLHV�SURYLGH�
DQ�LPSRUWDQW�SHUVSHFWLYH�RQ�QHW�HIIHFWV�DW�WKH�ILHOG�VFDOH���+RZHYHU��WKH�FRPSOH[LW\�LQWURGXFHG�E\�
ILHOG�FRQGLWLRQV�RU�VLPXODWHG�ILHOG�FRQGLWLRQV��ZKHQ�PXOWLSOH�XQGHUO\LQJ�IDFWRUV�DUH�FKDQJLQJ�
RYHU�VSDFH�RU�WLPH��H�J���SK\WRSODQNWRQ�FRPPXQLW\�FRPSRVLWLRQ��JUD]LQJ��DFFOLPDWLRQ�WR�
H[SHULPHQWDO�OLJKW�FRQGLWLRQV��LQFUHDVHV�RU�GHFUHDVH�LQ�OLJKW�DWWHQXDWLRQ�DV�D�IXQFWLRQ�RI�VSDFH�LQ�
ILHOG�VWXGLHV��VWUDWLILFDWLRQ��FDQ�PDNH�LW�GLIILFXOW�WR�GLUHFWO\�HYDOXDWH�WKH�UROH�RI�WKH�1+�

��
LQKLELWLRQ�PHFKDQLVP��$GGLWLRQDO�UHVHDUFK�LV�QHHGHG�WR���

 'HWHUPLQH�ZKHWKHU�VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFHV�LQ�SULPDU\�SURGXFWLRQ�UDWHV�RFFXU�
GXH�WR�WKH�1�IRUP�XWLOL]HG��(IIRUW�VKRXOG�EH�GLUHFWHG�WRZDUG�HVWDEOLVKLQJ�12�

��DQG�1+�
��

XSWDNH�NLQHWLFV�DQG�SK\WRSODQNWRQ�JURZWK�NLQHWLFV�XQGHU�D�UDQJH�RI�FRQGLWLRQV��H�J���
YDU\LQJ�WHPSHUDWXUH�DQG�OLJKW�OHYHOV��YDU\LQJ�SURSRUWLRQV�RI�12�

��DQG�1+�
����LQFOXGLQJ�

H[SHULPHQWV�FDUULHG�RXW�ZLWK�PRQR�FXOWXUHV�RI�SK\WRSODQNWRQ�VSHFLHV�RU�WD[D�FRPPRQO\�
SUHVHQW�LQ�6XLVXQ�%D\��

 'HWHUPLQH�WKH�HFRORJLFDO�VLJQLILFDQFH�RI�WKLV�PHFKDQLVP�DW�WKH�HFRV\VWHP�VFDOH��
LQFOXGLQJ�LPSURYHG�XQGHUVWDQGLQJ�RI�WKH�FRQGLWLRQV�XQGHU�ZKLFK�GLIIHUHQFHV�LQ�JURZWK�
UDWHV�RFFXU��DQG�WKH�PDJQLWXGH�RI�WKH�HIIHFW����

 5XOH�RXW�FRPSHWLQJ�H[SODQDWLRQV�DQG�H[SHULPHQWDO�DUWLIDFWV�LQ�ILHOG�REVHUYDWLRQV�DQG�
HQFORVXUH�H[SHULPHQWV��

6RPH�RI�WKHVH�UHVHDUFK�QHHGV�DUH�WKH�IRFXV�RI�RQ�JRLQJ�RU�SURSRVHG�VWXGLHV�E\�57&�UHVHDUFKHUV��
WKHLU�FROODERUDWRUV��DQG�RWKHU�UHVHDUFK��7KRVH�VWXGLHV�KDYH�QRW�EHHQ�GLVFXVVHG�LQ�WKLV�UHSRUW��
WKHUHIRUH��WKLV�UHYLHZ�PD\�QHHG�WR�EH�UHYLVLWHG�DV�WKDW�GDWD�EHFRPHV�DYDLODEOH���

,QGHSHQGHQW�RI�ZKHWKHU�WKH�VHW�RI�SURFHVVHV�ODLG�RXW�LQ�WKH�1+�
��LQKLELWLRQ�FRQFHSWXDO�PRGHO�

RFFXU�DV�SURSRVHG��WKHLU�SRWHQWLDO�LPSRUWDQFH�DW�WKH�HFRV\VWHP�VFDOH�KDV�QRW�EHHQ�DGHTXDWHO\�
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LQYHVWLJDWHG��2WKHU�IDFWRUV�DUH�NQRZQ�WR�SOD\�LPSRUWDQW��LI�QRW�GRPLQDQW��UROHV�LQ�OLPLWLQJ�
SULPDU\�SURGXFWLRQ�UDWHV��H�J���OLJKW�OLPLWLDWLRQ��RU�ELRPDVV�DFFXPXODWLRQ��FODP�JUD]LQJ��
UHVLGHQFH�WLPH��LQ�6XLVXQ�%D\��7KH�57&�VWXGLHV�DFNQRZOHGJH�WKH�UROHV�RI�OLJKW�OLPLWDWLRQ�DQG�
FODP�JUD]LQJ��WKH\�SRLQW�RXW�WKDW�1+�

��LQKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�LV�DQ�DGGLWLRQDO�IDFWRU�
WKDW�OLPLWV�SURGXFWLRQ�ZKHQ�FRQGLWLRQV�PLJKW�RWKHUZLVH�DOORZ�IRU�EORRPV�WR�RFFXU��+RZHYHU��WKLV�
LPSRUWDQW�SRLQW�VRPHWLPHV�JHWV�ORVW�ZKHQ�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�LV�GLVFXVVHG�LQ�
WKH�FRQWH[W�RI�LWV�PDQDJHPHQW�LPSOLFDWLRQV��7KH�SRWHQWLDO�HFRV\VWHP�VFDOH�LPSRUWDQFH�RI�WKH�
1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�FRXOG�EH�DVVHVVHG�XVLQJ�UHODWLYHO\�EDVLF�ELRJHRFKHPLFDO�
PRGHOV�DQG�H[LVWLQJ�GDWD��6XFK�PRGHOLQJ�HIIRUWV�ZRXOG�KDYH�EHQHILWV�IDU�EH\RQG�WHVWLQJ�WKH�1+�

��
K\SRWKHVLV��LQ�WKDW�WKH\�ZLOO�\LHOG�WRROV�IRU�TXDQWLWDWLYHO\�V\QWKHVL]LQJ�H[LVWLQJ�QXWULHQW�DQG�
SK\WRSODQNWRQ�GDWD�LQ�6XLVXQ�%D\�DQG�RWKHU�HPED\PHQWV��LGHQWLI\LQJ�GDWD�DQG�PRQLWRULQJ�QHHGV��
DQG�LQIRUPLQJ�WKH�EURDGHU�PRGHOLQJ�VWUDWHJ\�IRU�WKH�%D\��

NH4
+ toxicity to copepods  

&KDQJHV�LQ�TXDOLW\�DQG�DEXQGDQFH�RI�IRRG�IRU�SHODJLF�ILVKHV�KDV�EHHQ�LGHQWLILHG�DV�RQH�SRWHQWLDO�
IDFWRU�FRQWULEXWLQJ�WR�32'�LQ�WKH�'HOWD�DQG�6XLVXQ�%D\��=RRSODQNWRQ�DEXQGDQFH�DQG�VL]H�KDYH�
GHFUHDVHG�RYHU�WKH�ODVW�IRXU�GHFDGHV��DQG�WKHVH�GHFOLQHV�LQ�IRRG�DYDLODELOLW\�PD\�EH�H[HUWLQJ�
ERWWRP�XS�SUHVVXUH�RQ�WKH�IRRG�ZHE��%D[WHU�HW�DO����������VLQFH�]RRSODQNWRQ�DUH�WKH�SULPDU\�SUH\�
IRU�'HOWD�VPHOW�DQG�RWKHU�SHODJLF�ILVKHV�ZKRVH�GHFOLQH�OLH�DW�WKH�FHQWHU�RI�WKH�32'��+LJK�JUD]LQJ�
UDWHV�E\�LQYDVLYH�EHQWKRV��ORZ�IRRG�DEXQGDQFH��L�H���ORZ�SK\WRSODQNWRQ�ELRPDVV���DQG�GLUHFW�
WR[LFLW\�RI�FRQWDPLQDQWV�KDYH�EHHQ�K\SRWKHVL]HG�WR�EH�DFWLQJ�LQ�FRQFHUW�WR�NHHS�]RRSODQNWRQ�
SRSXODWLRQV�ORZ��7KH�XQLRQL]HG�IRUP��DPPRQLD��1+����LV�WKH�IRUP�WKDW�KDV�PRVW�FRPPRQO\�EHHQ�
FRQVLGHUHG�WR�EH�WR[LF�WR�DTXDWLF�RUJDQLVPV��+RZHYHU��7HK�HW�DO���������UHFHQWO\�UHSRUWHG�RQ�
FKURQLF�WR[LFLW\�WR�WKH�FRSHSRG�3VHXGRGLDSWRPXV�IRUEHVL�DW�IDLUO\�ORZ�1+�

��FRQFHQWUDWLRQV��3��
IRUEHVL�LV�RI�SDUWLFXODU�LQWHUHVW�EHFDXVH�GXULQJ�PRVW�WLPHV�RI�WKH�\HDU��3��IRUEHVL�LV�FRQVLGHUHG�WKH�
PRVW�LPSRUWDQW�IRRG�VRXUFH�IRU�DOO�ILVK�WKDW�KDYH�VKRZQ�GHFOLQLQJ�SRSXODWLRQV���

7HK�HW�DO���������IRXQG�WKDW�WKH�VXUYLYDO�RI�3��IRUEHVL�IURP�HDUO\�OLIH�VWDJHV�WR�DGXOW�VWDJHV�ZDV�
UHGXFHG�DW�1+�

��FRQFHQWUDWLRQV�DV�ORZ�DV�����PRO�/�����7KH�WR[LFLW\�PHFKDQLVP�ZDV�
K\SRWKHVL]HG�WR�EH�UHODWHG�WR�WKH�IDFW�WKDW�FRSHSRGV�H[FUHWH�1�ZDVWH�DV�1+�

���DQG�WKDW�HOHYDWHG�
1+�

��OHYHOV�LQ�WKH�DPELHQW�VXUURXQGLQJ�ZDWHU�LQWHUIHUH�ZLWK�1+�
��H[FUHWLRQ�UDWHV��6LQFH�1+�

��
OHYHOV�H[FHHG�����PRO�/���LQ�VRPH�SDUWV�RI�WKH�QRUWKHUQ�'HOWD�DQG�WKH�6DFUDPHQWR�5LYHU��LW�KDV�
EHHQ�VXJJHVWHG�WKDW�3��IRUEHVL�SRSXODWLRQ�OHYHOV�PD\�EH�LPSDFWHG�E\�HOHYDWHG�1+�

��ORDGV�WR�WKH�
V\VWHP����

,I�WR[LFLW\�WR�FRSHSRGV�IURP�1+�
��PD\�EH�DPRQJ�WKH�LVVXHV�WKDW�ZLOO�LQIRUP�QXWULHQW�

PDQDJHPHQW�GHFLVLRQV�LQ�6XLVXQ�%D\��LW�ZRXOG�ZRUWKZKLOH�WR�FRQGXFW�IXUWKHU�LQYHVWLJDWLRQV��
:KLOH�WKH�FRSHSRG�WR[LFLW\�VWXG\�E\�7HK�HW�DO���������ZDV�FDUHIXOO\�H[HFXWHG��LW�KDV�QRW�\HW�EHHQ�
UHSOLFDWHG��)XUWKHUPRUH��DOWKRXJK�WKHUH�LV�VRPH�VXSSRUW�IRU�WKH�SURSRVHG�WR[LFLW\�PHFKDQLVP�LQ�
WKH�OLWHUDWXUH��RQO\�D�KDQGIXO�RI�VWXGLHV�KDYH�EHHQ�SXEOLVKHG�RQ�1+�

��WR[LFLW\�WR�DTXDWLF�
LQYHUWHEUDWHV��DQG�QRQH�RI�WKRVH�VWXGLHV�XVHG�FRSHSRGV�DV�WKH�WHVW�RUJDQLVP��,Q�DGGLWLRQ��7HK�HW�
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DO���������REVHUYHG�DQ�HIIHFW�LQ�WKH�ORZHVW�GRVHG�VDPSOHV��DQG�WUHDWPHQWV�DW�ORZHU�OHYHOV�DUH�
QHHGHG�WR�HVWDEOLVK�D�QR�REVHUYHG�HIIHFW�OHYHO��12(/���)LQDOO\��VWXGLHV�DW�VDOLQLW\�DQG�S+�UDQJHV�
UHOHYDQW�WR�6XLVXQ�%D\�ZRXOG�EH�QHHGHG��LQ�SDUWLFXODU�EHFDXVH�WR[LFLW\�LV�WKRXJKW�WR�EH�H[HUWHG�
WKURXJK�WKH�1D��.��WUDQVSRUWHU�DQG�1D��DQG�.��OHYHOV�YDU\�ZLWK�VDOLQLW\��WKHUHIRUH�FRSHSRG�
VHQVLWLYLW\�WR�1+�

��FRXOG�YDU\�ZLWK�VDOLQLW\�� �

Copepod ecology in Suisun Bay 

&RSHSRGV�DUH�NH\�OLQNV�LQ�WKH�6DQ�)UDQFLVFR�(VWXDU\��6)(��IRRGZHE�EHWZHHQ�PLFURSODQNWRQ�DQG�
ILVK���$V�VXFK��GHFOLQHV�LQ�WKH�DEXQGDQFH�DQG�ELRPDVV�RI�FRSHSRGV�DQG�FKDQJHV�LQ�WKH�GRPLQDQW�
FRSHSRG�VSHFLHV�RYHU�WKH�SDVW�IHZ�GHFDGHV�LQ�6XLVXQ�%D\��DQG�WKH�XQGHUO\LQJ�FDXVHV�RI�WKHVH�
FKDQJHV��DUH�RI�FULWLFDO�FRQFHUQ��0RVW�RI�WKH�FRSHSRGV�RI�WKH�XSSHU�HVWXDU\�DUH�LQWURGXFHG�
VSHFLHV��VRPH�RI�ZKLFK�DUH�QRW�VXLWDEOH�DV�IRRG�IRU�ILVK�EHFDXVH�RI�WKHLU�VPDOO�VL]H���7KH�ELRPDVV�
RI�WKH�ODUJHU�FRSHSRGV�LV�OHVV�WKDQ�LW�ZDV�EHIRUH�WKH�LQWURGXFWLRQ�RI�WKH�FODP�&RUEXOD�DPXUHQVLV��
EHFDXVH�RI�FRPSHWLWLRQ�IRU�IRRG�DQG�JUD]LQJ�E\�FODPV�RQ�WKH�HDUO\�OLIH�VWDJHV�RI�FRSHSRGV���7KH�
UHVXOWLQJ�ORZ�DEXQGDQFH�RI�FRSHSRGV�RI�VXLWDEOH�VL]H��DQG�WKH�ORQJ�IRRG�FKDLQ�VXSSRUWLQJ�WKHP��
PD\�EH�FRQWULEXWLQJ�IDFWRUV�WR�WKH�GHFOLQH�LQ�DEXQGDQFH�RI�VHYHUDO�HVWXDULQH�ILVK�VSHFLHV��

&RSHSRGV�OLYH�LQ�D�PRYLQJ�IUDPH�RI�UHIHUHQFH�DQG�WKHUHIRUH�DUH�PRUH�FORVHO\�WLHG�WR�D�SDUWLFXODU�
VDOLQLW\�UDQJH�WKDQ�D�JHRJUDSKLF�SRVLWLRQ���6RPH�VSHFLHV�XVH�WLGDO�YHUWLFDO�PLJUDWLRQ�WR�PDLQWDLQ�
WKHLU�SRVLWLRQ�LQ�WKH�VDOLQLW\�ILHOG���&RSHSRGV�KDYH�HODERUDWH�VHQVRU\��IHHGLQJ��DQG�VZLPPLQJ�
DSSHQGDJHV�WKDW�HQDEOH�WKHP�WR�IHHG�YHU\�VHOHFWLYHO\�DQG�WR�HVFDSH�IURP�SUHGDWRUV���6RPH�IHHG�
E\�VFDQQLQJ�WKH�ZDWHU�IRU�SDUWLFOHV�DQG�UHPRYLQJ�WKHP�ZLWK�WKHLU�IHHGLQJ�DSSHQGDJHV��H�J���WKH�
FDODQRLG�FRSHSRG�3VHXGRGLDSWRPXV�IRUEHVL���ZKLOH�RWKHUV�DWWDFN�LQGLYLGXDO�PRWLOH�SUH\��H�J���WKH�
WLQ\�F\FORSRLG�/LPQRLWKRQD�WHWUDVSLQD����0RVW�FRSHSRGV�ZLOO�FRQVXPH�PLFUR]RRSODQNWRQ�VXFK�DV�
FLOLDWH�SURWR]RDQV�DW�KLJKHU�UDWHV�WKDQ�SK\WRSODQNWRQ��EXW�PLFUR]RRSODQNWRQ�DUH�QRW�PRQLWRUHG�LQ�
WKH�HVWXDU\��'LDWRPV�FDQ�EH�NH\�SULPDU\�SURGXFHUV�LQ�SURGXFWLYH�DUHDV�EXW�FRSHSRGV�RIWHQ�IHHG�
RQ�RWKHU�SDUWLFOHV�HYHQ�ZKHQ�GLDWRPV�DUH�DEXQGDQW��DQG�WKHUH�LV�VRPH�FRQWURYHUV\�DERXW�WKH�
VXLWDELOLW\�RI�GLDWRPV�DV�IRRG���&RPPRQ�FRSHSRGV�LQ�WKH�XSSHU�6)(�DUH�VHYHUHO\�IRRG�OLPLWHG��
ZKLFK�PDQLIHVWV�DV�YHU\�ORZ�UHSURGXFWLYH�DQG�JURZWK�UDWHV���,Q�WKH�ORZ�VDOLQLW\�]RQH��6XLVXQ�%D\�
DQG�WKH�ZHVWHUQ�'HOWD��WKH�FRPELQDWLRQ�RI�KLJK�JUD]LQJ�E\�FODPV�DQG�ORZ�IRRG�VXSSO\�PHDQV�WKDW�
WKH�3��IRUEHVL�SRSXODWLRQ�WKHUH�PXVW�EH�VXEVLGL]HG�WKURXJK�DGYHFWLRQ�IURP�WKHLU�SRSXODWLRQ�FHQWHU�
LQ�IUHVKZDWHU����

1XWULHQW�FRQFHQWUDWLRQV�FRXOG�KDYH�GLUHFW�RU�LQGLUHFW�HIIHFWV�RQ�FRSHSRGV���$V�QRWHG�DERYH��LW�KDV�
EHHQ�K\SRWKHVL]HG�WKDW�DPPRQLXP�FRXOG�EH�H[HUWLQJ�GLUHFW�WR[LFLW\�WR�FRSHSRGV��,QGLUHFWO\��
HOHYDWHG�DPPRQLXP�KDV�DOVR�EHHQ�K\SRWKHVL]HG�WR�VORZ�GLDWRP�SURGXFWLRQ��ZKLFK�FRXOG�DIIHFW�
FRSHSRG�JURZWK�DQG�GHYHORSPHQW�DQG�HOHYDWHG�1+�

��FRXOG�DOVR�KDYH�D�SRVLWLYH�HIIHFW�RQ�JURZWK�
RI�WKH�WR[LF�F\DQREDFWHULD�0LFURF\VWLV��+RZHYHU��VR�IDU�WKHUH�LV�QR�FOHDU�HYLGHQFH�GRFXPHQWLQJ�
WKDW�WKHVH�HIIHFWV�SOD\�DQ�LPSRUWDQW�UROH�LQ�UHJXODWLQJ�FRSHSRG�SRSXODWLRQV�LQ�6XLVXQ�%D\�DQG�WKH�
'HOWD���
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NH4
+ loads, ambient concentrations, and fate 

2YHU�WKH�SHULRG������������1+�
��FRQFHQWUDWLRQV�LQ�6XLVXQ�%D\�KDYH�LQFUHDVHG��������LQ�VRPH��

PRQWKV��DQG�H[KLELWHG�VWURQJ�VHDVRQDO�YDULDELOLW\��ZLWK�����IROG�ORZHU�FRQFHQWUDWLRQV�LQ�VXPPHU�
DQG�IDOO�PRQWKV�WKDQ�LQ�KLJKHU�IORZ�PRQWKV���

7KH�PDMRU�DQWKURSRJHQLF�1+�
��ORDGV�WR�6XLVXQ�%D\�FDPH�IURP�WKH�'HOWD�DQG�IURP�WUHDWHG�

ZDVWHZDWHU�HIIOXHQW�GLVFKDUJHG�GLUHFWO\�WR�6XLVXQ�%D\���'HOWD�ORDGV�ZHUH�HVWLPDWHG�XVLQJ�DQ�
DSSURDFK�VLPLODU�WR�-DVVE\�DQG�&ORHUQ���������DQG��GXH�WR�FKDQJHV�LQ�GDWD�DYDLODELOLW\��ZH�KDYH�
WKH�JUHDWHVW�FRQILGHQFH�IRU�WKH�SHULRGV�RI�����������DQG������������DQG�GHVFULEH�WKRVH�EULHIO\�
KHUH��6LQFH�������1+�

��ORDGV�IURP�WKH�'HOWD�WR�6XLVXQ�KDYH�LQFUHDVHG�VXEVWDQWLDOO\�ZLWK�PRVW�RI�
WKH�LQFUHDVH�RFFXUULQJ�DIWHU�������2Q�DQ�DQQXDO�EDVLV��WKH�PHDQ������V�G���ORDGV�HQWHULQJ�6XLVXQ�
%D\�IURP�WKH�'HOWD�ZHUH�������������NJ�1�G���IURP������������DV�FRPSDUHG�WR�������������NJ�
1�G���IURP������������1+�

��ORDGV�IURP�WKH�'HOWD�YDULHG�VHDVRQDOO\��DV�GLG�WKH�PDJQLWXGH�LQ�WKH�
LQFUHDVH�EHWZHHQ�SUH������DQG�SRVW�������(VWLPDWHG�1+�

��ORDGV�WR�6XLVXQ�%D\�IURP�WKH�'HOWD�
LQFUHDVHG�WKH�PRVW�GXULQJ�VSULQJ�PRQWKV��$SULO�0D\��LQFUHDVLQJ�E\�����������NJ�G���EHWZHHQ�
RYHU�WKH�HQWLUH�SHULRG�RI������������ZLWK�PRVW�RI�WKLV�LQFUHDVH�RFFXUULQJ�DIWHU�������0RVW�RI�WKH�
'HOWD�GHULYHG�1+�

��ORDG�HQWHULQJ�6XLVXQ�ZDV�HVWLPDWHG�WR�KDYH�FRPH�IURP�WKH�6DFUDPHQWR�
5LYHU��DV�RSSRVHG�WR�WKH�VRXWKHUQ�'HOWD��L�H���6DQ�-RDTXLQ���DQG�PRVW�RI�WKH�1+�

��WUDQVSRUWHG�
DORQJ�WKH�ORZHU�6DFUDPHQWR�5LYHU�KDV�EHHQ�VKRZQ�WR�RULJLQDWH�DW�6DFUDPHQWR�5HJLRQDO�
:DVWHZDWHU�7UHDWPHQW�3ODQW��65:73���65:73¶V�1+�

��ORDGV�LQFUHDVHG�E\�QHDUO\�D�IDFWRU�RI���
EHWZHHQ������DQG�������ZLWK�PRVW�RI�WKDW�LQFUHDVH�RFFXUULQJ�DIWHU�������-DVVE\�������DQG�ZHUH�
SUHVXPDEO\�UHVSRQVLEOH�IRU�PRVW�RI�WKH�LQFUHDVH�LQ�HVWLPDWHG�ORDGV�IURP�WKH�'HOWD�WR�6XLVXQ�%D\�
GXULQJ�WKLV�WLPH��2WKHU�VWXGLHV�KDYH�IRXQG�WKDW�PXFK�RI�65:73¶V�1+�

��ORDG�XQGHUJRHV�
QLWULILFDWLRQ�HQ�URXWH�WR�6XLVXQ�%D\��)RH�������3DUNHU�HW�DO����������2XU�HVWLPDWHV�DUH�DOVR�
FRQVLVWHQW�ZLWK�VXEVWDQWLDO�QLWULILFDWLRQ�RI�HIIOXHQW�1+�

��GXULQJ�LWV�WUDQVLW�WR�6XLVXQ�%D\��SUHVHQW�
GD\�ORDGV�IURP�65:73��DQQXDO�DYHUDJH� �������NJ�1�G���IRU������������DUH�PXFK�ODUJHU�WKDQ�
WKH�ORDGV�HQWHULQJ�6XLVXQ�IURP�WKH�'HOWD��DQQXDO�DYHUDJH� ������NJ�G������

327:V�WKDW�GLVFKDUJH�GLUHFWO\�WR�6XLVXQ�%D\�DOVR�FRQWULEXWH�VXEVWDQWLDO�1+�
��ORDGV�WR�WKH�

V\VWHP���1H[W�WR�ORDGV�HQWHULQJ�IURP�WKH�'HOWD��&HQWUDO�&RQWUD�&RVWD�6DQLWDWLRQ�'LVWULFW�ZDV�WKH�
VHFRQG�ODUJHVW�1+�

��VRXUFH�WR�6XLVXQ�%D\��ZLWK�DQQXDO�DYHUDJH�ORDGV�WKDW�LQFUHDVHG�IURP������
NJ�G���LQ�WKH�HDUO\�����V�WR�FXUUHQW�ORDGV�RI������NJ�G����DQQXDO�DYHUDJH�IRU�WKH�\HDUV������
�������'HOWD�'LDEOR�6DQLWDWLRQ�'LVWULFW�ZDV�WKH�WKLUG�ODUJHVW�1+�

��VRXUFH�WR�6XLVXQ�%D\�������NJ�
G�����DQG�LWV�1+�

��ORDGV�KDYH�UHPDLQHG�UHODWLYHO\�FRQVWDQW�VLQFH��������,QLWLDO�HVWLPDWHV�RI�
VWRUPZDWHU�ORDGV�VXJJHVW�WKDW�WKH\�FRQWULEXWH�OHVV�WKDQ����RI�1+�

��ORDGV�GXULQJ�ZHW�SHULRGV��DQG�
OLWWOH�LI�DQ\�1+�

��GXULQJ�WKH�GU\�VHDVRQ��7KH�PDJQLWXGH�RI�LQWHUQDO�1+�
�VRXUFHV��IOX[�IURP�WKH�

VHGLPHQWV��DUH�SRRUO\�FRQVWUDLQHG�EXW�WKH\�FRXOG�FRQFHLYDEO\�EH�DV�KLJK�DV�����V�RI�NJ�G����DQG�
WKXV�PD\�EH�D�TXDQWLWDWLYHO\�LPSRUWDQW�XQNQRZQ��

%R[�PRGHO�PDVV�EDODQFH�HVWLPDWHV��FDOFXODWHG�XVLQJ�GDWD�IRU�WKH�PRQWKV�RI�0D\�2FWREHU�RYHU�
WKH�SHULRG������������VXJJHVW�WKDW�1+�

��H[KLELWV�VWURQJ�QRQ�FRQVHUYDWLYH�EHKDYLRU�ZLWKLQ�
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6XLVXQ�%D\���,I�1+�
��EHKDYHG�FRQVHUYDWLYHO\��FRQFHQWUDWLRQV�ZRXOG�KDYH�EHHQ�RQ�WKH�RUGHU�RI����

�PRO�/���EDVHG�RQ�PRQWKO\�DYHUDJH�ORDG�HVWLPDWHV��,QVWHDG��VSULQJ��VXPPHU��DQG�IDOO�
FRQFHQWUDWLRQV�W\SLFDOO\�IHOO�LQ�WKH�UDQJH�RI������PRO�/�����7KLV�ODUJH�GLIIHUHQFH�EHWZHHQ�
SUHGLFWHG�DQG�PHDVXUHG�FRQFHQWUDWLRQ�LV�HVSHFLDOO\�UHOHYDQW�ZLWKLQ�WKLV�FRQFHQWUDWLRQ�UDQJH�RI���
����PRO�/����FRQVLGHULQJ�WKH�OHYHOV�DW�ZKLFK�1+�

��LV�K\SRWKHVL]HG�WR�LQKLELW�SULPDU\�SURGXFWLRQ�
�!�����PRO�/����DQG�KDYH�WR[LF�HIIHFWV�RQ�FRSHSGV��/2(/� �����PRO�/�����%DVHG�RQ�ER[�PRGHO�
HVWLPDWHV��RQ�DYHUDJH�RQO\�����RI�WKH�1+�

��WKDW�ZDV�DGGHG�WR�WKH�V\VWHP�GXULQJ�WKHVH�PRQWKV�
ZDV�DFWXDOO\�WUDQVSRUWHG�RXW�RI�6XLVXQ�%D\�WKURXJK�WKH�&DUTXLQH]�6WUDLWV���7KH�UHPDLQLQJ�a����
RI�WKH�1+�

��PXVW�KDYH�EHHQ�ORVW�E\�WUDQVIRUPDWLRQ��H�J���QLWULILFDWLRQ��RU�XSWDNH�E\�
SK\WRSODQNWRQ��7KH�ILUVW�RUGHU�UDWH�FRQVWDQWV�UHTXLUHG�WR�H[SODLQ�WKH�ORVV�RI�1+�

��GXULQJ�ORZ�
IORZ�SHULRGV�ZDV�LQ�WKH�UDQJH�RI���������G����ZKLFK�LV�FRPSDUDEOH�LQ�PDJQLWXGH�WR�QLWULILFDWLRQ�
UDWHV�W\SLFDOO\�XVHG�LQ�ZDWHU�TXDOLW\�PRGHOV��7KLV�PDVV�EDODQFH�DQDO\VLV�GLG�QRW�LQFOXGH�1+�

���
IOX[�IURP�WKH�VHGLPHQWV��LQGLFDWLQJ�WKDW��LI�EHQWKLF�IOX[HV�ZHUH�VXEVWDQWLDO��WKH�FDOFXODWHG�ORVVHV�
DQG�UDWHV�DUH�ORZHU�ERXQG�HVWLPDWHV��

$PELHQW�1+�
��FRQFHQWUDWLRQV�LQ�6XLVXQ�%D\�IUHTXHQWO\�H[FHHGHG�WKH�OHYHOV�DERYH�ZKLFK�1+�

��
LQKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�KDV�EHHQ�K\SRWKHVL]HG�WR�RFFXU��$FFRUGLQJ�WR�WKH�FRQFHSWXDO�
PRGHO�SURSRVHG�E\�57&�UHVHDUFKHUV��DW�1+�

��FRQFHQWUDWLRQV�RI������PRO�/���WKH�XSWDNH�RI�12�
��

E\�SK\WRSODQNWRQ�LV�VXEVWDQWLDOO\�LQKLELWHG��UHVXOWLQJ�LQ�ORZHU�SULPDU\�SURGXFWLRQ�UDWHV��57&�
LQYHVWLJDWRUV�QRWH�WKDW����PRO�/���LV�QRW�D�³EULJKW�OLQH´�WKUHVKROG��DQG�WKDW�12�

��XSWDNH�DQG�
SK\WRSODQNWRQ�SURGXFWLYLW\�DUH�DOVR�LQKLELWHG�DW�ORZHU�OHYHOV�RI�1+�

���GRZQ�WR�a���PRO�/����7KH�
���PRO�/���YDOXH�LV�XVHG�KHUH�EHFDXVH�LW�LV�WKH�PRVW�FRPPRQO\�FLWHG�YDOXH��7KH����PRO�/���
WKUHVKROG�ZDV�FRPSDUHG�WR�DPELHQW�FRQFHQWUDWLRQV�LQ�$SULO�2FWREHU��ZKHQ�KLJK�FKORURSK\OO�
FRQFHQWUDWLRQV�ZHUH�PRVW�FRPPRQO\�REVHUYHG�SULRU�WR�WKH�PLG�����V��%HWZHHQ������������
1+�

��OHYHOV�H[FHHGHG����PRO�/���LQ�����RI�WKH�PRQWKO\�REVHUYDWLRQV��%HWZHHQ������������WKH���
�PRO�/���WKUHVKROG�ZDV�H[FHHGHG�LQ�����RI�PRQWKO\�REVHUYDWLRQV���0RVW�UHFHQWO\��IURP������
������DPELHQW�1+�

��FRQFHQWUDWLRQV�H[FHHGHG����PRO�/���WKH�YDVW�PDMRULW\�RI�WKH�WLPH���������
7KXV��WKH�IUHTXHQF\�ZLWK�ZKLFK�D����PRO�/���WKUHVKROG�KDV�EHHQ�H[FHHGHG�EHWZHHQ�$SULO�
2FWREHU�KDV�DSSUR[LPDWHO\�GRXEOHG�RYHU�WKH�SDVW����\HDUV��

7HK�HW�DO��������IRXQG�WKDW�WKH�/2(/�IRU�FKURQLF�WR[LFLW\�WR�FRSHSRGV�ZDV�����PRO�/����<HDU�
URXQG�DPELHQW�1+�

�FRQFHQWUDWLRQV�DW�'���'���DQG�'��ZHUH�FRPSDUHG�WR�WKLV�YDOXH�DQG�IRXQG�WR�
H[FHHG�WKH�/2(/�RQO\�WZR�WLPHV��RQFH�DW�HDFK�'��DQG�'���DQG�ERWK�WLPHV�LQ�������

:KLOH�FRQVLGHULQJ�WKH�DERYH�FRPSDULVRQV�RI�DPELHQW�FRQFHQWUDWLRQV�ZLWK�SURSRVHG�HIIHFW�
FRQFHQWUDWLRQV��RQH�VKRXOG�NHHS�LQ�PLQG�WKH�UHPDLQLQJ�XQFHUWDLQWLHV�DERXW�WKH�XQGHUO\LQJ�
PHFKDQLVPV�DQG�LQ�WKH�FRQFHQWUDWLRQV�DW�ZKLFK�HIIHFWV�PD\�EH�REVHUYHG��7KH�XQGHUO\LQJ�
PHFKDQLVPV�RI�WKH�1+�

��LQKLELWLRQ�K\SRWKHVLV�VWLOO�UHTXLUH�IXUWKHU�WHVWLQJ��LQ�DGGLWLRQ��LI�LW�LV�
IRXQG�WR�EH�DQ�LPSRUWDQW�PHFKDQLVP��WKH�ORZHVW�OHYHO�DW�ZKLFK�HFRORJLFDOO\�PHDQLQJIXO�HIIHFWV�
RFFXU�QHHGV�WR�EH�GHWHUPLQHG��7KH�FRSHSRG�WR[LFLW\�VWXG\�E\�7HK�HW�DO���������KDV�QRW�EHHQ�
UHSOLFDWHG��,Q�DGGLWLRQ��7HK�HW�DO���������REVHUYHG�DGYHUVH�HIIHFWV�LQ�WKH�ORZHVW�GRVHG�VDPSOHV��



11 

 

DQG�WUHDWPHQWV�DW�ORZHU�1+�
��FRQFHQWUDWLRQV�DUH�QHHGHG�WR�HVWDEOLVK�D�QR�REVHUYHG�HIIHFW�OHYHO�

�12(/����

Recommended Next Steps�

7KH�UHFRPPHQGDWLRQV�LGHQWLILHG�KHUH�DUH�QRW�LQWHQGHG�WR�EH�FRPSUHKHQVLYH��EXW�UDWKHU�
FRPPXQLFDWH�VRPH�EURDG�VXJJHVWLRQV�WKDW�EHFDPH�FOHDU�GXULQJ�WKLV�UHSRUW¶V�ZULWLQJ���

1. General:�$�FRRUGLQDWHG�QXWULHQW�VFLHQFH�SODQ�VKRXOG�EH�HVWDEOLVKHG�IRU�6XLVXQ�%D\�DQG�WKH�
'HOWD��ZLWK�FOHDUO\�DUWLFXODWHG�VFLHQWLILF�TXHVWLRQV��UHFRPPHQGHG�H[SHULPHQWV�RU�PRQLWRULQJ��DQG�
D�SULRULWL]DWLRQ�RI�ZRUN���7KHUH�DUH�FXUUHQWO\�QXPHURXV�QXWULHQW�UHODWHG�VWXGLHV�EHLQJ�FRQGXFWHG�
LQ�6XLVXQ�DQG�WKH�'HOWD���+RZHYHU��WKH�ZRUN�LV�EHLQJ�FDUULHG�RXW�LQ�PRUH�RI�D�SDWFKZRUN�IDVKLRQ��
IXQGHG�RU�GLUHFWHG�E\�GLIIHUHQW�RUJDQL]DWLRQV��DQG�ZLWK�OLPLWHG�RYHUDUFKLQJ�SULRULWL]DWLRQ�DQG�
FRRUGLQDWLRQ���7KLV�GRHV�QRW�QHFHVVDULO\�UHTXLUH�D�QHZ�HQWLW\���,QVWHDG��WKH�GHYHORSPHQW�RI�D�
'HOWD�6XLVXQ�QXWULHQW�VFLHQFH�SODQ�FRXOG�EH�FRRUGLQDWHG�DPRQJ�WKH�%D\�ZLGH�QXWULHQW�VWUDWHJ\�
SDUWLFLSDQWV���WKH�,(3��DQG�RWKHU�HQWLWLWHV���'HYHORSLQJ�VXFK�D�FRRUGLQDWHG�QXWULHQW�VFLHQFH�
SURJUDP�LV�FRQVLVWHQW�ZLWK�UHFHQW�UHFRPPHQGDWLRQV�LQ�WKH�'HOWD�3ODQ�9�����

2. NH4
+ inhibition hypothesis���

��D�7R�LGHQWLI\�WKH�VSHFLILF�VFLHQFH�TXHVWLRQV�DQG�WKH�W\SHV�RI�VWXGLHV�QHHGHG�WR�EHWWHU�XQGHUVWDQG�
WKH�K\SRWKHVL]HG�PHFKDQLVPV�RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO��LW�ZRXOG�EH�ERWK�KHOSIXO�
DQG�HIILFLHQW�WR�FRQYHQH�D�VFLHQFH�SDQHO��7KLV�SDQHO�VKRXOG�FRQVLVW�RI�UHJLRQDO�VFLHQWLVWV�ZRUNLQJ�
RQ�SK\WRSODQNWRQ�HFRORJ\�DQG�QXWULHQW�LVVXHV�LQ�WKH�%D\��DV�ZHOO�DV�RXWVLGH�H[SHUWV��7KH�SDQHO�
ZRXOG�H[SORUH�WKH�GHWDLOHG�HYLGHQFH�IURP�VWXGLHV�LQ�6DQ�)UDQFLVFR�%D\�DQG�OLWHUDWXUH�IURP�RWKHU�
V\VWHPV�DQG�LGHQWLI\��VFLHQFH�LVVXHV�RQ�ZKLFK�WKHUH�LV�FRQVHQVXV�DPRQJ�WKH�SDQHOLVWV��
RXWVWDQGLQJ�VFLHQWLILF�TXHVWLRQV��DQG�VWXGLHV�WKDW�QHHG�WR�EH�FDUULHG�RXW�WR�DGGUHVV�WKH�RXWVWDQGLQJ�
TXHVWLRQV���,W�LV�UHFRPPHQGHG�WKDW�WKH�SDQHO�GHYHORS�D�EULHI�FRQVHQVXV�GRFXPHQW�VXPPDUL]LQJ�
WKHLU�REVHUYDWLRQV�DQG�UHFRPPHQGDWLRQV��6XFK�D�GRFXPHQW�FRXOG�EH�D�NH\�FRPSRQHQW�RI�WKH�
6XLVXQ�QXWULHQW�VFLHQFH�SODQ�PHQWLRQHG�DERYH�����

��E��,Q�SDUDOOHO�ZLWK�DQ\�ILHOG�RU�H[SHULPHQWDO�VWXGLHV��PRGHOLQJ�ZRUN�VKRXOG�EH�FDUULHG�RXW�WR�
HYDOXDWH�WKH�SRWHQWLDO�TXDQWLWDWLYH�LPSRUWDQFH�RI�1+�

��LQKLELWLRQ�DW�WKH�HFRV\VWHP�VFDOH��UHODWLYH�
WR�RWKHU�IDFWRUV�NQRZQ�WR�SOD\�LPSRUWDQW�UROHV�LQ�OLPLWLQJ�SULPDU\�SURGXFWLRQ�UDWHV��H�J���OLJKW�
OLPLWLDWLRQ��RU�ELRPDVV�DFFXPXODWLRQ���FODP�JUD]LQJ��UHVLGHQFH�WLPH��LQ�6XLVXQ�%D\��7KXV�IDU�WKLV�
LVVXH�KDV�QRW�EHHQ�DGHTXDWHO\�LQYHVWLJDWHG���6XFK�DQ�DQDO\VLV�FRXOG�EH�FDUULHG�ZLWK�UHODWLYHO\�
EDVLF�ELRJHRFKHPLFDO�PRGHOV�DQG�H[LVWLQJ�GDWD��DQG�XVLQJ�FXUUHQW�SDUDPHWHUL]DWLRQV�RI�WKH�
SURSRVHG�PHFKDQLVPV��7KHVH�PRGHOLQJ�HIIRUWV�KDYH�EHQHILWV�ZHOO�EH\RQG�WHVWLQJ�WKH�1+�

��
K\SRWKHVLV��LQ�WKDW�WKH\�ZLOO�VLPXOWDQHRXVO\�\LHOG�WRROV�IRU�TXDQWLWDWLYHO\�V\QWKHVL]LQJ�H[LVWLQJ�
QXWULHQW�DQG�SK\WRSODQNWRQ�GDWD�LQ�6XLVXQ�%D\�DQG�RWKHU�HPED\PHQWV��LGHQWLI\LQJ�GDWD�DQG�
PRQLWRULQJ�QHHGV��DQG�LQIRUPLQJ�WKH�EURDGHU�PRGHOLQJ�VWUDWHJ\�IRU�WKH�%D\��
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3. NH4
+ toxicity to copepods: ,I�WR[LFLW\�WR�FRSHSRGV�IURP�1+�

��ZLOO�EH�DPRQJ�WKH�LVVXHV�WKDW�
ZLOO�LQIRUP�QXWULHQW�PDQDJHPHQW�GHFLVLRQV�LQ�6XLVXQ�%D\��LW�ZRXOG�ZRUWKZKLOH�WR�FRQGXFW�
IXUWKHU�LQYHVWLJDWLRQV��:KLOH�WKH�FRSHSRG�WR[LFLW\�VWXG\�E\�7HK�HW�DO���������ZDV�FDUHIXOO\�
H[HFXWHG��LW�KDV�QRW�\HW�EHHQ�UHSOLFDWHG��)XUWKHUPRUH��DOWKRXJK�WKHUH�LV�VRPH�VXSSRUW�IRU�WKH�
SURSRVHG�WR[LFLW\�PHFKDQLVP�LQ�WKH�OLWHUDWXUH��RQO\�D�KDQGIXO�RI�VWXGLHV�KDYH�EHHQ�SXEOLVKHG�RQ�
1+�

��WR[LFLW\�WR�DTXDWLF�LQYHUWHEUDWHV��DQG�QRQH�RI�WKRVH�VWXGLHV�XVHG�FRSHSRGV�DV�WKH�WHVW�
RUJDQLVP��3ULRU�WR�EHJLQQLQJ�ZRUN�LW�ZRXOG�EH�YDOXDEOH�WR�KDYH�WKH�VWXG\�GHVLJQ�SHHU�UHYLHZHG��
DQG�WR�KDYH�EURDG�EX\�LQ�DPRQJ�UHJXODWRUV�DQG�VWDNHKROGHUV��VHH�UHFRPPHQGDWLRQ������7HK�HW�DO��
�������REVHUYHG�DQ�HIIHFW�LQ�WKH�ORZHVW�GRVHG�VDPSOHV��DQG�WUHDWPHQWV�DW�ORZHU�1+�

��
FRQFHQWUDWLRQV�ZRXOG�EH�QHHGHG�WR�HVWDEOLVK�D�QR�REVHUYHG�HIIHFW�OHYHO��12(/���,Q�DGGLWLRQ��
WUHDWPHQWV�XVLQJ�VDOLQLW\�DQG�S+�UDQJHV�UHOHYDQW�WR�6XLVXQ�%D\�ZRXOG�EH�QHHGHG��VLQFH�FRSHSRG�
VHQVLWLYLW\�WR�1+�

��FRXOG�YDU\�ZLWK�VDOLQLW\��:KLOH�RWKHU�PRUH�QXDQFHG�TXHVWLRQV�DQG�FRPSOH[�
VWXG\�GHVLJQV�PD\�HYHQWXDOO\�EH�ZDUUDQWHG��H�J���HIIHFW�RI�IRRG�OLPLWDWLRQ�SOXV�1+�

����UHSOLFDWLQJ�
WKH�FKURQLF�WR[LFLW\�H[SHULPHQW�ILUVW��DQG�GHWHUPLQLQJ�LI�VLPLODU�RU�GLIIHUHQW�WKUHVKROGV�DUH�
REVHUYHG��LV�D�ORJLFDO�QH[W�VWHS��� 

� �
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1.1. Background 
2EVHUYDWLRQV�PDGH�VLQFH�WKH�HDUO\�����
V�KDYH�QRWHG�GHFOLQLQJ�DEXQGDQFHV�RI�LPSRUWDQW��SHODJLF�
PHPEHUV�RI�WKH�6XLVXQ�%D\�DQG�6DFUDPHQW�6DQ�-RDTXLQ�'HOWD�IRRG�ZHEV���,Q�UHVSRQVH��QXPHURXV�
LQYHVWLJDWLRQV�KDYH�EHHQ�ODXQFKHG��DLPHG�DW�LGHQWLI\LQJ�WKH�XQGHUO\LQJ�FDXVH�V��RI�ZKDW�LV�
UHIHUUHG�WR�UHJLRQDOO\�DV�WKH�3HODJLF�2UJDQLVP�'HFOLQH��32'���7KH�FRQFHSWXDO�PRGHO�IRU�WKH�
32'�UHFRJQL]HV�WKDW�PXOWLSOH�IDFWRUV�PD\�DFW�LQ�FRQFHUW�WR�GHJUDGH�KDELWDW�DQG�FRQWULEXWH�WR�WKH�
32'��%D[WHU�HW�DO���������15&��������LQFOXGLQJ��FKDQJHV�LQ�IORZ�UHJLPH��SK\VLFDO�DOWHUDWLRQV�WR�
KDELWDW��ODQG�XVH�FKDQJHV��LQYDVLYH�VSHFLHV��FRQWDPLQDQWV��DQG�QXWULHQWV���8QGHUVWDQGLQJ�WKH�
XQGHUO\LQJ�FDXVHV�RI�KDELWDW�GHJUDGDWLRQ�DQG�WKH�32'�LQ�6XLVXQ�%D\�DQG�WKH�'HOWD�UHTXLUHV�DQ�
LQWHJUDWHG�DQDO\VLV�DFURVV�WKH�UDQJH�RI�SRWHQWLDO�GULYHUV��7KLV�UHSRUW�IRFXVHV�RQ�RQH�VHW�RI�WKHVH�
LVVXHV��HOHYDWHG�ORDGLQJV�DQG�FRQFHQWUDWLRQV�RI�DPPRQLXP��1+�

���LQ�6XLVXQ�%D\�DQG�D�VXEVHW�RI�
WKH�SURSRVHG�PHFKDQLVPV�E\�ZKLFK�1+�

��PD\�DGYHUVHO\�LPSDFW�HFRV\VWHP�KHDOWK���

5HFHQW�VWXGLHV�KDYH�K\SRWKHVL]HG�WKDW�DQWKURSRJHQLF�QXWULHQW�ORDGV�RYHU�WKH�SDVW�IHZ�GHFDGHV��LQ�
SDUWLFXODU�1+�

���DUH�QHJDWLYHO\�LPSDFWLQJ�IRRG�ZHEV�LQ�6XLVXQ�%D\�DQG�WKH�'HOWD��(OHYDWHG�1+�
��

FRQFHQWUDWLRQV�DUH�K\SRWKHVL]HG�WR�EH�LQKLELWLQJ�SULPDU\�SURGXFWLYLW\�LQ�6XLVXQ�%D\��6DQ�3DEOR�
%D\��DQG�WKH�6DFUDPHQWR�5LYHU��'XJGDOH�HW�DO���������3DUNHU�HW�DO����������DQG�LQGLUHFWO\�
FRQWULEXWLQJ�WR�WKH�32'�WKURXJK�GHFUHDVLQJ�WKH�SRWHQWLDO�IRRG�VXSSO\��2WKHU�LQYHVWLJDWRUV�
K\SRWKHVL]H�WKDW�FKDQJHV�LQ�QXWULHQW�UDWLRV�DQG�IRUPV�RI�1�DUH�H[HUWLQJ�DGGLWLRQDO�ERWWRP�XS�
SUHVVXUHV�RQ�'HOWD�DQG�6XLVXQ�IRRG�ZHEV�E\�DOWHULQJ�WKH�SK\WRSODQNWRQ�FRPPXQLW\�FRPSRVLWLRQ�
DQG�WKH�1�3�FRPSRVLWLRQ�RI�LQGLYLGXDO�FHOOV��H�J���*OLEHUW�HW�DO���������*OLEHUW�HW�DO���������,Q�
DGGLWLRQ��D�UHFHQW�VWXG\�UHSRUWHG�HYLGHQFH�WKDW�1+�

���DW�FRQFHQWUDWLRQV�REVHUYHG�LQ�VRPH�DUHDV�RI�
WKH�'HOWD�DQG�6DFUDPHQWR�5LYHU��FDQ�H[HUW�FKURQLF�WR[LFLW\�RQ�D�FRSHSRG�VSHFLHV�
�3VHXGRGLDSWRPXV�IRUEHVL��WKDW�LV�DQ�LPSRUWDQW�IRRG�UHVRXUFH��7HK�HW�DO�����������

1.2. Goals and Report Structure 
7KH�SXUSRVH�RI�WKLV�UHSRUW�LV�WR�SURYLGH�DQ�RYHUYLHZ�RI�WKH�VWDWH�RI�WKH�VFLHQFH�DQG�LGHQWLI\�
VFLHQFH�JDSV�UHODWHG�WR�D�VXEVHW�RI�WKH�K\SRWKHVL]HG�DGYHUVH�LPSDFWV�RI�1+�

��LQ�6XLVXQ�%D\��DQG�
FKDUDFWHUL]H�1+�

��ORDGV��FRQFHQWUDWLRQV��DQG�IDWH��7KH�UHSRUW�LV�RUJDQL]HG�DURXQG�LWV�VL[�VSHFLILF�
JRDOV��

�� 6\QWKHVL]H�WKH�VFLHQWLILF�OLWHUDWXUH�RQ�QLWURJHQ�XWLOL]DWLRQ�E\�PDULQH�DQG�HVWXDULQH�
SK\WRSODQNWRQ��ZLWK�D�SDUWLFXODU�IRFXV�RQ�IDFWRUV�DQG�PHFKDQLVPV�WKDW�UHJXODWH�WKH�1�
IRUP�XWLOL]HG�E\�SK\WRSODQNWRQ��DQG�WKH�HIIHFW�RI�GLIIHUHQW�1�VRXUFHV�RQ�SULPDU\�
SURGXFWLRQ�UDWHV���6HFWLRQ����

�� 7KURXJK�WKH�SHUVSHFWLYH�RI�WKH�EURDGHU�VFLHQWLILF�OLWHUDWXUH��HYDOXDWH�WKH�UHVXOWV�DQG�
LQWHUSUHWDWLRQV�RI�UHFHQW�VWXGLHV�WKDW�K\SRWKHVL]H�WKDW�HOHYDWHG�1+�

��OHYHOV�LQKLELW�SULPDU\�
SURGXFWLRQ�UDWHV���6HFWLRQ����

�� 6XPPDUL]H�WKH�VFLHQWLILF�OLWHUDWXUH�UHODWHG�WR�1+�
��WR[LFLW\�WR�FRSHSRGV���6HFWLRQ����

�� 6\QWKHVL]H�WKH�VFLHQWLILF�OLWHUDWXUH�RQ�FRSHSRG�HFRORJ\�DQG�FKDQJHV�LQ�FRPPXQLW\�
FRPSRVLWLRQ�DQG�DEXQGDQFH�LQ�6XLVXQ�%D\��6HFWLRQ����
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�� 4XDQWLI\�1+�
��ORDGV�WR�6XLVXQ�%D\��HYDOXDWH�ORQJ�WHUP�FKDQJHV�DQG�VHDVRQDO�YDULDWLRQV�

LQ�DPELHQW�1+�
��FRQFHQWUDWLRQV��DQG�FKDUDFWHUL]H�1+�

��IDWH���6HFWLRQ����
�� 6XPPDUL]H�NH\�REVHUYDWLRQV�DQG�LGHQWLI\�QH[W�VWHSV���6HFWLRQ����

$OWKRXJK�DGGLWLRQDO�SDWKZD\V�RI�QXWULHQW�UHODWHG�LPSDLUPHQW�KDYH�EHHQ�SURSRVHG�LQ�6XLVXQ�%D\�
DQG�WKH�'HOWD��WKLV�UHSRUW�LV�QDUURZO\�IRFXVHG�RQ�WKH�DERYH�JRDOV��7KH�UHSRUW�ZDV�GHYHORSHG�
XQGHU�WKH�DVVXPSWLRQ�WKDW�LW�ZRXOG�EH�XVHG�LQ�FRQMXQFWLRQ�ZLWK�FRPSOHPHQWDU\�UHSRUWV�
�LQFOXGLQJ�UHSRUWV�DOUHDG\�GHYHORSHG��H�J���%D[WHU�HW�DO���������0H\HU�HW�DO��������WKDW�DGGUHVV�
RWKHU�IDFWRUV�DIIHFWLQJ�HFRV\VWHP�KHDOWK�LQ�6XLVXQ�%D\�DQG�WKH�'HOWD�WR�KHOS�LGHQWLI\�WKH�
RXWVWDQGLQJ�VFLHQFH�TXHVWLRQV�ZKRVH�DQVZHUV�ZLOO�LQIRUPHG�PDQDJHPHQW�GHFLVLRQV��)RU�
DGGLWLRQDO�EDFNJURXQG�DQG�FRQWH[W�RQ�QXWULHQW�UHODWHG�LVVXHV�LQ�6DQ�)UDQFLVFR�%D\��WKH�UHDGHU�LV�
UHIHUUHG�D�UHFHQW�QXWULHQW�FRQFHSWXDO�PRGHO�UHSRUW��6HQQ�HW�DO����������

 

1.3. References 
%D[WHU�5��%UHXHU�5��%URZQ�/��&RQUDG�/��)H\UHU�)��)RQJ�6��*HKUWV�.��*ULPDOGR�/��+HUEROG�%��
+URGH\�3��0XHOOHU�6ROJHU�$��6RPPHU�7��6RX]D�.��������,QWHUDJHQF\�(FRORJLFDO�3URJUDP������
3HODJLF�2UJDQLVP�'HFOLQH�:RUN�3ODQ�DQG�V\QWKHVLV�RI�UHVXOWV��8QLYHUVLW\�RI�&DOLIRUQLD��'DYLV��
&DOLIRUQLD��85/�KWWS���ZZZ�ZDWHU�FD�JRY�LHS�GRFV�)LQDO32'����:RUNSODQ������SGI�

'XJGDOH�5&��:LONHUVRQ�)3��+RJXH�9(��0DUFKL�$��������7KH�UROH�RI�DPPRQLXP�DQG�QLWUDWH�LQ�
VSULQJ�EORRP�GHYHORSPHQW�LQ�6DQ�)UDQFLVFR�%D\��(VWXDULQH��&RDVWDO��DQG�6KHOI�6FLHQFH��������
�����

*OLEHUW��3��0���'��)XOOHUWRQ��-��0��%XUNKROGHU��-��&��&RUQZHOO��DQG�7��0��.DQD����������
(FRORJLFDO�VWRLFKLRPHWU\��ELRJHRFKHPLFDO�F\FOLQJ��LQYDVLYH�VSHFLHV��DQG�DTXDWLF�IRRG�ZHEV��
6DQ�)UDQFLVFR�(VWXDU\�DQG�&RPSDUDWLYH�6\VWHPV��5HYLHZV�LQ�)LVKHULHV�6FLHQFH�������������

*OLEHUW���3�0���7�0��.DQD��.��%URZQ��������)URP�OLPLWDWLRQ�WR�H[FHVV��WKH�FRQVHTXHQFHV�RI�
VXEVWUDWH�H[FHVV�DQG�VWRLFKLRPHWU\�IRU�SK\WRSODQNWRQ�SK\VLRORJ\��WURSKRG\QDPLFV�DQG�
ELRJHRFKHPLVWU\��DQG�WKH�LPSOLFDWLRQV�IRU�PRGHOLQJ��-RXUQDO�RI�0DULQH�6\VWHPV��
KWWS���G[�GRL�RUJ���������M�MPDUV\V��������������

0H\HU�-6��0XOKROODQG�3-��3DHUO�+:��:DUG�$.��������$�IUDPHZRUN�IRU�UHVHDUFK�DGGUHVVLQJ�WKH�
UROH�RI�DPPRQLD�DPPRQLXP�LQ�WKH�6DFUDPHQWR�6DQ�-RDTXLQ�'HOWD�DQG�WKH�6DQ�)UDQFLVFR�%D\�
(VWXDU\�HFRV\VWHP��
KWWS���ZZZ�VFLHQFH�FDOZDWHU�FD�JRY�SGI�ZRUNVKRSV�ZRUNVKRSBDPPRQLDBUHVHDUFKBIUDPHZRUNB
ILQDOB�������SGI�

3DUNHU�$(��'XJGDOH�5&��:LONHUVRQ�)3������E��(OHYDWHG�DPPRQLXP�FRQFHQWUDWLRQV�IURP�
ZDVWHZDWHU�GLVFKDUJH�GHSUHVV�SULPDU\�SURGXFWLYLW\�LQ�WKH�6DFUDPHQWR�5LYHU�DQG�WKH�QRUWKHUQ�
6DQ�)UDQFLVFR�(VWXDU\��0DULQH�3ROOXWLRQ�%XOOHWLQ�����������±�����

6HQQ��'%��&ORHUQ�-(��&RQQRU�0��'XJGDOH�5&��+ROOLEDXJK�-7��.LPPHUHU�:��/XFDV�/��0XHOOHU�
6ROJHU�$�1RYLFN�(��6WDFH\�07��6XWXOD�0��³6FLHQWLILF�)RXQGDWLRQ�IRU�D�6DQ�)UDQFLVFR�%D\�
1XWULHQW�6WUDWHJ\´6DQ�)UDQFLVFR�(VWXDU\�,QVWLWXWH��5LFKPRQG��&$��,Q�SUHSDUDWLRQ���

 

�

http://www.science.calwater.ca.gov/pdf/workshops/workshop_ammonia_research_framework_final_041609.pdf
http://www.science.calwater.ca.gov/pdf/workshops/workshop_ammonia_research_framework_final_041609.pdf
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2. Literature review on factors influencing phytoplankton nutrient uptake 
and metabolism: molecular and phytoplankton ecology perspectives 
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2.1. Introduction 
7KH�JRDO�RI�WKLV�VHFWLRQ�LV�WR�GHVFULEH�WKH�SULQFLSDO�SDWKZD\V�IRU�SKRWRV\QWKHLV��FDUERQ�IL[DWLRQ��
DQG�WUDQVSRUW�DQG�DVVLPLODWLRQ�RI�QLWURJHQ��1��LQKHUHQW�LQ�SK\WRSODQNWRQ��%HFDXVH�WKHVH�
SDWKZD\V�DUH�FRPSOH[�DQG�FRQWDLQ�QXPHURXV�HQ]\PHV�RQO\�WKH�NH\�HQ]\PH�V��LQ�HDFK�SDWKZD\�
ZLOO�EH�GHVFULEHG��,QYHVWLJDWLRQV�DW�WKH�PROHFXODU�DQG�SK\VLRORJLFDO�OHYHOV�FKDUDFWHUL]LQJ�WKH�
SUHVHQFH�DQG�DFWLYLW\�RI�WKHVH�HQ]\PHV��DQG�PHFKDQLVPV��DUH�SULRULWL]HG�LQ�WKLV�UHYLHZ��
(PSKDVLV�LV�SODFHG�RQ�UHFHQW�LQIRUPDWLRQ�ZLWK�UHVSHFW�WR�1�WUDQVSRUW�DQG�DVVLPLODWLRQ�LQFOXGLQJ�
���WKH�W\SHV�RI�HQ]\PHV�DQG�SDWKZD\V�DYDLODEOH�LQ�PDULQH�SK\WRSODQNWRQ�DQG����LQYHVWLJDWLRQV�RI�
WKHLU�UHJXODWLRQ�EDVHG�RQ�JHQH�H[SUHVVLRQ��+LVWRULFDO�GDWD�DFTXLUHG�XVLQJ���1�WUDFHU�H[SHULPHQWV�
LQ�PL[HG�SK\WRSODQNWRQ�FRPPXQLWLHV��DQG�WKHLU�LQWHUSUHWDWLRQV��DUH�GLVFXVVHG�LQ�UHODWLRQ�WR�QHZHU�
LQIRUPDWLRQ�DFTXLUHG�IURP�PROHFXODU�VWXGLHV���

$V�QRWHG�LQ�6HFWLRQ����WKH�UROH�RI�QXWULHQWV�LQ�VKDSLQJ�SK\WRSODQNWRQ�FRPSRVLWLRQ�DQG�VXFFHVVLRQ�
ZLOO�EH�WKH�IRFXV�RI�DQRWKHU�UHSRUW��DQG�ZLOO�QRW�EH�EH�GLVFXVVHG�KHUH���

2.2. Photosynthesis and Carbon Fixation 
3K\WRSODQNWRQ�JURZ�E\�WXUQLQJ�&2��LQWR�FDUERK\GUDWHV�WKDW�DUH�VXEVHTXHQWO\�XVHG�WR�FUHDWH�
ELRPDVV�DQG�SRZHU�WKH�FHOO���7KH�FRVW�RI�IL[LQJ�FDUERQ��&��LQ�WKLV�PDQQHU�LV�KLJK�DQG�LW�LV�PDGH�
SRVVLEOH�E\�XVLQJ�HQHUJ\�IURP�WKH�VXQ�WR�H[WUDFW�HOHFWURQV�IURP�ZDWHU�DQG�SURGXFH�$73��WKH�
SULQFLSDO�FXUUHQF\�RI�HQHUJ\�XVHG�LQ�FHOOV��%RWK�$73�DQG�HOHFWURQV��YLD�1$'3+��DUH�QHHGHG�WR�
GULYH�&�IL[DWLRQ��7KH�SURFHVV�SURYLGLQJ�$73�DQG�HOHFWURQV�IRU�&�IL[DWLRQ�LV�FDOOHG�R[\JHQLF�
SKRWRV\QWKHVLV�  

2.2.1. Oxygenic Photosynthesis 
3KRWRV\QWKHVLV�SURFHHGV�LQ�WKH�VDPH�PDQQHU�LQ�WHUUHVWULDO�SODQWV�DQG�DTXDWLF�DOJDH�EHFDXVH�WKH�
FRPSRQHQWV�RI�WKH�SKRWRV\QWKHWLF�DSSDUDWXV�DUH�YHU\�ZHOO�FRQVHUYHG��$SSHQGL[�$�������
3KRWRV\QWKHVLV�VWDUWV�ZLWK�WKH�DEVRUSWLRQ�RI�OLJKW�E\�DQWHQQD�SLJPHQWV��FKORURSK\OO�DQG�RWKHU�
SLJPHQWV��WKDW�SDVV�WKH�HQHUJ\�RQ�WR�D�VSHFLDOL]HG�FKORURSK\OO�D��&KO�D��SLJPHQW�PROHFXOH�
�*RYLQGMHH�HW�DO���������7KLV�OHDGV�WR�WKH�H[FLWDWLRQ�RI�DQ�HOHFWURQ�LQ�WKH�&KO�D�PROHFXOH�ZKLFK�LV�
FDSWXUHG�E\�DQ�HOHFWURQ�DFFHSWRU�EHIRUH�EHLQJ�SDVVHG�GRZQ�D�FKDLQ�RI�DFFHSWRUV�HPEHGGHG�LQ�WKH�
WK\ODNRLG�PHPEUDQH��$V�WKH�HOHFWURQ�LV�SDVVHG�GRZQ�WKH�FKDLQ��D�SURWRQ�JUDGLHQW�LV�HVWDEOLVKHG�
WKDW�SRZHUV�$73�V\QWKHVLV��$73�LV�SURGXFHG�LQ�D�FRQWLQXRXV�PDQQHU�DV�ORQJ�DV�WKH�SURWRQ�
JUDGLHQW�LV�PDLQWDLQHG�DFURVV�WKH�PHPEUDQH��*RYLQGMHH�HW�DO���������%\�IDU�WKH�ODUJHVW�VLQN�IRU�
HOHFWURQV�DQG�$73�SURGXFHG�LQ�WKH�OLJKW�UHDFWLRQV�LV�&�IL[DWLRQ��IROORZHG�E\�QLWURJHQ��1��
DVVLPLODWLRQ���

7KH�H[WHQW�RI�SKRWRV\QWKHVLV�SHUIRUPHG�E\�WKH�FHOO�FDQ�EH�DGMXVWHG�LQ�WZR�ZD\V��HLWKHU�E\�
YDU\LQJ�WKH�DPRXQW�RI�OLJKW�HQHUJ\�WKDW�UHDFKHV�&KO�D��RU�E\�YDU\LQJ�WKH�&KO�D�SLJPHQW�FRQWHQW�RI�
WKH�FHOO��%DOORWWDUL�HW�DO���������7KH�IRUPHU�LV�XVHG�DV�D�VDIHW\�YDOYH�WR�SUHYHQW�WKH�SKRWRV\QWKHWLF�
DSSDUDWXV�IURP�EHFRPLQJ�GDPDJHG�XQGHU�VXGGHQ�DQG�ODUJH�LQFUHDVHV�LQ�OLJKW�LQWHQVLW\��ZKHUHDV�
WKH�ODWWHU�LV�XVHG�WR�DFFOLPDWH�WR�ORQJHU�WHUP�FKDQJHV�LQ�LUUDGLDQFH��)RU�H[DPSOH�XQGHU�SHUVLVWHQW�
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KLJK�OLJKW��D�FHOO�ZLOO�DFFOLPDWH�E\�VKHGGLQJ�&KO�D�LQ�RUGHU�WR�GHFUHDVH�LWV�DQWHQQD�VL]H�DQG�DYRLG�
SKRWRLQKLELWRQ��WKH�ORVV�RI�SKRWRV\QWKHWLF�IXQFWLRQ�GXH�GDPDJH�LQ�H[FHVV�RI�FHOO¶V�FDSDFLW\�RI�
UHSDLU��)DONRZVNL�DQG�/D5RFKH�������)DONRZVNL�HW�DO���������$GMXVWPHQW�RI�ERWK�DQWHQQD�VL]H�
DQG�WUDQVIHU�RI�HOHFWURQV�RFFXUV�FRQVWDQWO\�LQ�SK\WRSODQNWRQ�H[SRVHG�WR�YDU\LQJ�FRQGLWLRQV��H�J��
DV�D�IXQFWLRQ�RI�PL[LQJ��FORXG�FRYHU��HWF���EXW�SK\WRSODQNWRQ�DUH�JHQHUDOO\�RSWLPL]LQJ�IRU�WKH�
OLJKW�HQYLURQPHQW�H[SHULHQFHG�RYHU�WKH�SUHYLRXV����KRXUV��

2.2.2. Carbon Fixation 
&DUERQ�IL[DWLRQ�LV�FRQWUROOHG�E\�OLJKW�EHFDXVH�WKH�HQHUJ\�QHHGHG�WR�SRZHU�WKH�HQ]\PHV�WKDW�
FRQYHUW�&2��WR�FDUERK\GUDWHV�FRPHV�HQWLUHO\�IURP�SKRWRV\QWKHVLV��7KHUHIRUH��FKDQJHV�LQ�OLJKW�
OHYHO�SURGXFH�LQVWDQW�FKDQJHV�LQ�WKH�UDWH�RI�&�IL[DWLRQ�DQG�JURZWK��)LJ���������7KH�DPRXQW�RI�OLJKW�
DYDLODEOH�WR�SK\WRSODQNWRQ�IUHTXHQWO\�OLPLWV�WKHLU�SURGXFWLYLW\���+RZHYHU��ZKHQ�LUUDGLDQFH�LV�QRW�
DW�D�OHYHO�ZKHUH�LW�OLPLWV�&�IL[DWLRQ��WKH�UDWH�OLPLWLQJ�IDFWRU�LV�WKH�5XELVFR�HQ]\PH�WKDW�FDWDO\]HV�
WKH�ILUVW�VWHS�LQ�WKH�&�IL[DWLRQ�SDWKZD\�NQRZQ�DV�WKH�&DOYLQ�&\FOH��6HH�$SSHQGL[�$�����IRU�PRUH�
GHWDLOV�RQ�5XELVFR�DQG�RWKHU�&�IL[LQJ�HQ]\PHV���7KLV�LV�EHFDXVH�5XELVFR�LV�QRWRULRXVO\�VORZ�DQG�
FDWDO\]HV���PROHFXOHV�SHU�VHFRQG�FRPSDUHG�ZLWK������PROHFXOHV�SHU�VHFRQG�IRU�D�W\SLFDO�
UHDFWLRQ��7R�PDNH�XS�IRU�WKLV��SKRWRV\QWKHWLF�FHOOV�SURGXFH�ODUJH�TXDQWLWLHV�RI�WKH�HQ]\PH��7KH�
DPRXQW�RI�5XELVFR�SURGXFHG�SHU�FHOO�YDULHV�VXEVWDQWLDOO\�GHSHQGLQJ�RQ�WD[RQ��)RU�H[DPSOH��
5XELVFR�H[SUHVVLRQ�RQ�D�SHU�FHOO�EDVLV�LV�RQH�WR�IRXU�RUGHUV�RI�PDJQLWXGH�JUHDWHU�LQ�KHWHURNRQW�
DOJDH��SULPDULO\�GLDWRPV��FRPSDUHG�ZLWK�F\DQREDFWHULD��3DXO�HW�DO��������-RKQ�HW�DO������D���
:LWKLQ�F\DQREDFWHULD��WKH�6\QHFKRFKRFFXV�FODGH�H[KLELWV�JUHDWHU�H[SUHVVLRQ�RI�5XELVFR�
FRPSDUHG�WR�WKH�3URFKORURFRFFXV�FODGH�DW�VLPLODU�OLJKW�LQWHQVLWLHV��,Q�SK\WRSODQNWRQ��5XELVFR�
H[SUHVVLRQ�LV�GLUHFWO\�SURSRUWLRQDO�WR�&�IL[DWLRQ��:DUZLFN�HW�DO��������������������&RUUHGRU�HW�
DO��������%HUJ�HW�DO���������DQG�VHYHUDO�IROG�YDULDWLRQ�LQ�5XELVFR�H[SUHVVLRQ�DPRQJ�
SK\WRSODQNWRQ�WD[D�WUDQVODWHV�LQWR�VHYHUDO�IROG�YDULDWLRQ�LQ�WKHLU�LQWULQVLF�PD[LPXP�JURZWK�UDWHV��
LQGHSHQGHQW�RI�OLJKW�OHYHOV�RU�QXWULHQW�DEXQGDQFH�  

 

Figure 2.1. Reproduced from Geider 1987; Light dependence of C:Chl a for the diatom Thalassiosira 
pseudonana.. (1) C:Chl a versus Irradiance (µmol m-2 s-1) and (2) is growth rate (d-1)  versus irradiance 
and (3) is growth rate versus C:Chl a. 

C:
Ch

l	  a
 

Irradiance Irradiance C:Chl	  a 
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2.2.3. Carbon:Chl a ratio 
%HFDXVH�SK\WRSODQNWRQ�FKDQJH�WKH�DPRXQW�RI�&KO�D�WKH\�FRQWDLQ�LQ�UHVSRQVH�WR�OLJKW�OHYHOV��WKH�
UDWLR�RI�&�WR�&KO�D�YDULHV�YDU\�LQYHUVHO\�ZLWK�OLJKW�LQWHQVLW\��$V�LUUDGLDQFH�LQFUHDVHV��&�IL[DWLRQ�
ZLOO�LQFUHDVH�EXW�&KO�D�SHU�FHOO�ZLOO�GHFUHDVH��7KH�FDUERQ�FKORURSK\OO�D�UDWLR��&�&KO�D��RI�WKH�FHOO�
DOVR�FKDQJHV�DV�D�IXQFWLRQ�RI�QXWULHQW�FRQFHQWUDWLRQ�DQG�WHPSHUDWXUH��*HLGHU�������/D5RFKH�HW�
DO��������*UD]LDQR�HW�DO���������)URP�D�VHULHV�RI�H[SHULPHQWV�ZLWK�SK\WRSODQNWRQ�DFURVV�D�
QXPEHU�RI�WD[D��*HLGHU��������JHQHUDOL]HG�WKDW�&�&KO�D�WHQGV�WR�LQFUHDVH�OLQHDUO\�ZLWK�LQFUHDVHG�
OLJKW�OHYHO�DW�FRQVWDQW�WHPSHUDWXUH�DQG�GHFUHDVHV�H[SRQHQWLDOO\�ZLWK�LQFUHDVHG�WHPSHUDWXUH��DQG�
JURZWK�UDWH��DW�FRQVWDQW�OLJKW�OHYHO��)LJ��������'HVSLWH�LWV�YDULDELOLW\��WKH�&�&KO�D�UDWLR�LV�
IUHTXHQWO\�XVHG�WR�LQIHU�SK\WRSODQNWRQ�&�ELRPDVV�IURP�ILHOG�&KO�D�PHDVXUHPHQWV��&ORHUQ�HW�DO��
������%HKUHQIHOG�DQG�)DONRZVNL�������*HLGHU�HW�DO��������%HKUHQIHOG�HW�DO����������������7KLV�
LQIHUHQFH�DVVXPHV�D�FRQVWDQW�&�&KO�D�DQG�WKHUHIRUH�KDV�WKH�SRWHQWLDO�WR�EH�KLJKO\�XQFHUWDLQ�
�0DWHXV�HW�DO�������.LPPHUHU�HW�DO��������� 

2.3. Nitrogen assimilation 
&�DQG�1�DVVLPLODWLRQ�DUH�WLJKWO\�OLQNHG�EHFDXVH�WKH\�VKDUH�WKH�IORZ�RI�HQHUJ\�IURP�OLJKW��DQG�
EHFDXVH�IL[HG�&�SURYLGHV�VNHOHWRQV�IRU�1�DVVLPLODWLRQ���$GGLWLRQDO�HQHUJ\�IRU�1�UHGXFWLRQ�LV�
VXSSOLHG�IURP�UHVSLUDWLRQ�RI�IL[HG�&��)LJ�������$SSHQGL[�$�������0DULQH�DQG�HVWXDULQH�
SK\WRSODQNWRQ�XVH�QXPHURXV�VRXUFHV�RI�UHGXFHG�DQG�R[LGL]HG�1�IRU�JURZWK��$QWLD�DQG�
/DQG\PRUH�������$QWLD�HW�DO��������$QWLD�HW�DO���������:LWK�WKH�H[FHSWLRQ�RI�1+�

���HDFK�RI�WKHVH�
1�VRXUFHV�PXVW�ILUVW�EH�UHGXFHG��DV�LQ�WKH�FDVH�ZLWK�12�

����RU�GHDPLQDWHG��WR�1+�
��EHIRUH�WKH\�

FDQ�EH�DVVLPLODWHG�LQWR�DPLQR�DFLGV�DQG�SURWHLQ��7KH�GLVFXVVLRQ�EHORZ�DGGUHVVHV�12�
��UHGXFWLRQ�

DQG�XUHD�K\GURO\VLV�SDWKZD\V�EHIRUH�PRYLQJ�RQWR�1+�
��DVVLPLODWLRQ�DQG�DPLQR�DFLG�

ELRV\QWKHVLV��1XPHURXV�RWKHU�SDWKZD\V�H[LVW�IRU�DVVLPLODWLRQ�RI�DOWHUQDWLYH�1�VXEVWUDWHV�LQ�
PDULQH�SK\WRSODQNWRQ�WKDW�ZLOO�QRW�EH�GLVFXVVHG�KHUH��$QWLD�HW�DO��������%HUJ�HW�DO���������

 

Figure 2.2. Flow of energy in the form of reductant and ATP (yellow arrows) and carbon (blue arrows) 
to N assimilation. C-fix=carbon fixation, Resp=respiration 
�
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2.3.1.  Molecular perspective on nitrogen transport and assimilation 
,Q�RUGHU�IRU�SK\WRSODQNWRQ�WR�XVH�1�WKH\�KDYH�WR�WUDQVSRUW�LW�LQWR�WKH�FHOO��%\�H[DPLQLQJ�WKH�
DFWLYLW\�RI�WKH�YDULRXV�WUDQVSRUWHUV�SK\WRSODQNWRQ�SRVVHVV��LW�LV�SRVVLEOH�WR�FKDUDFWHUL]H�WKHLU�
SURSHQVLW\�WR�XVH�GLIIHUHQW�IRUPV�RI�1�DQG�WR�REWDLQ�FOXHV�DERXW�WKH�1�VRXUFHV�WKDW�SK\WRSODQNWRQ�
DUH�XVLQJ�DW�DQ\�JLYHQ�WLPH��7UDQVSRUW�DFWLYLW\�LV�UHJXODWHG�DW�WZR�OHYHOV��WKH�ILUVW�LV�DW�WKH�OHYHO�RI�
WKH�JHQH�DQG�WKH�VHFRQG�DW�WKH�OHYHO�RI�WKH�SURWHLQ��:KHQ�JHQHV�DUH�³WXUQHG�RQ´�WKHLU�LQIRUPDWLRQ�
LV�WUDQVFULEHG�LQWR�P51$��)LJ��������7KH�JUHDWHU�WKH�P51$�DEXQGDQFH�RI�D�VSHFLILF�JHQH��WKH�
PRUH�LW�LV�EHLQJ�WXUQHG�RQ��RU�³H[SUHVVHG´��7KH�VHFRQG�OHYHO�RI�UHJXODWLRQ�LV�DW�WKH�SRLQW�RI�
SURWHLQ�V\QWKHVLV��ZKHUH�WKH�P51$�LV�WUDQVODWHG�LQWR�SURWHLQ��)LJ��������)RU�WUDQVSRUW�SURWHLQV�
WKDW�WXUQ�RYHU�TXLFNO\��WKH�OHYHO�RI�P51$�FRUUHVSRQGV�IDLUO\�ZHOO�ZLWK�WKH�DPRXQW�RI�SURWHLQ�
V\QWKHVL]HG��<RVKLPRWR�HW�DO���������+RZHYHU��IRU�SURWHLQV�ZLWK�ORZ�WXUQRYHU��VXFK�DV�WKH�QLWUDWH�
UHGXFWDVH�HQ]\PH��15��ZKLFK�LV�W\SLFDOO\�V\QWKHVL]HG�RQFH�GXULQJ�D�FHOO¶V�OLIHWLPH��WKH�OHYHO�RI�
P51$�W\SLFDOO\�GRHV�QRW�FRUUHVSRQG�ZLWK�WKH�OHYHO�RI�HQ]\PH��7KLV�LV�EHFDXVH�WKH�P51$�PD\�
FRGH�IRU�YDULRXV�VXEXQLWV�RI�WKH�HQ]\PH�WKDW�DUH�WUDQVODWHG�EXW�QRW�DVVHPEOHG��7KH�SRLQW�LQ�WLPH�
ZKHQ�WKH�SURWHLQ�VXEXQLWV�DUH�DVVHPEOHG�LQWR�D�IXQFWLRQDO�HQ]\PH�ZKRVH�DFWLYLW\�LV�PHDVXUDEOH�
ODJV�WKH�WLPH�ZKHQ�P51$�ZDV�WUDQVFULEHG��3RXOVRQ�DQG�.URJHU��������)RU�WKH�UHPDLQGHU�RI�WKLV�
GLVFXVVLRQ��WKH�ZRUG�³JHQH�H[SUHVVLRQ´�RU�³H[SUHVVLRQ´�ZLOO�EH�DVVRFLDWHG�ZLWK�P51$�
DEXQGDQFH�WUDQVFULSW�DEXQGDQFH�DQG�WKH�ZRUG�³DFWLYLW\´�ZLWK�SURWHLQ�DEXQGDQFH��$OVR��WKH�QDPH�
RI�D�JHQH�ZLOO�EH�LWDOLVL]HG�ZKHUHDV�WKH�QDPH�RI�WKH�FRUUHVSRQGLQJ�SURWHLQ�ZLOO�QRW��L�H��WKH�15�
JHQH�ZLOO�EH�GLVWLQJXLVKHG�IURP�WKH�15�HQ]\PH�

 

Figure 2.3. Information	  contained	  in	  an	  organism’s	  genome,	  housed	  in the nucleus, is transcribed into 
mRNA	  before	  it’s	  translated	  into	  protein	  in	  the	  cytosol.	  The	  amount	  of	  mRNA	  corresponds	  with	  the	  
number	  of	  times	  a	  gene	  has	  been	  transcribed	  and	  is	  often	  called	  “gene	  expression”	  or	  just	  
“expression”.	  Gene	  expression	  may or may not correlate with protein abundance depending on the 
turnover of the particular protein.  
�

2.3.1.1. NO3- transport and reduction 
1LWUDWH�LV�DFWLYHO\�WUDQVSRUWHG�LQWR�PDULQH�SK\WRSODQNWRQ�YLD�WKH�KLJK�DIILQLW\�WUDQVSRUWHU�1UW��RI�
WKH�PDMRU�IDFLOLWDWRU�VXSHUIDPLO\��1DYDUUR�HW�DO��������+LOGHEUDQG�DQG�'DKOLQ�������*DOYDQ�DQG�
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)HUQDQGH]�������+H�HW�DO��������DW�1�FRQFHQWUDWLRQV�IRXQG�LQ�WKH�PDULQH�HQYLURQPHQWV��$W�
FRQFHQWUDWLRQV�DERYH�≅����PROHV�12�

��/��ORZ�DIILQLW\�WUDQVSRUWHUV�RI�WKH�1UW��W\SH�PD\�DOVR�EH�
LQGXFHG��*DOYDQ�DQG�)HUQDQGH]�������&ROORV�HW�DO���������5HFHQW�LQYHVWLJDWLRQV�GHPRQVWUDWH�WKDW�
PDULQH�DQG�HVWXDULQH�SK\WRSODQNWRQ�YDU\�JUHDWO\�LQ�WKH�QXPEHU�RI�1UW��JHQHV�LQ�WKHLU�JHQRPHV��
6RPH��OLNH�WKH�GLDWRP�7KDODVVLRVLUD�ZHLVIORJLL�FRQWDLQ�VL[�QHDUO\�LGHQWLFDO�FRSLHV�ZKLOH�RWKHUV�
OLNH�WKH�KDUPIXO�DOJD�$XUHRFRFFXV�DQRSKDJHIIHUHQV�FRQWDLQ�RQO\�RQH�FRS\��6RQJ�DQG�:DUG�
������%HUJ�HW�DO���������$GGLWLRQDO�FRSLHV�PD\�VSHHG�WKH�UDWH�DW�ZKLFK�FHOOV�FDQ�SURGXFH�
WUDQVFULSWV��SRWHQWLDOO\�DOORZLQJ�WKHP�WR�WDNH�EHWWHU�DGYDQWDJH�RI�12�

����+LOGHEUDQG�DQG�'DKOLQ�
�������7KH�1UW��JHQHV�DUH�WUDQVFULEHG�LQ�UHVSRQVH�WR�12�

��DQG�1�VWDUYDWLRQ��DQG�LQKLELWHG�LQ�
UHVSRQVH�WR�1+�

���1DYDUUR�HW�DO��������+LOGHEUDQG�DQG�'DKOLQ�������*DOYDQ�DQG�)HUQDQGH]�
������+H�HW�DO���������,Q�GLDWRPV��LUUDGLDQFH�GRHV�QRW�DSSHDU�WR�SOD\�D�UROH�LQ�1UW��WUDQVFULSWLRQ�
�+LOGHEUDQG�DQG�'DKOLQ��������

)ROORZLQJ�XSWDNH�LQWR�WKH�FHOO��12�
��LV�UHGXFHG�WR�1+�

��LQ�D�WZR�VWHS�SURFHVV��$SSHQGL[�$������
YLD�WKH�HQ]\PHV�QLWUDWH�UHGXFWDVH��15��DQG�QLWULWH�UHGXFWDVH��1L5��UHTXLULQJ�HLJKW�HOHFWURQV�
�+XSSH�DQG�7XUSLQ��������/LJKW�SOD\V�D�NH\�UROH�LQ�WKH�VXSSO\�RI�HOHFWURQV�DQG�LQ�WKH�GDLO\�
UHJXODWLRQ�RI�15�V\QWKHVLV�DQG�GHJUDGDWLRQ��+XSSH�DQG�7XUSLQ�������%HUJHV�HW�DO����������������

7KH�FRPELQHG�UHTXLUHPHQW�RI�HLJKW�HOHFWURQV�WR�UHGXFH�12�
��WR�1+�

��EHIRUH�LW�FDQ�EH�DVVLPLODWHG�
KDV�EHHQ�XVHG�WR�DUJXH�WKDW�1+�

��LV�SUHIHUUHG�WR�12�
��DV�D�1�VXEVWUDWH�IRU�JURZWK��6\UHWW�������

)HUQDQGH]�DQG�&DUGHQDV�������+XSSH�HW�DO���������(YLGHQFH�IRU�1+�
��SUHIHUHQFH�RYHU�12�

��
FRPHV�IURP�FXOWXUH�LQYHVWLJDWLRQV�WKDW�GHPRQVWUDWH�DGGLWLRQ�RI�1+�

��WR�FXOWXUHV�JURZLQJ�RQ�
12�

��FDQ�UDSLGO\�LQKLELW�12�
��XSWDNH�DQG�DVVLPLODWLRQ�ZKLOH�FRQFXUUHQWO\�VWLPXODWH�XSWDNH�DQG�

DVVLPLODWLRQ�RI�1+�
���&UHVZHOO�DQG�6\UHWW�������6\UHWW��������7KLV�KDV�VXEVHTXHQWO\�EHHQ�

GHPRQVWUDWHG�DW�D�PROHFXODU�OHYHO�ZKHUH�1+�
��UHSUHVVHV�15�DFWLYLW\��%HUJHV�HW�DO��������%HUJHV�

������6RQJ�DQG�:DUG�������DQG�UHSUHVVHV�WUDQVFULSWLRQ�RI�WKH�1UW��12�
��WUDQVSRUWHU�JHQH�

�1DYDUUR�HW�DO��������+LOGHEUDQG�DQG�'DKOLQ�������.ROWHUPDQQ�HW�DO��������+H�HW�DO��������6RQJ�
DQG�:DUG�������%HUJ�HW�DO��������IRU�DV�ORQJ�DV�1+�

��LV�DYDLODEOH�WR�VDWLVI\�WKH�1�JURZWK�
UHTXLUHPHQW�RI�WKH�FHOO���

2.3.1.2. Urea transport and hydrolysis 
$VLGH�IURP�1+�

��DQG�12�
���XUHD�KDV�EHHQ�LGHQWLILHG�DV�DQ�LPSRUWDQW�VRXUFH�RI�1�IRU�JURZWK�RI�

PDULQH�DQG�HVWXDULQH�SK\WRSODQNWRQ��0F&DUWK\�������$QWLD�HW�DO��������$QWLD�HW�DO��������
%HUPDQ�DQG�%URQN��������8UHD¶V�DYDLODELOLW\�DV�D�1�VXEVWUDWH�IRU�SK\WRSODQNWRQ�KDV�UHFHLYHG�
LQFUHDVLQJ�DWWHQWLRQ�UHFHQWO\�EHFDXVH�RI�KLJKHU�XUHD�OHYHOV�REVHUYHG�LQ�FRDVWDO�V\VWHPV�GXH�WR�
DJULFXOWXUDO�UXQRII��*OLEHUW�HW�DO���������DQG�EHFDXVH�HOHYDWHG�XUHD�PD\�IDYRU�EORRPV�RI�FHUWDLQ�
KDUPIXO�DOJDO�EORRP��+$%��VSHFLHV��.ULVWLDQVHQ�������%HUJ�HW�DO��������*OLEHUW�DQG�7HUOL]]L�
������.XGHOD�DQG�&RFKODQ�������6RORPRQ�HW�DO���������7KH�XUHD�XSWDNH�DQG�K\GURO\VLV�SDWKZD\�
LV�SULQFLSDOO\�FRPSULVHG�RI�WZR�SURWHLQV��WKH�KLJK�DIILQLW\�XUHD�WUDQVSRUWHU�'85���/LX�HW�DO��
������:DQJ�HW�DO��������DQG�WKH�XUHDVH�HQ]\PH��85(��UHTXLUHG�WR�GHFRPSRVH�XUHD��&2�1+�����
WR�1+�

��DQG�&2���6RORPRQ�HW�DO���������7KHUH�LV�DOVR�HYLGHQFH�WKDW�VRPH�PDULQH�SK\WRSODQNWRQ�
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SRVVHVV�D�ORZ�DIILQLW\�XUHD�WUDQVSRUWHU�WKDW�PD\�EH�LQGXFHG�XQGHU�YHU\�KLJK�FRQFHQWUDWLRQV�RI�
XUHD��6RORPRQ�HW�DO���������

2.3.1.3. NH4
+ transport and assimilation 

2.3.1.3.1 NH4+ transport:�+LJK�DIILQLW\�WUDQVSRUW�RI�1+�
��LQWR�SODQW�FHOOV�RFFXUV�YLD�WKH�$07��

WUDQVSRUWHU�IDPLO\��/RTXH�HW�DO���������������7KHVH�WUDQVSRUWHUV�KDYH�D�KLJK�DIILQLW\�IRU�1+�
���

ORZ�WUDQVSRUW�FDSDFLW\��DQG�KDYH�PHFKDQLVPV�IRU�UDSLG�VKXW�RII�WR�SUHYHQW�1+�
��WR[LFLW\��/RTXH�

HW�DO���������,Q�FRQWUDVW�ZLWK�WKH�KLJK�DIILQLW\�12�
��WUDQVSRUWHU�1UW��ZKLFK�RFFXUV�LQ�QHDU�

LGHQWLFDO�FRSLHV�LQ�SK\WRSODQNWRQ��FRSLHV�RI�$07��GLYHUJH�VXEVWDQWLDOO\�LQ�WKHLU�VHTXHQFHV�DQG�
WKHUHIRUH�IXQFWLRQDOLW\��+LOGHEUDQG�������*RQ]DOH]�%DOOHVWHU�HW�DO���������2I�WKH�HLJKW�RU�VR�
FRSLHV�RI�WKH�$07��JHQHV�FKDUDFWHUL]HG�WR�GDWH��VRPH�DUH�H[SUHVVHG�SUHIHUHQWLDOO\�GXULQJ�1�
VWDUYDWLRQ��VRPH�DUH�GHSUHVVHG�LQ�WKH�SUHVHQFH�RI�1+�

��DQG�12�
���DQG�VRPH�DUH�H[SUHVVHG�

FRQVWLWXWLYHO\�UHJDUGOHVV�RI�1�VXIILFLHQF\�RU�VRXUFH��*RQ]DOH]�%DOOHVWHU�HW�DO��������+LOGHEUDQG�
������%HUJ�HW�DO���������,Q�DGGLWLRQ�WR�WKH�$07��WUDQVSRUWHUV��ORZ�DIILQLW\�WUDQVSRUWHUV��SDVVLYH�
LRQ�FKDQQHOV�DQG�DTXDSRULQV�DOVR�SOD\�LPSRUWDQW�UROHV�LQ�WKH�WUDQVSRUW�RI�1+�

���8OOULFK�HW�DO��
������)UDQFR�HW�DO��������:DQJ�HW�DO��������&UDZIRUG�DQG�)RUGH��������1RW�DOO�PDULQH�
SK\WRSODQNWRQ�SRVVHVV�HLJKW�$07��JHQHV��DV�ZLWK�1UW���WKH�QXPEHU�RI�JHQH�FRSLHV�YDULHV�ZLGHO\�
ZLWK�WD[RQ��+LOGHEUDQG��������&RPSDUHG�ZLWK�WKH�1UW��JHQHV��FRPSDUDWLYH�H[SUHVVLRQ�RI�$07��
JHQHV�DPRQJ�GLIIHUHQW�SK\WRSODQNWRQ�WD[D�KDV�QRW�EHHQ�LQYHVWLJDWHG�WR�GDWH��

2.3.1.3.2 NH4+ toxicity: 7UDQVSRUW�RI�NH4
+�LQWR�WKH�FHOO�LV�VKXW�GRZQ�WR�SUHYHQW�WR[LFLW\�DW�D�

FRQFHQWUDWLRQ�UDQJLQJ�IURP�PLFURPRODU�WR�ORZ�PLOOLPRODU�1+�
��/���GHSHQGLQJ�RQ�WKH�VSHFLHV�

�/RTXH�HW�DO��������������<XDQ�HW�DO���������'HVSLWH�WKH�EXLOW�LQ�VKXW�GRZQ�PHFKDQLVP�RI�WKH�
$07��WUDQVSRUWHU��LW¶V�EHHQ�GHPRQVWUDWHG�WKDW�LQIOX[�RI�1+�

��FDQ�RFFXU�DERYH�WKH�PLOOLPRODU�/���
UDQJH��PHGLDWHG�E\�SRWDVVLXP��.���FKDQQHOV��LQ�YDVFXODU�SODQWV��%ULWWR�HW�DO���������������7KLV�
LQIOX[�DW�KLJK�H[WHUQDO�1+�

��FRQFHQWUDWLRQV�LV�DFFRPSDQLHG�E\�HIIOX[�SXPSLQJ�RI�1+�
��LQ�HTXDO�

PDJQLWXGH��UHVXOWLQJ�LQ�³IXWLOH�F\FOLQJ´�RI�1+�
��LRQV�DFURVV�WKH�SODVPD�PHPEUDQH��7KLV�IXWLOH�

F\FOLQJ�KDV�EHHQ�VKRZQ�WR�EH�HQHUJHWLFDOO\�FRVWO\��VORZLQJ�GRZQ�FHOO�JURZWK��DQG�SOD\LQJ�DQ�
LPSRUWDQW�SDUW�LQ�WKH�WR[LFLW\�RI�1+�

��WR�WHUUHVWULDO�SODQW�FHOOV��Britto et al. 2001, Szczerba et al. 
2008���:KHWKHU�WKH�VDPH�PHFKDQLVP�RSHUDWHV�IRU�DTXDWLF�SKRWRV\QWKHWLF�RUJDQLVPV�LV�XQNQRZQ�
VLQFH�QR�VWXGLHV�KDYH�EHHQ�XQGHUWDNHQ�WR�FKDUDFWHUL]H�LW� However, it is known that 1+�

� toxicity 
does occur, and the concentrations at which it is exerted�FDQ vary by orders of magnitude 
depending on the species of aquatic plants or unicellular algae. Freshwater unicellular algae such 
as the chlorophyte Chlorella vulgaris isolated from wastewater settling ponds can tolerate NH4

+ 
concentrations up to 3 mmol L-1 without exhibiting signs of toxicity or slowed growth (Berg et 
al. unpublished data, Perez-Garcia et al. 2011). Diatoms, including marine and freshwater 
species, also tolerate NH4

+ concentrations in the mmol L-1 range (Antia et al. 1975, Lomas 2004, 
Hildebrand 2005, Pahl et al. 2012). In contrast, phytoplankton species with high affinities for 
NH4

+, primarily harmful algal bloom forming phytoplankton, can be susceptible to toxicity and 
slowed growth at NH4

+ concentrations as low as 160-200 µmol L-1 (Bates et al. 1993, Hillebrand 
and Sommer 1996, Berg et al. 2008).  
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2.3.1.3.3 NH4+ assimilation and amino acid synthesis:�1+�
��LV�WKH�RQO\�IRUP�RI�1�WKDW�FDQ�EH�

GLUHFWO\�DWWDFKHG�WR�&�VNHOHWRQV�WR�SURGXFH�DPLQR�DFLGV��2WKHU�IRUPV�RI�1�PXVW�ILUVW�HLWKHU�EH�
UHGXFHG�RU�GHDPLQDWHG�WR�1+�

��UHTXLULQJ�HQHUJ\��L�H��UHGXFWDQW���)ROORZLQJ�UHGXFWLRQ�RU�
GHDPLQDWLRQ��DVVLPLODWLRQ�RI�1+�

��1�UHTXLUHV�LQSXW�RI�ERWK�HQHUJ\��JHQHUDWHG�IURP�WKH�
SKRWRV\QWKHWLF�HOHFWURQ�WUDQVSRUW�FKDLQ�DQG�IURP�UHVSLUDWLRQ�RI�SKRWRV\QWKHWLFDOO\�SURGXFHG�&��
DQG�&�VNHOHWRQV�IURP�WKH�WULFDUER[\OLF�DFLG��7&$��F\FOH��6HH�$SSHQGL[�$�����IRU�GHWDLOV��6\UHWW�
������������(OULIL�HW�DO��������*X\�HW�DO���������&RSLHV�RI�WKH�HQ]\PHV�UHTXLUHG�WR�DVVLPLODWH�
1+�

��LQWR�DPLQR�DFLGV�DUH�ORFDOL]HG�WR�WKH�FKORURSODVW��ZKHUH�12�
��UHGXFHG�WR�1+�

��LV�
DVVLPLODWHG��DQG�WR�WKH�F\WRVRO�ZKHUH�1+�

��SURGXFHG�E\�FHOOXODU�SURFHVV�DQG�GLUHFW�1+�
��XSWDNH�

LV�DVVLPLODWHG��$SSHQGL[�$������+XSSH�DQG�7XUSLQ�������0RFN�HW�DO��������%URZQ�HW�DO��������
+RFNLQ�HW�DO�����������

2.3.1.4. Expression of N transporter genes across phytoplankton taxa 
,Q�D�FRPSDULVRQ�RI�12�

��WUDQVSRUWHU��1UW���H[SUHVVLRQ�DFURVV�VHYHUDO�SK\WRSODQNWRQ�WD[D��WZR�
VSHFLHV�RI�GLDWRPV��RQH�KDSWRSK\WH�DQG�D�FKORURSK\WH��6RQJ�DQG�:DUG��������PDGH�WZR�NH\�
GLVFRYHULHV��2QH�ZDV�WKDW�WKH�GLDWRP�VSHFLHV�KDG������IROG�KLJKHU�H[SUHVVLRQ�RI�1UW��FRPSDUHG�
ZLWK�WKH�KDSWRSK\WH�DQG�FKORURSK\WH�ZKHQ�JURZQ�RQ�12�

��LQ�WKH�SUHVHQFH�RI�1+�
���,Q�RWKHU�

ZRUGV��1+�
��GLG�QRW�VKXW�GRZQ�12�

��WUDQVSRUW�FRPSOHWHO\�LQ�WKH�GLDWRPV�DV�LW�GLG�LQ�WKH�RWKHU�
DOJDH��6HFRQG��WKH\�GLVFRYHUHG�WKDW�WKH�GLDWRPV��HVSHFLDOO\�RI�WKH�JHQXV�&KDHWRFHURV��KDG�PXFK�
JUHDWHU�H[SUHVVLRQ�OHYHO�RI�WKH�1UW��WUDQVSRUWHU�XQGHU�1�VWDUYDWLRQ�WKDQ�GLG�WKH�QRQ�GLDWRP�WD[D��
,Q�FRQWUDVW��WKH�FKORURSK\WH�FHDVHG�1UW��H[SUHVVLRQ�XQGHU�1�VWDUYDWLRQ��7KH�VLJQLILFDQFH�RI�WKLV�
ILQGLQJ�LV�WKDW�RQFH�12�

��LV�UH�VXSSOLHG�DIWHU�D�SHULRG�RI�VWDUYDWLRQ��WUDQVSRUW�LQWR�WKH�FHOO�FDQ�
SURFHHG�UDSLGO\��,Q�FHOOV�ZKHUH�H[SUHVVLRQ�LV�ORZ�RU�QRQ�H[LVWHQW�XQGHU�VWDUYDWLRQ��XS�UHJXODWLRQ�
RI�JHQH�H[SUHVVLRQ��IROORZHG�E\�SURWHLQ�V\QWKHVLV��PXVW�WDNH�SODFH�EHIRUH�WKH�WUDQVSRUWHUV�DUH�
WUDQVORFDWHG�WR�WKH�SODVPD�PHPEUDQH�DQG�XSWDNH�FDQ�FRPPHQFH��7KHUHIRUH��KLJK�OHYHOV�RI�
WUDQVSRUWHU�H[SUHVVLRQ�XQGHU�VWDUYDWLRQ�PD\�EH�FULWLFDO�IRU�FRPSHWLWLRQ�IRU�1�XQGHU�OLPLWLQJ�
FRQGLWLRQV��3RXOVHQ�DQG�.URJHU���������

-XVW�DV�H[SUHVVLRQ�RI�12�
��WUDQVSRUW�JHQHV�YDULHV�ZLWK�SK\WRSODQNWRQ�WD[D��VR�GRHV�H[SUHVVLRQ�RI�

JHQHV�VSHFLILF�WR�RWKHU�WUDQVSRUW�SURWHLQV��$�VXUSULVLQJ�ILQGLQJ�LQ�WKH�+$%�SHODJRSK\WH�
$XUHRFRFFXV�DQRSKDJHIIHUHQV�LV�WKDW�WKH�PRVW�KLJKO\�H[SUHVVHG�WUDQVSRUWHU�JHQH�LQ�LWV�JHQRPH�LV�
VSHFLILF�WR�SXULQHV��PRVW�OLNHO\�JXDQLQH��)LJ��������,Q�WKLV�RUJDQLVP��JURZWK�RQ�RUJDQLF�1�
VXSSUHVVHV�H[SUHVVLRQ�RI�JHQHV�HQFRGLQJ�WUDQVSRUWHUV�IRU�LQRUJDQLF�1�VRXUFHV�DOPRVW�FRPSOHWHO\��
,Q�FRQWUDVW��H[SUHVVLRQ�RI�JHQHV�HQFRGLQJ�SURWHLQV�DVVRFLDWHG�ZLWK�XSWDNH�RI�RUJDQLF�1�VRXUFHV�LV�
UHODWLYHO\�KLJK�ZKHQ�JURZQ�RQ�12�

��RU�1+�
��DV�WKH�VROH�VRXUFH�RI�1��7KLV�SDWWHUQ�RI�H[SUHVVLRQ�

VXJJHVWV�WKDW�WKLV�RUJDQLVP�PD\�FKDQJH�LWV�VWUDWHJ\�IURP�XVLQJ�VHYHUDO�VRXUFHV�RI�1�DW�RQFH�LQ�
WKH�SUHVHQFH�RI�KLJK�H[WHUQDO�LQRUJDQLF�1�FRQFHQWUDWLRQV��WR�FRQFHQWUDWLQJ�LWV�HIIRUWV�RQ�RQH�1�
VRXUFH�DW�D�WLPH�LQ�WKH�SUHVHQFH�RI�KLJK�H[WHUQDO�RUJDQLF�1�FRQFHQWUDWLRQV��7KLV�DOVR�KLJKOLJKWV�
WKH�ULVN�RI�H[WUDSRODWLQJ�IURP�D�IHZ�PRGHO�RUJDQLVPV�WR�WKH�YDVW�GLYHUVLW\�RI�SK\WRSODQNWRQ�
VSHFLHV��JLYHQ�WKH�VPDOO�QXPEHU�RI�RUJDQLVPV�WKDW�KDYH�EHHQ�VWXGLHG�LQ�GHWDLO��
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Figure 2.4. Top panel: relative expression (normalized to the most expressed transporter at each 
growth source) of N transporters in A. anophagefferens cultures grown on urea, NH4+, NO3-, and 
acetamide. Black bars represent mRNA abundance of the purine transporter URA; pink bars 
represent the urea transporter DUR3, blue bars represent NH4+ transporters AMT1 and ABC; red bars 
represent the NO3- transporter Nrt2, green bars represent a putative amino acid transporter AA, and 
green bars represent a putative DON transporter NAR1.3. Bottom panel: Summed relative expression 
for URA, DUR3, AMT1&ABC, and Nrt2 across the four N growth sources in the top panel. Figure adapted 
from data in Berg et al. 2008. 
 

,Q�FRQWUDVW�ZLWK�WKH�HXNDU\RWLF�SK\WRSODQNWRQ�GLVFXVVHG�DERYH��F\DQREDFWHULD�DSSHDU�WR�EH�1+�
��

VSHFLDOLVWV��)RU�RQH��H[SUHVVLRQ�RI�WKH�$07��1+�
��WUDQVSRUWHU�JHQH�LQ�F\DQREDFWHULD�LV�QRW�

UHJXODWHG��PHDQLQJ�WKH�WUDQVSRUWHU�LV�DOZD\V�H[SUHVVHG�UHJDUGOHVV�RI�WKH�1�VWDWXV�RI�WKH�FHOO�
�/LQGHOO�DQG�3RVW�������/LQGHOO�HW�DO���������,Q�DGGLWLRQ��LW�LV�RQH�RI�WKH�PRVW�KLJKO\�H[SUHVVHG�
JHQHV�LQ�F\DQREDFWHULDO�JHQRPHV��%HUJ�HW�DO��������%HUJ�HW�DO��XQSXEOLVKHG���,Q�WKH�PDULQH�
F\DQREDFWHULD�6\QHFKRFRFFXV�DQG�3URFKORURFRFFXV��$07��LV�H[SUHVVHG�RQ�SDU�ZLWK��RU�DW�D�
JUHDWHU�OHYHO��UHVSHFWLYHO\��WKDQ�WKH�JHQH�HQFRGLQJ�WKH�&�IL[DWLRQ�HQ]\PH�5XELVFR��%HUJ�HW�DO��
�������&RQVLGHULQJ�WKH�FRXQWOHVV�RWKHU�FULWLFDO�SURFHVVHV�KDSSHQLQJ�ZLWKLQ�FHOOV��LW�LV�QRWHZRUWK\�
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WKDW�WKH�SURWHLQ�UHVSRQVLEOH�IRU�1+�
��XSWDNH�LV�RQH�RI�WKH�PRVW�DEXQGDQW�SURWHLQV�LQ�

F\DQREDFWHULD��

$OWKRXJK�SK\WRSODQNWRQ�VKDUH�WKH�VDPH�JHQHV�HQFRGLQJ�WUDQVSRUW�SURWHLQV�IRU�1+�
���12�

��DQG�
XUHD��WKH�H[SUHVVLRQ�RI�WKHVH�JHQHV�FDQ�YDU\�GUDPDWLFDOO\�IURP�RUJDQLVP�WR�RUJDQLVP��7KLV�
VXJJHVWV�WKDW�WKH�VXUIDFH�DUHD�RI�D�FHOO�FRQWDLQV�D�PRVDLF�RI�WUDQVSRUWHU�SURWHLQV�WKDW�LV����XQLTXH�
WR�HDFK�FHOO�DQG����LV�FRQWLQXRXVO\�FKDQJLQJ�LQ�UHVSRQVH�WR�H[WHUQDO�QXWULHQW�FRQFHQWUDWLRQV��

2.3.2. Unialgal perspective on N source, irradiance, and temperature on growth in culture 

2.3.2.1. Effect of assimilation of NH4
+ versus NO3

- on growth 
*LYHQ�WKDW�12�

��UHTXLUHV�HLJKW�WLPHV�WKH�UHGXFWDQW�FRPSDUHG�ZLWK�1+�
��WR�DVVLPLODWH��RQH�PLJKW�

H[SHFW�WKDW�DVVLPLODWLQJ�12�
��ZLOO�OHDG�WR�ORZHU�UDWHV�RI�SK\WRSODQNWRQ�JURZWK��+RZHYHU��FXOWXUH�

LQYHVWLJDWLRQV�FOHDUO\�GHPRQVWUDWH�WKDW�SK\WRSODQNWRQ�DFFOLPDWHG�WR�JURZWK�RQ�HLWKHU�1+�
��RU�

12�
��KDYH�YHU\�VLPLODU�RU�HTXLYDOHQW�UDWHV�RI�JURZWK��)LJ���������:K\�GRHV�&�IL[DWLRQ�QRW�DSSHDU�

WR�EH�DIIHFWHG�E\�1�VRXUFH�ZKHQ�12�
��UHTXLUHV�PRUH�UHGXFWDQW�WR�DVVLPLODWH�FRPSDUHG�ZLWK�

1+�
���RU�DQ\�RWKHU�VRXUFH�RI�UHGXFHG�1"�7KH�UHDVRQ�LV�WKDW�WKH�UHGXFWDQW�DQG�HQHUJ\�GHPDQGV�RI�

1�DVVLPLODWLRQ��LQFOXGLQJ�DVVLPLODWLRQ�RI�12�
���DUH�VPDOO�LQ�FRPSDULVRQ�WR�WKDW�RI�&�PHWDEROLVP�

DQG�WKHUHIRUH�JURZWK�LV�W\SLFDOO\�QRW�DIIHFWHG�E\�WKH�VRXUFH�RI�1�XVHG�E\�SK\WRSODQNWRQ��7XUSLQ�
��������4XLWH�FRQWUDU\��DVVLPLODWLRQ�RI�1�PXVW�NHHS�SDFH�ZLWK�&�IL[DWLRQ�DQG�JURZWK��,I�D�FHOO�LV�
DVVLPLODWLQJ�RQO\�RQH�VRXUFH�RI�1�WR�VDWLVI\�LWV�FHOOXODU�1�GHPDQG��WKH�FHOO�ZLOO�WHQG�WR�VFDOH�LWV�
XSWDNH�UDWH�DFFRUGLQJ�WR�JURZWK�UDWH��RQFH�WKH�XSWDNH�DQG�DVVLPLODWLRQ�SDWKZD\V�IRU�WKH�WKDW�
SDUWLFXODU�1�VRXUFH�DUH�LQ�SODFH���7KHUHIRUH��WKH�UDWH�RI�XSWDNH�RI�12�

��DQG�1+�
��ZLOO�EH�WKH�VDPH�

LQ�WZR�GLIIHUHQW�FXOWXUHV�JURZQ�RQ�12�
��DQG�1+�

���UHVSHFWLYHO\��DV�WKH�VROH�VRXUFH�RI�1�XQGHU�
FRQVWDQW�LUUDGLDQFH��)LJ���������

 

Figure 2.5. Growth rates of phytoplankton using NH4+ plotted as a function of growth rates using NO3- 
as the sole source of nitrogen. Data compiled from Ferguson et al. 1976, Dortch and Conway 1984, 
Levasseur et al. 1993, Berman and Chava 1999, Herndon and Cochlan 2007, Berg et al. 2008, Solomon 
and Glibert 2008, Sinclair et al. 2009, Strom and Bright 2009, Thessen et al. 2009, Solomon et al. 2010. 
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2.3.2.2. Effect of irradiance and N source on growth. 
$W�QRQ�OLPLWLQJ�OLJKW�LQWHQVLWLHV��LW�PD\�EH�UHDVRQDEOH�WR�H[SHFW�QR�GLIIHUHQFH�LQ�JURZWK�UDWHV�
ZLWK�1�VRXUFH��1+�

��YHUVXV�12�
���DV�GHVFULEHG�DERYH��'RHV�WKLV�SLFWXUH�FKDQJH�DV�OLJKW�

LQWHQVLWLHV�DUH�GHFUHDVHG�WR�WKH�SRLQW�ZKHUH�WKH\�PD\�EH�OLPLWLQJ�WR�JURZWK"�([DPLQLQJ�D�VXE�VHW�
RI�WKH�GDWD�XVHG�LQ�)LJ�������ZKHUH�WKH�VDPH�FXOWXUHV�ZHUH�JURZQ�DW�OLPLWLQJ�����PRO�P���V����DQG�
QRQ�OLPLWLQJ�������PRO�P���V����OLJKW�LQWHQVLWLHV��LW�LV�FOHDU�WKDW�HYHQ�DW�WKH�ORZHVW�OLJKW�LQWHQVLW\�
WKHUH�LV�D�PLQLPDO�HIIHFW�RI�XVLQJ�12�

��YHUVXV�1+�
��RQ�WKH�JURZWK�UDWH��)LJ�����D���2QH�

H[SODQDWLRQ�IRU�WKLV�PD\�EH�WKDW�&�PHWDEROLVP�DQG�1�PHWDEROLVP�VFDOH�WR�JURZWK�UDWH��8QGHU�WKLV�
VFHQDULR��JURZWK�UDWH�LV�ORZHU�DW�ORZ�OLJKW�WKDQ�DW�KLJK�OLJKW�EXW�WKH�IDFWRU�GLIIHUHQFH�LQ�WKH�
UHGXFWDQW�QHHG�IRU�&�YHUVXV�1�PHWDEROLVP�UHPDLQV�WKH�VDPH��DQG�MXVW�DV�ODUJH��-XVW�KRZ�
LPSRUWDQW�LV�LUUDGLDQFH�IRU�JURZWK"�3ORWWLQJ�WKH�GDWD�LQ�)LJ������DV�D�IXQFWLRQ�RI�LUUDGLDQFH��ZH�
REVHUYH�WKDW�EHORZ������PROHV�SKRWRQV�P���V���WKHUH�LV�D�����G���LQFUHDVH�LQ�JURZWK�UDWH�ZLWK�
HYHU\������PRO�P���V���LQFUHDVH�LQ�LUUDGLDQFH��)LJ�����E���$ERYH������WKLV�UHODWLRQVKLS�EUHDNV�
GRZQ�DV�D�FRQVHTXHQFH�RI�SKRWRLQKLELWLRQ��)LJ�����E���*LYHQ�WKDW�FKDQJHV�LQ�LUUDGLDQFH�UHVXOWV�LQ�
D�GRXEOLQJ�RU�PRUH�RI�JURZWK�UDWHV�RYHU�WKH�LUUDGLDQFH�UDQJH�H[DPLQHG�KHUH��LW�LV�FOHDU�WKDW�
LUUDGLDQFH�H[HUWV�D�IDU�PRUH�LPSRUWDQW�LPSDFW�RQ�WKH�UDWH�RI�JURZWK�WKDQ�GRHV�1�VRXUFH��)LJ�
���D�E��� 



33 

 

 
Figure 2.6. Growth rates of A) the dinoflagellate Gymnodinium, the chlorophyte Dunaliella, and the 
diatoms Thalassiosira and Chaetoceros using ammonium (blue bar) or nitrate (red bar) as the sole 
source of nitrogen at low light (LL; 7 µmol m-2s-1) and high light (HL; 170 µmol m-2s-1). Data from 
Levasseur et al. (1993) and B) Growth rates as a function of irradiance. Diatom outlier not included in 
regression line. Data from same sources as in Figure 2.5. 

2.3.2.2. What matters most for achieving high growth rates?  
6XUSULVLQJO\��WKH�DQVZHU�DSSHDUV�WR�EH�QRWKLQJ�PRUH�WKDQ�³EHLQJ�D�GLDWRP´��5HFDOOLQJ�WKDW�
5XELVFR�DFWLYLW\�LV�WKH�UDWH�OLPLWLQJ�VWHS�IRU�&�IL[DWLRQ��VHFWLRQ�����������LW�IROORZV�WKDW�
SK\WRSODQNWRQ�ZLWK�D�KLJK�5XELVFR�H[SUHVVLRQ�OHYHO��DQG�WKHUHIRUH�HQ]\PH�SURGXFWLRQ��ZLOO�KDYH�
WKH�JUHDWHVW�UDWHV�RI�&�IL[DWLRQ�DQG�JURZWK��,W�WXUQV�RXW�WKDW�DPRQJ�PDULQH�SK\WRSODQNWRQ��
GLDWRPV�H[KLELW�WKH�KLJKHVW�DQG�3URFKORURFRFFXV�WKH�ORZHVW��OHYHOV�RI�5XELVFR�H[SUHVVLRQ��)LJ��
���D���0RUHRYHU��H[SUHVVLRQ�RI�GLDWRP�VSHFLILF�5XELVFR�DFURVV�D�YDULHW\�RI�ILHOG�VWXGLHV�LV�
VLJQLILFDQWO\�FRUUHODWHG�ZLWK�UDWHV�RI�&�IL[DWLRQ��)LJ�����E���7KHVH�UHFHQW�PROHFXODU�GDWD�LQGLFDWH�
WKDW�GLDWRPV�KDYH�HYROYHG�WKH�DELOLW\�WR�H[SUHVV�DQG�SURGXFH�5XELVFR�DW�YHU\�KLJK�OHYHOV�
FRPSDUHG�ZLWK�RWKHU�SK\WRSODQNWRQ�WD[D�DQG�VXJJHVW�WKDW�DQ\�FRPPXQLW\�GRPLQDWHG�E\�GLDWRPV�
ZLOO�KDYH�KLJKHU�UDWHV�RI�&�IL[DWLRQ�DQG�JURZWK�FRPSDUHG�ZLWK�D�FRPPXQLW\�WKDW�LV�QRW�
GRPLQDWHG�E\�GLDWRPV��7KLV�LV�FRUURERUDWHG�E\�XQLDOJDO�FXOWXUH�LQYHVWLJDWLRQV�ZKHUH�JURZWK�UDWHV�
DFKLHYHG�ZLWK�GLDWRPV�DUH�VLJQLILFDQWO\�JUHDWHU�WKDQ�WKRVH�DFKLHYHG�IRU�RWKHU�WD[D��)LJ��������%RWK�
DFURVV�DQG�ZLWKLQ�WKH�HLJKW�PDMRU�SK\WRSODQNWRQ�WD[D�VKRZQ�LQ�)LJ�������WKH�JURZWK�UDWHV�RQ�12�

��
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DQG�1+�
��ZHUH�UHPDUNDEO\�VLPLODU��7KH�ODUJHVW�GLIIHUHQFH�LQ�JURZWK�UDWH�ZDV�EHWZHHQ�VSHFLHV�

�DQG�WD[D���DQG�QRW�EHWZHHQ�1�JURZWK�VXEVWUDWH���

 

Figure 2.7. A) Rubisco expression as a function of phytoplankton taxa and B) carbon fixation as a 
function of diatom-specific Rubisco expression. Data are from John et al. 2007b.
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Figure 2.8. Growth rates of 8 major phytoplankton taxa. Red bars are cultures grown on nitrate and blue bars cultures grown on ammonium.  
Data sources the same as for Figure 2.5.
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2.3.3. Phytoplankton N uptake under natural conditions: introducing choice into the 
equation 

7KH�UHVXOWV�IURP�WKH�FXOWXUH�H[SHULPHQWV�GLVFXVVHG�DERYH�UHIOHFW�SK\WRSODQNWRQ�JURZQ�RQ�D�
VLQJOH�VRXUFH�RI�1�XQGHU�1�VXIILFLHQW�FRQGLWLRQV��+RZ�GRHV�SK\WRSODQNWRQ�JURZWK�FKDQJH�ZKHQ�
PXOWLSOH�VRXUFHV�RI�1�DUH�DYDLODEOH�WR�WKH�SK\WRSODQNWRQ�VLPXOWDQHRXVO\��L�H��WKH\�DUH�JLYHQ�D�
FKRLFH�RI�1�VXEVWUDWH�"�,Q�DGGLWLRQ��FXOWXUH�H[SHULPHQWV�FRQVLGHU�JURZWK�RI�D�VLQJOH�VSHFLHV��+RZ�
GRHV�RXU�SLFWXUH�FKDQJH�LI�VHYHUDO�VSHFLHV�DUH�FRPSHWLQJ�IRU�WKH�VDPH��SRWHQWLDOO\�OLPLWLQJ�
VXEVWUDWH"�7KHVH�TXHVWLRQV�DUH�H[SORUHG�EHORZ��VWDUWLQJ�ZLWK�KRZ�H[WHUQDO�QXWULHQW�FRQFHQWUDWLRQV�
UHODWH�WR�WKH�UDWH�RI�XSWDNH�RI�WKH�QXWULHQWV�LQWR�WKH�FHOO��7KLV�UHODWLRQVKLS�IRUPV�WKH�EDVLV�IRU�
GHWHUPLQLQJ�FRPSHWLWLYH�LQWHUDFWLRQV�DPRQJ�SK\WRSODQNWRQ�XQGHU�YDU\LQJ�QXWULHQW�FRQGLWLRQV��
DQG�LV�XVHG�WR�PRGHO�SRSXODWLRQ�G\QDPLFV��

2.3.3.1. N uptake kinetics 
7KH�UHODWLRQVKLS�EHWZHHQ�H[WHUQDO�QXWULHQW�FRQFHQWUDWLRQ�DQG�SK\WRSODQNWRQ�QXWULHQW�XSWDNH�LV�
RIWHQ�GHVFULEHG�E\�WKH�0LFKDHOLV�0HQWHQ�HTXDWLRQ�ZKLFK�WDNHV�WKH�VKDSH�RI�D�K\SHUEROD��)LJ��
������

9 9PD[�>6��.V�6�@�

ZKHUH�9�LV�WKH�XSWDNH�YHORFLW\��9PD[�LV�WKH�PD[LPXP�XSWDNH�YHORFLW\��6�LV�WKH�VXEVWUDWH�
FRQFHQWUDWLRQ��L�H��FRQFHQWUDWLRQ�RI�1���DQG�.V�LV�WKH�KDOI�VDWXUDWLRQ�FRQVWDQW��VHH�DOVR�)LJXUH�
������7KH�UHODWLRQVKLS�EHWZHHQ�H[WHUQDO�QXWULHQW�FRQFHQWUDWLRQ�DQG�SK\WRSODQNWRQ�JURZWK�LV�
GHVFULEHG�E\�0RQRG�HTXDWLRQ��0RQRG�������ZKLFK�LV�LGHQWLFDO�LQ�IRUP�WR�WKH�0LFKDHOLV�0HQWHQ�
HTXDWLRQ�WKDW�GHVFULEHV�WKH�UHODWLRQVKLS�EHWZHHQ�XSWDNH�DQG�QXWULHQW�FRQFHQWUDWLRQ��

� �PD[�>6��.��6�@�

ZKHUH���LV�WKH�JURZWK�UDWH��G������PD[�LV�WKH�PD[LPXP�JURZWK�UDWH��6�LV�WKH�VXEVWUDWH�
FRQFHQWUDWLRQ��DQG�.��LV�WKH�KDOI�VDWXUDWLRQ�FRQVWDQW��7KH�DIILQLW\�IRU�D�SDUWLFXODU�VXEVWUDWH�
W\SLFDOO\�UHIHUV�WR�WKH�VORSH�RI�WKH�K\SHUEROD�DW�ORZ�FRQFHQWUDWLRQV�:KHQ�FRPSHWLQJ�IRU�D�
OLPLWLQJ�UHVRXUFH��KDYLQJ�D�ORZ�.V�DQG�9PD[��RU�.��DQG��PD[��LV�FRQVLGHUHG�DGYDQWDJHRXV��(SSOH\�
HW�DO��������(SSOH\�DQG�5HQJHU��������(DUO\�LQYHVWLJDWRUV�DVVXPHG�WKDW�XSWDNH�ZDV�EDODQFHG�ZLWK�
JURZWK��WKHUHIRUH�.V�FRXOG�EH�XVHG�LQWHUFKDQJHDEO\�ZLWK�.���(SSOH\��������GHVFULEHG�D�K\EULG�
PRGHO�ZKHUH�KH�HPSOR\HG�.V�GHWHUPLQHG�IURP�QXWULHQW�XSWDNH�H[SHULPHQWV�ZLWK���DQG��PD[�
GHWHUPLQHG�VHSDUDWHO\�IURP�JURZWK�H[SHULPHQWV���
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�

Figure 2.9. Uptake of NO3- (on a per cell basis) as a function of NO3- concentration. Figure from Kudela 
and Cochlan 2000. 
 

+RZHYHU��(SSOH\�DQG�FRZRUNHUV�TXLFNO\�GHWHUPLQHG�WKDW�SUHGLFWLRQV�RI�SK\WRSODQNWRQ�JURZWK�
PDGH�EDVHG�RQ�NLQHWLFV�RI�QXWULHQW�XSWDNH�RYHUHVWLPDWHG�JURZWK������IROG��(SSOH\�HW�DO��������
(SSOH\�DQG�6RXUQLD�������(SSOH\�DQG�5HQJHU���������7KH�PDLQ�UHDVRQ�IRU�WKLV�LV�WKDW�.V�
W\SLFDOO\�UHIOHFWV�WKH�W\SH�RI�WUDQVSRUWHU�XVHG�DQG�H[WHUQDO�QXWULHQW�FRQFHQWUDWLRQV��&ROORV�HW�DO��
�������2YHU�D�QDUURZ�FRQFHQWUDWLRQ�UDQJH��WUDQVSRUW�XSWDNH�RI�D�QXWULHQW�PD\�IROORZ�0LFKHDOLV�
0HQWHQ�VDWXUDEOH�NLQHWLFV��RU�RWKHU�NLQHWLF�PRGHOV���ZKHUHDV�RYHU�EURDGHU�FRQFHQWUDWLRQ�UDQJHV�
WUDQVSRUW�RIWHQ�FDQQRW�EH�ILW�WR�D�VLQJOH�NLQHWLF�PRGHO�GXH�WR�LQGXFWLRQ�RI�GLIIHUHQW�WUDQVSRUWHUV�
ZLWK�LQFUHDVLQJ�FRQFHQWUDWLRQ��$V�D�UHVXOW��ELSKDVLF�NLQHWLFV�PD\�RFFXU��$GGLWLRQDOO\��FRQVWLWXWLYH�
H[SUHVVLRQ�RI�D�WUDQVSRUWHU��DV�LQ�WKH�FDVH�RI�RQH�RU�PRUH�RI�WKH�$07��WUDQVSRUWHUV��SUHFOXGHV�
XSWDNH�RI�1+�

��IURP�ILWWLQJ�D�NLQHWLF�PRGHO��)RU�D�PRUH�GHWDLOHG�GLVFXVVLRQ�RI�XSWDNH�NLQHWLFV�
DQG�YDULRXV�WUDQVSRUWHUV�HPSOR\HG�LQ�WKH�XSWDNH�RI�1��3�DQG�'6L��VHH�$SSHQGL[�$������.H\�WR�
QRWH�LV�WKDW�PHDVXUHPHQWV�RI�XSWDNH�NLQHWLFV�RQ�WKH�RUGHU�RI�PLQXWHV�WKDW�SURGXFH�QRQ�VDWXUDEOH�
NLQHWLFV�ZLOO�SURGXFH�VDWXUDEOH�NLQHWLFV�LQ�WKH�VDPH�FHOO�DIWHU�ORQJHU�SHULRGV�RI�WLPH��RQ�WKH�RUGHU�
RI�KRXUV���7KH�WUDQVLWLRQ�EHWZHHQ�QRQ�VDWXUDEOH�DQG�VDWXUDEOH�NLQHWLFV�ZLWK�WLPH�LV�PHGLDWHG�E\�
IHHGEDFN�EHWZHHQ�LQWUDFHOOXODU�SURFHVVHV�DQG�WUDQVSRUW�LQWR�WKH�FHOO��7KDPDWUDNROQ�DQG�
+LOGHEUDQG��������7KHVH�LQWUDFHOOXODU�SURFHVVHV�GULYH�JURZWK�DQG�UHIOHFW�WKH�OHQJWK�RI�GD\OLJKW�
KRXUV��LUUDGLDQFH��DQG�WHPSHUDWXUH��(SSOH\�DQG�6ORDQ�������(SSOH\�HW�DO���������������7KHUHIRUH��
DOWKRXJK�VKRUW�WHUP�XSWDNH�NLQHWLFV�PD\�QRW�DOZD\V�IROORZ�D�VLPSOH�K\SHUEROD��JURZWK�NLQHWLFV�
IUHTXHQWO\�GR��7KDPDWUDNROQ�DQG�+LOGHEUDQG�������/DZV�HW�DO��������������

2.3.3.2. 15N tracer technique and hierarchy of nitrogen uptake 
)ROORZLQJ�XS�RQ�WKH�ZRUN�E\�(SSOH\�DQG�FRZRUNHUV��LQYHVWLJDWRUV�XVHG�WKH���1�WUDFHU�WHFKQLTXH�
WR�GHWHUPLQH�NLQHWLF�SDUDPHWHUV�RI�1+�

��DQG�12�
��XWLOL]DWLRQ�LQ�QDWXUDO��PL[HG�SK\WRSODQNWRQ�

FRPPXQLWLHV��0F&DUWK\�HW�DO��������0F&DUWK\�DQG�*ROGPDQ�������:KHHOHU�HW�DO���������
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,QYHVWLJDWRUV�VRRQ�QRWHG�WKDW�WKH�UDWH�RI�XSWDNH�RI�1+�
��ZDV�ODUJH��HYHQ�DW�ORZ�DPELHQW�

FRQFHQWUDWLRQV�RI�1+�
���WKH�RSSRVLWH�RI�ZKDW�ZRXOG�EH�H[SHFWHG�EDVHG�RQ�WKH�0LFKDHOLV�0HQWHQ�

UHODWLRQVKLS��%HFDXVH�SK\WRSODQNWRQ�PDLQWDLQHG�PD[LPDO�XSWDNH�UDWHV�RI�1+�
��XSWDNH�DW�

FRQFHQWUDWLRQV�WKDW�ZHUH�DW�WKH�OLPLW�RI�GHWHFWLRQ��LW�ZDV�LPSRVVLEOH�WR�DFFXUDWHO\�GHWHUPLQH�WKH�
.V�DQG�9PD[�IRU�1+�

��XSWDNH��0F&DUWK\�DQG�*ROGPDQ���������

,Q�DGGLWLRQ�WR�ILQGLQJ�KLJK�UDWHV�RI�1+�
��XSWDNH�DW�ORZ�FRQFHQWUDWLRQV��0F&DUWK\�HW�DO���������

������REVHUYHG�WKDW�1+�
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UHGXFHG�RU�R[LGL]HG�IRUPV���

�



39 

 

 

Figure 2.10. Percent NO3- uptake as a function of ambient NH4+ concentration in natural 
phytoplankton assemblages. Adapted from McCarthy et al. 1975 
�
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WKHLU�H[DFW�RUGHU�RI�SUHIHUHQFH�IRU�YDULRXV�1�VXEVWUDWHV�DIWHU�1+�
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���HYHQ�DW�KLJK�FRQFHQWUDWLRQV��<LQ�HW�DO��������

/RPDV�DQG�*OLEHUW�������6RQJ�DQG�:DUG�������FRPSDUHG�ZLWK�QRQ�GLDWRPV��+H�HW�DO��
������6RQJ�DQG�:DUG���������

�� 7KH�WLPH�LW�WRRN�WR�VZLWFK�IURP�RQH�VRXUFH�WR�DQRWKHU��L�H��IURP�12�
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Figure 2.11. Nitrate Reductase (NR) transcript abundance in D. tertiolecta grown on NO3- , NO2-, NH4+, 
urea, both NH4+ and NO3-, both urea and NO3-, and without N (top row) and 18S transcript abundance 
under the same N growth conditions (bottom row). DTNR and DT18S represent primers used to 
transcribe mRNA. From Song and Ward 2004. 
 

2.3.3.3. Total N uptake by phytoplankton cells 
$V�QRWHG�DERYH��1+�

��LV�SUHIHUUHG�LQ�PRVW�SK\WRSODQNWRQ�IROORZHG�LQ�YDU\LQJ�RUGHU�E\�RWKHU�1�
VRXUFHV��:KLOH�WKLV�SUHIHUHQFH�KLHUDUFK\�DSSHDUV�WR�VXJJHVW�WKDW�RQH�VRXUFH�LV�WDNHQ�XS�DW�D�WLPH��
XSWDNH�GDWD�GHPRQVWUDWH�RWKHUZLVH��(YHQ�GXULQJ�QHDU�PRQRVSHFLILF�SK\WRSODQNWRQ�EORRPV��
PXOWLSOH�IRUPV�RI�QLWURJHQ�DUH�WDNHQ�XS�VLPXOWDQHRXVO\��)LJ����������

  �

�

�

�

Figure 2.12.  Percent contribution (number in each slice) of urea (blue), NH4+ (red), NO3- (green) and 
amino acids (AA, purple) to total N uptake during near-monospecific blooms (>90% community 
composition) of phytoplankton. A) The Brown Tide former Aureococcus anophagefferens (Berg et al. 
1997), B) The spring bloom diatom Thalassiosira baltica (Berg et al. 2001), and C) the Red Tide 
dinoflagellate Lingulodinium polyedrum (Kudela and Cochlan 2000).  
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SHUPLW�IXOO�GRXEOLQJV�RI�WKHLU�ELRPDVV�DQG�PRUWDOLW\�EHFRPHV�UHODWLYHO\�PRUH�LPSRUWDQW�LQ�
GHWHUPLQLQJ�QHW�JURZWK�RI�WKH�SRSXODWLRQ���

  
8QGHU�FRQGLWLRQV�RI�LQRUJDQLF�1�OLPLWDWLRQ��VPDOOHU�SK\WRSODQNWRQ�WHQG�WR�GRPLQDWH�FRPPXQLW\�
FRPSRVLWLRQ�EHFDXVH�WKH\�DUH�OHVV�DIIHFWHG�E\�GLIIXVLRQ�OLPLWDWLRQ��6XQGD�DQG�+DUGLVRQ���������
7KHVH�VSHFLHV�PD\�RXWFRPSHWH�GLDWRPV�IRU�LQRUJDQLF�1�DV�ZHOO�DV�GLVVROYHG�RUJDQLF�QLWURJHQ�
�'21��VXEVWUDWHV�WKDW�EHFRPH�SURJUHVVLYHO\�PRUH�DEXQGDQW�DV�LQRUJDQLF�VRXUFHV�RI�1�DUH�
GHSOHWHG��%HUPDQ�DQG�%URQN��������7KLV�VFHQDULR�KLQJHV�RQ�FRQFHQWUDWLRQV�RI�ELRDYDLODEOH�'21�
VXEVWUDWHV�EHLQJ�WRR�ORZ�IRU�GLDWRPV�WR�EH�FRPSHWLWLYH��RU�GLDWRPV�QRW�EHLQJ�DEOH�WR�HIILFLHQWO\�
DFFHVV�FRPSRQHQWV�RI�WKH�'21�SRRO�GXH�WR�HLWKHU�D�ODFN�RI�QHFHVVDU\�K\GURO\WLF�HQ]\PHV�RU�SRRU�
HIILFLHQF\�RI�WKRVH�HQ]\PHV�UHODWLYH�WR�RWKHU�PHPEHUV�RI�WKH�SODQNWRQ�FRPPXQLW\��LQFOXGLQJ�
KHWHURWURSKLF�EDFWHULD���%RWK�PD\�EH�WUXH���,Q�WKH�ODWWHU�VFHQDULR��ERWK�VPDOOHU�DQG�ODUJHU�
SK\WRSODQNWRQ�VSHFLHV�WKDW�DUH�DEOH�WR�PHHW�PRUH�RI�WKHLU�WRWDO�1�GHPDQG�ZLWK�'21�VXEVWUDWHV�
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2.3.3.4. Nitrogen uptake and phytoplankton succession 
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H[DPLQH�KRZ�XSWDNH�RI�YDULRXV�1�VRXUFHV�YDULHV�DV�D�IXQFWLRQ�RI�SK\WRSODQNWRQ�FRPPXQLW\�
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WDNHQ�XS�GLIIHUV�DPRQJ�WKH�YDULRXV�FRPPXQLW\�PHPEHUV��)RU�H[DPSOH��GLDWRPV�GR�QRW�VROHO\�
XWLOL]H�12�

���EXW��FRPSDUHG�ZLWK�F\DQREDFWHULD��12�
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³FKRRVH´�LW��)RU�H[DPSOH��3DQHO�$�LQ�)LJ�������FDQ�EH�LQWHUSUHWHG�DV�GLDWRPV�SUHIHUULQJ�WR�WDNH�XS�
D�JUHDWHU�SURSRUWLRQ�RI�12�

���RU�WKDW�PDLQO\�12�
��LV�DYDLODEOH�LQ�VXIILFLHQWO\�KLJK�FRQFHQWUDWLRQ��
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DFFXPXODWLQJ�LQ�WKH�ZDWHU�FROXPQ�RYHU�WKH�ZLQWHU�VHDVRQ���

 

Figure 2.13.  Percent diatom community composition as a function percent NO3- uptake (top panel). 
Percent cyanobacteria community composition as a function of percent NH4+ uptake. Figure from 
Glibert and Berg 2009. 
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,Q�VXPPDU\��ZKHQ�SK\WRSODQNWRQ�JURZ�RQ�RQO\�RQH�VRXUFH�RI�1��WKHLU�HQWLUH�1�GHPDQG�LV�PHW�E\�
WKDW�VRXUFH��$V�ORQJ�DV�WKH�PROHFXODU�PDFKLQHU\�WR�DVVLPLODWH�WKH�VRXUFH�LV�LQ�SODFH��XSWDNH�RI�WKH�
SDUWLFXODU�VRXUFH�ZLOO�QRW�DIIHFW�JURZWK�UDWHV�±�JURZWK�UDWH�LV�GHWHUPLQHG�E\�&�IL[DWLRQ�ZKLFK�LQ�
WXUQ�LV�FRQWUROOHG�E\�WHPSHUDWXUH��LUUDGLDQFH�DQG�OHYHO�RI�5XELVFR�H[SUHVVLRQ��8QGHU�QDWXUDO�
FRQGLWLRQV��VHYHUDO�VRXUFHV�RI�1�DUH�DYDLODEOH�VLPXOWDQHRXVO\�DQG�WKH�SURSRUWLRQV�LQ�ZKLFK�
SK\WRSODQNWRQ�WDNH�WKHVH�XS�DUH�GHWHUPLQHG�E\����WKHLU�FRQFHQWUDWLRQV��DQG�WKH�LQWHUDFWLRQ�
EHWZHHQ�SK\WRSODQNWRQ�VL]H�DQG�FRQFHQWUDWLRQ�LQ�UHVSHFW�WR�KRZ�HDVLO\�WKH\�EHFRPH�GLIIXVLRQ�
OLPLWHG��DQG����SK\WRSODQNWRQ¶V�LQWULQVLF�UHJXODWLRQ�RI�XSWDNH�DQG�DVVLPLODWLRQ�RI�HDFK�VRXUFH��
:KHQ�QXWULHQWV�DQG�OLJKW�DUH�SOHQWLIXO��VSHFLHV�VSHFLILF�UHJXODWLRQ�RI�XSWDNH�DQG�DVVLPLODWLRQ�
PDWWHUV�OLWWOH�DQG�LQWULQVLF�JURZWK�UDWHV�GHWHUPLQH�WKH�RXWFRPH�RI�SRSXODWLRQ�G\QDPLFV��$V�OLJKW�
EHFRPHV�OLPLWLQJ��JURZWK�LV�GRZQ�UHJXODWHG�EXW�&�DQG�1�PHWDEROLVP�DUH�VWLOO�FRXSOHG�UHVXOWLQJ�
LQ�YHU\�OLWWOH�LPSDFW�RQ�1�SUHIHUHQFHV��$V�QXWULHQWV�EHFRPH�OLPLWLQJ��SK\WRSODQNWRQ�UHJXODWRU\�
PHFKDQLVPV�DQG�DELOLW\�WR�DVVLPLODWH�³DOWHUQDWLYH´�1�VRXUFHV�PD\�EHFRPH�PRUH�LPSRUWDQW�LQ�
LQIOXHQFLQJ�FRPSHWLWLRQ�DQG�FRPPXQLW\�FRPSRVLWLRQ���

2.3.3.5. Light-Nitrogen Interactive Effects 
$V�QRWHG�LQ�6HFWLRQ����������LQYHVWLJDWLRQV�LQWR�YDU\LQJ�LUUDGLDQFH�DQG�1�VRXUFH�KDYH�
GHPRQVWUDWHG�WKDW�WKHUH�LV�QR�LQWHUDFWLYH�HIIHFW�ZKHQ�SK\WRSODQNWRQ�DUH�JURZQ�RQ�D�VLQJOH�VRXUFH�
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DYDLODEOH"�,Q�RWKHU�ZRUGV�ZKHQ�SK\WRSODQNWRQ�KDYH�D�FKRLFH��ZLOO�XSWDNH�RI�RQH�VRXUFH�GRPLQDWH�
RYHU�WKH�RWKHU�DW�ORZ�DQG�DW�KLJK�OLJKW"�,QGHHG��ILHOG�VWXGLHV�DSSHDU�WR�LQGLFDWH�WKDW�12�

��XSWDNH�
LV�PRUH�OLJKW�GHSHQGHQW�WKDQ�1+�

��XSWDNH��7KLV�LV�VXSSRUWHG�E\�WZR�OLQHV�RI�HYLGHQFH��RQH�LV�WKDW�
LW�WDNHV�D�JUHDWHU�OLJKW�OHYHO�WR�UHDFK�PD[LPDO�XSWDNH�YHORFLWLHV�IRU�12�

��WKDQ�IRU�1+�
���6ODZ\N�

������.DQGD�HW�DO��������0XJJOL�DQG�6PLWK�������&DEULWD�HW�DO��������0DJXHU�HW�DO��������DQG�
WKH�RWKHU�LV�WKDW�XSWDNH�UDWHV�LQ�WKH�GDUN�DUH�ORZHU�IRU�12�

��WKDQ�1+�
���VXJJHVWLQJ�WKDW�12�

��
XSWDNH�LV�PRUH�GHSHQGHQW�RQ�OLJKW��&RFKODQ�HW�DO��������.XGHOD�HW�DO��������&ODUN�HW�DO���������
+RZHYHU��FDXWLRQ�PXVW�EH�H[HUFLVHG�ZKHQ�LQWHUSUHWLQJ�ILHOG�GDWD�DV�SK\WRSODQNWRQ�FRPPXQLW\�
FRPSRVLWLRQ�WHQGV�WR�GLIIHU�EHWZHHQ�VWDWLRQV�ZKHUH�GLIIHUHQFHV�LQ�OLJKW�GHSHQGHQFH�RI�1�XSWDNH�
DUH�REVHUYHG��LQ�VRPH�FDVHV�WKLV�GLIIHUHQFH�FRPSRVLWLRQ�PD\�SUHFOXGH�D�VLPSOH�H[SODQDWLRQ�RI�
LUUDGLDQFH�HIIHFWV�RQ�1�XSWDNH�DQG�SK\WRSODQNWRQ�1�VWDWXV��&RFKODQ�HW�DO����������
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XQGHUVWDQGLQJ�DQG�PDQDJLQJ�FRDVWDO�HFRV\VWHPV��6SULQJHU��1HZ�<RUN��SS���������

*REOHU�HW�DO���������1LFKH�RI�KDUPIXO�DOJD�$XUHRFRFFXV�DQRSKDJHIIHUHQV�UHYHDOHG�WKURXJK�
HFRJHQRPLFV��3URF�1DWO�$FDG�6FL�86$����������������

*RQ]DOH]�%DOOHVWHU�'��&DPDUJR�$��)HUQDQGH]�(��������$PPRQLXP�WUDQVSRUWHU�JHQHV�LQ�
&KODP\GDPRQDV��WKH�QLWUDWH�VSHFLILF�UHJXODWRU\�JHQH�1LW��LV�LQYROYHG�LQ�$PW����H[SUHVVLRQ��
3ODQW�0ROHFXODU�%LRORJ\������������

*RYLQGMHH��.HUQ�-)��0HVVLQJHU�-��:KLWPDUVK�-��������3KRWRV\VWHP�,,��,Q��(QF\FORSHGLD�RI�/LIH�
6FLHQFHV��(/6���-RKQ�:LOH\�	�6RQV�/WG��&KLFKHVWHU��'2,��
����������������������D��������SXE��

*UD]LDQR�/0��/D5RFKH�-��*HLGHU�5-��������3K\LVROJRLFDO�UHVSRQVHV�WR�SKRVSKRUXV�OLPLWDWLRQ�LQ�
EDWFK�DQG�VWHDG\�VWDWH�FXOWXUHV�RI�'XQDOLHOOD�WHUWLROHFWD��&KORURSK\WD���$�XQLTXH�VWUHVV�SURWHLQ�DV�
DQ�LQGLFDWRU�RI�SKRVSKDWH�GHILFLHQF\��-�3K\FRO������������

*X\�5'��9DQOHUJHUJKH�*&��7XUSLQ�'+��������6LJQLILFDQFH�RI�3KRVSKRHQROS\UXYDWH�FDUER[\ODVH�
GXULQJ�DPPRQLXP�DVVLPLODWLRQ��3ODQW�3K\VLRO��������������
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+H�4�HW�DO���������&ORQLQJ�DQG�H[SUHVVLRQ�VWXG\�RI�D�SXWDWLYH�KLJK�DIILQLW\�QLWUDWH�WUDQVSRUWHU�JHQH�
IURP�'XQDOLHOOD�VDOLQD��-�$SSO�3K\FRO������������

+HUQGRQ�-��&RFKODQ�:3��������1LWURJHQ�XWLOL]DWLRQ�E\�WKH�UDSKLGRSK\WH�+HWHURVLJPD�DNDVKLZR��
JURZWK�DQG�XSWDNH�NLQHWLFV�LQ�ODERUDWRU\�FXOWXUHV��+DUPIXO�$OJDH�����������

+HLO�&$��5HYLOOD�0��*OLEHUW�30��0XUDVNR�6��������1XWULHQW�TXDOLW\�GULYHV�GLIIHUHQWLDO�
SK\WRSODQNWRQ�FRPPXQLW\�FRPSRVLWLRQ�RQ�WKH�6RXWKZHVW�)ORULGD�VKHOI��/LPQRO�2FHDQRJU�
�������������

+LOGHEUDQG�0��������&ORQLQJ�DQG�IXQFWLRQDO�FKDUDFWHUL]DWLRQ�RI�DPPRQLXP�WUDQVSRUWHUV�IURP�WKH�
PDULQH�GLDWRP�&\OLQGURWKHFD�IXVLIRUPLV��%DFLOODULRSK\FHDH���-�3K\FRO������������

+LOGHEUDQG�0��'DKOLQ�.��������1LWUDWH�WUDQVSRUWHU�JHQHV�IURP�WKH�GLDWRP�&\OLQGURWKHFD�IXVLIRUPLV�
�%DFLOODULRSK\FHDH���P51$�OHYHOV�FRQWUROOHG�E\�QLWURJHQ�VRXUFH�DQG�GXULQJ�WKH�FHOO�F\FOH��-�
3K\FRO������������

+RFNLQ�1/��0RFN�7��0XOKROODQG�)��.RSULYD�6��0DOLQ�*��������7KH�UHVSRQVH�RI�GLDWRP�FHQWUDO�
FDUERQ�PHWDEROLVP�WR�QLWURJHQ�VWDUYDWLRQ�LV�GLIIHUHQW�IURP�WKDW�RI�JUHHQ�DOJDH�DQG�KLJKHU�SODQWV��
3ODQW�3K\VLRORJ\�������������

+RUULJDQ�6*��0F&DUWK\�--��������3K\WRSODQNWRQ�XSWDNH�RI�DPPRQLXP�DQG�XUHD�GXULQJ�JURZWK�RQ�
R[LGL]HG�IRUPV�RI�QLWURJHQ��-�3ODQNWRQ�5HV�����������

+XSSH�+&��7XUSLQ�'+��������,QWHJUDWLRQ�RI�FDUERQ�DQG�QLWURJHQ�PHWDEROLVP�LQ�SODQW�DQG�DOJDO�
FHOOV��$QQX�5HY�3ODQW�3K\VLRO�3ODQW�0RO�%LRO������������

+XSSH�+&��)DUU�7-��7XUSLQ�'+��������&RRUGLQDWLRQ�RI�FKORURSODVWLF�PHWDEROLVP�LQ�1�OLPLWHG�
&KODP\GRPRQDV�UHLQKDUGWLL�E\�UHGR[�PRGXODWLRQ��3ODQW�3K\VLRO���������������

-RKQ�'(��3DWWHUVRQ�66��3DXO�-+������D��3K\WRSODQNWRQ�JURXS�VSHFLILF�TXDQWLWDWLYH�SRO\PHUDVH�FKDLQ�
UHDFWLRQ�DVVD\V�IRU�5X%LV&R�P51$�WUDQVFULSWV�LQ�VHDZDWHU��0DULQH�%LRWHFKQRORJ\������������
'2,����������V���������������]�

-RKQ�HW�DO�������E��3K\WRSODQNWRQ�FDUERQ�IL[DWLRQ�JHQH��5X%LV&2��WUDQVFULSWV�DQG�DLU�VHD�&2��IOX[�
LQ�WKH�0LVVLVVLSSL�5LYHU�SOXPH��7KH�,60(�-RXUQDO�����������

.DQGD�-��=LHPDQQ�'$��&RQTXHVW�/'��%LHQIDQJ�3.��������/LJKW�GHSHQGHQF\�RI�QLWUDWH�XSWDNH�E\�
SK\WRSODQNWRQ�RYHU�WKH�VSULQJ�EORRP�LQ�$XNH�%D\��$ODVND��0DU�%LRO�������������

.LPPHUHU�:-��3DUNHU�$(��/LGVWURP�8(��&DUSHQWHU�(-��������6KRUW�WHUP�DQG�LQWHUDQQXDO�YDULDELOLW\�
LQ�SULPDU\�SURGXFWLRQ�LQ�WKH�ORZ�VDOLQLW\�]RQH�RI�WKH�6DQ�)UDQFLVFR�(VWXDU\��(VWXDULHV�DQG�&RDVWV�
������������������

.ROWHUPDQQ�0��0RURQL�$��*D]]DULQL�6��1RZDUD�'��7LVFKQHU�5��������&ORQLQJ��IXQFWLRQDO�
H[SUHVVLRQ�DQG�H[SUHVVLRQ�VWXGLHV�RI�WKH�QLWUDWH�WUDQVSRUWHU�JHQH�IURP�&KORUHOOD�VRURNLQLDQD�
�VWUDLQ������N���3ODQW�0RO�%LRO������������

.ULVWLDQVHQ�6��������8UHD�DV�D�QLWURJHQ�VRXUFH�IRU�WKH�SK\WRSODQNWRQ�LQ�WKH�2VORIMRUG��0DU�%LRO�
���������

.XGHOD�50��&RFKODQ�:3��'XJGDOH�5&��������&DUERQ�DQG�QLWURJHQ�XSWDNH�UHVSRQVH�WR�OLJKW�E\�
SK\WRSODQNWRQ�GXULQJ�DQ�XSZHOOLQJ�HYHQW��-RXUQDO�RI�3ODQN�5HV������������

.XGHOD�50��&RFKODQ�:3��������1LWURJHQ�DQG�FDUERQ�XSWDNH�NLQHWLFV�DQG�WKH�LQIOXHQFH�RI�LUUDGLDQFH�
IRU�D�UHG�WLGH�EORRP�RII�VRXWKHUQ�&DOLIRUQLD��$TXDW�0LFURE�(FRO����������
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/DQGU\�05�HW�DO���������,URQ�DQG�JUD]LQJ�FRQVWUDLQWV�RQ�SULPDU\�SURGXFWLRQ�LQ�WKH�FHQWUDO�HTXDWRULDO�
3DFLILF��DQ�(T3DF�V\QWKHVLV��/LPQRO�2FHDQRJU�������������

/D5RFKH�-��*HLGHU�5-��*UD]LDQR�/0��0XUUD\�+��/HZLV�.��������,QGXFWLRQ�RI�VSHFLILF�SURWHLQV�LQ�
HXNDU\RWLF�DOJDH�JURZQ�XQGHU�LURQ�GHILFLHQW��SKRVSKRUXV�GHILFLHQW��RU�QLWURJHQ�GHILFLHQW�
FRQGLWLRQV��-�3K\FRO������������

/D5RFKH�-��1X]]L�5��:DWHUV�5��:\PDQ�.��)DONRZVNL�3*��:DOODFH�':5��������%URZQ�WLGH�EORRPV�
LQ�/RQJ�,VODQG¶V�FRDVWDO�ZDWHUV�OLQNHG�WR�LQWHUDQQXDO�YDULDELOLW\�LQ�JURXQGZDWHU�IORZ��*OREDO�
&KDQJH�%LRO�����������

/DZV�($��6KDRIHQJ�3��%LHQIDQJ�3��*UDQW�6��6XQGD�:*��������3KRVSKDWH�OLPLWHG�JURZWK�RI�3DYORYD�
OXWKHUL��SU\PQHVLRSK\FHDH��LQ�FRQWLQXRXV�FXOWXUH��GHWHUPLQDWLRQ�RI�JURZWK�UDWH�OLPLWLQJ�VXEVWUDWH�
FRQFHQWUDWLRQV�ZLWK�D�VHQVLWLYH�ELRDVVD\�SURFHGXUH��-�3K\FRO��������������

/DZV�($��6KDRIHQJ�3��%LHQIDQJ�3��������3KRVSKDWH�OLPLWHG�JURZWK�RI�WKH�PDULQH�GLDWRP�
7KDODVVLRVLUD�ZHLVVIORJLL��%DFLOODULRSK\FHDH���HYLGHQFH�RI�QRQ�PRQRG�JURZWK�NLQHWLFV�

/H\QDHUW�$��%XFFLDUHOOL�(��&ODTXLQ�3��'XJGDOH�5&��0DUWLQ�-H]HTXHO�9��3RQGDYHQ�3��5DJXHQHDX�2�
�������(IIHFW�RI�LURQ�GHILFLHQF\�RQ�GLDWRP�FHOO�VL]H�DQG�VLOLFLF�DFLG�XSWDNH�NLQHWLFV��/LPQRO�
2FHDRJU��������������

/HYDVVHXU�0��7KRPSVRQ�3$��+DUULVRQ�3-��������3K\LVRORJLFDO�DFFOLPDWLRQ�RI�PDULQH�SK\WRSODQNWRQ�
WR�GLIIHUHQW�QLWURJHQ�VRXUFHV��-�3K\FRO������������

/LQGHOO�'��3RVW�$��������(FRORJLFDO�DVSHFWV�RI�QWF$�JHQH�H[SUHVVLRQ�DQG�LWV�XVH�DV�DQ�LQGLFDWRU�RI�
WKH�QLWURJHQ�VWDWXV�RI�PDULQH�6\QHFKRFRFFXV�VSS��$SSO�(QYLURQ�0LFURELRO���������������

/LQGHOO�'��3HQQR�6��$O�4XWRE�0��'DYLG�(��5LYOLQ�7��/D]DU�%��3RVW�$��������([SUHVVLRQ�RI�WKH�
1LWURJHQ�6WUHVV�5HVSRQVH�*HQH�QWF$�5HYHDOV�1LWURJHQ�6XIILFLHQW�6\QHFKRFRFFXV�3RSXODWLRQV�LQ�
WKH�2OLJRWURSKLF�1RUWKHUQ�5HG�6HD�

/LX�/+��/XGHZLJ�8��)URPPHU�:%��YRQ�:LUHQ�1��������$W'85��HQFRGHV�D�QHZ�W\SH�RI�KLJK�
DIILQLW\�XUHD�+��V\PSRUWHU�LQ�$UDELGRSVLV��7KH�3ODQW�&HOO������������

/RPDV�0:��*OLEHUW�30��������,QWHUDFWLRQV�EHWZHHQ�1+�
��DQG�12���XSWDNH�DQG�DVVLPLODWLRQ��

FRPSDULVRQ�RI�GLDWRPV�DQG�GLQRIODJHOODWHV�DW�VHYHUDO�JURZWK�WHPSHUDWXUHV��0DU�%LRO���������
����

/RPDV�0:��*OLEHUW�30��������&RPSDULVRQV�RI�QLWUDWH�XSWDNH��VWRUDJH��DQG�UHGXFWLRQ�LQ�PDULQH�
GLDWRPV�DQG�IODJHOODWHV��-�3K\FRO������������

/RPDV�0:��������1LWUDWH�UHGXFWDVH�DQG�XUHDVH�HQ]\PH�DFWLYLW\�LQ�WKH�PDULQH�GLDWRP�7KDODVVLRVLUD�
ZHLVVIORJLL��%DFLOODULRSK\FHDH���LQWHUDFWLRQV�DPRQJ�QLWURJHQ�VXEVWUDWHV��0DU�%LRO�����������

/RTXH�'��/DORQGH�6��/RRJHU�//��YRQ�:LUHQ�1��)URPPHU�:%��������$�F\WRVROLF�WUDQV�DFWLYDWLRQ�
GRPDLQ�HVVHQWLDO�IRU�DPPRQLXP�XSWDNH���������������

/RTXH�'��0RUD�6,��$QGUDGH�6/$��3DQMRMD�2��)URPPHU�:%��������3RUH�PXWDWLRQV�LQ�DPPRQLXP�
WUDQVSRUWHU�$07��ZLWK�LQFUHDVHG�HOFWURJHQLF�DPPRQLXP�WUDQVSRUW�DFWLYLW\��7KH�-RXUQDO�RI�
%LRORJLFDO�&KHPLVWU\�����������������

/XQG�%$��������0XWXDO�LQWHUIHUHQFH�RI�DPPRQLXP��QLWUDWH��DQG�XUHD�RQ�XSWDNH�RI���1�VRXUFHV�E\�
WKH�PDULQH�GLDWRP�6NHOHWRQHPD�FRVWDWXP��*UHY���&OHYH��-�([S�0DU�%LRO�(FRO�������������
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0DJXHU�-)��/¶+HOJXHQ�6��&DUDGHF�-��.OHLQ�&��������6L]H�GHSHQGHQW�XSWDNH�RI�QLWUDWH�DQG�
DPPRQLXP�DV�D�IXQFWLRQ�RI�OLJKW�LQ�ZHOO�PL[HG�FRVWDO�ZDWHUV��&RQWLQHQWDO�6KHOI�5HVHDUFK�
�������������

0DORQH�7&��&RQOH\�'-��)LVKHU�75��*OLEHUW�30��+DUGLQJ�/:��������6FDOHV�RI�QXWULHQW�OLPLWHG�
SK\WRSODQNWRQ�SURGXFWLYLW\�LQ�&KHVDSHDNH�%D\��(VWXDULHV������������

0DUWLQH]�3��3HUVVRQ�%/��������,GHQWLILFDWLRQ��FORQLQJ�DQG�FKDUDFWHUL]DWLRQ�RI�D�GHUHSUHVVLEOH�1D��
FRXSOHG�SKRVSKDWH�WUDQVSRUWHU�LQ�6DFFKDURP\FHV�FHUHYLVLDH��0RO�*HQ�*HQHW�������������

0DWHXV�0��/HLWDR�3&��GH3DEOR�+��1HYHV�5��������,V�LW�UHOHYDQW�WR�H[SOLFLWO\�SDUDPHWHUL]H�
FKORURSK\OO�V\QWKHVLV�LQ�PDULQH�HFRORJLFDO�PRGHOV"�-RXUQDO�RI�0DULQH�6\VWHPV����6���6����

0F&DUWK\�--��������7KH�XSWDNH�RI�XUHD�E\�QDWXUDO�SRSXODWLRQV�RI�PDULQH�SK\WRSODQNWRQ��/LPQRO�
2FHDQRJU������������

0F&DUWK\�--��7D\ORU�:5��7DIW�-/��������7KH�G\QDPLFV�RI�QLWURJHQ�DQG�SKRVSKRUXV�F\FOLQJ�LQ�WKH�
RSHQ�ZDWHUV�RI�WKH�&KHVDSHDNH�%D\��,Q��&KXUFK�70��HG��0DULQH�&KHPLVWU\�LQ�WKH�&RDVWDO�
(QYLURQPHQW��$PHULFDQ�&KHPLFDO�6RFLHW\��:DVKLQJWRQ�'&��SS���������

0F&DUWK\�--��7D\ORU�:5��7DIW�-/��������1LWURJHQRXV�QXWULWLRQ�RI�WKH�SODQNWRQ�LQ�WKH�&KHVDSHDNH�
%D\�,��1XWULHQW�DYDLODELOLW\�DQG�SK\WRSODQNWRQ�SUHIHUHQFHV��/LPQRO�2FHDQRJU�������������

0F&DUWK\�--��*ROGPDQ�-&��������1LWURJHQRXV�QXWULWLRQ�RI�PDULQH�SK\WRSODQNWRQ�LQ�QXWULHQW�
GHSOHWHG�ZDWHUV��6FLHQFH��������������

0LOOLJDQ�$��9DUHOD�'(��%U]H]LQVNL�0$��0RUHO�)00��������'\QDPLFV�RI�VLOLFRQ�PHWDEROLVP�DQG�
VLOLFRQ�LVRWRSLF�GLVFULPLQDWLRQ�LQ�D�PDULQH�GLDWRP�DV�D�IXQFWLRQ�RI�S&2���/LPQRO�2FHDQRJU�
�����������

0RFN�7�HW�DO���������:KROH�JHQRPH�H[SUHVVLRQ�SURILOLQJ�RI�WKH�PDULQH�GLDWRP�7KDODVVLRVLUD�
SVHXGRQDQD�LGHQWLILHV�JHQHV�LQYROYHG�LQ�VLOLFRQ�ELRSURFHVVHV��3URF�1DWO�$FDG�6FL�86$�
���������������

0RQRG�-��������/D�&URLVVDQFH�GHV�FXOWXUHV�EDFWHULHQQHV��+HUPDQQ�HW�&LH��3DULV��)UDQFH�����S��
0XJJOL�'/��6PLWK�-U�:2��������5HJXODWLRQ�RI�QLWUDWH�DQG�DPPRQLXP�XSWDNH�LQ�WKH�*UHHQODQG�6HD��

0DU�%LRO�������������
1DYDUUR�07��3ULHWR�5��)HUQDQGH]�(��*DOYDQ�$��������&RQVWLWXWLYH�H[SUHVVLRQ�RI�QLWUDWH�UHGXFWDVH�

FKDQJHV�WKH�UHJXODWLRQ�RI�QLWUDWH�DQG�QLWULWH�WUDQVSRUWHUV�LQ�&KODP\GRPRQDV�UHLQKDUGWLL��3ODQW�-�
�����������

1HOVRQ�'0��*RHULQJ�--��.LOKDP�66��*XLOODUG�55/��������.LQHWLFV�RI�VLOLFLF�DFLG�XSWDNH�DQG�UDWHV�RI�
VLOLFD�GLVVROXWLRQ�LQ�WKH�PDULQH�GLDWRP�7KDODVVLRVLUD�SVHXGRQDQD��-�3K\FRO������������

3DDVFKH�(��������6LOLFRQ�DQG�WKH�HFRORJ\�RI�PDULQH�SODQNWRQ�GLDWRPV��,,��6LOLFDWH�XSWDNH�NLQHWLFV�LQ�
ILYH�GLDWRP�VSHFLHV��0DU�%LRO������������

3DKO�6/��/HZLV�'0��.LQJ�.'��&KHQ�)��������+HWHURWURSKLF�JURZWK�DQG�QXWULWLRQDO�DVSHFWV�RI�WKH�
GLDWRP�&\FORWHOOD�FU\SWLFD��%DFLOODULRSK\FHDH���HIIHFW�RI�QLWURJHQ�VRXUFH�DQG�FRQFHQWUDWLRQ��-�
$SSO�3K\FRO������������

3DXO�-+��3LFKDUG�6/��.DQJ�-%��:DWVRQ�*0)��7DELWD�)5��������(YLGHQFH�IRU�D�FODGH�VSHFLILF�
WHPSRUDO�DQG�VSDWLDO�VHSDUDWLRQ�LQ�ULEXORVH�ELVSKRVSKDWH�FDUER[\ODVH�JHQH�H[SUHVVLRQ�LQ�
SK\WRSODQNWRQ�SRSXODWLRQV�RII�&DSH�+DWWHUDV�DQG�%HUPXGD��/LPQRO�2FHDQRJU�����������
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3HUH]�*DUFLD�2��%DVKDQ�<��3XHQWH�0(��������2UJDQLF�FDUERQ�VXSSOHPHQWDWLRQ�RI�VWHULOL]HG�
PXQLFLSDO�ZDVWHZDWHU�LV�HVVHQWLDO�IRU�KHWHURWURSKLF�JURZWK�DQG�UHPRYLQJ�DPPRQLXP�E\�WKH�
PLFURDOJD�&KORUHOOD�YXOJDULV��-�3K\FRO������������

3HUVVRQ�%/��3HWHUVVRQ�-��)ULVWHG�8��:HLQDQGHU�5��%HUKH�$��3DWWLVRQ�-��������3KRVSKDWH�SHUPHDVHV�
RI�6DFFKDURP\FHV�FHUHYLVLDH��VWUXFWXUH��IXQFWLRQ�DQG�UHJXODWLRQ��%LRFKLP�%LRSK\V�$FWD�
�������������

3RXOVHQ�1��.URJHU�1��������$�QHZ�PROHFXODU�WRRO�IRU�WUDQVJHQLF�GLDWRPV��FRQWURO�RI�P51$�DQG�
SURWHLQ�ELRV\QWKHVLV�E\�DQ�LQGXFLEOH�SURPRWHU�WHUPLQDWRU�FDVVHWWH��)(%6�-���������������

6LHUDFNL�0(��9HULW\�3*��6WRHFNHU�'.��������3ODQNWRQ�FRPPXQLW\�UHVSRQVH�WR�VHTXHQWLDO�VLOLFDWH�
DQG�QLWUDWH�GHSOHWLRQ�GXULQJ�WKH������1RUWK�$WODQWLF�VSULQJ�EORRP��'HHS�6HD�5HVHDUFK�,,��������
����

6LQFODLU�*��.DP\NRZVNL�'��*OLEHUW�30��������*URZWK��XSWDNH��DQG�DVVLPLODWLRQ�RI�DPPRQLXP��
QLWUDWH��DQG�XUHD�E\�WKUHH�VWUDLQV�RI�.DUHQLD�EUHYLV�JURZQ�XQGHU�ORZ�OLJKW��+DUPIXO�$OJDH�������
����

6ODZ\N�*����������&�DQG���1�XSWDNH�E\�SK\WRSODQNWRQ�LQ�WKH�$QWDUFWLF�XSZHOOLQJ�DUHD��UHVXOWV�IURP�
WKH�$QWLSURG�,�FUXLVH�LQ�WKH�,QGLDQ�2FHDQ�VHFWRU��$XVWUDOLDQ�-RXUQDO�RI�0DULQH�DQG�)UHVKZDWHU�
5HVHDUFK������������

6RKOHQNDPS�&��:RRG�&&��5RHE�*:��8GYDUGL�0.��������&KDUDFWHUL]DWLRQ�RI�$UDELGRSVLV�
$W$07���D�KLJK�DIILQLW\�DPPRQLXP�WUDQVSRUWHU�RI�WKH�SODVPD�PHPEUDQH��3ODQW�3K\VLRO���������

6RORPRQ�&0��*OLEHUW�30��������8UHDVH�DFWLYLW\�LQ�ILYH�SK\WRSODQNWRQ�VSHFLHV��$TXDW�0LFURE�(FRO�
�����������

6RORPRQ�&0��&ROOLHU�-��%HUJ�*0��*OLEHUW�30��������5ROH�RI�XUHD�LQ�PLFURELDO�PHWDEROLVP�LQ�
DTXDWLF�V\VWHPV��D�ELRFKHPLFDO�DQG�PROHFXODU�UHYLHZ��$TXDW�0LFURE�(FRO����������

6RQJ�%��:DUG�%%��������0ROHFXODU�FKDUDFWHUL]DWLRQ�RI�WKH�DVVLPLODWRU\�QLWUDWH�UHGXFWDVH�JHQH�DQG�
LWV�H[SUHVVLRQ�LQ�WKH�PDULQH�JUHHQ�DOJD�'XQDOLHOOD�WHUWLROHFWD��&KORURSK\FHDH���-�3K\FRO��������
����

6RQJ�%��:DUG�%%��������0ROHFXODU�FORQLQJ�DQG�FKDUDFWHUL]DWLRQ�RI�KLJK�DIILQLW\�QLWUDWH�WUDQVSRUWHUV�
LQ�PDULQH�SK\WRSODQNWRQ��-�3K\FRO�������������

6RXUQLD�$��&KUHWLHQQRW�'LQHW�0-��5LFDU�0��������0DULQH�SK\WRSODQNWRQ��KRZ�PDQ\�VSHFLHV�LQ�WKH�
ZRUOG�RFHDQ"�-�3ODQNWRQ�5HV��������������

6WURP�6/��%ULJKW�.-��������,QWHU�VWUDLQ�GLIIHUHQFHV�LQ�QLWURJHQ�XVH�E\�WKH�FRFFROLWKRSKRUH�(PLOLDQLD�
KX[OH\L�DQG�FRQVHTXHQFHV�IRU�SUHGDWLRQ�E\�D�SODQNWRQLF�FLOLDWH��+DUPIXO�$OJDH������������

6XOOLYDQ�&:��������'LDWRP�PLQHUDOL]DWLRQ�RI�VLOLFLF�DFLG��,��6L�2+���WUDQVSRUW�FKDUDFWHULVWLFV�LQ�
1DYLFXOD�SHOOLFXORVD��-�3K\FRO������������

6XQGD�:*��+DUGLVRQ�'5��������$PPRQLXP�XSWDNH�DQG�JURZWK�OLPLWDWLRQ�LQ�PDULQH�SK\WRSODQNWRQ��
/LPQRO�2FHDQRJU��������������

6\UHWW��������7KH�DVVLPLODWLRQ�RI�DPPRQLD�E\�QLWURJHQ�VWDUYHG�FHOOV�RI�&KORUHOOD�YXOJDULV��3DUW�,��
7KH�FRUUHODWLRQ�RI�DVVLPLODWLRQ�ZLWK�UHVSLUDWLRQ��$QQ��%RW���������

6\UHWW�3-��������1LWURJHQ�PHWDEROLVP�RI�PLFURDOJDH��&DQ�%XOO�)LVK�$TXDW�6FL�������������
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6\UHWW�3-��������8SWDNH�DQG�XWLOL]DWLRQ�RI�QLWURJHQ�FRPSRXQGV��,Q��/-�5RJHUV��-5�*DOORQ��HGV��
%LRFKHPLVWU\�RI�WKH�$OJDH�DQG�&\DQREDFWHULD��2[IRUG�&ODUHQGRQ�

6]F]HUED�0:��%ULWWR�'7��%ODNRV�.'��.URQ]XFNHU�-��������$OOHYLDWLRQ�RI�UDSLG��IXWLOH�DPPRQLXP�
F\FOLQJ�DW�WKH�SODVPD�PHPEUDQH�E\�SRWDVVLXP�UHYHDOV�.��VHQVLWLYH�DQG�±LQVHQVLWLYH�FRPSRQHQWV�
RI�1+�

��WUDQVSRUW��-RXUQDO�RI�([SHULPHQWDO�%RWDQ\������������
7KDPDWUDNROQ�.��+LOGHEUDQG�0��������$QDO\VLV�RI�7KDODVVLRVLUD�SVHXGRQDQD�VLOLFRQ�WUDQVSRUWHUV�

LQGLFDWHV�GLVWLQFW�UHJXODWRU\�OHYHOV�DQG�WUDQVSRUW�DFWLYLW\�WKURXJK�WKH�FHOO�F\FOH��(XNDU\RWLF�&HOO�
����������

7KDPDWUDNROQ�.��+LOGHEUDQG�0��������6LOLFRQ�XSWDNH�LQ�GLDWRPV�UHYLVLWHG��D�PRGHO�IRU�VDWXUDEOH�DQG�
QRQVDWXUDEOH�XSWDNH�NLQHWLFV�DQG�WKH�UROH�RI�VLOLFRQ�WUDQVSRUWHUV��3ODQW�3K\VLRO���������������

7KHVVHQ�$(��%RZHU�+$��6WRHFNHU�'.��������,QWUD��DQG�LQWHU�VSHFLILF�GLIIHUHQFHV�LQ�3VHXGR�
QLW]VFKLD�JURZWK�DQG�WR[LFLW\�ZKLOH�XWLOL]LQJ�GLIIHUHQW�QLWURJHQ�VRXUFHV��+DUPIXO�$OJDH�������
����

7HWW�3��%DUWRQ�(��������:K\�DUH�WKHUH�DERXW������VSHFLHV�RI�SK\WRSODQNWRQ�LQ�WKH�VHD"�-�3ODQNWRQ�
5HV��������������

7XUSLQ�'+��������(IIHFWV�RI�LQRUJDQLF�1�DYDLODELOLW\�RQ�DOJDO�SKRWRV\QWKHVLV�DQG�FDUERQ�
PHWDEROLVP��-�3K\FRO����������

8OOULFK�:5��/DUVVRQ�0��/DUVVRQ�&0��/HVFK�6��1RYDFK\�$��������$PPRQLXP�XSWDNH�LQ�/HPQD�
JLEED�*���UHODWHG�PHPEUDQH�SRWHQWLDO�FKDQJH�DQG�LQKLELWLRQ�RI�DQLRQ�XSWDNH��3K\VLRO�3ODQW�
�����������

9HUVDZ�:.��0HW]HQEHUJ�5/��������5HSUHVVLEOH�FDWLRQ�SKRVSKDWH�V\PSRUWHUV�LQ�1HXURVSRUD�
FUDVVD��3URF�1DWO�$FDG�6FL�86$��������������

9RQ�:LUHQ�1��/DXWHU�)5��1LQQHPDQQ�2�HW�DO���������7KH�PROHFXODU�SK\VLRORJ\�RI�DPPRQLXP�
XSWDNH�DQG�UHWULHYDO��&XUU�2SLQ�3ODQW�%LRO�����������

:DQJ�0��6LGGLTL�0<��5XWK�7-��*ODVV�$'0��������$PPRQLXP�XSWDNH�E\�ULFH�URRWV��,,��.LQHWLFV�RI�
��1+�

��LQIOX[�DFURVV�WKH�SODVPDOHPPD��3ODQW�3K\VLRO���������������
:DQJ�:+��.RKOHU�%��&DR�)4��/LX�/+��������0ROHFXODU�DQG�SK\VLRORJLFDO�DVSHFWV�RI�XUHD�WUDQVSRUW�

LQ�KLJKHU�SODQWV��3ODQW�6FL�������������
:DUZLFN�%��3DXO�-+��������3K\WRSODQNWRQ�FRPPXQLW\�VWUXFWXUH�DQG�SURGXFWLYLW\�DORQJ�WKH�D[LV�RI�

WKH�0LVVLVVLSSL�5LYHU�SOXPH�LQ�ROLJRWURSKLF�*XOI�RI�0H[LFR�ZDWHUV��$TXDW�0LFURE�(FRO��������
����

:DUZLFN�%��3DXO�-+��&DPSEHOO�/��*ULIILQ�'��+RXFKLQ�/��)XHQWHV�2UWHJD�$��0XOOHU�.DUJHU�)��������
9HUWLFDO�VWUXFWXUH�RI�WKH�SK\WRSODQNWRQ�FRPPXQLW\�DVVRFLDWHG�ZLWK�D�FRDVWDO�SOXPH�LQ�WKH�*XOI�RI�
0H[LFR��0DU�(FRO�3URJ�6HU������������

:DUZLFN�%��3DXO�-+��7DELD�)5��������5HDO�WLPH�3&5�TXDQWLILFDWLRQ�RI�UEF/��ULEXORVH�����
ELVSKRVSKDWH�FDUER[\ODVH�R[\JHQDVH��P51$�LQ�GLDWRPV�DQG�SHODJRSK\WHV��$SSO�(QYLURQ�
0LFURELRO��������������

:KHHOHU�3$��*OLEHUW�30��0F&DUWK\�--��������$PPRQLXP�XSWDNH�DQG�LQFRUSRUDWLRQ�E\�&KHVDSHDNH�
%D\�SK\WRSODQNWRQ��6KRUW�WHUP�XSWDNH�NLQHWLFV��/LPQRO�2FHDQRJU��������������
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:LONHUVRQ�)3��'XJGDOH�5&��+RJXH�9(��0DUFKL�$��������3K\WRSODQNWRQ�EORRPV�DQG�QLWURJHQ�
SURGXFWLYLW\�LQ�6DQ�)UDQFLVFR�%D\��(VWXDULHV�DQG�&RDVWV������������

:LOOLDPV�6.��+RGVRQ�5&��������7UDQVSRUW�RI�XUHD�DW�ORZ�FRQFHQWUDWLRQ�LQ�&KODP\GRPRQDV�
UHLQKDUGWLL��-�%DFHULRO�������������

:XUFK�//��%HUWUDQG�(0��6DLWR�0��9DQ�0RR\�%$6��'\KUPDQ�67��������3URWHRPH�FKDQJHV�GULYHQ�
E\�SKRVSKRUXV�GHILFLHQF\�DQG�UHFRYHU\�LQ�WKH�EURZQ�WLGH�IRUPLQJ�DOJD�$XUHRFRFFXV�
DQRSKDJHIIHUHQV��3ORV�2QH��� e28949. doi:10.1371/journal.pone.0028949�

<LQ�.��+DUULVRQ�3-��'RUWFK�4��������/DFN�RI�DPPRQLXP�LQKLELWLRQ�RI�QLWUDWH�XSWDNH�IRU�D�GLDWRP�
JURZQ�XQGHU�ORZ�OLJKW�FRQGLWLRQV��-�([S�0DU�%LRO�(FRO�������������

<RVKLPRWR�1��,QRXH�(��:DWDQDEH�7DNDKDVKL�$��6DLWR�.��7DNDKDVKL�+��������3RVWWUDQVFULSWLRQDO�
UHJXODWLRQ�RI�KLJK�DIILQLW\�VXOIDWH�WUDQVSRUWHUV�LQ�$UDELGRSVLV�E\�VXOIXU�QXWULWLRQ��3ODQW�3K\VLRO�
������������
� �



54 

 

 

3. Research on NH4
+ inhibition of primary production in Suisun Bay 
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3.1. Introduction 
2EVHUYDWLRQV�PDGH�VLQFH�WKH�HDUO\�����
V�KDYH�QRWHG�GHFOLQLQJ�DEXQGDQFHV�RI�LPSRUWDQW��SHODJLF�
PHPEHUV�RI�WKH�QRUWKHUQ�6DQ�)UDQFLVFR�(VWXDU\��6)(��IRRGZHE��D�SKHQRPHQRQ�UHIHUUHG�WR�DV�WKH�
3HODJLF�2UJDQLVP�'HFOLQH��32'����,Q�UHVSRQVH��QXPHURXV�LQYHVWLJDWLRQV�KDYH�EHHQ�ODXQFKHG��
DLPHG�DW�LGHQWLI\LQJ�WKH�XQGHUO\LQJ�FDXVHV�RI�WKH�32'��7KH�32'�FRQFHSWXDO�PRGHO�UHFRJQL]HV�
WKDW�PXOWLSOH�IDFWRUV�PD\�DFW�LQ�FRQFHUW�WR�GHJUDGH�KDELWDW�DQG�FRQWULEXWH�WR�GHFOLQHV�LQ�ILVK�
DEXQGDQFH��%D[WHU�HW�DO���������15&��������LQFOXGLQJ��FKDQJHV�LQ�IORZ�UHJLPH��SK\VLFDO�
DOWHUQDWLRQV�WR�KDELWDW��ODQG�XVH�FKDQJHV��LQYDVLYH�VSHFLHV��FRQWDPLQDQWV��DQG�QXWULHQWV���
�
7KLV�VHFWLRQ�V\QWKHVL]HV�REVHUYDWLRQV�IURP�VHYHUDO�UHFHQW�LQYHVWLJDWLRQV�WKDW�H[SORUHG�WKH�
K\SRWKHVLV�WKDW�DQWKURSRJHQLFDOO\�HOHYDWHG�DPPRQLXP��1+�

���LQKLELWV�SK\WRSODQNWRQ�SURGXFWLRQ�
LQ�WKH�QRUWKHUQ�6)(��DQG�WKHUHE\�FRQWULEXWHV�WR�KDELWDW�LPSDLUPHQW�E\�OLPLWLQJ�IRRG�VXSSO\�
�:LONHUVRQ�HW�DO��������'XJGDOH�HW�DO��������'XJGDOH�HW�DO��������3DUNHU�HW��DO�����D��3DUNHU�HW�
DO�������E���7KH�VHFWLRQ�EHJLQV�ZLWK�DQ�RYHUDOO�GHVFULSWLRQ�RI�WKH�FRQFHSWXDO�PRGHO�WKDW�KDV�
HYROYHG�IURP�VWXGLHV�FRQGXFWHG�E\�UHVHDUFKHUV�IURP�WKH�6DQ�)UDQFLVFR�6WDWH�8QLYHUVLW\�5RPEHUJ�
7LEXURQ�&HQWHU��57&��RYHU�WKH�SDVW����\HDUV��1H[W��WKH�57&�VWXGLHV�ZKRVH�REVHUYDWLRQV�IRUP�
WKH�EDVLV�IRU�WKH�FRQFHSWXDO�PRGHO�DUH�GLVFXVVHG�LQ�PRUH�GHWDLO��LQFOXGLQJ�KRZ�WKHLU�ILQGLQJV�
FRPSDUH�WR�WKH�FRQFHSWXDO�PRGHO�RI�1�XWLOL]DWLRQ�DQG�SK\WRSODQNWRQ�JURZWK�WKDW�HPHUJHV�IURP�
WKH�EURDGHU�VFLHQWLILF�OLWHUDWXUH��&KDSWHU�����7KH�VHFWLRQ�FORVHV�ZLWK�D�VXPPDU\�DQG�LPSRUWDQW�
TXHVWLRQV�UHPDLQLQJ�WR�EH�DGGUHVVHG��
�

3.2. Background: Chl-a levels in Suisun Bay 
([WUHPHO\�ORZ�SK\WRSODQNWRQ�ELRPDVV��ZKLFK�LV�WKH�PDMRU�VRXUFH�RI�HQHUJ\�IRU�6XLVXQ�%D\¶V�
SHODJLF�IRRG�ZHE��LV�FRQVLGHUHG�WR�EH�DPRQJ�WKH�PDLQ�IDFWRUV�FRQWULEXWLQJ�WR�ILVK�GHFOLQHV���,Q�
WKH�����V�DQG�HDUO\�����V��SK\WRSODQNWRQ�ELRPDVV�LQ�6XLVXQ�%D\�ZDV�PXFK�KLJKHU�WKDQ�SUHVHQW�
OHYHOV��3ULRU�WR�������FKO�D�FRQFHQWUDWLRQV�FRPPRQO\�UHDFKHG��������J�/����)LJXUH�������EXW�
H[KLELWHG�D�PDUNHG�GHFUHDVH�EHJLQQLQJ�DURXQG�������FRLQFLGHQW�ZLWK�WKH�ZHOO�GRFXPHQWHG�
LQYDVLRQ�RI�WKH�$VLDQ�RYHUELWH�FODP��3RWDPRFRUEXOD�DPXUHQVLV��-DVVE\��������&KO�D�OHYHOV�KDYH�
UDUHO\�UHDFKHG�����J�/���LQ�WKH�VXEVHTXHQW����\HDUV��)LJXUH������SDQHOV�$��&��(��LOOXVWUDWHV�WKH�
VHDVRQDOLW\�LQ�FKO�D�FRQFHQWUDWLRQV�DV�ZHOO�DV�FKDQJHV�RYHU�WLPH��&KO�D�FRQFHQWUDWLRQV�ZHUH�
FRPPRQO\�LQ�WKH�UDQJH�RI��������J�/���GXULQJ�0D\�6HSWHPEHU�SULRU�WR�������1RW�DOO�RI�WKDW�
ELRPDVV�ZDV�QHFHVVDULO\�SURGXFHG�ZLWKLQ�6XLVXQ�%D\��HIIOX[�RI�SK\WRSODQNWRQ�SURGXFHG�ZLWKLQ�
LQ�WKH�'HOWD�WR�6XLVXQ�%D\�KDV�KLVWRULFDOO\�EHHQ�DQ�LPSRUWDQW�VRXUFH�RI�SK\WRSODQNWRQ�ELRPDVV�
�-DVVE\�HW�DO����������$QDO\VLV�RI�PRQWKO\�WUHQGV�RYHU�WKH�HQWLUH�UHFRUG�RI�����������VKRZV��DV�
H[SHFWHG�DQG�DV�UHSRUWHG�HOVHZKHUH��H�J���-DVVE\��������WKDW�FKO�D�FRQFHQWUDWLRQV�H[KLELWHG�
VWDWLVWLFDOO\�VLJQLILFDQW�GHFUHDVHV�RYHU�PRUH�WKDQ�KDOI�WKH�\HDU��)LJ�����%�'��DQG�)���

7KH�FXUUHQW�SHUVLVWHQWO\�ORZ�OHYHOV�RI�SK\WRSODQNWRQ�ELRPDVV�DUH�FRPPRQO\�DWWULEXWHG�WR�VHYHUDO�
IDFWRUV��+LJK�VXVSHQGHG�VHGLPHQW�FRQFHQWUDWLRQV�DQG�WKH�DVVRFLDWHG�ORZ�OLJKW�OHYHOV�OLPLW�
SK\WRSODQNWRQ�JURZWK�UDWHV���6WURQJ�WLGDO�PL[LQJ�OLPLWV�WKH�GXUDWLRQ�RI�DQ\�YHUWLFDO�VWUDWLILFDWLRQ��
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ZKLFK��FRPELQHG�ZLWK�ORZ�OLJKW�OHYHOV��OLPLWV�JURZWK�UDWHV�LQ�GHHS�VHFWLRQV�RI�6XLVXQ�%D\��,Q�
DGGLWLRQ��UHVLGHQFH�WLPHV�DV�VKRUW�DV�D�IHZ�GD\V�GXULQJ�KLJK�IORZ�SHULRGV�FDQ�IOXVK�SK\WRSODQNWRQ�
RXW�RI�6XLVXQ�%D\�DW�D�UDWH�IDVWHU�WKDQ�WKH\�FDQ�JURZ��OLPLWLQJ�WKH�DFFXPXODWLRQ�RI�QHZ�ELRPDVV��
*UD]LQJ�E\�3RWDPRFRUEXOD�KDV�EHHQ�FRQVLGHUHG�WR�EH�D�PDMRU�IDFWRU�FDXVLQJ�WKH�ORZ�ELRPDVV�LQ�
6XLVXQ�%D\��5HFHQW�HVWLPDWHV�E\�.LPPHUHU�DQG�7KRPSVRQ��LQ�SUHVV��VXJJHVW�WKDW�
3RWDPRFRUEXOD�ILOWHU�WKH�6XLVXQ�ZDWHU�FROXPQ�DW�UDWHV�IDVWHU�WKDQ�SK\WRSODQNWRQ�FDQ�JURZ��DQG�
FDQ�UHDGLO\�H[SODLQ�WKH�SHUVLVWHQWO\�ORZ�SK\WRSODQNWRQ�ELRPDVV�LQ�6XLVXQ�%D\��0RUH�UHFHQWO\��
VHYHUDO�VWXGLHV�KDYH�K\SRWKHVL]HG�WKDW�HOHYDWHG�1+�

��FRQFHQWUDWLRQV�LQ�6XLVXQ�%D\�FDXVH�VORZHG�
SK\WRSODQNWRQ�JURZWK�DQG�WKHUHE\�OLPLW�SK\WRSODQNWRQ�ELRPDVV��'XJGDOH�HW�DO��������'XJGDOH�HW�
DO��������3DUNHU�HW��DO�����D��3DUNHU�HW�DO�������E���DQG�WKHVH�VWXGLHV�DUH�WKH�IRFXV�RI�WKLV�UHSRUW�
VHFWLRQ��

 
Figure 3.1. Time-series of available chlorphyll-a data  (in µg L-1) at DWR/IEP stations D6, D7 and D8 in 
Suisun Bay.  Station D7 is located in relatively shallow Grizzly Bay, and D6 and D8 are located within 
the deep channel southwest and southeast, respectively, of D7. 
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Figure 3.2 Chlorophyll-a concentrations at DWR/IEP stations D6, D7 and D8 in Suisun Bay.  Station D7 
is located in relatively shallow Grizzly Bay, and D6 and D8 are located within the deep channel 
southwest and southeast, respectively, of D7. Monthly data were first combined into three eras (1975-
1986, 1987-1997 and 1998-2011), and then averaged by month within each era (panels a, c and e). 
The boxes extend to the 25th and 75th percentile, the whiskers extend to the highest (or lowest) value 
within additional 1.5x the interquartile range from the 75th (or 25th) percentiles, and any outliers 
are shown with dots. Long-term trends were calculated by the Theil slope (see description in Section 
6.2.3) (panels b, d and f). Blue bars indicate statistically significant trends with p<0.05 as determined 
by the Kendall Tau testConcentrations are presented in panels (a, c and e) and trends are reported in 
panels (b, d and e). 

3.3. Conceptual model: the ammonium paradox   
'XJGDOH�HW�DO���������SURSRVH�WKDW�LQFUHDVHG�DPPRQLXP�1+�

��ORDGV�WR�WKH�QRUWKHUQ�6DQ�
)UDQFLVFR�(VWXDU\��LQFOXGLQJ�6XLVXQ�%D\��KDYH�UHVXOWHG�LQ�UHGXFHG�SULPDU\�SURGXFWLRQ��ZKLFK�
WKH\�UHIHU�WR�DV�DQ�³DPPRQLXP�SDUDGR[´��7KH�FRQFHSWXDO�PRGHO�IRU�WKH�HFRORJLFDO�LPSDFWV�RI�WKH�
1+�

��LQKLELWLRQ�K\SRWKHVLV�LV�EXLOW�DURXQG�WKUHH�PDLQ�SRLQWV��
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P.1  7KH�SUHVHQFH�RI�1+�
��DW�HOHYDWHG�OHYHOV��!�����PRO�/����LQKLELWV�WKH�XSWDNH�RI�QLWUDWH�E\�

SK\WRSODQNWRQ��

P.2  7KH�UDWH�RI�12�
��XSWDNH��ZKHQ�1+�

��LV�DEVHQW�RU�OHVV�WKDQ�����X0��LV�JUHDWHU�WKDQ�WKH�UDWH�
RI�1+�

��XSWDNH���7KXV��ZKHQ�12�
��XSWDNH�LV�VXSSUHVVHG��DQG�RQO\�1+�

��LV�EHLQJ�WDNHQ�XS�
E\�SK\WRSODQNWRQ��WKH�RYHUDOO�UDWH�RI�1�XSWDNH�LV�ORZHU��

P.3 7KH�ORZHU�UDWH�RI�1�XSWDNH�UHVXOWLQJ�IURP�WKLV�PHFKDQLVP�WUDQVODWHV�LQWR�ORZHU�UDWHV�RI�
SULPDU\�SURGXFWLRQ��

>1RWH��7KH�FRQFHSWXDO�PRGHO�GHVFULEHG�EHORZ��LQFOXGLQJ�WKH�WKUHH�PDLQ�SRLQWV�DERYH��ZDV�
GHYHORSHG�E\�WKLV�UHSRUW¶V�DXWKRUV�WKURXJK�UHDGLQJ�NH\�VWXGLHV�DQG�WKURXJK�GLVFXVVLRQV�ZLWK�
57&�UHVHDUFKHUV��,W�PD\�GLIIHU�IURP�KRZ�57&�UHVHDUFKHUV�ZRXOG�GHVFULEH�FHUWDLQ�DVSHFWV�@�

:KHQ�1+�
��OHYHOV�DUH�UHODWLYHO\�KLJK�LQ�6XLVXQ�%D\��WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�
DUJXHV�WKDW�SK\WRSODQNWRQ�JURZ�VORZO\�DQG�DUH�IOXVKHG�RXW�RI�6XLVXQ�%D\�EHIRUH�WKH\�FDQ�
VXIILFLHQWO\�GUDZ�GRZQ�1+�

��WR�DOORZ�IDVWHU�JURZWK�RQ�12�
���:KHQ�FRQGLWLRQV�DUH�VXFK�WKDW�

1+�
��OHYHOV�DUH�ORZHU�GXULQJ�VSULQJ���H�J���GXH�WR�KLJK�HQRXJK�IORZV�WKDW�1+�

��LV�SUHVHQW�DW�PRUH�
GLOXWH�FRQFHQWUDWLRQV���WKH�SK\WRSODQNWRQ�FRPPXQLW\�LV�DEOH�WR�GUDZ�GRZQ�1+��WR�ORZ�HQRXJK�
OHYHOV�WKDW�12�

��FDQ�EH�DFFHVVHG��DQG�EORRPV�RFFXU��:KHQ�FRQGLWLRQV�LQ�6XLVXQ�%D\�DUH�
LQWHUSUHWHG�WKURXJK�WKLV�FRQFHSWXDO�PRGHO�OHQV��WKH�1+�

��OHYHOV�LQ�6XLVXQ�%D\��ZKLFK�IUHTXHQWO\�
H[FHHG������PRO�/����6HFWLRQ�����FDXVH�1+�

��LQKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�WKDW�FRQWULEXWHV�WR�
WKH�FXUUHQW�UDULW\�RI�VSULQJ�SK\WRSODQNWRQ�EORRPV�LQ�6XLVXQ�%D\��57&�UHVHDUFKHUV�DUJXH�WKDW�WKH�
HOHYDWHG�1+�

��OHYHOV��DQG�WKH�DVVRFLDWHG�ODFN�RI�SK\WRSODQNWRQ�EORRPV��LQ�WXUQ�FRQWULEXWH�WR�
IRRG�OLPLWHG�FRQGLWLRQV�LQ�6XLVXQ�%D\�DQG�GHOHWHULRXV�ERWWRP�XS�LPSDFWV�RQ�HVWXDULQH�ILVK�
SRSXODWLRQV���

'XJGDOH�HW�DO���������VXJJHVW�WKDW�VSULQJ�SK\WRSODQNWRQ�EORRPV�LQ�6XLVXQ�%D\�IROORZ�D�
SUHGLFWDEOH�VHTXHQFH��ZKLFK�WKH\�GHVFULEH�DV�IROORZV��

³,Q�HDUO\�VSULQJ��SK\WRSODQNWRQ�QLWURJHQ�GHPDQG�LQ�6XLVXQ�%D\�LV�VDWLVILHG�E\�DPPRQLXP��EXW�
ZLWK�ORZ�ELRPDVV�VSHFLILF�DQG�GHSWK�LQWHJUDWHG�DPPRQLXP�XSWDNH�UDWHV�GXH�WR�KLJK�WXUELGLW\�
DQG�SRRU�LUUDGLDQFH��3DUNHU�HW�DO�������E���1LWUDWH�XSWDNH�LV�ORZ�RU�QHDU�]HUR�GXULQJ�WKLV�SHULRG�
GXH�WR�DPPRQLXP�LQKLELWLRQ��:LWK�LPSURYHG�LUUDGLDQFH�FRQGLWLRQV��YLD�LQFUHDVHG�ZDWHU�
WUDQVSDUHQF\��ZDWHU�FROXPQ�VWDELOLW\�RU�VHDVRQDO�LQFUHDVH�LQ�LUUDGLDQFH���SK\WRSODQNWRQ�
DPPRQLXP�XSWDNH�UDWHV�DQG�ELRPDVV�LQFUHDVH��FDXVLQJ�ZDWHU�FROXPQ�DPPRQLXP�FRQFHQWUDWLRQV�
WR�GHFUHDVH��2QFH�DPPRQLXP�GHFUHDVHV�WR�����ȝPRO�/����SK\WRSODQNWRQ�QLWUDWH�XSWDNH�LV�
HQDEOHG��:LWK�FRQWLQXHG�SK\WRSODQNWRQ�JURZWK��DPPRQLXP�FRQFHQWUDWLRQ�LV�IXUWKHU�UHGXFHG�WR���
��ȝPRO�/���DQG�ELRPDVV�VSHFLILF�QLWUDWH�XSWDNH�UDWHV�DFFHOHUDWH�UHVXOWLQJ�LQ�D�UDSLGO\�GHYHORSLQJ�
EORRP�QRXULVKHG�E\�QLWUDWH��+RZHYHU��LI�UHVLGHQFH�WLPH�LV�WRR�ORZ�WR�DOORZ�WKH�SK\WRSODQNWRQ�WR�
DVVLPLODWH�WKH�LQIORZLQJ�DPPRQLXP��DV�PD\�KDSSHQ�ZLWK�KLJK�ULYHU�IORZ�FRQGLWLRQV�RU�LI�WKHUH�LV�
YHU\�HOHYDWHG�DPPRQLXP�LQIORZ��WKH�SURGXFWLRQ�SURFHVVHV�DUH�RQO\�DPPRQLXP�EDVHG��1LWUDWH�LV�
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XQXVHG�DQG�H[SRUWHG�IURP�WKH�HFRV\VWHP��L�H��WR�WKH�3DFLILF�2FHDQ���5HGXFHG�SULPDU\�SURGXFWLRQ�
LV�D�FRXQWHU�LQWXLWLYH�UHVXOW�RI�HOHYDWHG�DPPRQLXP��WKH�DPPRQLXP�SDUDGR[�´�

7KH�57&�VWXGLHV�DFNQRZOHGJH�WKDW�RWKHU�IDFWRUV�SOD\�D�UROH�LQ�OLPLWLQJ�SULPDU\�SURGXFWLRQ�UDWHV�
DQG�GHFUHDVLQJ�ELRPDVV�DFFXPXODWLRQ��LQFOXGLQJ�OLJKW�OLPLWDWLRQ��EHQWKLF�JUD]LQJ�E\�ILOWHU�
IHHGLQJ�FODPV��DQG�IOXVKLQJ��'XJGDOH�HW�DO��������QRWHV�WKDW�³/RZ�DQQXDO�SULPDU\�SURGXFWLRQ�LQ�
6)%�LV�GXH�SULPDULO\�WR�WXUELG�FRQGLWLRQV«´��'XJGDOH�HW�DO��������DUJXH��KRZHYHU��WKDW�GXULQJ�
VSULQJ��FODP�JUD]LQJ�UDWHV�FDQ�H[HUW�RQO\�D�PLQRU�LQIOXHQFH�EHFDXVH�FODP�ELRPDVV�LV�DW�
VHDVRQDOO\�ORZ�OHYHOV��7KXV��1+�

��LQKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�LV�FRQVLGHUHG�WR�EH�DQ�
DGGLWLRQDO�PHFKDQLVP�WKDW�FRQWULEXWHV�WR�ORZHU�OHYHOV�RI�SK\WRSODQNWRQ�ELRPDVV��DQG�RQH�WKDW�KDV�
WKH�SRWHQWLDO�WR�µWLS�WKH�VFDOHV¶�DZD\�IURP�D�EORRP�RFFXUULQJ�ZKHQ�FRQGLWLRQV�PLJKW�RWKHUZLVH�
IDYRU�D�EORRP��

7KH�57&�VWXGLHV�DOVR�QRWH�WKDW�VRPH�RWKHU�IDFWRU�DSSHDUV�WR�EH�DFWLQJ�LQ�6XLVXQ�%D\��EH\RQG�1+�
��

LQKLELWLRQ��WR�FDXVH�ORZHU�UDWHV�RI�SULPDU\�SURGXFWLRQ��'XJGDOH�HW�DO���������3DUNHU�HW�DO�������D���
(IIRUWV�KDYH�EHHQ�XQGHU�ZD\�WR�FKDUDFWHUL]H�SRWHQWLDO�WR[LQV�LQ�6XLVXQ�%D\�WKURXJK�WR[LFLW\�
LGHQWLILFDWLRQ�HYDOXDWLRQV��7,(���DOWKRXJK�WKH�UHVXOWV�RI�WKLV�ZRUN�KDYH�WKXV�IDU�KDYH�EHHQ�
LQFRQFOXVLYH��-�0LOOHU�HW�DO���LQ�SUHSDUDWLRQ����

7KH�1+�
��LQKLELWLRQ�FRQFHSWXDO�IUDPHZRUN�ZDV�GHYHORSHG�WKURXJK�REVHUYDWLRQV�LQ�PXOWLSOH�

VWXGLHV�RYHU�WKH�SDVW����\HDUV�LQ�ZKLFK�57&�UHVHDUFKHUV�XVHG�ILHOG�REVHUYDWLRQV��VSDWLDO�DQG�
WHPSRUDO�YDULDWLRQV�LQ�QXWULHQW�DQG�FKO�D�FRQFHQWUDWLRQV���VWDEOH�LVRWRSH�WUDFHU����1����&��DGGLWLRQ�
H[SHULPHQWV�WR�PHDVXUH�XSWDNH�UDWHV�RI����1+�

������12�
���DQG���&2���DQG�HQFORVXUH�H[SHULPHQWV�

LQ�ZKLFK�12�
���1+�

���FKO�D�DQG�WUDFHU�XSWDNH�UDWHV�ZHUH�PHDVXUHG�LQ�PL[HG�SODQNWRQ�
FRPPXQLWLHV�RYHU�WLPH���
�
7KH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�FDQ�EH�YLVXDOL]HG�PRVW�VWUDLJKWIRUZDUGO\�E\�FRQVLGHULQJ�
WKH�ELRPDVV�VSHFLILF�XSWDNH�UDWHV�RI�12�

���1+�
���DQG�&��ZLWK�FDUERQ�XSWDNH�EHLQJ�D�GLUHFW�

PHDVXUH�RI�SULPDU\�SURGXFWLRQ�UDWH����,Q�WKH�GLVFXVVLRQ�EHORZ��WKHVH�DUH�DEEUHYLDWHG�DV�912���
91+���DQG�9&��UHVSHFWLYHO\����7KH�VXP�RI�DOO�GLVVROYHG�LQRUJDQLF�QLWURJHQ��',1��LV�DEEUHYLDWHG�
KHUH�DV�9',1��:KLOH�WKH�GHVFULSWLRQ�EHORZ�DQG�WKH�UHIHUHQFH�WR�H[SHULPHQWDO�REVHUYDWLRQ�RI�WKHVH�
UDWHV�LQ�6HFWLRQ�����DUH�VRPHZKDW�GHWDLOHG��WKH�FRQFHSWV�DUH�FULWLFDO�WR�XQGHUVWDQGLQJ�DQG�
HYDOXDWLQJ�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO���912���ZLWK�XQLWV�RI�K����LV�TXDQWLILHG�E\�
PHDVXULQJ�WKH�DPRXQW�RI�LVRWRSLFDOO\�ODEHOHG��12�

��WDNHQ�XS�E\�SK\WRSODQNWRQ�RYHU�WKH�FRXUVH�
RI�DQ�LQFXEDWLRQ�H[SHULPHQW���,Q�HVVHQFH��912��UHSUHVHQWV�WKH�UDWH�DW�ZKLFK�WKH�RYHUDOO�
                                                             
 

1 For N uptake studies, solutions containing dissolved NO3- or NH4+ having artificially high proportions of the minor stable 
isotope, 15N, are spiked into the sample at low enough levels that they ideally do not influence reaction rates in the 
sample. For C uptake measurements, enriched stable H13CO3- or radio-labled H14CO3- are used.  For example, in natural 
samples, 14N is the major isotope (99. 632%) and 15N is the minor isotope (0.368%), while in enriched isotope solutions 
15N abundance is much higher (e.g., 98%). (14C is added in much lower proportions because its lower natural abundance 
and ease of detection). The amounts of the minor stable (or radioactive) isotope that accumulates as particulate organic N 
or C are then measured and used to quantify the uptake rate constant. 
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SK\WRSODQNWRQ�FRPPXQLW\�WDNHV�XS�12�
��SHU�XQLW�PDVV�RI�SK\WRSODQNWRQ��DQG�LV�FRQVLGHUHG�

GLDJQRVWLF�RI�WKH�³DYHUDJH´�SK\VLRORJLFDO�RU�ELRFKHPLFDO�VWDWH�RI�WKH�SK\WRSODQNWRQ�LQ�WHUPV�RI�
WKHLU�DELOLW\�RU�QHHG�WR�WDNH�XS�12�

����7KXV��FKDQJHV�LQ�912��DV�D�IXQFWLRQ�RI�VSDFH�RU�WLPH�VLJQDO�
D�FKDQJH�LQ�HLWKHU�WKH�SK\WRSODQNWRQ�FRPPXQLW\¶V�QHHG�IRU�12�

���H�J���PRUH�RU�OHVV�OLJKW�FDXVLQJ�
FKDQJHV�LQ�SULPDU\�SURGXFWLRQ�UDWHV��RU�WKHLU�DELOLW\�WR�WDNH�XS�12�

���H�J���LQKLELWLRQ�RI�12�
��E\�

UHODWLYHO\�HOHYDWHG�DPELHQW�1+�
�����91+��LV�FDOFXODWHG�LQ�DQ�DQDORJRXV�ZD\��9F�UHSUHVHQWV�WKH�

UDWH�DW�ZKLFK�LQRUJDQLF�&�LV�WDNHQ�XS�E\�WKH�RYHUDOO�SK\WRSODQNWRQ�FRPPXQLW\�SHU�XQLW�PDVV�RI�
SK\WRSODQNWRQ��DQG�LV�FRQVLGHUHG�WR�EH�D�GLUHFW�PHDVXUH�RI�WKH�UDWH�RI�SULPDU\�SURGXFWLRQ��7KHVH�
DSSURDFKHV�IRU�PHDVXULQJ�1�DQG�&�XSWDNH�RU�DVVLPLODWLRQ�UDWHV�DUH�SURQH�WR�VRPH�DPRXQW�RI�
XQFHUWDLQW\�RU�ELDV��QRQHWKHOHVV�WKH\�DUH�ZHOO�HVWDEOLVKHG�DQG�ZLGHO\�XVHG�WHFKQLTXHV�LQ�
RFHDQRJUDSKLF�DQG�OLPQRORJLF�VWXGLHV��
�
,Q�ODERUDWRU\�H[SHULPHQWV��ZKHQ�D�SXUH�FXOWXUH�RI�SK\WRSODQNWRQ�LV�JURZQ�XQGHU�FRQVWDQW�OLJKW�
ZLWK�YDU\LQJ�OHYHOV�RI�12�

���DQG�12�
��DV�WKH�RQO\�1�VRXUFH���912��LV�JHQHUDOO\�FRQVLGHUHG�WR�

YDU\�DV�VKRZQ�LQ�)LJXUH����$��L�H���0LFKDHOLV�0HQWHQ�XSWDNH�NLQHWLFV��VHH�DOVR�GLVFXVVLRQ�LQ�
6HFWLRQ����������912��LQFUHDVHV�DOPRVW�OLQHDUO\�DV�D�IXQFWLRQ�RI�12�

��FRQFHQWUDWLRQ�DW�ORZ�12�
��

FRQFHQWUDWLRQV��DQG�DV\PSWRWLFDOO\�DSSURDFKHV�912��0$;�DV�12�
��LQFUHDVHV��91+��UHVSRQGV�LQ�D�

VLPLODU�PDQQHU�WR�LQFUHDVLQJ�FRQFHQWUDWLRQV�RI�1+�
���)LJXUH����%���7KH�LOOXVWUDWLRQV�LQ�)LJXUH�

����UHSUHVHQW�WKH�QHW�PHDVXUDEOH�UHVSRQVH�RI�QXPHURXV�ELRFKHPLFDO�SURFHVVHV��DQG�DUH�
VLPSOLILFDWLRQV�RI�DFWXDO�FHOO�SK\VLRORJ\���1RQHWKHOHVV��12�

��DQG�1+�
��XSWDNH�E\�D�ZLGH�UDQJH�RI�

SK\WRSODQNWRQ�VSHFLHV�DQG�XQGHU�D�EURDG�DUUD\�RI�HQYLURQPHQWDOO\�UHOHYDQW�FRQGLWLRQV�FDQ�EH�
FKDUDFWHUL]HG�RU�PRGHOHG�UHDVRQDEO\�ZHOO�XVLQJ�WKLV�FRQVWUXFW��VHH�6HFWLRQ���IRU�IXUWKHU�
GLVFXVVLRQ���DOWKRXJK�WKHUH�DUH�QRWDEOH�H[FHSWLRQV��VHH�6HFWLRQ���������
�

 

Figure 3.3. Conceptualization of the uptake kinetics of A. NO3- and B. NH4+, under constant light 
conditions (classic Michaelis-Menten uptake kinetics) 
�

V	  (h-1) 

A 

[NO3] 

V	  (h-1) 

B 

[NH4] 
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:KHQ�SK\WRSODQNWRQ�DUH�VXSSOLHG�ZLWK�ERWK�1+�
��DQG�12�

��VLPXOWDQHRXVO\��3���RI�WKH�1+�
��

FRQFHSWXDO�PRGHO�VD\V�WKDW�WKH�UHODWLRQVKLS�VKRXOG�ORRN�TXLWH�GLIIHUHQW���:KHQ�1+��
FRQFHQWUDWLRQV�H[FHHG������PRO�/����3���DUJXHV�WKDW�912��VKRXOG�EH�LQKLELWHG��DQG�SK\WRSODQNWRQ�
ZLOO�SUHIHUHQWLDOO\�WDNH�XS�1+�

���7KLV�LV�SUHVHQWHG�VFKHPDWLFDOO\�IRU���VFHQDULRV�LQ�)LJXUH������
ZLWK�YDU\LQJ�OHYHOV�RI�1+�

��EXW�FRQVWDQW�OHYHOV�RI�12�
���DV�1+�

��FRQFHQWUDWLRQV�LQFUHDVH��912��LV�
LOOXVWUDWHG�DV�GHFUHDVLQJ��$W�WKH�VDPH�WLPH��91+��LQFUHDVHV�ZLWK�LQFUHDVLQJ�1+�

��FRQFHQWUDWLRQ�
�VHH�WKUHH�H[DPSOHV�LQ�)LJXUH�������
�
3��RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�DUJXHV�WKDW�1+�
��XSWDNH�LV�VORZHU�WKDQ�12�

��XSWDNH���
7ZR�LOOXVWUDWLRQV�RI�KRZ�WKLV�FRXOG�EH�WKH�FDVH�DUH�SUHVHQWHG�LQ�)LJXUH����$�DQG�)LJXUH����%��
)LJXUH����$�LOOXVWUDWHV�KRZ�912���91+���DQG�9',1�ZRXOG�ORRN�XQGHU�VFHQDULR�WKDW�PD[LPXP�
12�

��XSWDNH�UDWH��912��0$;��LV�JUHDWHU�WKDQ�WKH�PD[LPXP�1+�
��XSWDNH�UDWH��91+��0$;����$V�

1+�
��FRQFHQWUDWLRQV�LQFUHDVH��9',1��L�H���WKH�WRWDO�UDWH�DW�ZKLFK�',1�LV�WDNHQ�XS�E\�

SK\WRSODQNWRQ��ZRXOG�GHFUHDVH���)LJXUH����%�LOOXVWUDWHV�WKH�FDVH�ZKHQ�912��0$;�DQG�91+��0$;�
DUH�HTXDO��EXW�ZKHQ�SK\WRSODQNWRQ�H[KLELW�ORZ�HIILFLHQF\�IRU�XVLQJ�1+�

��DW�UHODWLYHO\�ORZ�
FRQFHQWUDWLRQV��L�H���WKH�KDOI�VDWXUDWLRQ�FRQVWDQW��.1+���LV�ODUJH���:KHQ�1+�

��FRQFHQWUDWLRQV�DUH�
�����PRO�/���DQG�JUHDWHU��9',1�ZRXOG�EH�OHVV�WKDQ�912��ZKHQ�1+�

��OHYHOV�DUH�H[WUHPHO\�ORZ���
)LJXUH����&�LOOXVWUDWHV�WKH�FDVH�LQ�ZKLFK�912��0$;�DQG�91+��0$;�DUH�HTXDO��DQG�SK\WRSODQNWRQ�
DUH�HIILFLHQW�DW�XVLQJ�1+�

��DW�ORZ�OHYHOV��L�H���.1+��LV�VPDOO����
�
7KH�ILQDO�SRLQW��3����DUJXHV�WKDW�LI�3���DQG�3���DUH�WUXH��WKH�SURGXFWLRQ�UDWH�RI�QHZ�SK\WRSODQNWRQ�
ELRPDVV�ZLOO�DOVR�GHFUHDVH��,W�VWDQGV�WR�UHDVRQ�WKDW�LI�VRPH�IDFWRU�FDXVHV�D�SURORQJHG�GHFUHDVH�LQ�
WKH�UDWH�DW�ZKLFK�SK\WRSODQNWRQ�FDQ�WDNH�XS�',1�±�DQG�WKH�',1�XSWDNH�UDWH�LV�WKH�IDFWRU�OLPLWLQJ�
JURZWK�±�WKH�UDWH�RI�SULPDU\�SURGXFWLRQ�ZLOO�GHFUHDVH���8QGHU�WKHVH�FRQGLWLRQV��DQ�H[SHULPHQWDO�
RU�ILHOG�REVHUYDWLRQ�ZKLFK�GHPRQVWUDWHV�WKDW�9',1��LV�ORZHU�ZKHQ�1+�

��LV�HOHYDWHG�ZRXOG�EH�
FRQVLVWHQW�ZLWK�WKH�K\SRWKHVLV�WKDW�SULPDU\�SURGXFWLRQ�UDWHV�DUH�DOVR�ORZHU���+RZHYHU�WKLV�LV�DQ�
LQGLUHFW�PHDVXUH�RI�SURGXFWLRQ��$�GLUHFW�PHDVXUHPHQW�FRQVLVWHQW�ZLWK�WKLV�HIIHFW�ZRXOG�LQYROYH��
H�J���PHDVXULQJ�9&�DQG�GHPRQVWUDWLQJ�WKDW�ORZHU�9&�FR�RFFXUV�LQ�VSDFH�RU�WLPH�ZLWK�HOHYDWHG�
1+�

��DQG�GHFUHDVHG�9',1��
�
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Figure 3.4. Conceptualization of DIN uptake kinetics in the presence of both NH4+ (variable) and NO3- 
(constant) under three scenarios: A. VNO3,MAX > VNH4,MAX; B. VNO3,MAX = VNH4,MAX  but relatively inefficient 
NH4+ uptake at low NH4+; C. VNO3,MAX = VNH4,MAX and efficient NH4+ uptake at low NH4+ 
�

3.4. State of the science   

3.4.1. Field observations in Suisun, San Pablo, and Central Bays: 2000-2003  
'XJGDOH�HW�DO���������SUHVHQW�D�FRPELQDWLRQ�RI�ILHOG�GDWD�DQG�1�XSWDNH�PHDVXUHPHQWV�IURP�
&HQWUDO��6DQ�3DEOR��DQG�6XLVXQ�%D\�IURP�1RYHPEHU������WKURXJK�0D\�������FROOHFWHG�DW�
PRQWKO\�RU�JUHDWHU�IUHTXHQF\���7KH�FRUH�K\SRWKHVLV�SURSRVHG�LV�WKDW�DPPRQLXP�FRQFHQWUDWLRQV�
DERYH�D���ȝPRO�/���WKUHVKROG�LQKLELW�XSWDNH�RI�QLWUDWH�E\�SK\WRSODQNWRQ��:LONHUVRQ�������
'XJGDOH�������UHVXOWLQJ�LQ�ORZHU�SULPDU\�SURGXFWLRQ�UDWHV�LQ�6XLVXQ�%D\��'XJGDOH�HW�DO���������
VWDWH��³7KH�VXEVWDQWLDO�LQYHQWRU\�RI�QLWUDWH��12�

���LQ�6DQ�)UDQFLVFR�%D\��6)%��LV�XQDYDLODEOH�WR�
WKH�UHVLGHQW�SK\WRSODQNWRQ�PRVW�RI�WKH�\HDU�GXH�WR�WKH�SUHVHQFH�RI�DPPRQLXP�DW�LQKLELWRU\�
FRQFHQWUDWLRQV�WKDW�SUHYHQWV�12�

��XSWDNH�´�DQG�DUJXHV�WKDW�KLJK�ELRORJLFDO�SURGXFWLYLW\�LQ�6XLVXQ�
%D\�GHSHQGV�RQ�WKH�DYDLODELOLW\�RI�QLWUDWH�WR�SK\WRSODQNWRQ���

VNO3,MAX > VNH4,MAX 

V	  	  (h-1) 

A 

[NH4] 

VNO3,MAX = VNH4,MAX KNH4 = ‘large’ 

V	  (h-1) 

B 

[NH4] 

VNO3,MAX = VNH4,MAX KNH4 = ‘small’ 

V	  (h-1) 

C 
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'XJGDOH�HW�DO���������DQG�:LONHUVRQ�HW�DO���������REVHUYHG�WKDW�EORRP�OHYHOV�RI�FKORURSK\OO�ZHUH�
HYLGHQW�RQO\�ZKHQ�12�

��XSWDNH�E\�SK\WRSODQNWRQ�RFFXUUHG��DQG�WKDW�12�
��XSWDNH�RQO\�RFFXUUHG�

ZKHQ�1+�
��FRQFHQWUDWLRQV�GURSSHG�EHORZ���ȝPRO�/�����,Q�6XLVXQ�%D\��D�EORRP��FKO�D�a����XJ�/�

���ZDV�RQO\�REVHUYHG�LQ�$SULO�������6XLVXQ�FKO�D�OHYHOV�ZHUH�DOVR�LQFUHDVLQJ�LQ�0D\�������EXW�
WKH�ILHOG�SURJUDP�GLG�QRW�FRQWLQXH�LQWR�-XQH���7KUHH�EORRPV�RI�PRGHVW�PDJQLWXGH�������XJ�FKO�D�
/����ZHUH�REVHUYHG�LQ�ERWK�6DQ�3DEOR�%D\�DQG�&HQWUDO�%D\�RYHU�WKLV�WLPH�SHULRG���,Q�DOO�FDVHV��WKH�
EORRPV�FRLQFLGHG�ZLWK�UHODWLYHO\�ORZ�����XPRO�/����1+�

��FRQFHQWUDWLRQV���,QFUHDVHV�LQ�12�
��

WUDQVSRUW�UDWHV��L�H���912��[�>SDUWLFXODWH�QLWURJHQ@��JHQHUDOO\�FRLQFLGHG�LQ�WLPH�ZLWK�HOHYDWHG�FKO�D�
GXULQJ�WKHVH�EORRP�SHULRGV��3ULPDU\�SURGXFWLRQ�UDWH�PHDVXUHPHQWV��H�J�����&�RU���&�XSWDNH�UDWHV��
ZHUH�QRW�SHUIRUPHG�E\�'XJGDOH�HW�DO���������RU�:LONHUVRQ�HW�DO����������EXW�ZHUH�LQIHUUHG�IURP�
FKDQJHV�LQ�FKO�D�FRQFHQWUDWLRQ�RU�YDULDWLRQV�LQ�1�XSWDNH�UDWHV���

,Q�DOO�WKUHH�VXE�HPED\PHQWV��WKHUH�ZDV�D�FOHDU�UHODWLRQVKLS�EHWZHHQ�DPELHQW�1+�
��FRQFHQWUDWLRQ�

DQG�912���)LJXUH����$�����7KH�DXWKRUV�QRWH�WKDW�912��EHJDQ�WR�LQFUHDVH�ZKHQ�1+�
��GHFUHDVHG�

EHORZ���ȝPRO�/����912��LQFUHDVHG�UDSLGO\�DV�DPPRQLXP�DSSURDFKHG�FRQFHQWUDWLRQV�RI�a��ȝPRO�
/���DQG�ORZHU��7KH�REVHUYHG�H[SRQHQWLDOO\�LQFUHDVLQJ�12�

��WUDQVSRUW�UDWH�ZKHQ�1+�
��GHFUHDVHG�

EHORZ���ȝPRO�/����DQG�WKH�QHDUO\�XQLQKLELWHG�XSWDNH�ZKHQ�12�
��ZDV�EHORZ���ȝPRO�/����VWURQJO\�

VXSSRUW�3���RI�WKH�1+�
��LQKLELWLRQ�FRQFHSWXDO�PRGHO���$V�GLVFXVVHG�LQ�6HFWLRQ����WKH�FRQFHSW�RI�

1+�
��SUHIHUHQFH��RU�1+�

��LQKLELWLRQ�RI�12�
��XSWDNH��LV�ZHOO�VXSSRUWHG�LQ�WKH�SK\WRSODQNWRQ�

OLWHUDWXUH��H�J���'RUWFK�HW�DO����������DQG�WKH�UHVXOWV�RI�'XJGDOH�HW�DO���������DUH�FRQVLVWHQW�ZLWK�
WKRVH�ILQGLQJV��

:KLOH�912��GHFUHDVHG�VKDUSO\�DV�1+�
��LQFUHDVHG��91+���DFWXDOO\�LQFUHDVHG�ZLWK�LQFUHDVLQJ�1+�

��
LQ�6DQ�3DEOR�DQG�&HQWUDO�%D\V��)LJXUH����%����7KLV�LQFUHDVH�LV�FRQVLVWHQW�ZLWK�FODVVLFDO�
0LFKDHOLV�0HQWHQ�OLNH�NLQHWLFV�RI�SK\WRSODQNWRQ�QXWULHQW�XSWDNH��H�J���(SSOH\�HW�DO����������LQ�
ZKLFK�91+��LV�SURSRUWLRQDO�WR�1+�

��FRQFHQWUDWLRQ�DW�QRQ�VDWXUDWLQJ�OHYHOV��XQWLO�VRPH�91+��0$;�
LV�UHDFKHG���

7KH�KLJKHVW�REVHUYHG�YDOXHV�IRU�91+���ZKLFK�RFFXUUHG�DW�WKH�KLJKHVW�REVHUYHG�1+�
��

FRQFHQWUDWLRQV��)LJXUH����%��ZHUH�FRPSDUDEOH�WR�WKRVH�IRU�912��DW�ORZ�1+�
��FRQFHQWUDWLRQV�

�)LJXUH����$���,QWHUHVWLQJO\��WKLV�VXJJHVWV�WKDW�WKH�SK\WRSODQNWRQ�FRPPXQLW\�ZDV�DEOH�WR�XWLOL]H�
1+��DW�VLPLODU�UDWHV�DV�12�

��DW�WKH�H[WUHPH�HQGV�RI�WKH�REVHUYHG�1+��OHYHOV���7KH�RYHUDOO�UDWH�RI�
',1�XSWDNH��9',1� �912����91+�

��LV�XOWLPDWHO\�WKH�DPRXQW�RI�1�EHLQJ�WDNHQ�XS�E\�SK\WRSODQNWRQ�
�DVVXPLQJ�XSWDNH�RI�RUJDQLF�1�LV�QHJOLJLEOH���7R�D�ILUVW�DSSUR[LPDWLRQ��912��0$;��DQG�91+��0$;�
GR�QRW�DSSHDU�VXEVWDQWLDOO\�GLIIHUHQW��L�H���LW�LV�QRW�REYLRXV�WKDW�WKH�FRQFHSWXDOL]HG�LOOXVWUDWLRQ�RI�
3���DV�SUHVHQWHG�LQ�)LJXUH����$�LV�FRQVLVWHQW�ZLWK�WKLV�VHW�ILHOG�REVHUYDWLRQV���)URP�)LJXUHV����$�
DQG����%��WKH�UHODWLRQVKLS�EHWZHHQ�9',1��DQG�1+�

��FRQFHQWUDWLRQ�DW�LQWHUPHGLDWH�1+�
��

FRQFHQWUDWLRQV�LV�XQFOHDU���'RHV�9',1�YDU\�DV�D�IXQFWLRQ�RI�1+�
���RU�LV�LW�PRUH�RU�OHVV�FRQVWDQW"�

8QGHUVWDQGLQJ�WKLV�SRLQW�LV�FULWLFDO�WR�HYDOXDWLQJ�3���RI�WKH�1+�
��LQKLELWLRQ�FRQFHSWXDO�PRGHO��
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�

Figure 3.5. From Dugdale et al. (2007) A. VNO3 versus NH4+ concentration in Suisun, San Pablo, and 
Central Bays. B. VNH4 vs. NH4+ in San Pablo and Central Bays.  C. VNH4 vs. NH4+ in Suisun Bay. 
�

7KH�UHODWLRQVKLS�EHWZHHQ�91+��DQG�1+��FRQFHQWUDWLRQ�LQ�6XLVXQ�%D\�GLIIHUHG�FRQVLGHUDEO\�IURP�
WKDW�REVHUYHG�LQ�6DQ�3DEOR�%D\�DQG�&HQWUDO�%D\���$FURVV�WKH�UDQJH�RI�REVHUYHG�1+�

��
FRQFHQWUDWLRQV�LQ�6XLVXQ��91+��UHPDLQHG�ORZ�DQG�UHODWLYHO\�FRQVWDQW��DOWKRXJK�ZLWK�FRQVLGHUDEOH�
YDULDELOLW\���DQG�ZDV�QRW�FRUUHODWHG�ZLWK�1+�

��FRQFHQWUDWLRQ��)LJXUH����&���912���)LJXUH����$��
ZDV�DOVR�ORZ�LQ�6XLVXQ��HYHQ�DW�WKH�ORZHVW�1+�

��FRQFHQWUDWLRQV��DOWKRXJK�WKHUH�ZHUH�OLPLWHG�GDWD�
LQ�WKLV�FRQFHQWUDWLRQ�UDQJH�EHFDXVH�RI�JHQHUDOO\�KLJKHU�1+�

��FRQFHQWUDWLRQV�LQ�6XLVXQ���7KXV��
DOWKRXJK�91+��DQG�912��ZHUH�ERWK�ORZ��VRPH�RWKHU�IDFWRU�DSSHDUV�WR�EH�SOD\LQJ�D�PDMRU�UROH�LQ�
UHJXODWLQJ�1�XSWDNH�UDWHV��EH\RQG�DQ�HIIHFW�WKDW�PD\�EH�H[HUWHG�E\�1+�

����'XJGDOH�HW�DO��������
QRWH�WKDW�WKH�³UHODWLRQVKLS�IRU�91+��YHUVXV�1+�

��IRU�6XLVXQ�%D\�VKRZV�QR�REYLRXV�SDWWHUQ��ZKLFK�
FDQQRW�EH�H[SODLQHG�DW�SUHVHQW«´��7KLV�REVHUYDWLRQ�RI�XQH[SODLQHG�ORZ�1�XSWDNH�UDWHV�KDV�OHG�WR�
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WKH�VR�FDOOHG�³EDG�6XLVXQ´�LQWHUSUHWDWLRQ��DQG�KDV�EHHQ�VXEVHTXHQWO\�REVHUYHG��3DUNHU�HW�DO�
����D���DV�GHVFULEHG�EHORZ��

$�WLPH�VHULHV�RI�1�XSWDNH�UDWHV�LQ�6DQ�3DEOR�ZDV�DOVR�SUHVHQWHG��)LJXUH�������,Q�WKH�6DQ�3DEOR�
WLPH�VHULHV��WKH�KLJKHVW�PHDVXUHG�UDWH�RI�1�XSWDNH�ZDV�DFWXDOO\�D�91+��DURXQG�$SULO����ZKHQ�
1+�

��ZDV�DSSUR[LPDWHO\����XPRO�/�����912��ZDV�ORZ��DQG�GLG�LQFUHDVH�ZKHQ�1+�
��

FRQFHQWUDWLRQV�GHFUHDVHG��+RZHYHU��9',1� �912����91+���ZDV�DFWXDOO\�JUHDWHU�DURXQG�$SULO���
FRPSDUHG�WR�VXEVHTXHQW�PRQWKV��DUJXLQJ�WKDW��DOWKRXJK�1+�

��FRQFHQWUDWLRQV�GHFUHDVHG�DQG�912��
LQFUHDVHG��WKH�RYHUDOO�UDWH�RI�1�XSWDNH�GLG�QRW�LQFUHDVH�ZKHQ�1+�

��ZDV�ORZ���$�WLPH�VHULHV�LQ�
&HQWUDO�%D\�ZDV�TXDOLWDWLYHO\�VLPLODU�WR�WKH�6DQ�3DEOR�%D\�WLPH�VHULHV��QRW�VKRZQ��VHH�'XJGDOH�
HW�DO��������)LJXUH�����7KH�WLPH�VHULHV�IRU�912���91+���DQG�9',1��LQ�6DQ�3DEOR�DQG�&HQWUDO�%D\V�
DUH�QRW�QHFHVVDULO\�FRQVLVWHQW�ZLWK�3���RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO��RQ�WKH�FRQWUDU\�
WKH\�PLJKW�EH�LQWHUSUHWHG�DV�VXJJHVWLQJ�WKDW�1+�

��DQG�12�
��DUH�DFWXDOO\�XWLOL]HG�FRPSDUDEO\�ZHOO�

E\�WKH�SK\WRSODQNWRQ�FRPPXQLW\���6LQFH�HQYLURQPHQWDO�FRQGLWLRQV�SOD\�D�VWURQJ�UROH�LQ�VKDSLQJ�
WKH�SK\VLRORJLFDO�VWDWH�RI�SK\WRSODQNWRQ��WKH�YDULDWLRQ�LQ�WKH�WRWDO�VL]H�RI�WKH�VXPPHG�EDUV�LQ�
)LJXUH�����FRPSOLFDWHV�WKHVH�LQWHUSUHWDWLRQV���H�J���SK\WRSODQNWRQ�ZRXOG�XS�UHJXODWH�JURZWK�DQG�
1�XSWDNH�LI�OLJKW�OHYHOV�LQFUHDVHG��RU�GRZQ�UHJXODWH�DW�ORZHU�OLJKW�OHYHOV��DQG�FKDQJHV�LQ�OLJKW�
OHYHOV�FRXOG�EH�FDXVHG�E\�SHULRGV�RI�VWUDWLILFDWLRQ����

 

Figure 3.6. From Dugdale  et al. 2007.  Time series of uptake rates and NH4+ concentrations in San 
Pablo Bay (field investigation).   Chl-a concentrations (not shown here) increased steadily from 2 
mg/L at end of February to 12 mg/L toward the end of April.  Chl-a levels decreased linearly to 1 mg/L 
by late June. (chl data not shown) 

3.4.2. Enclosure experiments  
'XJGDOH�HW�DO���������DOVR�SHUIRUPHG�HQFORVXUH�H[SHULPHQWV��XVLQJ�&HQWUDO�%D\�ZDWHU�WR�ZKLFK�
WKH\�DGGHG�DPPRQLXP�DW�GLIIHUHQW�FRQFHQWUDWLRQV���,QFXEDWLRQV�ZHUH�FDUULHG�RXW�RYHU���GD\V�DW�
FRQVWDQW�WHPSHUDWXUH�XQGHU�����RI�LQFLGHQW�OLJKW���,Q�VSULQJ������LQFXEDWLRQV��ZKHQ�1+�

��
FRQFHQWUDWLRQV�GHFUHDVHG�EHORZ�D�IHZ�PLFURPRODU��912��LQFUHDVHG�VXEVWDQWLDOO\��FRQVLVWHQW�ZLWK�
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ILHOG�REVHUYDWLRQV�DQG�FRQVLVWHQW�ZLWK�DQ�LQKLELWLRQ�E\�RU�SUHIHUHQFH�IRU�1+�
���VHH�)LJXUH����

'XJGDOH�HW�DO���������,Q�DGGLWLRQ��LQ�VRPH�LQFXEDWLRQV��PD[LPXP�REVHUYHG�YDOXHV�IRU�912��
H[FHHGHG�PD[LPXP�YDOXHV�IRU�91+���FRQVLVWHQW�ZLWK�3���RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�
PRGHO��3ULPDU\�SURGXFWLRQ�UDWHV�ZHUH�QRW�PHDVXUHG��EXW�FKDQJHV�LQ�FKORURSK\OO�ZHUH�PRQLWRUHG���
:KLOH�FKORURSK\OO�OHYHOV�GLG�LQFUHDVH�PRUH�UDSLGO\�RQFH�1+�

��ZDV�ORZ��LW�LV�GLIILFXOW�WR�LQIHU�
ZKHWKHU�RU�QRW��ELRPDVV�VSHFLILF��SULPDU\�SURGXFWLRQ�UDWHV�LQFUHDVHG��VLQFH�9&�ZDV�QRW�
PHDVXUHG���'LIIHUHQFHV�LQ�VWDUWLQJ�FKORURSK\OO�FRQFHQWUDWLRQV�IXUWKHU�FRPSOLFDWH�WKH�
LQWHUSUHWDWLRQV���$�VHFRQG�VHW�RI�HQFORVXUHV�H[SHULPHQWV�ZHUH�FDUULHG�RXW�XVLQJ�&HQWUDO�%D\�
ZDWHU�LQ�VSULQJ�������ZLWK�1+�

��DGGLWLRQV�RI���������������DQG����XPRO�/����7KHVH�LQFXEDWLRQV�
GHPRQVWUDWH�FOHDUO\�WKDW�912��UHPDLQHG�ORZ�XQWLO�1+��FRQFHQWUDWLRQV�GHFUHDVHG�WR�EHORZ�a��
XPRO�/����FRQVLVWHQW�ZLWK�3���RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO��VHH�)LJXUH���RI�'XJGDOH�
HW�DO�����������1R�GDWD�ZHUH�SUHVHQWHG�IRU�KRZ�91+��YDULHG�ZLWK�1+�

��FRQFHQWUDWLRQV��ZKLFK�
ZRXOG�EH�YDOXDEOH�LQIRUPDWLRQ�IRU�LQWHUSUHWLQJ�KRZ�9',1� �912����91+���YDULHG�DV�D�IXQFWLRQ�RI�
1+�

��FRQFHQWUDWLRQ���

3DUNHU�HW�DO������D��FDUULHG�RXW�HQFORVXUH�H[SHULPHQWV�WR�WHVW�WKH�K\SRWKHVLV�WKDW�³SK\WRSODQNWRQ�
LQ�WKH�QRUWKHUQ�6)(�VKRZ�D�SK\VLRORJLFDO�DGYDQWDJH�WR�JURZWK�VXSSRUWHG�E\�12�

���VXFK�WKDW�
KLJKHU�&�XSWDNH�DQG�ELRPDVV�DFFXPXODWLRQ�DUH�OLQNHG�ZLWK�12�

��XSWDNH´�FRPSDUHG�WR�1+�
��

XSWDNH���(QFORVXUH�H[SHULPHQWV�ZHUH�FRQGXFWHG�GXULQJ�0DUFK��-XO\��DQG�6HSWHPEHU�������ZLWK�
VDPSOHV�FROOHFWHG�IURP�6XLVXQ��&HQWUDO��DQG�6DQ�3DEOR�%D\V���7KH�HQFORVXUH�H[SHULPHQWV�ZHUH�
VLPLODU�WR�WKRVH�FRQGXFWHG�E\�'XJGDOH�HW�DO����������FDUULHG�RXW�DW�DSSUR[LPDWHO\�����LQFLGHQW�
OLJKW�RYHU����KRXUV���,Q�DGGLWLRQ�WR�PHDVXULQJ�912��DQG�91+���D�PDLQ�GLIIHUHQFH�LQ�WKH�VWXG\�
GHVLJQ�ZDV�WKDW�3DUNHU�HW�DO�������D��DOVR�PHDVXUHG�&�XSWDNH��D�GLUHFW�PHDVXUH�RI�SULPDU\�
SURGXFWLRQ��E\�VSLNLQJ�VDPSOHV�ZLWK���&�HQULFKHG�LQRUJDQLF�FDUERQ�DQG�TXDQWLI\LQJ�WKH�DPRXQW�
FRQYHUWHG�LQWR�QHZ�SK\WRSODQNWRQ�ELRPDVV���&KORURSK\OO�D�ZDV�DOVR�VL]H�IUDFWLRQDWHG�RYHU�WKH�
FRXUVH�RI�WKH�H[SHULPHQWV��DOORZLQJ�3DUNHU�HW�DO������D��WR�SDUWLWLRQ�LQFUHDVHV�LQ�FKORURSK\OO�
DPRQJ�ODUJHU�FHOOHG�VSHFLHV��!���P��H�J���GLDWRPV��RU�VPDOOHU�FHOOHG�VSHFLHV������P����

7KH�3DUNHU�HW�DO������D��HQFORVXUH�H[SHULPHQWV�IURP�6DQ�3DEOR�DQG�&HQWUDO�%D\�EHKDYHG�
VLPLODUO\�WR�HDFK�RWKHU�ZLWK�UHVSHFW�WR�WKHLU�XSWDNH�RI�1�DQG�&��)LJXUH�������7KH�SUHVHQFH�RI�
1+�

��DERYH�a��XPRO�/���UHVXOWHG�LQ�VXSSUHVVHG�912���)LJXUH����$�DQG����&����7KLV�UHVXOW�LV�
FRQVLVWHQW�ZLWK�WKH�3���RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO��ZLWK�ILHOG�DQG�HQFORVXUH�UHVXOWV�
RI�'XJGDOH�HW�DO����������DQG�ZLWK�WKH�EURDGHU�OLWHUDWXUH�WKDW�1+�

��LQKLELWLRQ�RI��RU�SUHIHUHQFH�
RYHU��QLWUDWH�XSWDNH�LV�D�FRPPRQ�SKHQRPHQRQ�DPRQJ�PDULQH�DQG�HVWXDULQH�SK\WRSODQNWRQ�
�6HFWLRQ�����91+��ZDV�DSSUR[LPDWHO\���IROG�JUHDWHU�WKDQ�912��DW�WKH�EHJLQQLQJ�RI�LQFXEDWLRQV�
�)LJXUH����&�DQG����'����%RWK�91+��DQG�912��LQFUHDVHG�VXEVWDQWLDOO\�RYHU�WKH�ILUVW����KRXUV��
DOWKRXJK�1+�

��ZDV�VWLOO�SUHVHQW�DW�a���PRO�/����DQG�91+��UHPDLQHG�����WLPHV�JUHDWHU�WKDQ�912���
%\����KRXUV��QHDUO\�DOO�1+�

��KDG�EHHQ�FRQVXPHG��DQG�912��LQFUHDVHG�WR�����������K����ZKLFK�
ZDV�DSSUR[LPDWHO\���IROG�JUHDWHU�WKDQ�WKH�PD[LPXP�YDOXHV�IRU�91+��PHDVXUHG�GXULQJ�WKH�
H[SHULPHQWV���7KHVH�REVHUYDWLRQV�DUH�FRQVLVWHQW�ZLWK�3���RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�
PRGHO�WKDW�PD[LPXP�12�

��XSWDNH�UDWHV�±�RQFH�1+�
��KDV�GHFUHDVHG�EHORZ�a���PRO�/���±�DUH�
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JUHDWHU�WKDQ�PD[LPXP�1+�
��XSWDNH�UDWHV��DQG�WKDW�RYHUDOO�LQRUJDQLF�1�XSWDNH��9',1��LV�JUHDWHU�

ZKHQ�1+�
��FRQFHQWUDWLRQV�DUH�ORZ���3DUNHU�HW�DO�������D��VXJJHVW�WKDW�WKH�PHFKDQLVP�XQGHUO\LQJ�

WKH�KLJKHU�UDWH�RI�12�
��XSWDNH�UHODWHV�WR�WKH�FRQFHSW�RI�DFFHOHUDWLRQ�RI�XSWDNH���VKLIW�XS����VXFK�

WKDW�WKH�PD[LPDO�12�
��XSWDNH��912��0$;��LV�YDULDEOH�DQG�SURSRUWLRQDO�WR�WKH�12�

��FRQFHQWUDWLRQ�
�=LPPHUPDQ�HW�DO���������:LONHUVRQ�HW�DO���������'XJGDOH�HW�DO����������

$OWKRXJK�ERWK�91+��DQG�912��LQFUHDVHG�VXEVWDQWLDOO\�RYHU�WKH�ILUVW����KRXUV��9&�UHPDLQHG�
UHODWLYHO\�FRQVWDQW�RYHU�WKLV�WLPH�SHULRG���+RZHYHU��9&�LQFUHDVHG�VXEVWDQWLDOO\�EHWZHHQ����DQG�
���KRXUV��FRLQFLGHQW�ZLWK�WKH�VKDUS�LQFUHDVH�LQ�912��DIWHU�1+�

��OHYHOV�GHFUHDVHG�WR�QHDU�]HUR�
YDOXHV���7KHVH�REVHUYDWLRQV�DUH�FRQVLVWHQW�ZLWK�3���RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�WKDW�
SULPDU\�SURGXFWLRQ�LV�JUHDWHU�ZKHQ�1+��OHYHOV�DUH�ORZ�DQG�SK\WRSODQNWRQ�EHJLQ�XWLOL]LQJ�12�

��
IRU�JURZWK��3ORWV�IRU�-XO\�DQG�6HSWHPEHU�LQFXEDWLRQV�DUH�QRW�SUHVHQWHG�EXW�PD[LPXP�91+��DQG�
912��SUHVHQWHG�LQ�WDEOH�IRUP�VXJJHVW�WKDW�WKH�UHVXOWV�ZHUH�VLPLODU�DFURVV�WKH�GLIIHUHQW�
H[SHULPHQWV���$FURVV�DOO�LQFXEDWLRQV��FKO�D�LQFUHDVHV�RFFXUUHG�PRVWO\�����������LQ�!��𝜇P�VL]H�
IUDFWLRQ��VXJJHVWLQJ�WKDW�PXFK�RI�WKH�QHZ�SURGXFWLRQ�ZDV�GXH�WR�ODUJHU�FHOOHG�SK\WRSODQNWRQ��
VXFK�DV�GLDWRPV����

   

Figure 3.7. From Parker et al. 2012a. Time series of NH4+ and NO3- concentrations and specific uptake 
during March enclosure experiments conducted in Suisun Bay (open circles), San Pablo Bay (open 
squares) and Central Bay (closed triangles). A. [NH4+], B. specific C uptake, VC, C. specific NO3- uptake, 
VNO3, D. specific NH4+ uptake rate, VNH4. 
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(QFORVXUH�H[SHULPHQWV�IURP�6XLVXQ�%D\�EHKDYHG�GLIIHUHQWO\�WKDQ�WKRVH�IURP�6DQ�3DEOR�%D\�DQG�
&HQWUDO�%D\��)LJXUH�������,QLWLDO�YDOXHV��W� ����RI�91+��ZHUH�ORZHU�LQ�6XLVXQ�WKDQ�WKH�RWKHU�
HPED\PHQWV��DQG�JUDGXDOO\�LQFUHDVHG�RYHU�WKH�H[SHULPHQW��HYHQWXDOO\��DIWHU����K��HTXDOLQJ�WKH�
PD[LPXP�91+��YDOXHV�REVHUYHG�LQ�WKH�RWKHU�VXE�HPED\PHQWV��ZKLFK�RFFXUUHG�DIWHU�RQO\����K��
)LJXUH����'���$IWHU����K��1+�

��GHFUHDVHG�WR�DSSUR[LPDWHO\�]HUR��DQG�912��ZDV�KLJKHU�DW����K�
WKDQ�WKH�PD[LPXP�91+��REVHUYHG�DW����K���9F�LQFUHDVHG�PRGHVWO\�EHJLQQLQJ�DW����K��EXW�GLG�QRW�
VKRZ�D�SURQRXQFHG�LQFUHDVH�EHWZHHQ����DQG����KU�WR�FRUUHVSRQG�ZLWK�WKH�LQFUHDVH�LQ�912���91+��

ZDV�a��IROG�ORZHU�DW�W� ���DQG�W� ����K�WKDQ�91+��LQ�WKH�6DQ�3DEOR�DQG�&HQWUDO�%D\�HQFORVXUHV��
DQG�a����OHVV�WKDQ�WKHLU�PD[LPXP�HYHQ�DIWHU����K���$OWKRXJK�WKH�VWDUWLQJ�1+�

��OHYHOV�ZHUH�
JUHDWHU�LQ�6XLVXQ�HQFORVXUHV�WKDQ�WKRVH�IURP�WKH�RWKHU�VXE�HPED\PHQWV��WKLV�GLIIHUHQFH�FDQQRW�
H[SODLQ�WKH�PDUNHG�GLIIHUHQFHV�LQ�EHKDYLRU�EHWZHHQ�WKH�6XLVXQ�DQG�RWKHU�HQFORVXUH�H[SHULPHQWV��
'XJGDOH�HW�DO��������REVHUYHG�WKDW�91+��DFWXDOO\�LQFUHDVHG�OLQHDUO\�ZLWK�LQFUHDVLQJ�1+�

��
FRQFHQWUDWLRQ�XS�WR�a����PRO�/���LQ�&HQWUDO�DQG�6DQ�3DEOR�%D\V��VR�HOHYDWHG�1+�

��LQ�6XLVXQ�
FDQQRW�EH�UHDGLO\�LQYRNHG�DV�WKH�FDXVH�IRU�VXSSUHVVHG�91+����,Q�IDFW��WKH�VXSSUHVVHG�91+��LQ�
6XLVXQ�HQFORVXUHV�LQ�3DUNHU�HW�DO��������DUH�TXDOLWDWLYHO\�FRQVLVWHQW�ZLWK�WKH�ORZ�91+��
PHDVXUHPHQWV�LQ�6XLVXQ�REVHUYHG�E\�'XJGDOH�HW�DO����������)LJXUH����&����3DUNHU�HW�DO���������
H[SODLQ�WKH�EHKDYLRU�LQ�6XLVXQ�%D\�DV���³:H�LQWHUSUHW�WKHVH�DQRPDORXV�UHVSRQVHV�E\�6XLVXQ�%D\�
SK\WRSODQNWRQ�WR�UHIOHFW�VRPH�VWUHVV�RQ�JURZWK�SURFHVVHV��7KH�KLJK�1+�

��FRQGLWLRQ��WKH�UHVXOW�RI�
ZDVWHZDWHU�ORDGLQJ�WR�WKH�QRUWKHUQ�6)(��-DVVE\���������LV�SRWHQWLDOO\�H[DFHUEDWHG�E\�VRPH�
DGGLWLRQDO�VWUHVV�WKDW�UHVXOWV�LQ�ORZ�1+�

��XSWDNH�UDWHV��2ZLQJ�WR�LWV�SUR[LPLW\�WR�WKH�
6DFUDPHQWR�6DQ�-RDTXLQ�'HOWD��ZKLFK�UHFHLYHV�QHDUO\�KDOI�RI�&DOLIRUQLD¶V�VXUIDFH�ZDWHU��WKHUH�DUH�
D�ODUJH�QXPEHU�RI�SRWHQWLDO�FRQWDPLQDQWV�LQFOXGLQJ�KHUELFLGHV�DQG�SHVWLFLGHV��.XLYLOD�DQG�
+ODGLN��������:HVWRQ�DQG�/\G\��������:HUQHU�HW�DO����������DQG�PHWDOV��-RKQVRQ�HW�DO���������´���

7KH�K\SRWKHVLV�RI�DQRWKHU�WR[LFDQW�LQ�6XLVXQ�%D\�KDV�EHHQ�SURSRVHG�HOVHZKHUH��%D[WHU�HW�DO��
�������DQG�DOOXGHG�WR�LQ�'XJGDOH�HW�DO����������DQG�LV�D�SODXVLEOH�H[SODQDWLRQ�JLYHQ�WKH�
DJULFXOWXUH��DQG�ZDVWHZDWHU�GHULYHG�DQWKURSRJHQLF�FRQWDPLQDQWV�ORDGHG�WR�WKH�V\VWHP���
+RZHYHU��WKH�IDFW�WKDW�91+��DQG�9&�JUDGXDOO\�LQFUHDVH�RYHU�WKH�LQFXEDWLRQ�ZRXOG�UHTXLUH�WKDW�
ELRDYDLODEOH�OHYHOV�RI�WKH�WR[LF�VXEVWDQFH�V��GHFUHDVHG�RYHU�WKH�FRXUVH�RI�WKH�H[SHULPHQWV��

3DUNHU�HW�DO�������D��DOVR�TXDQWLILHG�PD[LPXP�XSWDNH�UDWHV�IRU�1+�
��DQG�12�

��XVLQJ�QDWXUDO�
SK\WRSODQNWRQ�DVVHPEODJHV�IURP�&HQWUDO�%D\��LQFXEDWHG�DW�����LQFLGHQW�OLJKW���7KH�PD[LPXP�
XSWDNH�UDWH�IRU�12�

���912��0$;��ZDV�������K���ZKLOH�91+��0$;�ZDV�������K����)LJXUH����$����7KLV�
ILQGLQJ�LV�FRQVLVWHQW�ZLWK�3���RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�WKDW�SK\WRSODQNWRQ�LQ�6)(�
FDQ�WDNH�XS�12�

��PRUH�UDSLGO\�WKDQ�1+�
����:KLOH�LW�VHHPV�SODXVLEOH��EDVHG�RQ�D�YLVXDO�LQVSHFWLRQ�

RI�WKH�GDWD��WKDW�WKH�912��0$;��DQG�91+��0$;�DUH�FRQVLVWHQWO\�GLIIHUHQW��WKHUH�LV�FXUUHQWO\�OLPLWHG�
GDWD��DQG�LW�LV�QRW�VWDWHG�ZKHWKHU�WKH�YDOXHV�DUH�VLJQLILFDQWO\�GLIIHUHQW���)XUWKHUPRUH��WKH�QHDU�
VDWXUDWLRQ�RI�XSWDNH�UDWH�VKRZQ�LQ�)LJXUH����$��L�H���91+��UHDFKLQJ�D�UHODWLYHO\�FRQVWDQW�YDOXH��DW�
1+�

��FRQFHQWUDWLRQV�RI�a�����PRO�/����GLIIHUV�IURP�WKH�UHVXOWV�SUHVHQWHG�LQ�'XJGDOH�HW�DO���������
�)LJXUH����%���ZKHUH�91+��LQFUHDVHG�OLQHDUO\�ZLWK�1+�

��FRQFHQWUDWLRQV�XS�WR�������PRO�/������
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:KLOH�D�JUDSK�IRU�912��YV��1+�
��ZDV�SUHVHQWHG�IRU�WKH�HQWLUH�VHW�RI�LQFXEDWLRQV�LQ�3DUNHU�HW�DO�

�����D���)LJXUH����%���QR�VLPLODU�SORW�ZDV�SUHVHQWHG�IRU�91+��YV��1+�
���,I��KRZHYHU��WKH�91+��YV��

1+�
��UHODWLRQVKLS�LQ�)LJXUH����$�ZDV�GHYHORSHG�XQGHU�WKH�VDPH�H[SHULPHQWDO�FRQGLWLRQV�DV�WKH�

912��YV��1+�
��UHVXOWV�SUHVHQWHG�LQ�)LJXUH����%��DQG�WKH�FXUYH�IURP�)LJXUH����$�LV�VXSHUSRVHG�RQ�

)LJXUH����%��LW�DSSHDUV�WKDW�9',1� �91+��912��DW�1+�
��FRQFHQWUDWLRQV�DERYH������PRO�/���DUH�

FRPSDUDEOH�WR�RU�JUHDWHU�WKDQ�DOO�EXW�VHYHUDO�RI�WKH�912��YDOXHV�DW�ORZ�1+�
���$�VLPLODU�

REVHUYDWLRQ�ZDV�PDGH�DERYH�UHJDUGLQJ�WKH�'XJGDOH�HW�DO���������ILQGLQJV��FRPSDULQJ�)LJXUH�
���$�DQG�%���7KXV��WKH�SXEOLVKHG�H[SHULPHQWDO�UHVXOWV�GR�QRW�\HW�DOORZ�XV�WR�ULJRURXVO\�DVVHVV�
KRZ�9',1�YDULHV�DV�D�IXQFWLRQ�RI�1+�

��FRQFHQWUDWLRQ�RU�TXDQWLDWLYHO\�WHVW�3���RI�WKH�FRQFHSWXDO�
PRGHO��L�H���GLVWLQJXLVK�EHWZHHQ�WKH�LGHDOL]DWLRQV�LQ�)LJXUH����$�%��RU�&�����3DUNHU�HW�DO���������
QRWH�WKDW�IHZ�VWXGLHV�H[LVW�VKRZLQJ�IDVWHU�SK\WRSODQNWRQ�JURZWK�RQ�12�

��WKDQ�1+�
����7KH�

OLWHUDWXUH�UHYLHZ�LQ�6HFWLRQ���LV�FRQVLVWHQW�ZLWK�WKDW�DVVHVVPHQW����

 

Figure 3.8. A. Michaelis-Menten kinetic curves for NO3- (open circles) and NH4+ (closed squares) in 
central San Francisco Bay in April 2005. Data for VNH4 vs. [NH4+] were fit to a hyperbolic function. 
Dotted line at 0.044 h-1 is average VNO3. B. Biomass-specific NO3- uptake versus NH4+ concentration. 
Results from enclosure experiments conducted in March, July and September (n =120).  
�

3DUNHU�HW�DO������D��PDNH�WZR�EURDG�FRPPHQWV�RQ�WKH�RYHUDOO�SRWHQWLDO�LPSDFW�RI�HOHYDWHG�1+�
��

LQ�WKH�QRUWKHUQ�6)(�WKDW�GHVHUYH�VRPH�GLVFXVVLRQ���)LUVW��³$Q�DPPRQLXP�EDVHG�V\VWHP�ZLOO�
OLNHO\�H[KLELW�D�SULPDU\�SURGXFWLRQ�RI������RI�WKDW�ZKHUH�12�

��LV�IXOO\�XVHG�´�7KH�H[SHULPHQWDO�
VXSSRUW�IRU�WKLV�VWDWHPHQW�LV�D�FRPSDULVRQ�RI�GLVVROYHG�LQRUJDQLF�FDUERQ�XWLOL]DWLRQ�LQ�6XLVXQ�
LQFXEDWLRQV�FRPSDUHG�WR�WKRVH�IURP�&HQWUDO�DQG�6DQ�3DEOR�%D\V��*LYHQ�WKDW�HDUOLHU�LQ�WKLV�SDSHU�
WKH�ORZ�SURGXFWLYLW\�LQ�6XLVXQ�%D\�HQFORVXUHV�ZDV�DWWULEXWHG�WR�D�IDFWRU�RWKHU�WKDQ�1+�

���L�H���
SHVWLFLGHV�RU�RWKHU�WR[LF�FRPSRXQGV���LW�LV�QRW�REYLRXV�WKDW�WKH�UHVXOWV�IURP�WKHVH�H[SHULPHQWV�
FDQ�EH�XVHG�WR�VXSSRUW�WKLV�SRLQW���6HFRQG��WKH�DXWKRUV�PDNH�D�UHODWHG�SRLQW��³«HQDEOLQJ�12�

��
XWLOL]DWLRQ�E\�SK\WRSODQNWRQ�ZLOO�LQFUHDVH�WKH�UDWH�RI�FDUERQ�XSWDNH��L�H���SULPDU\�SURGXFWLRQ���
DQG�FKO�D��ZKHUHDV�FRQWDPLQDQW�OHYHOV�RI�1+�

��ZLOO�NHHS�FDUERQ�XSWDNH�ORZ�DQG�PD\�HYHQ�EH�
VXIILFLHQWO\�WR[LF�WR�GHFUHDVH�SURGXFWLYLW\´���7KH�LQLWLDO�SDUW�RI�WKLV�VWDWHPHQW�LV�TXDOLWDWLYHO\�WKH�
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VDPH�DV�WKH�DERYH�³����´�VWDWHPHQW���7KH�ODWWHU�SRLQW��1+�
��WR[LFLW\�WR�SK\WRSODQNWRQ��LV�QRW�

QHFHVVDULO\�ZHOO�VXSSRUWHG�E\�GDWD�IURP�WKLV�VWXG\��L�H���)LJXUH������91+��LQFUHDVHV�RU�UHPDLQV�
FRQVWDQW�RYHU�1+�

��FRQFHQWUDWLRQV�UDQJLQJ�XS�WR�a����PRO�/�����LV�QRW�ZHOO�VXSSRUWHG�E\�GDWD�
UHSRUWHG�LQ�'XJGDOH�HW�DO����������)LJXUH������91+��LQFUHDVHG�ZLWK�LQFUHDVLQJ�1+�

��XS�WR������
�PRO�/�����DQG�LV�QRW�FRQVLVWHQW�ZLWK�WKH�EURDGHU�OLWHUDWXUH�RQ�1+�

��WR[LFLW\�WR�SK\WRSODQNWRQ�
�6HFWLRQ����ZKHQ�DPELHQW�1+�

��FRQFHQWUDWLRQV�LQ�6)(�DUH�FRQVLVHUHG�

)LQDOO\��WKHUH�UHPDLQV�WKH�SRVVLELOLW\�WKDW�H[SHULPHQWDO�DUWLIDFWV�FRXOG�H[SODLQ�VRPH�RI�WKH�
REVHUYDWLRQV�LQ�)LJXUH������:DWHU�VDPSOHV�ZHUH�FROOHFWHG�IURP�UHODWLYHO\�ORZ�OLJKW�FRQGLWLRQV��
DQG�WKH�SK\VLRORJLFDO�VWDWH�RI�WKH�SK\WRSODQNWRQ�LQ�WKRVH�VDPSOHV�ZRXOG�KDYH�EHHQ�RSWLPL]HG�IRU�
JURZWK�DW�WKRVH�OLJKW�OHYHOV��7KH�LQFXEDWLRQV�ZHUH�FDUULHG�RXW�DW�����QDWXUDO�OLJKW��ZKLFK�
UHSUHVHQWV�D�����IROG�LQFUHDVH�LQ�LUUDGLDQFH�UHODWLYH�WR�LQ�VLWX�FRQGLWLRQV��3K\WRSODQNWRQ�DUH�QRW�
DEOH�WR�LQVWDQWDQHRXVO\�XSUHJXODWH�WR�JURZ�DW�KLJKHU�UDWHV�OLJKW�OHYHOV��WKLV�FDQ�WDNH���V�RI�KRXUV�
WR�GD\V���7KXV��LQ�WKH�HDUO\�VWDJHV�RI�WKH�HQFORVXUH�H[SHULPHQWV�������KU���VRPH�SRUWLRQ�RI�WKH�ORZ�
9&�DQG�ORZ�9',1� �91+����912��FRXOG�EH�DQ�H[SHULPHQWDO�GHVLJQ�DUWLIDFW�UHODWHG�WR�
SK\WRSODQNWRQ�SRSXODWLRQV�QRW�\HW�KDYLQJ�IXOO\�DGMXVWHG�WR�JURZWK�DW�KLJKHU�OLJKW�OHYHOV��6RPH�RI�
WKH�DFFHOHUDWLRQ�RI�9&�DQG�912��DIWHU����KU�FRXOG�FRQFHLYDEO\�EH�UHODWHG�WR�DQ�RYHUDOO�LQFUHDVH�LQ�
JURZWK�GXH�WR�SK\WRSODQNWRQ�ILQDOO\�DFFOLPDWLQJ��DV�RSSRVHG�WR�DOO�RI�WKH�LQFUHDVH�LQ�9&�EHLQJ�
UHODWHG�WR�D�VKLIW�LQ�WKH�1�VRXUFH�XWLOL]HG��*LYHQ�WKDW�6XLVXQ�%D\�W\SLFDOO\�KDV�VXEVWDQWLDOO\�
KLJKHU�WXUELGLW\�WKDQ�WKH�RWKHU�ORFDWLRQV�VWXGLHG��UHVXOWLQJ�LQ�XS�WR���IROG�OHVV�OLJKW���VRPH�RI�WKH�
GLIIHUHQFH�EHWZHHQ�6XLVXQ�HQFORVXUHV�DQG�WKH�RWKHU�HQFORVXUHV�FRXOG�EH�UHODWHG�WR�DGGLWLRQDO�WLPH�
EHLQJ�UHTXLUHG�IRU�6XLVXQ�RUJDQLVPV�WR�DFFOLPDWH�WR�KLJKHU�OLJKW�LQWHQVLWLHV� 

3.4.3. Transect observations: Sacramento River through Suisun and San Pablo Bays 
3DUNHU�HW�DO�������E��SUHVHQWV�REVHUYDWLRQV�IURP�WUDQVHFWV�DORQJ�WKH�6DFUDPHQWR�5LYHU�DQG�
WKURXJK�6XLVXQ�DQG�6DQ�3DEOR�%D\V�FDUULHG�RXW�LQ�0DUFK�DQG�$SULO��������:DWHU�TXDOLW\�
PHDVXUHPHQWV�DQG�1�DQG�&�XSWDNH�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�DW����VWDWLRQV�H[WHQGLQJ�IURP�
WKH�,����FURVVLQJ�RI�WKH�6DFUDPHQWR�5LYHU��a���NP�XSVWUHDP�RI�WKH�65:73�LQSXW��LQWR�6DQ�
3DEOR�%D\��)LJXUH��������3DUNHU�HW�DO�������E��QRWH�VKDUS�GHFOLQHV�LQ�12�

��XSWDNH�DQG�&�XSWDNH�
UDWHV�GRZQVWUHDP�RI�65:73�WKDW�FR�RFFXUU�ZLWK�VKDUS�LQFUHDVHV�LQ�1+�

��FRQFHQWUDWLRQV���7KH�
DXWKRUV�FRQFOXGH�WKDW�WKH�KLJK�1+�

��OHYHOV�DORQJ�WKH�6DFUDPHQWR�5LYHU�DQG�WKURXJK�6XLVXQ�%D\�
SUHYHQWHG�SK\WRSODQNWRQ�IURP�DFFHVVLQJ�WKH�ODUJH�12�

��SRRO��DQG�OLPLWHG�SULPDU\�SURGXFWLRQ�
UDWHV��DQG�WKDW�WKLV�LQKLELWLRQ�LV�DPRQJ�WKH�IDFWRUV�WKDW�SUHVHQWO\�OLPLWV�ODUJH�VSULQJ�SK\WRSODQNWRQ�
EORRPV�IURP�RFFXUULQJ�LQ�6XLVXQ�%D\�  
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Figure 3.9. From Parker et al. 2012b 
�

8SVWHDP�RI�65:73��WKH�PDMRULW\�RI�LQRUJDQLF�QLWURJHQ�ZDV�SUHVHQW�DV�12�
���ZLWK�KLJKHU�

FRQFHQWUDWLRQV�LQ�0DUFK��a����PRO�/����WKDQ�$SULO��a���PRO�/�����OLNHO\�GXH�WR�ODUJHU�
FRQWULEXWLRQV�IURP�DJULFXOWXUDO�UXQRII�LQ�0DUFK��)LJXUH���������'XULQJ�ERWK�PRQWKV�1+�

��
FRQFHQWUDWLRQV�LQFUHDVHG�IURP�ORZ�OHYHOV�������PRO�/����XSVWUHDP�RI�65:73�WR��������PRO�/���
LPPHGLDWHO\�GRZQVWUHDP�RI�65:73��1+�

��FRQFHQWUDWLRQV�GHFUHDVHG�E\�D�IDFWRU�RI���RYHU�WKH�
VXEVHTXHQW�������NP��WUDYHO�WLPH�a�����GD\V���GXH�SULPDULO\�WR�QLWULILFDWLRQ��DQG��DV�H[SHFWHG��
ZDV�DFFRPSDQLHG�E\�LQFUHDVHV�LQ�12�

����1+�
��FRQFHQWUDWLRQV�FRQWLQXHG�WR�GHFUHDVH�DV�ZDWHU�

WUDYHOHG�WKURXJK�6XLVXQ�DQG�6DQ�3DEOR�%D\V��OLNHO\�GXH�WR�DGGLWLRQDO�QLWULILFDWLRQ�RU�1+�
��XSWDNH�

E\�SK\WRSODQNWRQ��LQ�DGGLWLRQ�WR�WLGDO�PL[LQJ�ZLWK�VDOWLHU�ORZHU��1+�
��ZDWHUV����
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Figure 3.10. From Parker et al. 2012b 
�

,QWURGXFWLRQ�RI�WUHDWHG�HIIOXHQW�IURP�657:3�KDG�D�VXEVWDQWLDO�LQIOXHQFH�RQ�WKH�IRUP�RI�1�WDNHQ�
XS�E\�SK\WRSODQNWRQ���8SVWUHDP�RI�WKH�65:73��912��ZDV�UHODWLYHO\�KLJK�DQG�91+��ZDV�ORZ�
�)LJXUH���������7KH�UHODWLYH�PDJQLWXGHV�RI�912��DQG�91+��VKLIWHG�VKDUSO\�GRZQVWUHDP�RI�
65:73��912��GHFUHDVHG�E\�PRUH�WKDQ�RQH�RUGHU�RI�PDJQLWXGH��DQG�91+��LQFUHDVHG�E\�
DSSUR[LPDWHO\�RQH�RUGHU�RI�PDJQLWXGH���7KLV�VKDUS�GHFOLQH�LQ�912��LV�FRQVLVWHQW�ZLWK�3���RI�WKH�
1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�WKDW�DW�HOHYDWHG�1+�
��OHYHOV�12�

��XSWDNH�LV�HLWKHU�LQKLELWHG�RU�
WKDW�1+�

��XSWDNH�LV�SUHIHUUHG���,Q�0DUFK�������9',1� �91+��912��PHDVXUHG�DW�VWDWLRQV�XSVWUHDP�
RI�65:73�ZHUH�ODUJHU�WKDQ�DOO�9',1� �91+��912��PHDVXUHPHQWV�DW�ULYHULQH�VWDWLRQV�GRZQVWUHDP�
RI�65:73��DQG�WKRVH�LQ�6XLVXQ�%D\���$�VLPLODU�SDWWHUQ�RI�VKDUS�LQFUHDVH�RI�91+��DQG�GHFUHDVH�RI�
912��DOVR�RFFXUUHG�GRZQVWUHDP�RI�65:73�LQ�$SULO��������+RZHYHU��RYHU�WKH�ILUVW����NP�
GRZQVWUHDP�RI�65:73��91+���ZDV�FRPSDUDEOH�WR��DQG�VRPHWLPHV�H[FHHGHG��912��XSVWUHDP�RI�
657:3��$OWKRXJK�WKHUH�ZDV�VXEVWDQWLDO�YDULDWLRQ��91+��WHQGHG�WR�GHFUHDVH�ZLWK�GLVWDQFH�
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GRZQVWUHDP�IURP�65:73�RYHU�WKH�����NP�LQ�0DUFK�DQG�$SULO��$SULO�SHDN�LQ�6XLVXQ�GLVFXVVHG�
EHORZ���DSSURDFKLQJ�PLQLPXP�YDOXHV�LQ�6XLVXQ�%D\��EHIRUH�VKDUSO\�LQFUHDVLQJ�LQ�6DQ�3DEOR�
%D\���

 

Figure 3.11. From Parker et al. 2012b 
�

9&�YDOXHV�ZHUH�HLWKHU�IDLUO\�FRQVWDQW�RU�VKRZHG�PRGHVW�YDULDWLRQ�XSVWUHDP�RI�65:73��DQG�
GHFUHDVHG�FRQVLVWHQWO\�EXW�JUDGXDOO\�GRZQVWUHDP�RI�65:73�LQ�0DUFK��DQG�PRUH�VKDUSO\�LQ�
$SULO��)LJXUH�����&�DQG�����'����7KH�GHFUHDVHV�LQ�9&��FRLQFLGLQJ�ZLWK�KLJK�1+�

��FRQFHQWUDWLRQV�
DQG�XSWDNH�RI�SULPDULO\�1+�

���DUH�FRQVLVWHQW�ZLWK�3���RI�WKH�1+�LQKLELWLRQ�FRQFHSWXDO�PRGHO�WKDW�
WKH�SK\WRSODQNWRQ�FRPPXQLW\�JURZV�PRUH�VORZO\�ZKHQ�SULPDULO\�XWLOL]LQJ�SULPDULO\�1+�

�����

'XULQJ�0DUFK�DQG�$SULO��SK\WRSODQNWRQ�ELRPDVV��DV�PHDVXUHG�E\�FKO�D��GHFUHDVHG�IURP�UHODWLYH�
PD[LPXP�OHYHOV�DW�,����WR�PLQLPXP�YDOXHV�DSSUR[LPDWHO\����NP�GRZQVWUHDP�RI�65:73�
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�)LJXUH���������,Q�ERWK�FDVHV��D�VXEVWDQWLDO�SRUWLRQ�RI�WKH�FKO�D�GHFUHDVH�RFFXUUHG�XSVWUHDP�RI�
65:73�����������6RPH�RI�WKH�FKO�D�GHFUHDVH�DORQJ�WKH�ULYHU�VWUHWFK�XSVWUHDP�RI�65:73�FRXOG�
KDYH�UHVXOWHG�IURP�D�GHHSHQLQJ�RI�WKH�ZDWHU�FROXPQ��GHSWK�a����P�DW�,����DQG�!��P�QHDU�
65:73���ORZHU�UHVXOWLQJ�OLJKW�DYDLODELOLW\�DQG�SURGXFWLYLW\��DQG�JUDGXDO�ORVV�RI�SK\WRSODQNWRQ�
�H�J���FHOO�GHDWK��VHWWOLQJ����8QOLNH�FKO�D��9F�GLG�QRW�H[KLELW�D�SURQRXQFHG�GHFUHDVH�XSVWUHDP�RI�
65:73��)LJXUH��������FRQVLVWHQW�ZLWK�WKH�QRWLRQ�WKDW�OLJKW�OLPLWDWLRQ�SOD\HG�D�UROH�LQ�WKH�ORZHU�
FKO�D��DV�RSSRVHG�WR�RWKHU�SRWHQWLDO�H[SODQDWLRQV��H�J���DQ�XQNQRZQ�FRQWDPLQDQW��

'XULQJ�WKH�$SULO������ILHOG�FDPSDLJQ��D�VXEVWDQWLDO�SHDN�LQ�FKO�D�ZDV�REVHUYHG�������NP�
GRZQVWUHDP�RI�65:73��SHDNLQJ�LQ�WKH�ZHVWHUQ�KDOI�RI�6XLVXQ�%D\��7KH�SHDN�LQ�FKO�D�FR�
RFFXUUHG�ZLWK�SHDNV�LQ�91+���DQG�9F���ERWK�RI�ZKLFK�LQFUHDVHG�E\�D�IDFWRU�RI����EXW�QHLWKHU�
FOLPEHG�EDFN�WR�WKHLU�KLJKHU�YDOXHV�XSVWUHDP�RI�65:73���7KH�ORFDWLRQ�RI�WKH�SHDNV�LQ�FKO�D��
91+���DQG�9F�LV�LQWHUHVWLQJ�LQ�WKDW�OLJKW�SHQHWUDWLRQ�ZDV�����WLPHV�ORZHU�LQ�WKHVH�DUHDV�GXH�WR�
KLJKHU�WXUELGLW\��,W�LV�SRVVLEOH�WKDW�VWUDWLILFDWLRQ�RI�WKH�ZDWHU�FROXPQ�PD\�KDYH�EHHQ�RFFXUULQJ�LQ�
WKLV�DUHD��DOORZLQJ�SK\WRSODQNWRQ�LQ�WKH�VXUIDFH�ZDWHUV�JUHDWHU�DFFHVV�WR�OLJKW��VDOLQLW\�
VWUDWLILFDWLRQ�ZDV�HYLGHQW�DW�RQH�VWDWLRQ�LQ�6XLVXQ��

$OWKRXJK�WKH�REVHUYHG�GHFUHDVHV�LQ�9F�FRLQFLGLQJ�ZLWK�VKLIWV�WR�SULPDULO\�1+�
��XWLOL]DWLRQ�

GRZQVWUHDP�RI�65:73�DUH�FRQVLVWHQW�ZLWK�3���RI�WKH�1+�
��LQKLELWLRQ�FRQFHSWXDO�PRGHO��

PXOWLSOH�IDFWRUV�YDULHG�DORQJ�WKLV�VWUHWFK�RI�ULYHU�DQG�WKURXJK�6XLVXQ�DQG�6DQ�3DEOR�%D\V��DQG�
XQFHUWDLQWLHV�UHPDLQ�DERXW�WKHLU�SRWHQWLDO�FRQWULEXWLRQ�WR�WKH�REVHUYHG�FKDQJHV���2QH�IDFWRU�WKDW�
LV�GLIILFXOW�WR�WHDVH�RXW�ZLWK�WKH�H[LVWLQJ�GDWD�LV�WKH�SRWHQWLDO�UROH�WKDW�VSDWLDO�YDULDWLRQV�LQ�OLJKW�
DWWHQXDWLRQ�PD\�KDYH�SOD\HG���3DUNHU�HW�DO�������E��DGGUHVV�WKLV�SRLQW�WR�D�FHUWDLQ�GHJUHH�E\��IRU�
H[DPSOH��QRWLQJ�WKDW�WKH�SKRWLF�]RQH�H[WHQGHG�RYHU���������RI�WKH�ZDWHU�FROXPQ�RYHU�WKH�ULYHU�
VWUHWFK�RI�������NP�GRZQVWUHDP�RI�657:3�LQ�$SULO��WUDYHO�WLPH�a���G���DQG�WKDW�WKHUH�ZDV�QR�
LQFUHDVH�LQ�FKO�D�RU�9F�DORQJ�WKLV�VWUHWFK�RI�ULYHU���+RZHYHU��WKHUH�ZDV�VWLOO�VXEVWDQWLDOO\�PRUH�
OLJKW�DYDLODEOH�WR�SK\WRSODQNWRQ�DW�WKH�IXUWKHVW�XSVWUHDP�VWDWLRQ��,����FURVVLQJ������NP���ZKHUH�
OLJKW�DWWHQXDWLRQ�ZDV�VLPLODU�WR�WKH������N�VWUHWFK�EXW�WKH�ZDWHU�FROXPQ�ZDV�D�IDFWRU�RI���
VKDOORZHU��6LPLODUO\��WKH�OLJKW�SHQHWUDWLRQ�LQFUHDVHG�E\�DOPRVW�D�IDFWRU�RI���EHWZHHQ�6XLVXQ�%D\�
DQG�6DQ�3DEOR�%D\�LQ�$SULO��DQG�WKLV�LQFUHDVH�LQ�OLJKW�DYDLODELOLW\�PD\�DFFRXQW�IRU�VRPH�RI�WKH�
LQFUHDVHV�LQ�9F��9',1� �91+����912���DQG�FKO�D�EHWZHHQ�WKH�ODVW�6XLVXQ�VWDWLRQ�DQG�WKH�6DQ�3DEOR�
VWDWLRQ���,Q�DGGLWLRQ��WKH�SRWHQWLDO�IRU�DQRWKHU�SULPDU\�SURGXFWLRQ�LQKLELWLQJ�FRQWDPLQDQW��
LQWURGXFHG�E\�WUHDWHG�ZDVWHZDWHU�HIIOXHQW�DORQJ�ZLWK�1+�

��DQG�WKDW�LQKLELWV�SULPDU\�SURGXFWLRQ�
�GLVFXVVHG�LQ�'XJGDOH�HW�DO��������DERYH��DQG�LQ�3DUNHU�HW�DO��������6HFWLRQ��������UHPDLQV�D�
SRVVLELOLW\��+RZHYHU��LQ�RUGHU�IRU�SURGXFWLYLW\�WR�KDYH�LQFUHDVHG�EHWZHHQ�������NP�LQ�$SULO��WKH�
FRQFHQWUDWLRQ�RU�ELRDYDLODELOLW\�RI�WKDW�FRQWDPLQDQW�PXVW�KDYH�GHFUHDVHG��

6RPH�LQFRQVLVWHQFLHV��RU�RSHQ�TXHVWLRQV��ZLWK�UHVSHFW�WR�WKH�1+�
��LQKLELWLRQ�FRQFHSWXDO�PRGHO�

DOVR�HPHUJH�LQ�3DUNHU�HW�DO�������E��DQG�UHTXLUH�DGGLWLRQDO�LQYHVWLJDWLRQ���)RU�H[DPSOH��LQ�$SULO�
�����WKH�ODUJHVW�UDWHV�RI�1�XSWDNH�DORQJ�WKH�ULYHU�ZHUH�DFWXDOO\�91+���ZLWK�91+��GRZQVWUHDP�RI�
65:73�EHLQJ�FRPSDUDEOH�WR�RU�H[FHHGLQJ�912��XSVWUHDP�RI�65:73��9',1�YDOXHV�DSSHDU�
FRPSDUDEOH���ZKLFK�GRHV�QRW�VXSSRUW�RI�3���RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO��WKDW�XSWDNH�
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RI�912��LV�JUHDWHU�WKDQ�91+���)XUWKHUPRUH��WKH�KLJKHVW�YDOXHV�IRU�9F�LQ�0DUFK�DQG�$SULO�ZHUH�
REVHUYHG�DW�WKH�6DQ�3DEOR�%D\�VLWH��ZKHUH�WKH�YDVW�PDMRULW\�RI�LQRUJDQLF�1�XSWDNH�ZDV�1+�

���
6RPH�RI�WKHVH�REVHUYDWLRQV�PD\�EH�UHODWHG�WR�YDULDWLRQV�LQ�OLJKW�DYDLODELOLW\��H�J���GXH�WR�
GLIIHUHQFHV�LQ�VXVSHQGHG�VHGLPHQW�FRQFHQWUDWLRQV��RU�GXH�WR�VWUDWLILFDWLRQ���ZKLFK�FRXOG�KDYH�
LQIOXHQFHG�WKH�SK\VLRORJLFDO�VWDWH�RI�WKH�FHOOV�DQG�WKXV�WKH�UDWHV�DW�ZKLFK�WKH\�WRRN�XS�&�RU�1���

3DUNHU�HW�DO�������E��DOVR�VXJJHVW�WKDW�DW�HOHYDWHG�1+�
��OHYHOV��H�J���DERYH�����PRO�/����91+��

DOVR�EHJDQ�WR�GHFUHDVH���$OWKRXJK�D�VWDWLVWLFDOO\�VLJQLILFDQW�QHJDWLYH�FRUUHODWLRQ�EHWZHHQ�91+��
DQG�1+�

��FRQFHQWUDWLRQ�ZDV�IRXQG�IRU�D�VXEVHW�RI�VDPSOHV��WKH�QXPEHU�RI�GDWD�ZHUH�OLPLWHG��DQG�
D�PRUH�WDUJHWHG�LQYHVWLJDWLRQ�PD\�EH�QHHGHG�WR�FRQILUP�WKLV�PHFKDQLVP�DQG�WKH�FRQFHQWUDWLRQV�
DW�ZKLFK�LW�RFFXUV����

3.4.4. Ammonium addition experiments using either NH4Cl salt or treated wastewater 
effluent 
,Q�D�UHSRUW�WR�WKH�6WDWH�:DWHU�5HVRXUFHV�&RQWURO�%RDUG��3DUNHU�HW�DO���������GHVFULEH�D�VHULHV�RI�
H[SHULPHQWV�GHVLJQHG�WR�LQYHVWLJDWH�WKH�GLUHFW�LPSDFW�RI�DPPRQLXP�LQ�ZDVWHZDWHU�RQ�
SK\WRSODQNWRQ�SURGXFWLRQ�DQG�QLWURJHQ�XSWDNH��3DUNHU�HW�DO������D���7KH�ILUVW�VHULHV�RI�DGGLWLRQV�
ZHUH�³FOHDQ´��L�H��WKH�VRXUFH�RI�WKH�DGGHG�DPPRQLXP�ZDV�DQ�DPPRQLXP�EDVHG�VDOW��DPPRQLXP�
FKORULGH��1+�&O���,Q�D�SDUDOOHO�VHULHV�RI�H[SHULPHQWV��DPPRQLXP�ZDV�DGGHG�DV�GLOXWLRQV�RI�
65:73�ZDVWHZDWHU�HIIOXHQW�FRQWDLQLQJ�VSHFLILF�FRQFHQWUDWLRQV�RI�DPPRQLXP�WKDW�PDWFKHG�WKRVH�
RI�WKH�³FOHDQ´�H[SHULPHQWV��,Q�ERWK�VHULHV��WKH�DPPRQLXP�ZDV�DGGHG�WR�6DFUDPHQWR�5LYHU�ZDWHU�
FROOHFWHG�DW�WKH�*DUFLD�%HQG�PRQLWRULQJ�VWDWLRQ��ZKLFK�LV�ORFDWHG�MXVW�DERYH�WKH�65:73�RXWIDOO���

5HVXOWV�IURP�WKH�³FOHDQ´�DGGLWLRQV�GHPRQVWUDWHG�WKDW�VWURQJ�LQKLELWLRQ�RI�QLWUDWH�12�
��XSWDNH�

RFFXUUHG�DW�1+�
��FRQFHQWUDWLRQV�DERYH���ȝPRO�/�����,Q�RQH�VHW�RI�H[SHULPHQWV��91+��DSSHDUHG�WR�

GHFUHDVH�DW�KLJKHU�1+�
��OHYHOV������PRO�/�����,Q�D�VHFRQG�H[SHULPHQW��1+�

��XSWDNH�IROORZHG�
FODVVLFDO�0LFKDHOLV�0HQWHQ�XSWDNH�NLQHWLFV��DQG�QR�GHFUHDVH�LQ�91+��ZDV�REVHUYHG�LQ�
H[SHULPHQWV�ZLWK�1+�

�FRQFHQWUDWLRQV�XS�WR������PRO�/�����$OWKRXJK�LQKLELWLRQ�RI�12�
��XSWDNH�

ZDV�REVHUYHG��QR�FKDQJH�LQ�SULPDU\�SURGXFWLRQ�UDWHV��L�H��9F��ZHUH�GLVFHUQLEOH�LQ�WKH�³FOHDQ´�
H[SHULPHQWV���

,Q�WKH�H[SHULPHQWV�FDUULHG�RXW�XVLQJ�WUHDWHG�ZDVWHZDWHU�HIIOXHQW��912��ZDV�DOVR�VXSSUHVVHG�DV�WKH�
HIIOXHQW�SURSRUWLRQ�DQG�1+�

��FRQFHQWUDWLRQ�LQFUHDVHG��FRQVLVWHQW�ZLWK�UHVXOWV�IURP�WKH�FOHDQ�
H[SHULPHQWV���+RZHYHU��LQ�WKH�HIIOXHQW�DGGLWLRQ�H[SHULPHQWV��91+��DOVR�GHFUHDVHG�ZKHQ�HIIOXHQW�
ZDV�DGGHG�WR�OHYHOV�DW�ZKLFK�1+�

��!����PRO�/�����)XUWKHUPRUH��LQ�FRQWUDVW�WR�WKH�³FOHDQ´�
DGGLWLRQV��WKHUH�ZDV�D�GLVFHUQDEOH�GHFUHDVH�LQ�9F�ZLWK�LQFUHDVLQJ�HIIOXHQW�SURSRUWLRQV��DJDLQ��
ZKHQ�1+�

��!����PRO�/�����3DUNHU�HW�DO���������FRQFOXGHG�WKDW�ZKHUHDV�WKH�LQKLELWLRQ�RI�QLWUDWH�
XSWDNH�E\�DPPRQLXP�KHOG�IRU�ERWK�W\SHV�RI�VSLNLQJ�H[SHULPHQWV��RQO\�HIIOXHQW�VSLNLQJ�UHGXFHG�
FDUERQ�DQG�DPPRQLXP�XSWDNH�DW�DPPRQLXP�FRQFHQWUDWLRQV�DERYH���ȝPRO�/����3DUNHU�HW�DO��
����D����
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�'U��3DUNHU�DQG�FROODERUDWRUV�VXEPLWWHG�D�SURSRVDO�WR�WKH�,(3�LQ�$XJXVW������WR�FDUU\�RXW�IXUWKHU�
H[SHULPHQWV�XVLQJ�WUHDWHG�ZDVWHZDWHU�HIIOXHQW��$�3DUNHU��SHUV��FRPP����7KDW�SURSRVDO�ZDV�QRW�
IXQGHG��EXW�IXUWKHU�H[SHULPHQWDWLRQ�XVLQJ�WUHDWHG�ZDVWHZDWHU�HIIOXHQW�UHPDLQV�D�JRDO��

3.4.5. Presence/absence of blooms: Spring 2010, Spring 2011, and pre-1987 observations 
5HVHDUFKHUV�IURP�57&�SHUIRUPHG�ILHOG�VWXGLHV�LQ�6XLVXQ�%D\�LQ�6SULQJ������DQG������WR�
LQYHVWLJDWH�QXWULHQW�XSWDNH�UDWHV�DQG�SK\WRSODQNWRQ�JURZWK�UDWHV�LQ�6XLVXQ�%D\��7KHLU�VDPSOLQJ�
SURJUDP�LQFOXGHG�����VWDWLRQV�ZLWKLQ�6XLVXQ�%D\�WKDW�ZHUH�VDPSOHG�RQ�D�ZHHNO\�EDVLV�RYHU�WKH�
FRXUVH�RI�a��PRQWKV��7KH�UHVXOWV�SUHVHQWHG�LQ�)LJXUHV�����������DUH�IRU�VWDWLRQV�VLWXDWHG�DORQJ�DQ�
HDVW�ZHVW�WUDQVHFW�LQ�WKH�GHHS�FKDQQHO�RI�6XLVXQ�%D\��H[WHQGLQJ�IURP�QHDU�&KLSSV�,VODQG��':5�
'���WR�WKH�HDVWHUQ�HGJH�RI�WKH�&DUTXLQH]�6WUDLWV��86*6�����0HDVXUHPHQWV�ZHUH�DOVR�PDGH�DW�D�
VKDOORZ�VWDWLRQ�LQ�*UL]]O\�%D\�WKDW�FRLQFLGHG�ZLWK�WKH�':5�,(3�VWDWLRQ�'���7KRVH�GDWD�DUH�QRW�
LQFOXGHG�LQ�WKH�FRQWRXU�SORWV�EHFDXVH�':5�,(3�'��GRHV�QRW�OLH�DORQJ�WKH�HDVW�ZHVW�WUDQVHFW��
KRZHYHU��FRQGLWLRQV�DW�WKDW�VLWH�DUH�GHVFULEHG�LQ�WKH�WH[W�EHORZ�DQG�LQ�)LJXUHV�$�����DQG�$������

&RQWRXU�SORWV�RI�1+�
��FRQFHQWUDWLRQV�GXULQJ�ZHHNO\�VDPSOLQJ�GXULQJ�6SULQJ������LOOXVWUDWH�WZR�

����ZHHN�SHULRGV�GXULQJ�ZKLFK�UHODWLYHO\�ORZ�1+�
��FRQFHQWUDWLRQV�ZHUH�REVHUYHG�������PRO�/����

RYHU�������NP�VHJPHQWV��)LJXUH��������7KRVH�ORZ�1+�
��DUHDV�DSSUR[LPDWHO\�FRLQFLGHG�ZLWK�

DUHDV�RI�HOHYDWHG�FKO�D����������J�FKO�D�/�����1+�
�FRQFHQWUDWLRQV�DW�'��ZHUH�DOVR�ORZ�������PRO�

/����GXULQJ�PRVW�RI�$SULO�0D\�������DQG�FKO�D�FRQFHQWUDWLRQV�WKHUH�UDQJHG�IURP��������J�/���
�VHH�)LJ��$���������

7KH�57&�GDWD�IRU������KDYH�QRW�\HW�EHHQ�SXEOLVKHG�LQ�D�SHHU�UHYLHZHG�SDSHU��EXW�57&�VKDUHG�
WKDW�GDWD�IRU�WKLV�UHSRUW��1+�

��FRQFHQWUDWLRQV�ZHUH�OHVV�WKDQ����PRO�/���IRU�PRVW�RI�$SULO�0D\�
�����DORQJ�WKH�HDVW�ZHVW�FKDQQHO�WUDQVHFW��)LJ����������&KO�D�OHYHOV�UHPDLQHG�ORZ�WKURXJKRXW�WKH�
HQWLUH�WLPH�SHULRG�DORQJ�WKLV�WUDQVHFW��)LJ���������$W�'���1+�

��FRQFHQWUDWLRQV�ZHUH�����PRO�/���
RYHU�WKLV�WLPH�SHULRG��)LJ�$�����DQG�WZR�VKRUW�OLYHG�����ZHHN��DQG�PRGHVW�FKO�D�SHDNV�ZHUH�
REVHUYHG�WKHUH�LQ�PLG�DQG�ODWH�0D\�����DQG�����J�/����UHVSHFWLYHO\���EXW�RWKHUZLVH�FKO�D�OHYHOV�
UHPDLQHG�ORZ��
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Figure 3.12 NH4+ contour plots of data collected by SFSU-RTC during  Spring 2010 in Suisun Bay. Data 
were collected on  9 days at 7 stations  along a roughly linear  transect through Suisun Bay between 
DWR/IEP-D4 and USGS-8. (Data from samples collected at the same location as DWR/IEP D7 are not 
included here – see Fig. A.3.1)  Figure from Dugdale et al (2012).  
�

�

Figure 3.13. Contour plots of of NH4+ (µmol L-1), NO3-(µmol L-1), and chlorophyll-a (µg L-1) 
concentrations collected by SFSU-RTC  on 9 dates during  Spring 2011 in Suisun Bay. Data were 
collected  at 7 stations  along a roughly linear  transect through Suisun Bay between DWR/IEP-D4 and 
USGS-8. (DWR/IEP D7 not included here – see Fig A.3.2)  
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6SULQJ�SK\WRSODQNWRQ�ELRPDVV��DV�PHDVXUHG�E\�FKO�D�FRQFHQWUDWLRQ��GLIIHUHG�FRQVLGHUDEO\�
EHWZHHQ�6SULQJ������DQG�6SULQJ�������+RZHYHU��ERWK�VHWV�RI�REVHUYDWLRQV�FDQ�EH�FRQVLGHUHG�
FRQVLVWHQW�ZLWK�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO��,Q�$SULO�DQG�0D\�������K\GUDXOLF�
UHVLGHQFH�WLPHV�LQ�6XLVXQ�%D\�ZHUH������GD\V��'XJGDOH�HW�DO���������DUJXHG�WKDW�WKH�IORZ�UDWHV�
IURP�WKH�'HOWD�ZHUH�LQ�WKH�DSSURSULDWH�UDQJH�LQ�6SULQJ������WR�DOORZ�D�SK\WRSODQNWRQ�EORRP�WR�
RFFXU���IORZV�ZHUH�ORZ�HQRXJK��L�H��UHVLGHQFH�WLPHV�ZHUH�VXIILFLHQWO\�ORQJ��WKDW�SK\WRSODQNWRQ�
JUHZ�IDVWHU�WKDQ�WKH\�ZHUH�IOXVKHG�IURP�WKH�V\VWHP��DQG�WKXV�ELRPDVV�DFFXPXODWHG��L�H���D�EORRP�
RFFXUUHG���DQG�IORZV�ZHUH�VXIILFLHQWO\�KLJK�WR�GLOXWH�1+�

��GRZQ�WR�FRQFHQWUDWLRQV�WKDW�DOORZHG�
SK\WRSODQNWRQ�WR�HYHQWXDOO\�DFFHVV�12�

��DQG�JURZ�PRUH�UDSLGO\��6XLVXQ�%D\�H[SHULHQFHG�KLJKHU�
IORZV�LQ�6SULQJ������WKDQ�6SULQJ�������DQG�WKH�UHVXOWLQJ�UHVLGHQFH�WLPHV�ZHUH�VKRUWHU�����GD\V���
7KXV��GHVSLWH�WKH�ORZ�1+�

��FRQFHQWUDWLRQV��SK\WRSODQNWRQ�ZHUH�IOXVKHG�IURP�6XLVXQ�%D\�D�IDVWHU�
WKDQ�WKH\�JUHZ��SUHYHQWLQJ�D�EORRP�IURP�RFFXUULQJ����  

:KLOH�WKH�6SULQJ������DQG�6SULQJ������REVHUYDWLRQV�FDQ�EH�YLHZHG�DV�FRQVLVWHQW�ZLWK�WKH�1+�
��

LQKLELWLRQ�FRQFHSWXDO�PRGHO��WKHUH�DUH�RWKHU�UHDVRQDEOH�H[SODQDWLRQV�IRU�WKH�REVHUYHG�FKDQJHV�
WKDW�GR�QRW�UHTXLUH�LQYRNLQJ�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO��7KH�VSDWLDO�DQG�WHPSRUDO�
WUHQGV�LQ�6SULQJ������DUH�DOVR�FRQVLVWHQW�ZLWK�FODVVLFDO�XQGHUVWDQGLQJ�RI�QXWULHQW�XWLOL]DWLRQ�DQG�
EORRP�GHYHORSPHQW��$V�QRWHG�HDUOLHU��3���RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�±�WKDW�
SK\WRSODQNWRQ�ZLOO�WHQG�WR�XWLOL]H�1+�

��EHIRUH�12�
����LV�ZHOO�HVWDEOLVKHG�LQ�WKH�VFLHQWLILF�

OLWHUDWXUH��7KHUHIRUH��WKH�DUJXPHQW�FDQ�EH�PDGH�WKDW�SK\WRSODQNWRQ�ILUVW�XWLOL]HG�1+�
���DQG�WKHQ�

PRYHG�WR�12�
���DQG�WKHLU�ELRPDVV�LQFUHDVHG�GXULQJ�WKLV�WLPH�WR�OHYHOV�DW�ZKLFK�VXEVWDQWLDO�

LQFUHDVHV�LQ�FKO�D�EHFDPH�GHWHFWDEOH���8VLQJ�D�µUXOH�RI�WKXPE¶�IRU�WKH�DPRXQW�RI�GLVVROYHG�
LQRUJDQLF�QLWURJHQ��',1� �1+�

����12�
���UHTXLUHG�WR�SURGXFH�QHZ�ELRPDVV�LQ�WHUPV�RI�FKO�D����

�J�/���FKO�D������PROH�/���',1���D�������J�/���LQFUHDVH�LQ�FKO�D�UHTXLUHV�������PRO�/���RI�',1���
,I�RQH�FRQVLGHUV�DQ�LQFUHDVH�LQ�FKO�D�RI�������J�/���DERYH�EDVHOLQH�DV�FRQVWLWXWLQJ�D�EORRP��
EORRP�IRUPDWLRQ�ZRXOG�UHTXLUH�D�������PRO�/���GHFUHDVH�LQ�HLWKHU�1+�

��RU�12�
��OHYHOV��6LQFH�

1+�
��WHQGV�WR�EH�XWLOL]HG�ILUVW�E\�SK\WRSODQNWRQ��D�FRKHUHQW�EORRP�PD\�RQO\�EHFRPH�HYLGHQW�

RQFH�������PRO�/���RI�1+�
��KDV�EHHQ�XWLOL]HG��ZKLFK�KDSSHQV�WR�EH�DQ�DPRXQW�WKDW�LV�FRPSDUDEOH�

WR�W\SLFDO�1+�
��OHYHOV�LQ�)HEUXDU\�0DUFK��������PRO�/����VHH�6HFWLRQ�����,W�VWDQGV�WR�UHDVRQ�WKDW�

HOHYDWHG�FKO�D�FRQFHQWUDWLRQV�DUH�RQO\�REVHUYHG�RQFH�1+�
��FRQFHQWUDWLRQV�DUH�ORZ�EHFDXVH�1+�

��
ZDV�XWLOL]HG�ILUVW�WR�EXLOG�WKH�ELRPDVV�WKDW�LV�DFWXDOO\�GHWHFWHG�DV�WKH�EORRP�±�QRW�EHFDXVH�1+�

��
LQKLELWHG�JURZWK���

:H�DOVR�H[DPLQHG�GDWD�IURP�6XLVXQ�%D\�SULRU�WR�������)LJ���������ZKHQ�VXEVWDQWLDO�EORRPV�ZHUH�
D�FRPPRQ�RFFXUUHQFH��WR�VHH�LI�REVHUYDWLRQV�GXULQJ�WKLV�SHULRG�RIIHUHG�FRUUHODWLYH�HYLGHQFH�WR�
KHOS�GLVWLQJXLVK�EHWZHHQ�WKH�WUDGLWLRQDO�DQG�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHOV��3ULRU�WR�������
FKO�D�FRQFHQWUDWLRQV�LQ�WKH�UDQJH�RI��������J�/���ZHUH�IUHTXHQWO\�REVHUYHG�IRU�PXOWLSOH�PRQWKV�
HDFK�\HDU��SULPDULO\�GXULQJ�VSULQJ��VXPPHU��DQG�IDOO�PRQWKV��)LJ�����DQG�)LJXUH�������7KH�\HDUV�
����������FRUUHVSRQG�WR�D�SHULRG�EHIRUH�WKH�LQYDVLYH�FODP��3RWDPRFRUEXOD��EHFDPH�HVWDEOLVKHG�
LQ�6XLVXQ�%D\��DQG�ZKHQ�1+�

��FRQFHQWUDWLRQV�LQ�6XLVXQ�%D\�ZHUH�VWLOO�HOHYDWHG�EXW�EHIRUH�
VXEVWDQWLDO�LQFUHDVHV�LQ�1+�

��ORDGV�DQG�FRQFHQWUDWLRQV�LQ�WKH�����V�DQG�����V��VHH�6HFWLRQ���IRU�
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IXUWKHU�GLVFXVVLRQ���:KLOH�EORRPV�GLG�WHQG�WR�RFFXU�DIWHU�1+�
��FRQFHQWUDWLRQV�GHFUHDVHG�WR�WKHLU�

ORZHVW�YDOXHV��W\SLFDOO\�EHORZ����PRO�/�����12�
��FRQFHQWUDWLRQV�DOVR�GHFUHDVHG�LQ�WKH�OHDG�XS�WR�

EORRPV��%RWK�1+�
��DQG�12�

��XSWDNH�FRXOG�KDYH�EHHQ�FRQWULEXWLQJ�WR�WKH�HDUO\�VWDJHV�RI�EORRP�
GHYHORSPHQW��ZLWK�D�EORRP�RQO\�EHFRPLQJ�HYLGHQW�DIWHU�VXIILFLHQW�JURZWK�RFFXUUHG�WKDW�
FRQVXPEHG�D�VL]DEOH�SRUWLRQ�RI�',1�RI�HLWKHU�IRUP��7KHUHIRUH��DV�ZDV�WKH�FDVH�IRU�6SULQJ�������
YLVXDO�LQVSHFWLRQ�RI�WKH�GRHV�QRW�DOORZ�RQH�WR�GLVWLQJXLVK�EHWZHHQ�WKH�FRPSHWLQJ�K\SRWKHVHV��

,Q�VXPPDU\��DV�IDU�DV�FDQ�EH�GHWHUPLQHG�WKURXJK�FRUUHODWLRQV�DPRQJ�ILHOG�REVHUYDWLRQV��V\VWHP�
EHKDYLRU�ZLWK�UHVSHFW�WR�SK\WRSODQNWRQ�EORRPV�DQG�1+�

��FRQFHQWUDWLRQV�LQ�6SULQJ�������6SULQJ�
������DQG�WKH�SHULRG�SUH������GR�QRW�DOORZ�RQH�WR�GLVWLQJXLVK�EHWZHHQ�WKH�WUDGLWLRQDO�FRQFHSWXDO�
PRGHO�RI�EORRP�GHYHORSPHQW�DQG�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO��7KH�NH\�TXHVWLRQ�
UHPDLQV�ZKHWKHU�SK\WRSODQNWRQ�JURZWK�UDWHV�ZHUH�GLIIHUHQW�GXH�WR�WKH�IRUP�RI�1�XWLOL]HG�DW�
GLIIHUHQW�VWDJHV�LQ�EORRP�GHYHORSPHQW��DQG�ZKHWKHU�VXFK�D�GLIIHUHQFH�LQIOXHQFHV�WKH�OLNHOLKRRG�
WKDW�D�EORRP�ZLOO�RFFXU��L�H���3���RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO����,Q�DGGLWLRQ�WR�
H[SHULPHQWV�WKDW�WHVW�WKH�PHFKDQLVP�V��DQG�TXDQWLI\�&�DQG�1�XSWDNH�UDWHV�XQGHU�
HQYLURQPHQWDOO\�UHOHYDQW�FRQGLWLRQV��PRGHOLQJ�ZLOO�EH�QHHGHG��7KURXJK�PRGHOLQJ��LW�ZLOO�EH�
SRVVLEOH�WR�WHVW�WKH�UHODWLYH�LPSRUWDQFH�RI�SURFHVVHV�WKDW�PD\�SOD\�D�UROH�LQ�SK\WRSODQNWRQ�
ELRPDVV�DFFXPXODWLRQ��LQFOXGLQJ�OLJKW�OLPLWDWLRQ��JUD]LQJ�E\�FODPV��IOXVKLQJ�UDWHV��DQG�WKH�
K\SRWKHVL]HG�UROH�RI�1+�

��LQKLELWLRQ��
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�

 

Figure 3.14. Chl-a concentrations (panel a), NH4+ and NO3- concentrations (panel b) and residence time (panel c) in Suisun Bay for the period 
1975-1986. Water quality data is presented for DWR D7 which is located in Grizzly Bay. Residence time was calculated by dividing the 
volume of Suisun Bay (6.54e11 L) by tidally-corrected flows exiting the Delta (Source for flow data was DAYFLOW). 
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3.5. Summary  
7KH�1+�

��LQKLELWLRQ�K\SRWKHVLV�ZDV�GHYHORSHG�WKURXJK�PXOWLSOH�VWXGLHV�E\�UHVHDUFKHUV�DW�6DQ�
)UDQFLVFR�6WDWH�8QLYHUVLW\�5RPEHUJ�7LEXURQ�&HQWHU�RYHU�WKH�SDVW�GHFDGH��H�J���:LONHUVRQ�HW�DO���
������'XJGDOH�HW�DO���������3DUNHU�HW�DO�������D������E��'XJGDOH�HW�DO�����������7KH�FRQFHSWXDO�
PRGHO�IRU�WKH�1+�

��LQKLELWLRQ�K\SRWKHVLV�LV�EXLOW�DURXQG�WKUHH�PDLQ�SRLQWV��

P.1  7KH�SUHVHQFH�RI�1+�
��DW�HOHYDWHG�OHYHOV��!�����PRO�/����LQKLELWV�WKH�XSWDNH�RI�QLWUDWH�E\�

SK\WRSODQNWRQ�

P.2  7KH�UDWH�RI�12�
��XSWDNH��ZKHQ�1+�

��LV�DEVHQW�RU�OHVV�WKDQ�����X0��LV�JUHDWHU�WKDQ�WKH�UDWH�
RI�1+�

��XSWDNH���7KXV��ZKHQ�12�
��XSWDNH�LV�VXSSUHVVHG��DQG�RQO\�1+�

��LV�EHLQJ�WDNHQ�XS�
E\�SK\WRSODQNWRQ��WKH�RYHUDOO�UDWH�RI�1�XSWDNH�LV�ORZHU�

P.3 7KH�ORZHU�UDWH�RI�1�XSWDNH�UHVXOWLQJ�IURP�WKLV�PHFKDQLVP�WUDQVODWHV�LQWR�ORZHU�UDWHV�RI�
SULPDU\�SURGXFWLRQ��

7KHUH�LV�VWURQJ�VXSSRUW�LQ�WKH�VFLHQWLILF�OLWHUDWXUH�IRU�3����ZLWK�QXPHURXV�VWXGLHV�GHPRQVWUDWLQJ�
HLWKHU�WKDW�PXOWLSOH�VSHFLHV�RI�SK\WRSODQNWRQ�H[KLELW�D�VWURQJ�SUHIHUHQFH�IRU�1+�

��RU�WKDW�12�
��

XSWDNH�LV�DFWLYHO\�LQKLELWHG�E\�HOHYDWHG�1+�
��FRQFHQWUDWLRQV��57&�VWXGLHV�RIIHU�FRQYLQFLQJ�

VXSSRUW�IRU�3����ZLWK�12�
��XSWDNH�E\�SK\WRSODQNWRQ�VWURQJO\�LQKLELWHG�ZKHQ�1+�

��FRQFHQWUDWLRQV�
H[FHHGV������PRO�/����

3���LV�QRW�ZHOO�VXSSRUWHG�E\�WKH�EURDGHU�VFLHQWLILF�OLWHUDWXUH�RQ�1�XSWDNH�UDWHV�E\�SK\WRSODQNWRQ�
�VHH�6HFWLRQ�����)HZ�ZHOO�FRQWUROOHG�VWXGLHV�KDYH�DFWXDOO\�LQYHVWLJDWHG�1�XSWDNH�UDWHV�GXULQJ�
H[SHULPHQWV�LQ�ZKLFK�ERWK�12�

��DQG�1+�
��ZHUH�DYDLODEOH�RYHU�D�UDQJH�RI�FRQFHQWUDWLRQV��7KXV��

WKHUH�UHPDLQV�D�FULWLFDO�JDS�LQ�WKH�OLWHUDWXUH�RQ�WKLV�WRSLF��:KLOH�WKHUH�DUH�OLPLWHG�VWXGLHV�WKDW�
H[SOLFLWO\�FRPSDUH�12�

��YV��1+�
��XSWDNH�NLQHWLFV��WKH�PRUH�EURDGO\�DFFHSWHG�FRQFHSW�DPRQJ�

SK\WRSODQNWRQ�HFRORJLVWV�DQG�PRGHOHUV�LV�WKDW��ZKHQ�QXWULHQWV�DUH�DEXQGDQW��WKH�FHOOV�DFFHVV�
ZKLFKHYHU�1�VRXUFH�LV�PRVW�UHDGLO\�DYDLODEOH��DQG�WKDW�XSWDNH�UDWHV�RI�12�

��DQG�1+�
��DUH�VLPLODU��

7KH�57&�VWXGLHV�SURYLGH�VRPH�VXSSRUW�IRU�3���WKURXJK�HQFORVXUH�H[SHULPHQWV�FDUULHG�RXW�ZLWK�
%D\�ZDWHU�DQG�XVLQJ�DPELHQW�SK\WRSODQNWRQ�FRPPXQLW\�DVVHPEODJHV��3DUNHU�HW�DO�������D���DQG�
ZLWK�RQH�VHW�RI�XSWDNH�NLQHWLF�H[SHULPHQWV�XVLQJ�DPELHQW�FRPPXQLW\�DVVHPEODJHV���+RZHYHU��
57&�VWXGLHV�DOVR�\LHOG�VRPH�H[SHULPHQWDO�HYLGHQFH�WKDW�VXJJHVWV�1+�

��XSWDNH�UDWHV�PD\�EH�
FRPSDUDEOH�WR�RU�HYHQ�JUHDWHU�WKDQ�12�

�XSWDNH�UDWHV�XQGHU�FHUWDLQ�FRQGLWLRQV���,Q�DGGLWLRQ����
XQFHUWDLQW\�UHPDLQV�DERXW�ZKHWKHU�H[SHULPHQWDO�DUWLIDFWV�RU�RWKHU�UHDVRQDEOH�H[SODQDWLRQV�FRXOG�
H[SODLQ�VRPH�RI�WKH�REVHUYDWLRQV�XVHG�DV�HYLGHQFH�LQ�VXSSRUW�RI�3�����:KLOH�3���UHPDLQV�D�
SODXVLEOH�K\SRWKHVLV��DGGLWLRQDO�UHVHDUFK�LV�QHHGHG�WR�PRUH�ULJRURXVO\�HVWDEOLVK�WKH�12�

��DQG�
1+�

��NLQHWLFV�XQGHU�D�UDQJH�RI�FRQGLWLRQV��WHPSHUDWXUH��OLJKW�OHYHOV���LQFOXGLQJ�H[SHULPHQWV�
FDUULHG�RXW�ZLWK�PRQR�FXOWXUHV�RI�SK\WRSODQNWRQ�VSHFLHV�RU�WD[D�FRPPRQO\�SUHVHQW�LQ�6XLVXQ�
%D\��DQG�6DQ�)UDQFLVFR�%D\�DQG�WKH�'HOWD�PRUH�JHQHUDOO\����
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3��LV�QRW�ZHOO�VXSSRUWHG�E\�WKH�EURDGHU�VFLHQWLILF�OLWHUDWXUH��$V�ZLWK�3���WKH�PRUH�EURDGO\�
DFFHSWHG�FRQFHSW�LV�WKDW�PRVW�SK\WRSODQNWRQ�WD[D�JURZ�HTXDOO\�ZHOO�ZKHQ�XVLQJ�1+�

��RU�12�
��DV�

WKHLU�QLWURJHQ�VRXUFH��VHH�6HFWLRQ���IRU�IXUWKHU�GLVFXVVLRQ����0XOWLSOH�VWXGLHV�KDYH�IRXQG�VLPLODU�
JURZWK�UDWHV��UDWHV�RI�FDUERQ�IL[DWLRQ��DFURVV�D�UDQJH�RI�WD[D�ZKHQ�XVLQJ�1+�

��RU�12�
����:KLOH�

WKH�UDWH�RI�JURZWK�YDULHV�ZLWK�GLIIHUHQW�OHYHOV�RI�OLJKW��H[SHULPHQWV�LQ�ZKLFK�PRQRFXOWXUHV�RI�
SK\WRSODQNWRQ�ZHUH�JURZQ�XQGHU�GLIIHUHQW�OLJKW�UHJLPHV�DQG�GLIIHUHQW�1�VRXUFHV�IRXQG�WKDW�
JURZWK�UDWH�ZDV�QRW�VWURQJO\�GHSHQGHQW�RQ�ZKHWKHU�12�

��RU�1+�
��ZDV�SURYLGHG��VHH�6HFWLRQ�����

$V�ZLWK�3����IHZ�VWXGLHV�KDYH�GRQH�JURZWK�H[SHULPHQWV�LQ�ZKLFK�SK\WRSODQNWRQ�KDYH�WKH�FKRLFH�
EHWZHHQ�1+�

��DQG�12�
���VR�WKHUH�DOVR�UHPDLQV�D�FULWLFDO�JDS�LQ�WKH�OLWHUDWXUH�RQ�WKLV�UHODWHG�WRSLF���

57&�ILHOG�DQG�HQFORVXUH�H[SHULPHQWV�SURYLGH�VRPH�HYLGHQFH�WKDW�LV�FRQVLVWHQW�ZLWK�WKH�
K\SRWKHVLV�WKDW�SULPDU\�SURGXFWLRQ�UDWHV��XVLQJ�UDWHV�RI�&�XSWDNH��DUH�VORZHU�DW�KLJK�1+�

��OHYHOV��
DQG�WKDW�JURZWK�UDWHV�LQFUHDVH�ZKHQ�1+�

��LV�GHSOHWHG�DQG�SK\WRSODQNWRQ�EHJLQ�XWLOL]LQJ�12�
��

�3DUNHU�HW�DO�������D������E���,Q�RWKHU�VWXGLHV��SULPDU\�SURGXFWLRQ�UDWHV�DUH�LQIHUUHG�IURP�
FKDQJHV�LQ�FKO�D�RU�DVVXPHG�WR�EH�SURSRUWLRQDO�WR�WKH�1�XSWDNH�UDWH��ERWK�RI�ZKLFK�DUH�SURQH�WR�
FRQVLGHUDEOH�XQFHUWDLQW\��GXH�WR�YDULDWLRQV�LQ�&�FKO�D�DQG�&�1���,Q�DGGLWLRQ��LQ�VRPH�FRPSRQHQWV�
RI�57&�VWXGLHV��H[SHULPHQWDO�DUWLIDFWV��H�J���DFFOLPDWLRQ�WLPH�WR�OLJKW�FRQGLWLRQV�LQ�HQFORVXUHV��RU�
FRPSHWLQJ�H[SODQDWLRQV�KDYH�QRW�EHHQ�VXIILFLHQWO\�UXOHG�RXW��LQFOXGLQJ�WKH�SRWHQWLDO�UROH�RI�RWKHU�
FRQWDPLQDQWV��HLWKHU�FR�RFFXUULQJ�LQ�WUHDWHG�ZDVWHZDWHU�HIIOXHQW��RU�RWKHU�VRXUFHV�VXFK�DV�
DJULFXOWXUDO�UXQRII��(YHQ�LI�3���DQG�3���DUH�RFFXUULQJ��1�XSWDNH�DQG�SULPDU\�SURGXFWLRQ�LQ�6XLVXQ�
%D\�DSSHDU�WR�EHKDYH�GLIIHUHQWO\�FRPSDUHG�WR�WKH�FRQFHSWXDO�PRGHO��ZKLFK�ZDV�GHYHORSHG�
ODUJHO\�EDVHG�RQ�REVHUYDWLRQV�LQ�6DQ�3DEOR�DQG�&HQWUDO�%D\��'XJGDOH�HW�DO���������3DUNHU�HW�DO���
�������'XJGDOH�HW�DO���������DQG�3DUNHU�HW�DO������D��DFNQRZOHGJH�WKH�SRWHQWLDO�UROH�RI�RWKHU�
IDFWRUV��VXFK�DV�RWKHU�FRQWDPLQDQWV��+RZHYHU��WKHLU�FRQFOXVLRQV�DERXW�6XLVXQ�%D\�GR�QRW�
VXIILFLHQWO\�DGGUHVV�WKLV�QXDQFH��RU�WKH�H[WHQW�WR�ZKLFK�WKH�1+�

��EDVHG�H[SODQDWLRQV�FDQ�EH�
UHDGLO\�DSSOLHG�LQ�6XLVXQ�%D\��)LQDOO\��1+�

��OHYHOV�DUH�SUHVHQW�DW�FRPSDUDEOH�OHYHOV�LQ�6RXWK�6DQ�
)UDQFLVFR�%D\��DQG�H[DPSOHV�RI�1+�

��LQKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�UDWHV�KDYH�QRW�EHHQ�
GRFXPHQWHG�WKHUH���

6LPLODU�WR�3����3���UHPDLQV�D�SODXVLEOH�K\SRWKHVLV��,QKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�E\�HOHYDWHG�
1+�

��KDV�EHHQ�SURSRVHG�DV�RQH�SRVVLEOH�PHFKDQLVP�WR�H[SODLQ�ORZHU�SURGXFWLRQ�UDWHV�HOVHZKHUH�
�H�J���'HODZDUH�%D\��<RVKLKDPD�DQG�6KDUS���������7KH�57&�VWXGLHV�KDYH�WDFNOHG�WKH�LVVXH�ZLWK�
ILHOG�REVHUYDWLRQV�DQG�H[SHULPHQWDO�VWXGLHV�XVLQJ�DPELHQW�SK\WRSODQNWRQ�DVVHPEODJHV��DV�
RSSRVHG�WR�SXUH�FXOWXUH�H[SHULPHQWV��7KHLU�ILHOG�VWXGLHV�DQG�VLPXODWLRQ�RI�ILHOG�FRQGLWLRQV�
WKURXJK�HQFORVXUH�H[SHULPHQWV�ZLWK�%D\�ZDWHU�DQG�DPELHQW�SK\WRSODQNWRQ�FRPPXQLWLHV�SURYLGH�
DQ�LPSRUWDQW�SHUVSHFWLYH�RQ�QHW�HIIHFWV�DW�WKH�ILHOG�VFDOH���+RZHYHU��WKH�FRPSOH[LW\�LQWURGXFHG�E\�
ILHOG�FRQGLWLRQV�RU�VLPXODWHG�ILHOG�FRQGLWLRQV��ZKHQ�PXOWLSOH�XQGHUO\LQJ�IDFWRUV�DUH�FKDQJLQJ�
RYHU�VSDFH�RU�WLPH��H�J���SK\WRSODQNWRQ�FRPPXQLW\�FRPSRVLWLRQ��JUD]LQJ��DFFOLPDWLRQ�WR�
H[SHULPHQWDO�OLJKW�FRQGLWLRQV��LQFUHDVHV�RU�GHFUHDVH�LQ�OLJKW�DWWHQXDWLRQ�DV�D�IXQFWLRQ�RI�VSDFH�LQ�
ILHOG�VWXGLHV��VWUDWLILFDWLRQ��FDQ�PDNH�LW�GLIILFXOW�WR�GLUHFWO\�HYDOXDWH�WKH�UROH�RI�WKH�1+�

��
LQKLELWLRQ�PHFKDQLVP��$GGLWLRQDO�UHVHDUFK�LV�QHHGHG�WR���



83 

 

 'HWHUPLQH�ZKHWKHU�VWDWLVWLFDOO\�VLJQLILFDQW�GLIIHUHQFHV�LQ�SULPDU\�SURGXFWLRQ�UDWHV�RFFXU�GXH�
WR�WKH�1�IRUP�XWLOL]HG��(IIRUW�VKRXOG�EH�GLUHFWHG�WRZDUG�HVWDEOLVKLQJ�12�

��DQG�1+�
��XSWDNH�

NLQHWLFV�DQG�SK\WRSODQNWRQ�JURZWK�NLQHWLFV�XQGHU�D�UDQJH�RI�FRQGLWLRQV��H�J���YDU\LQJ�
WHPSHUDWXUH�DQG�OLJKW�OHYHOV��YDU\LQJ�SURSRUWLRQV�RI�12�

��DQG�1+�
����LQFOXGLQJ�H[SHULPHQWV�

FDUULHG�RXW�ZLWK�PRQR�FXOWXUHV�RI�SK\WRSODQNWRQ�VSHFLHV�RU�WD[D�FRPPRQO\�SUHVHQW�LQ�
6XLVXQ�%D\��DQG�6DQ�)UDQFLVFR�%D\�DQG�WKH�'HOWD�PRUH�JHQHUDOO\���

 'HWHUPLQH�WKH�HFRORJLFDO�VLJQLILFDQFH�RI�WKLV�PHFKDQLVP�DW�WKH�HFRV\VWHP�VFDOH��LQFOXGLQJ�
XQGHUVWDQGLQJ�WKH�PHFKDQLVPV�DQG�WKH�FRQGLWLRQV�XQGHU�ZKLFK�GLIIHUHQFHV�LQ�JURZWK�UDWHV�
ZLOO�RFFXU��DQG�WKH�PDJQLWXGH�RI�WKH�HIIHFW��

 5XOH�RXW�FRPSHWLQJ�H[SODQDWLRQV�DQG�H[SHULPHQWDO�DUWLIDFWV�LQ�ILHOG�REVHUYDWLRQV�DQG�
HQFORVXUH�H[SHULPHQWV���

6RPH�RI�WKHVH�UHVHDUFK�QHHGV�DUH�WKH�IRFXV�RI�RQ�JRLQJ�RU�SURSRVHG�VWXGLHV�E\�57&�UHVHDUFKHUV��
WKHLU�FROODERUDWRUV��DQG�RWKHU�UHVHDUFK�JURXSV��7KRVH�VWXGLHV�KDYH�QRW�EHHQ�GLVFXVVHG�IRU�WKLV�
UHSRUW��WKHUHIRUH��WKLV�UHYLHZ�PD\�QHHG�WR�EH�UHYLVLWHG�DV�WKDW�GDWD�EHFRPHV�DYDLODEOH���

,QGHSHQGHQW�RI�ZKHWKHU�WKH�VHW�RI�SURFHVVHV�ODLG�RXW�LQ�WKH�1+�
��LQKLELWLRQ�FRQFHSWXDO�PRGHO�

RFFXU�DV�SURSRVHG��WKHLU�SRWHQWLDO�LPSRUWDQFH�DW�WKH�HFRV\VWHP�VFDOH�KDV�QRW�EHHQ�DGHTXDWHO\�
LQYHVWLJDWHG��2WKHU�IDFWRUV�DUH�NQRZQ�WR�SOD\�LPSRUWDQW�LI�QRW�GRPLQDQW�UROHV�LQ�OLPLWLQJ�SULPDU\�
SURGXFWLRQ�UDWHV��H�J���OLJKW�OLPLWDWLRQ��RU�ELRPDVV�DFFXPXODWLRQ���FODP�JUD]LQJ��UHVLGHQFH�WLPH��
LQ�6XLVXQ�%D\��7KH�57&�VWXGLHV�DFNQRZOHGJH�WKH�UROHV�RI�OLJKW�OLPLWDWLRQ�DQG�FODP�JUD]LQJ��WKH\�
SRLQW�RXW�WKDW�1+�

��LQKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�LV�DQ�DGGLWLRQDO�IDFWRU�WKDW�OLPLWV�SURGXFWLRQ�
ZKHQ�FRQGLWLRQV�PLJKW�RWKHUZLVH�DOORZ�IRU�EORRPV�WR�RFFXU��+RZHYHU��WKLV�LPSRUWDQW�SRLQW�
VRPHWLPHV�JHWV�ORVW�ZKHQ�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�LV�GLVFXVVHG�LQ�WKH�FRQWH[W�RI�LWV�
PDQDJHPHQW�LPSOLFDWLRQV��$�TXDQWLWDWLYH�DQDO\VLV�RI�WKH�HFRV\VWHP�VFDOH�LPSRUWDQFH�RI�WKH�
1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO�LV�IHDVLEOH�QRZ��XVLQJ�UHODWLYHO\�EDVLF�ELRJHRFKHPLFDO�PRGHOV�
DQG�H[LVWLQJ�GDWD��DQG�XVLQJ�SDUDPHWHUL]DWLRQV�RI�WKH�SURSRVHG�PHFKDQLVPV��6XFK�PRGHOLQJ�
HIIRUWV�ZRXOG�KDYH�EHQHILWV�IDU�EH\RQG�WHVWLQJ�WKH�1+�

��K\SRWKHVLV��LQ�WKDW�WKH\�ZLOO�
VLPXOWDQHRXVO\�SURYLGH�D�WRRO�IRU�TXDQWLWDWLYHO\�V\QWKHVL]LQJ�H[LVWLQJ�QXWULHQW�DQG�SK\WRSODQNWRQ�
GDWD�LQ�6XLVXQ�%D\�DQG�RWKHU�HPED\PHQWV��LGHQWLI\LQJ�GDWD�DQG�PRQLWRULQJ�QHHGV��DQG�LQIRUPLQJ�
WKH�EURDGHU�PRGHOLQJ�VWUDWHJ\�IRU�WKH�%D\��

)LQDOO\��DQG�DV�QRWHG�LQ�6HFWLRQ����FKDQJHV�LQ�WKH�IRUP�RI�QLWURJHQ�DYDLODEOH�WR�SK\WRSODQNWRQ�±��
H�J���1+�

��YV��12�
���DQG�FKDQJHV�LQ�1�3�±�KDYH�EHHQ�K\SRWKHVL]HG�WR�LQIOXHQFH�SK\WRSODQNWRQ�

DVVHPEODJHV�LQ�6XLVXQ�%D\�DQG�WKH�'HOWD��H�J��*OLEHUW�HW�DO���������*OLEHUW�HW�DO���������VHOHFWLQJ�
IRU�SRSXODWLRQV�WKDW�SRRUO\�VXSSRUW�IRRG�UHTXLUHPHQWV�DW�KLJKHU�WURSKLF�OHYHOV��RU�KDYH�GLUHFW�
WR[LFLW\��L�H���KDUPIXO�DOJDO�EORRPV���7KLV�LV�DQ�LPSRUWDQW�WRSLF��EXW�LV�EH\RQG�WKH�VFRSH�RI�WKLV�
UHSRUW��DQG�ZLOO�EH�DGGUHVVHG�LQ�D�VXEVHTXHQW�UHSRUW� 
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%HUJ�*0��*OLEHUW�30��-¡UJHQVHQ�12*��%DORGH�0��3XULQD�(��������9DULDELOLW\�LQ�LQRUJDQLF�DQG�
RUJDQLF�QLWURJHQ�XSWDNH�DVVRFLDWHG�ZLWK�ULYHULQH�QXWULHQW�LQSXW�LQ�WKH�*XOI�RI�5LJD��%DOWLF�6HD��
(VWXDULHV�����������±����

&RGLVSRWL�/$��'XJGDOH�5&��0LQDV�+-��������$�FRPSDULVRQ�RI�WKH�QXWULHQW�UHJLPHV�RII�QRUWKZHVW�
$IULFD��3HUX�DQG�%DMD�&DOLIRUQLD��5DSSRUWV�HW�3URFqV�YHUEDX[�GH�5pXQLRQ��&RQVHLO�3HUPDQHQW�
,QWHUQDWLRQDO�3RXU�O¶([SORUDWLRQ�GH�OD�0HU���������±�����

'RUWFK�4��������7KH�LQWHUDFWLRQ�EHWZHHQ�DPPRQLXP�DQG�QLWUDWH�XSWDNH�LQ�SK\WRSODQNWRQ��
0DULQH�(FRORJ\�3URJUHVV�6HULHV��������±�����

'XJGDOH�5&��:LONHUVRQ�)3��+RJXH�9(��0DUFKL�$��������7KH�UROH�RI�DPPRQLXP�DQG�QLWUDWH�LQ�
VSULQJ�EORRP�GHYHORSPHQW�LQ�6DQ�)UDQFLVFR�%D\��(VWXDULQH��&RDVWDO��DQG�6KHOI�6FLHQFH��������
�����

'XJGDOH�5&��:LONHUVRQ�)3��3DUNHU�$3��0DUFKL�$��7DEHUVNL�.��������5LYHU�IORZ�DQG�DPPRQLXP�
GLVFKDUJH�GHWHUPLQH�VSULQJ�SK\WRSODQNWRQ�EORRPV�LQ�DQ�XUEDQL]HG�HVWXDU\��(VWXDULQH��&RDVWDO��
DQG�6KHOI�6FLHQFH��[[���LQ�SUHVV���

(SSOH\�5:��&RDWVZRUWK�-/��6ROyU]DQR�/��������6WXGLHV�RI�QLWUDWH�UHGXFWDVH�LQ�PDULQH�
SK\WRSODQNWRQ��/LPQRORJ\�DQG�2FHDQRJUDSK\��������±������

(SSOH\�5:��5RJHUV�-1��������,QRUJDQLF�QLWURJHQ�DVVLPLODWLRQ�RI�'LW\OXP�EULJKWZHOOLL��D�PDULQH�
SODQNWRQ�GLDWRP��-RXUQDO�RI�3K\FRORJ\�������±������

)H\UHU�)��+HUEROG�%��0DWHUQ�6$��0R\OH��3%��������'LHWDU\�VKLIWV�LQ�D�VWUHVVHG�ILVK�DVVHPEODJH��
FRQVHTXHQFHV�RI�D�ELYDOYH�LQYDVLRQ�LQ�WKH�6DQ�)UDQFLVFR�(VWXDU\��(QYLURQPHQWDO�%LRORJ\�RI�
)LVKHV��������±�����

)RH�&��������$XJXVW������$PPRQLD�8SGDWH��0HPRUDQGXP�WR�-HII�%UXQV�DQG�6XH�0F&RQQHOO��
&HQWUDO�9DOOH\�5HJLRQDO�:DWHU�4XDOLW\�&RQWURO�%RDUG��6HSW������������
KWWS���ZZZ�ZDWHUERDUGV�FD�JRY�FHQWUDOYDOOH\�ZDWHUBLVVXHV�GHOWDBZDWHUBTXDOLW\�DPELHQWBDPPR
QLDBFRQFHQWUDWLRQV�D�PPRQLDBPHP�SGI��

)RH�&��������$PPRQLD�8SGDWH��0HPRUDQGXP�WR�-HII�%UXQV�DQG�.DUHQ�7DEHUVNL��&HQWUDO�9DOOH\�
5HJLRQDO�:DWHU�4XDOLW\�&RQWURO�%RDUG��2FW�����������
KWWS���ZZZ�ZDWHUERDUGV�FD�JRY�FHQWUDOYDOOH\�ZDWHUBLVVXHV�GHOWDBZDWHUBTXDOLW\�DPELHQWBDPPR
QLDBFRQFHQWUDWLRQV�RFW����BVWDIIXSGDWHBDPPRQLD�SGI���

*OLEHUW�30��������/RQJ�WHUP�FKDQJHV�LQ�QXWULHQW�ORDGLQJ�DQG�VWRLFKLRPHWU\�DQG�WKHLU�
UHODWLRQVKLS�ZLWK�FKDQJHV�LQ�WKH�IRRG�ZHE�DQG�GRPLQDQW�SHODJLF�ILVK�VSHFLHV�LQ�WKH�6DQ�
)UDQFLVFR�(VWXDU\��5HYLHZV�LQ�)LVKHULHV�6FLHQFH������������±�����

*OLEHUW�30��%HUJ�*0��������1LWURJHQ�DQG�SK\WRSODQNWRQ�EORRPV��,Q��(QFORVHG�H[SHULPHQWDO�
HFRV\VWHPV�DQG�VFDOH��WRROV�IRU�XQGHUVWDQGLQJ�DQG�PDQDJLQJ�FRDVWDO�HFRV\VWHPV�����±������
3HWHUVRQ�-(��.HQQHG\�96��'HQQLVRQ�:&�>HGV�@��6SULQJHU��1HZ�<RUN��1<��

*OLEHUW��3��0���'��)XOOHUWRQ��-��0��%XUNKROGHU��-��&��&RUQZHOO��DQG�7��0��.DQD����������
(FRORJLFDO�VWRLFKLRPHWU\��ELRJHRFKHPLFDO�F\FOLQJ��LQYDVLYH�VSHFLHV��DQG�DTXDWLF�IRRG�ZHEV��
6DQ�)UDQFLVFR�(VWXDU\�DQG�&RPSDUDWLYH�6\VWHPV��5HYLHZV�LQ�)LVKHULHV�6FLHQFH�������������

*OLEHUW���3�0���7�0��.DQD��.��%URZQ��������)URP�OLPLWDWLRQ�WR�H[FHVV��WKH�FRQVHTXHQFHV�RI�

http://www.waterboards.ca.gov/centralvalley/water_issues/delta_water_quality/ambient_ammonia_concentrations/a%20mmonia_mem.pdf
http://www.waterboards.ca.gov/centralvalley/water_issues/delta_water_quality/ambient_ammonia_concentrations/a%20mmonia_mem.pdf
http://www.waterboards.ca.gov/centralvalley/water_issues/delta_water_quality/ambient_ammonia_concentrations/oct2010_staffupdate_ammonia.pdf
http://www.waterboards.ca.gov/centralvalley/water_issues/delta_water_quality/ambient_ammonia_concentrations/oct2010_staffupdate_ammonia.pdf
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VXEVWUDWH�H[FHVV�DQG�VWRLFKLRPHWU\�IRU�SK\WRSODQNWRQ�SK\VLRORJ\��WURSKRG\QDPLFV�DQG�
ELRJHRFKHPLVWU\��DQG�WKH�LPSOLFDWLRQV�IRU�PRGHOLQJ��-RXUQDO�RI�0DULQH�6\VWHPV��
KWWS���G[�GRL�RUJ���������M�MPDUV\V��������������

�
-DVVE\�$��������3K\WRSODQNWRQ�LQ�WKH�XSSHU�6DQ�)UDQFLVFR�(VWXDU\��UHFHQW�ELRPDVV�WUHQGV��WKHLU�
FDXVHV�DQG�WKHLU�WURSKLF�VLJQLILFDQFH��6DQ�)UDQFLVFR�(VWXDU\�DQG�:DWHUVKHG�6FLHQFH�������
KWWS���HVFKRODUVKLS�RUJ�XF�LWHP���K���U��

-DVVE\�$'��&ORHUQ�-(��&ROH�%(��������$QQXDO�SULPDU\�SURGXFWLRQ��SDWWHUQV�DQG�PHFKDQLVPV�RI�
FKDQJH�LQ�D�QXWULHQW�ULFK�WLGDO�HFRV\VWHP��/LPQRORJ\�DQG�2FHDQRJUDSK\��������±�����

.LPPHUHU�:-��������(IIHFWV�RI�IUHVKZDWHU�IORZ�RQ�DEXQGDQFH�RI�HVWXDULQH�RUJDQLVPV��SK\VLFDO�
HIIHFWV�RU�WURSKLF�OLQNDJHV"�0DULQH�(FRORJ\�3URJUHVV�6HULHV��������±����

0H\HU�-6��0XOKROODQG�3-��3DHUO�+:��:DUG�$.��������$�IUDPHZRUN�IRU�UHVHDUFK�DGGUHVVLQJ�WKH�
UROH�RI�DPPRQLD�DPPRQLXP�LQ�WKH�6DFUDPHQWR�6DQ�-RDTXLQ�'HOWD�DQG�WKH�6DQ�)UDQFLVFR�%D\�
(VWXDU\�HFRV\VWHP��
KWWS���ZZZ�VFLHQFH�FDOZDWHU�FD�JRY�SGI�ZRUNVKRSV�ZRUNVKRSBDPPRQLDBUHVHDUFKBIUDPHZRUNB
ILQDOB�������SGI�

0XHOOHU�6ROJHU�$%��-DVVE\��$'��0XOOHU�1DYDUUD��'&��������1XWULWLRQDO�TXDOLW\�RI�IRRG�
UHVRXUFHV�IRU�]RRSODQNWRQ��'DSKQLD��LQ�D�WLGDO�IUHVKZDWHU�V\VWHP��6DFUDPHQWR�6DQ�-RDTXLQ�
5LYHU�'HOWD���/LPQRORJ\�DQG�2FHDQRJUDSK\�������������������

1DWLRQDO�5HVHDUFK�&RXQFLO��6XVWDLQDEOH�:DWHU�DQG�(QYLURQPHQWDO�0DQDJHPHQW�LQ�WKH�&DOLIRUQLD�
%D\�'HOWD���:DVKLQJWRQ��'&��7KH�1DWLRQDO�$FDGHPLHV�3UHVV��������

1REULJD��0/��������/DUYDO�GHOWD�VPHOW�GLHW�FRPSRVLWLRQ�DQG�IHHGLQJ�LQFLGHQFH��HQYLURQPHQWDO�
DQG�RQWRJHQHWLF�LQIOXHQFHV��&DOLIRUQLD�)LVK�DQG�*DPH��������������

3DUNHU�$(��0DUFKL�$0��'DYLGVRQ�'UH[HO�-��'XJGDOH�5&��:LONHUVRQ�)3��������(IIHFW�RI�
DPPRQLXP�DQG�ZDVWHZDWHU�HIIOXHQW�RQ�ULYHULQH�SK\WRSODQNWRQ�LQ�WKH�6DFUDPHQWR�5LYHU��&$��
)LQDO�5HSRUW��7HFKQLFDO�5HSRUW�WR�WKH�&DOLIRUQLD�6WDWH�:DWHU�5HVRXUFHV�%RDUG��0D\������������

3DUNHU�$(��+RJXH��9(��:LONHUVRQ�)3��'XJGDOH�5&������D��7KH�HIIHFW�RI�LQRUJDQLF�QLWURJHQ�
VSHFLDWLRQ�RQ�SULPDU\�SURGXFWLRQ�LQ�WKH�6DQ�)UDQFLVFR�(VWXDU\��(VWXDULQH��&RDVWDO�DQG�6KHOI�
6FLHQFH�[[[��LQ�SUHVV����±�����

3DUNHU�$(��'XJGDOH�5&��:LONHUVRQ�)3������E��(OHYDWHG�DPPRQLXP�FRQFHQWUDWLRQV�IURP�
ZDVWHZDWHU�GLVFKDUJH�GHSUHVV�SULPDU\�SURGXFWLYLW\�LQ�WKH�6DFUDPHQWR�5LYHU�DQG�WKH�QRUWKHUQ�
6DQ�)UDQFLVFR�(VWXDU\��0DULQH�3ROOXWLRQ�%XOOHWLQ�����������±�����

3HQQRFN��-�5���������7HPSRUDO�DQG�VSDWLDO�YDULDELOLW\�LQ�SK\WRSODQNWRQ�DPPRQLXP�DQG�QLWUDWH��
XSWDNH�LQ�WKH�'HODZDUH�%D\��(VWXDULQH��&RDVWDO�DQG�6KHOI�6FLHQFH��������������

:LONHUVRQ�)3��'XJGDOH�5&��+RJXH�9(��0DUFKL�$��������3K\WRSODQNWRQ�EORRPV�DQG�QLWURJHQ�
SURGXFWLYLW\�LQ�6DQ�)UDQFLVFR�%D\��(VWXDULHV�DQG�&RDVWV��������±������

:LQGHU�0��-DVVE\�$'��������6KLIWV�LQ�=RRSODQNWRQ�&RPPXQLW\�6WUXFWXUH��,PSOLFDWLRQV�IRU�)RRG�
:HE�3URFHVVHV�LQ�WKH�8SSHU�6DQ�)UDQFLVFR�(VWXDU\��(VWXDULHV�DQG�&RDVWV��������������

  

http://escholarship.org/uc/item/71h077r1
http://www.science.calwater.ca.gov/pdf/workshops/workshop_ammonia_research_framework_final_041609.pdf
http://www.science.calwater.ca.gov/pdf/workshops/workshop_ammonia_research_framework_final_041609.pdf
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4. Summary of studies exploring ammonium toxicity to copepods and other 
aquatic invertebrates 
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4.1. Introduction 
&KDQJHV�LQ�TXDOLW\�DQG�DEXQGDQFH�RI�IRRG�IRU�SHODJLF�ILVKHV�KDV�EHHQ�LGHQWLILHG�DV�RQH�SRWHQWLDO�
IDFWRU�FRQWULEXWLQJ�WR�WKH�UHFHQW�3HODJLF�2UJDQLVP�'HFOLQH��32'��LQ�WKH�'HOWD�DQG�6XLVXQ�%D\��
=RRSODQNWRQ�DEXQGDQFH�DQG�VL]H�KDYH�GHFUHDVHG�RYHU�WKH�ODVW�IRXU�GHFDGHV��DQG�WKHVH�GHFOLQHV�LQ�
IRRG�DYDLODELOLW\�PD\�EH�H[HUWLQJ�ERWWRP�XS�SUHVVXUH�RQ�WKH�IRRG�ZHE��%D[WHU�HW�DO����������VLQFH�
]RRSODQNWRQ�DUH�WKH�SULPDU\�SUH\�IRU�'HOWD�VPHOW�DQG�RWKHU�SHODJLF�ILVKHV�ZKRVH�GHFOLQH�OLH�DW�WKH�
FHQWHU�RI�WKH�32'��+LJK�JUD]LQJ�UDWHV�E\�LQYDVLYH�EHQWKRV��ORZ�IRRG�DEXQGDQFH��L�H���ORZ�
SK\WRSODQNWRQ�ELRPDVV���DQG�GLUHFW�WR[LFLW\�RI�FRQWDPLQDQWV�KDYH�EHHQ�K\SRWKHVL]HG�WR�EH�DFWLQJ�
LQ�FRQFHUW�WR�NHHS�]RRSODQNWRQ�SRSXODWLRQV�ORZ��1+�

��KDV�EHHQ�K\SRWKHVL]HG�WR�EH�DPRQJ�WKH�
SRWHQWLDO�FRQWDPLQDQWV�WKDW�PD\�DGYHUVHO\�DIIHFW�FRSHSRG�SRSXODWLRQV��

,Q�WKLV�VHFWLRQ��ZH�VXPPDUL]H�WKH�UHVXOWV�DQG�SURSRVHG�WR[LFLW\�PHFKDQLVPV�IURP�D�UHFHQW�VWXG\�
�7HK�HW�DO��������WKDW�IRFXVHG�RQ�WKH�HIIHFWV�RI�DPPRQLD�DPPRQLXP�RQ�D�FRPPRQ�DQG�
HFRORJLFDOO\�LPSRUWDQW�FRSHSRG�VSHFLHV�IRXQG�LQ�WKH�QRUWKHUQ�6DQ�)UDQFLVFR�(VWXDU\��7KLV�
VHFWLRQ�LV�LQWHQGHG�RQO\�DV�D�EULHI�VXPPDU\��QRW�D�WKRURXJK�UHYLHZ�RI�WKH�VWXG\¶V�GHVLJQ�RU�LWV�
LQWHUSUHWDWLRQV��DQG�LV�LQFOXGHG�LQ�WKLV�UHSRUW�EHFDXVH�RI�LWV�UHOHYDQFH�WR�WKH�DPPRQLXP�GHEDWH��
7KH�VXPPDU\�LV�DOVR�LQFOXGHG�WR�SURYLGH�FRQWH[W�IRU�WKH�FRPSDULVRQ�LQ�6HFWLRQ���RI�DPELHQW�
1+�

��FRQFHQWUDWLRQV�LQ�6XLVXQ�%D\�ZLWK�WR[LFLW\�WKUHVKROGV�LGHQWLILHG�E\�7HK�HW�DO�����������

4.2. NH4+ toxicity on Pseudodiaptomus forbesi  
7HK�HW��DO���������H[SORUHG�WKH�DFXWH�DQG�FKURQLF�HIIHFWV�RI�DPPRQLD�DPPRQLXP�RQ�
3VHXGRGLDSWRPXV�IRUEHVL��7KH�RYHUDOO�UHVXOWV�DUH�VXPPDUL]HG�LQ�7DEOH����3�IRUEHVL��LV�RI�
SDUWLFXODU�LQWHUHVW��EHFDXVH�VWXGLHV�H[DPLQLQJ�JXW�FRQWHQWV�RI�ODUYDO�ILVK�FDSWXUHG�LQ�WKH�'HOWD�
6XLVXQ�V\VWHP�IRXQG�WKDW��GXULQJ�PRVW�WLPHV�RI�WKH�\HDU��3��IRUEHVL�ZDV�WKH�GRPLQDQW�IRRG�VRXUFH�
IRU�DOO�ILVK�WKDW�KDYH�VKRZQ�GHFOLQLQJ�SRSXODWLRQV��GHOWD�VPHOW��ORQJILQ�VPHOW��VWULSHG�EDVV�DQG�
WKUHDGILQ�VKDG��DV�QRWHG�LQ�7HK�HW�DO����������$V�VXFK��IDFWRUV�WKDW�DGYHUVHO\�DIIHFW�3��IRUEHVL�
DEXQGDQFH�KDYH�WKH�SRWHQWLDO�WR�VXEVWDQWLDOO\�DIIHFW�'HOWD�6XLVXQ�IRRG�ZHEV��

7HK�HW�DO���������UHSRUWHG�WKDW�DW�D�IL[HG�FRQFHQWUDWLRQ�RI�WRWDO�DPPRQLD�QLWURJHQ��7$1��
7$1 1+����1+�

���RI��SSP�VXUYLYDO�RI�3��IRUEHVL�GHFUHDVHG�WR�����DV�S+�LQFUHDVHG�WR������7HK�
HW�DO��������K\SRWKHVL]HG�WKDW�GHFUHDVLQJ�VXUYLYDO�UHVXOWHG�IURP�WKH�LQFUHDVLQJ�IUDFWLRQ�RI�7$1�
WKDW�ZDV�SUHVHQW�DV�1+���WKH�7$1�IRUP�WKDW�LV�NQRZQ�WR�EH�WR[LF�WR�ILVK�DQG�RWKHU�DTXDWLF�
VSHFLHV��1+��LV�H[SHOOHG�IURP�PDQ\�DTXDWLF�RUJDQLVPV�E\�SDVVLYH�GLIIXVLRQ��DQG�KLJKHU�H[WHUQDO�
1+��FRQFHQWUDWLRQV�UHGXFHV�WKLV�HIIOX[��DOORZLQJ�WR[LF�OHYHOV�RI�1+��WR�DFFXPXODWH�LQWHUQDOO\�
�$UPVWURQJ��������7KHVH�UHVXOWV�IURP�7HK�HW�DO���������DJUHH�ZLWK�SUHYLRXV�VWXGLHV�WKDW�KDYH�
IRXQG�GHFUHDVLQJ�1+��/&���DV�S+�LQFUHDVHV��6XOOLYDQ�DQG�5LWDFFR��������:DQJ�HW�DO���������

7HK�HW�DO��������DOVR�REVHUYHG�GHFUHDVHG�VXUYLYDO�RI�3��IRUEHVL�DV�S+�GHFUHDVHG��8QGHU�
H[SHULPHQWDO�FRQGLWLRQV�RI�S+� �����DQG�7$1� ���SSP��VXUYLYDO�ZDV������ZKHUHDV�VXUYLYDO�ZDV�
QHDUO\����ZKHQ�S+� �����DQG�7$1� ���SSP���
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Table 4.1. Subset of Teh et al (2011) results for typical Suisun Bay pH values. 
6WXG\�*RDO� 5HVXOWV� 1RWHV�

��GD\�/&�RQ�MXYHQLOH�3��
IRUEHVL�DW�S+���������&�

/&�� �������PJ�/�7$1�

/&��� �������PJ�/�7$1�

/&��� �������PJ�/�7$1�

1R�WR[LFLW\�REVHUYHG�DIWHU���GD\V�

��GD\�/&�RQ�MXYHQLOH�3��
IRUEHVL�DW�S+���������&�

/&�� �������PJ�/�7$1�

/&��� �������PJ�/�7$1�

/&��� �������PJ�/�7$1�

3��IRUEHVL��DUH�PRUH�VHQVLWLYH�DW�
ORZHU�S+�

��GD\�/&�RQ�QDXSOLL��ODUYDO��
3��IRUEHVL�DW�S+���������&�

/&�� �������PJ�/�7$1�

/&��� �������PJ�/�7$1�

/&��� �������PJ�/�7$1�

1DXSOLL�3��IRUEHVL�DUH�PRUH�
VHQVLWLYH�WKDQ�MXYHQLOH�3��IRUEHVL�

&KURQLF�HIIHFWV�RYHU����GD\�
OLIH�F\FOH�

/2(/� ������PJ�/� 12(/�LV�XQNQRZQ��EXW�LV��������
PJ�/�

5HSURGXFWLYH�ILWQHVV�RI�JUDYLG�
IHPDOH�

��RIIVSULQJ�DW���PJ�/�7$1� �����

��RIIVSULQJ�DW������PJ�/�7$1� �����

��RIIVSULQJ�DW������PJ�/�7$1� �����

�

�

,Q�D�FKURQLF�WR[LFLW\����GD\�OLIH�F\FOH�WHVW��7HK�HW�DO���������REVHUYHG�WKDW�JUDYLG�IHPDOHV�HLWKHU�
SURGXFHG�VLJQLILFDQWO\�ORZHU�QXPEHUV�RI�QDXSOLL�RU�VXUYLYDO�RI�QDXSOLL�DQG�MXYHQLOHV�WR�DGXOWKRRG�
ZDV�VLJQLILFDQWO\�ORZHU�ZKHQ�WKH\�ZHUH�H[SRVHG�WR�1+�

��DW�OHYHOV�DV�ORZ�DV������PJ�1�/�������
�PRO�/������6LQFH�����PRO�/���ZDV�DOVR�WKH�ORZHVW�GRVH�XVHG�LQ�WKH�VWXG\������PRO�/���ZDV�WKH�
ORZHVW�REVHUYHG�HIIHFW�OHYHO��/2(/���DQG�D�QR�REVHUYHG�HIIHFW�OHYHO��12(/��ZDV�QRW�HVWDEOLVKHG���

4.3. Other ammonium toxicity studies 
$�OLPLWHG�OLWHUDWXUH�VHDUFK�IRXQG�WKDW�IHZ�VWXGLHV�KDYH�H[SORUHG�GLUHFW�DPPRQLXP�WR[LFLW\�WR�
FRSHSRGV���+RZHYHU��WKHUH�DUH�PXOWLSOH�VWXGLHV�RI�1+�

��WR[LFLW\�WR�RWKHU�DTXDWLF�LQYHUWHEUDWHV��
VXFK�DV�DUWKURSRGV�DQG�FUXVWDFHDQV��6HYHUDO�VWXGLHV�VWXGLHV�KDYH�GRFXPHQWHG�WKDW�DW�FHUWDLQ�S+�
YDOXHV��7$1�LV�D�EHWWHU�SUHGLFWRU�WKDQ�1+��RI�DFXWH�WR[LFLW\��DQG�KDYH�VXJJHVWHG�WKDW�WR[LFLW\�
PD\�EH�H[HUWHG�E\�ERWK�1+��DQG�1+�

��RQ�D�YDULHW\�RI�DTXDWLF�LQYHUWHEUDWHV��$UPVWURQJ�������
(ULFNVRQ�������%RUJPDQQ��������.DWHU��������2WKHU�VWXGLHV�KDYH�GHPRQVWUDWHG�WKDW�1+�

��
WR[LFLW\�GHFUHDVHV�DV�FDWLRQ�FRQFHQWUDWLRQV�LQFUHDVH�LQ�WKH�WHVW�ZDWHU��%RUJPDQQ�������$QNOH\�
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������%RUJPDQQ��������,W�VKRXOG�EH�QRWHG�WKDW�WKHVH�VWXGLHV�UHSRUWHG�DFXWH�HIIHFWV��QRW�FKURQLF�
HIIHFWV��DQG�HYHQ�WKH�ORZHVW�UHSRUWHG�/&����DSSUR[LPDWHO\������0�IRU�+\DOHOOD�D]WHFD��
%RUJPDQQ�������LV�DQ�RUGHU�RI�PDJQLWXGH�DERYH�W\SLFDO�DPELHQW�DPPRQLXP�FRQFHQWUDWLRQV�LQ�
6XLVXQ�%D\���

1RQH�RI�WKH�DERYH�VWXGLHV�LQYROYHG�FRSHSRGV��6WXGLHV�WKDW�KDYH�LQYROYHG�FRSHSRGV��VSHFLHV�RI�
WKH�JHQXV�$UFDWLD��DQRWKHU�FRPPRQ�FRSHSRG�VSHFLHV�LQ�6XLVXQ�%D\��KDYH�HLWKHU�HYDOXDWHG�WKH�
WR[LFLW\�RI�WKH�XQLRQL]HG�IRUP��6XOOLYDQ�DQG�5LWDFFR��������RU�GLG�QRW�VSHFLIL\�S+��VR�WKH�
SDUWLWLRQLQJ�RI�7$1�EHWZHHQ�LRQL]HG�DQG�XQLRQL]HG�IRUPV�LV�XQNQRZQ��%XWWRQL��������%XWWRQL�
REVHUYHG�DQ�/&���RQ�DGXOW�IHPDOHV�RI�������PJ�/�7$1��DQG�VXUYLYDO�RI�HJJV�SURGXFHG�E\�
IHPDOHV�H[SRVHG�WR������PJ�/�7$1�ZDV�ORZHU�E\�QHDUO\�D�IDFWRU�RI���DIWHU���GD\V�WKDQ�WKRVH�RI�
IHPDOHV�H[SRVHG�WR���PJ�/�7$1��+RZHYHU��QR�S+�ZDV�UHSRUWHG��

4.4. Mechanism of NH4
+ toxicity 

7KH�H[DFW�SURFHVV�RI�1+�
��WR[LFLW\�KDV�QRW�EHHQ�ZHOO�VWXGLHG�LQ�FRSHSRGV��EXW�WKHUH�KDYH�EHHQ�

VRPH�HIIRUWV�WR�FKDUDFWHUL]H�WKLV�PHFKDQLVP�LQ�RWKHU�FUXVWDFHDQV��$UPVWURQJ�HW�DO��������
SURSRVHG�WKDW�1+�

��PD\�LQWHUIHUH�ZLWK�WKH�QRUPDO�IXQFWLRQLQJ�RI�1D��.��SXPSV�HPEHGGHG�LQ�WKH�
PHPEUDQHV�RI�JLOO�HSLWKHOLXP�FHOOV�RI�WKH�ODUYDO�SUDZQ�0DFUREUDFKLXP�URVHQEHUJLL��,Q�D�
QRUPDOO\�IXQFWLRQLQJ�SXPS��1D��LV�DFWLYHO\�WUDQVSRUWHG�LQWR�WKH�FHOO�DQG�.��RU�ZDVWH�1�LQ�WKH�
IRUP�RI�1+�

���ZKLFK�FDQ�VXEVWLWXWH�IRU�.���DUH�WUDQVSRUWHG�RXW�RI�WKH�FHOO��,Q�FUXVWDFHDQV��PRUH�
WKDQ�KDOI�RI�ZDVWH�QLWURJHQ�LV�H[SHOOHG�DV�1+�

���5HJQDXOW��������ZKLFK�LV�GLIIHUHQW�IURP�ILVK�DQG�
RWKHU�DTXDWLF�RUJDQLVPV�WKDW�H[FUHWH�1�SULPDULO\�LQ�WKH�IRUP�RI�1+���7HK�HW�DO���������
K\SRWKHVL]H�WKDW�KLJKHU�1+�

��FRQFHQWUDWLRQV�RQ�WKH�H[WHULRU�RI�WKH�FHOO�PD\�OLPLW�WKH�QHW�H[SRUW�
RI�ZDVWH�1+�

��IURP�WKH�RUJDQLVP�E\�GHFUHDVLQJ�WKH�FRQFHQWUDWLRQ�JUDGLHQW��7HK�HW�DO���������
7KLV�PRGHO�KDV�DOVR�EHHQ�DGRSWHG�WR�H[SODLQ�REVHUYHG�HIIHFWV�LQ�FUXVWDFHDQ�VSHFLHV��VXFK�DV�
FKDQJHV�LQ�1D��LQIOX[�E\�PHPEUDQH�ERXQG�SXPSV�RI�WKH�&KLQHVH�FUDE�(URFKHLU�VLQHQVLV�LQ�WKH�
SUHVHQFH�RI�HOHYDWHG�DPPRQLXP�FRQFHQWUDWLRQV��3HTXHX[�DQG�*LOOHV����������
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.DWHU��%�-���'XEEHOGDP��0���3RVWPD��-�)����������³$PPRQLXP�7R[LFLW\�DW�KLJK�S+�LQ�D�PDULQH�
ELRDVVD\�XVLQJ�&RURSKLXP�YROXWDWRU´��$UFK��(QYLURQ��&RQWDP��7R[LFRO����������±������

3HTXHX[�$���DQG�*LOOHV��5����������³1D��IOX[HV�DFURVV�LVRODWHG�SHUIXVHG�JLOOV�RI�WKH�&KLQHVH�FUDE�
(ULRFKHLU�VLQHQVLV´��-��([S��%LRO��������������

5HJQDXOW��0����������³1LWURJHQ�H[FUHWLRQ�LQ�PDULQH�DQG�IUHVKZDWHU�FUXVWDFHDQ´��%LRO��5HY��������
���

6KDZ��-�����������³7KH�DEVRUSWLRQ�RI�VRGLXP�LRQV�E\�WKH�FUD\ILVK�$VWDFXV�SDOOLSHV�/HUHERXOOHW��
,,,��7KH�HIIHFW�RI�RWKHU�FDWLRQV�LQ�WKH�H[WHUQDO�VROXWLRQ´��-��([S��%LRO���������������

6XOOLYDQ��%�.���DQG�5LWDFFR��3�-����������³$PPRQLD�WR[LFLW\�WR�ODUYDO�FRSHSRGV�LQ�HXWURSKLF�
PDULQH�HFRV\VWHPV��D�FRPSDULVRQ�RI�UHVXOWV�IURP�ELRDVVD\V�DQG�HQFORVHG�H[SHULPHQWDO�
HFRV\VWHPV´��$TXDWLF�7R[LFRORJ\������������

7HK��6���,��)ORUHV��0��.DZDJXFKL��6��/HVPHLVWHU��DQG�&��7HK����������³)XOO�/LIH�&\FOH�%LRDVVD\�
$SSURDFK�WR�$VVHVV�&KURQLF�([SRVXUH�RI�3VHXGRGLDSWRPXV�IRUEHVL�WR�
$PPRQLD�$PPRQLXP´���8QSXEOLVKHG�UHSRUW�VXEPLWWHG�WR�6WDWH�:DWHU�5HVRXUFHV�&RQWURO�
%RDUG��

8�6��(3$���������³'UDIW������XSGDWH��DTXDWLF�OLIH�DPELHQW�ZDWHU�TXDOLW\�FULWHULD�IRU�DPPRQLD�±�
IUHVKZDWHU´��8�6��(3$��:DVKLQJWRQ��'�&���

:DQJ��1���(ULFNVRQ��5�-���,QJHUVROO��&�*���,YH\��&�'���%UXQVRQ��(�/���$XJVSXUJHU�7���%DUQKDUW��
0�&����������³,QIOXHQFH�RI�S+�RQ�WKH�DFXWH�WR[LFLW\�RI�DPPRQLD�WR�MXYHQLOH�IUHVKZDWHU�
PXVVHOV��)DWPXFNHW��/DPSVLOLV�VLOLTXRLGHD�´��(QYLURQPHQWDO�7R[LFRORJ\�DQG�&KHPLVWU\��9RO��
����1R�����SS������±�����������

�

�  
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5.1. Introduction 
7KH�IRRGZHE�RI�WKH�QRUWKHUQ�6DQ�)UDQFLVFR�(VWXDU\�KDV�VXIIHUHG�D�ORQJ�WHUP�GHFOLQH�LQ�
SURGXFWLYLW\�DW�QHDUO\�DOO�WURSKLF�OHYHOV��7KHVH�LQFOXGH�SK\WRSODQNWRQ��$OSLQH�DQG�&ORHUQ�������
-DVVE\��������]RRSODQNWRQ�LQFOXGLQJ�URWLIHUV��FODGRFHUD��DQG�VRPH�FRSHSRGV��.LPPHUHU�DQG�2UVL�
������:LQGHU�DQG�-DVVE\��������P\VLGV��2UVL�DQG�0HFXP��������DQG�PDQ\�ILVK�LQFOXGLQJ�GHOWD�
DQG�ORQJILQ�VPHOW��VWULSHG�EDVV��DQG�QRUWKHUQ�DQFKRY\��.LPPHUHU�������������6RPPHU�HW�DO��
������7KRPVRQ�HW�DO���������$OWKRXJK�WKH�JHQHUDO�GHFOLQH�KDV�RFFXUUHG�RYHU�VHYHUDO�GHFDGHV��WZR�
SDUWLFXODU�HYHQWV�DUH�QRWHZRUWK\��7KH�ILUVW�ZDV�WKH�VKDUS�GHFOLQH�RI�PDQ\�VSHFLHV�DURXQG�������
ZKHQ�WKH�LQWURGXFHG�RYHUELWH�FODP�&RUEXOD�DPXUHQVLV�EHFDPH�DEXQGDQW��$OSLQH�DQG�&ORHUQ�
������2UVL�DQG�0HFXP�������.LPPHUHU�DQG�2UVL��������7KH�VHFRQG�ZDV�WKH�3HODJLF�2UJDQLVP�
'HFOLQH�RI�VHYHUDO�ILVK�VSHFLHV�ZKLFK�RFFXUUHG�DURXQG�������6RPPHU�HW�DO��������7KRPVRQ�HW�DO��
�������7KH�GHFOLQH�LQ�FRSHSRG�ELRPDVV�DQG�FKDQJHV�LQ�FRSHSRG�VSHFLHV�FRPSRVLWLRQ�KDYH�EHHQ�
LGHQWLILHG�DV�SRWHQWLDOO\�FRQWULEXWLQJ�WR�WKLV�GHFOLQH�LQ�SHODJLF�ILVKHV��%D[WHU�HW�DO���������

7KHUH�DUH�VHYHUDO�FRPSOHPHQWDU\�RU�FRPSHWLQJ�K\SRWKHVHV�DERXW�OLPLWV�RQ�SURGXFWLYLW\�DQG�
ORQJ�WHUP�GHFOLQHV�LQ�WKH�V\VWHP��HDFK�RI�ZKLFK�KDV�VLJQLILFDQW�UDPLILFDWLRQV�IRU�WKH�DFWLRQV�WKDW�
ZRXOG�PRVW�HIIHFWLYHO\�UHVWRUH�HVWXDULQH�SURGXFWLYLW\�DQG�UHFRYHU�OLVWHG�VSHFLHV�RI�ILVK��DV�ZHOO�DV�
IRU�ZDWHU�SURMHFW�RSHUDWLRQV��7KHUH�KDV�EHHQ�D�ORQJ�WUDGLWLRQ�RI�DWULEXWLQJ�SUREOHPV�LQ�WKH�HVWXDU\�
WR�LPSDFWV�IURP�WKH�ZDWHU�SURMHFWV��DOWKRXJK�WKH�DFWXDO�PDJQLWXGH�DQG�LPSRUWDQFH�RI�WKRVH�
HIIHFWV�KDV�EHHQ�GLIILFXOW�WR�SLQ�GRZQ��H�J���6WHYHQV�HW�DO��������.LPPHUHU�HW�DO��������-DVVE\�HW�
DO��������.LPPHUHU�������������0LOOHU��������6SHFLHV�LQWURGXFWLRQV�KDYH�FOHDUO\�KDG�DQ�HIIHFW��
LQFOXGLQJ�WKDW�RI�&��DPXUHQVLV�DQG�WKRVH�RI�VHYHUDO�FRSHSRG�VSHFLHV�WR�EH�GLVFXVVHG�EHORZ��7KH�
SRWHQWLDO�UROH�RI�QXWULHQW�ORDGLQJ�LQ�OLPLWLQJ�SK\WRSODQNWRQ�SURGXFWLRQ�WKURXJK�LQKLELWLRQ�RI�
QLWUDWH�XSWDNH��:LONHUVRQ�HW�DO��������'XJGDOH�HW�DO��������KDV�QRW�EHHQ�UHVROYHG��DQG�KDV�SURYHG�
GLIILFXOW�WR�UHVROYH�EHFDXVH�RI�WKH�LQIOXHQFH�RI�FODPV�DQG�WKH�VHYHUH�OLJKW�OLPLWDWLRQ�WKURXJKRXW�
PRVW�RI�WKH�QRUWKHUQ�HVWXDU\��.LPPHUHU�HW�DO����������

7KLV�VHFWLRQ�SUHVHQWV�D�V\QWKHVLV�RI�WKH�HFRORJ\�RI�]RRSODQNWRQ�LQ�WKH�XSSHU�6DQ�)UDQFLVFR�
(VWXDU\��7KH�JHRJUDSKLF�IRFXV�LV�PRVWO\�6XLVXQ�%D\�DQG�WKH�/RZ�6DOLQLW\�=RQH��/6=���DOWKRXJK�
LQIRUPDWLRQ�IURP�RWKHU�UHJLRQV�LV�EURXJKW�LQWR�WKH�GLVFXVVLRQ�ZKHUH�QHHGHG��7KH�WD[RQRPLF�
IRFXV�LV�PDLQO\�FRSHSRGV��EHFDXVH�RI�WKHLU�GRPLQDQFH�RI�WKH�PHVR]RRSODQNWRQ��a����±��PP�
OHQJWK��DQG�WKHLU�LPSRUWDQFH�LQ�WKH�GLHWV�RI�ILVK��DQG�EHFDXVH�ZH�KDYH�PRUH�LQIRUPDWLRQ�DERXW�
WKHP�WKDQ�RWKHU�JURXSV�VXFK�DV�URWLIHUV�DQG�FODGRFHUD���

7KLV�VHFWLRQ�LV�WR�EH�SDUW�RI�D�ODUJHU�V\QWKHVLV�UHSRUW�RQ�UHVHDUFK�DQG�PRQLWRULQJ�GDWD�UHODWHG�WR�
FKDQJHV�LQ�WKH�ORZ�VDOLQLW\�HQYLURQPHQW�RI�WKH�HVWXDU\�DQG�WKH�PHFKDQLVPV�WKDW�PD\�XQGHUOLH�
WKHVH�FKDQJHV��:KLOH�QXPHURXV�IDFWRUV�SRWHQWLDOO\�FRQWULEXWH�WR�HFRV\VWHP�GHFOLQHV�LQ�WKH�XSSHU�
HVWXDU\��%D[WHU�HW�DO���������WKLV�SDUWLFXODU�UHSRUW�IRFXVHV�RQ�WKH�SRWHQWLDO�UROH�RI�QXWULHQWV��DQG�
VSHFLILFDOO\�DPPRQLXP��LQ�FDXVLQJ�FKDQJHV�LQ�WKH�HVWXDULQH�IRRGZHE��0RUH�EURDGO\�ZH�DUH�
LQWHUHVWHG�LQ�XQGHUVWDQGLQJ�WKH�UROHV�RI�YDULRXV�SRWHQWLDO�FDXVHV�RI�FKDQJH�LQ�WKH�V\VWHP�DQG�KRZ�
WKH\�LQWHUDFW��DQG�SURYLGLQJ�EDFNJURXQG�LQIRUPDWLRQ�WR�LQIRUP�SRWHQWLDO�PDQDJHPHQW�DFWLRQV�WKDW�
DUH�XQGHU�FRQVLGHUDWLRQ�WR�PLWLJDWH�VRPH�RI�WKH�SRWHQWLDO�FDXVHV�RI�GHFOLQH��
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$�PDLQ�JRDO�RI�WKLV�UHSRUW�LV�WR�SXW�WKHVH�FKDQJHV�LQ�D�KLVWRULFDO�DQG�HFRV\VWHP�FRQWH[W��WR�VHUYH�
DV�D�IRXQGDWLRQ�IURP�ZKLFK�WR�FRQVLGHU�WKH�LPSDFW�RI�YDULRXV�VWUHVVRUV�RQ�FRSHSRGV��7KLV�VHFWLRQ�
ILUVW�LGHQWLILHV�VRXUFHV�RI�LQIRUPDWLRQ�DERXW�]RRSODQNWRQ��WKHQ�SURYLGHV�DQ�RYHUYLHZ�RI�NH\�
VSHFLHV�DQG�D�KLVWRU\�RI�VSHFLHV�LQWURGXFWLRQ�WKDW�KDYH�SOD\HG�D�UROH�LQ�VKDSLQJ�FXUUHQW�
FRPPXQLW\�FRPSRVLWLRQ��1H[W��OLIH�KLVWRU\�GHVFULSWLRQV�DUH�SUHVHQWHG�IRU�FRSHSRGV�LQ�JHQHUDO��
DQG�IRU�NH\�VSHFLHV�RI�WKH�6)(��7KLV�LQIRUPDWLRQ�SURYLGHV�LPSRUWDQW�EDFNJURXQG�IRU�LQWHUSUHWLQJ�
VHDVRQDO��WHPSRUDO��DQG�VSDWLDO�YDULDWLRQV�LQ�FRSHSRG�DEXQGDQFH�DQG�FRPSRVLWLRQ�LQ�6XLVXQ�%D\��
IRU�LQWHUSUHWLQJ�UHVXOWV�RI�SDVW�VWXGLHV��DQG�IRU�GHVLJQLQJ�IXWXUH�VWXGLHV�RI�SRSXODWLRQ�G\QDPLFV��
HFRWR[LFRORJ\��DQG�DEXQGDQFH�RI�FRSHSRGV��)DFWRUV�LQFOXGLQJ�ERWK�QDWXUDO�SURFHVVHV�DQG�
DQWKURSRJHQLF�SUHVVXUHV�WKDW�LQIOXHQFH�FRSHSRG�DEXQGDQFH�DUH�WKHQ�GLVFXVVHG��LQFOXGLQJ�DQ�
RYHUYLHZ�RI�K\SRWKHVL]HG�SDWKZD\V�WKURXJK�ZKLFK�QXWULHQWV�FRXOG�H[HUW�SUHVVXUH�RQ�FRSHSRG�
DEXQGDQFH��ELRPDVV��DQG�FRPPXQLW\�FRPSRVLWLRQ��7KH�VHFWLRQ�FORVHV�ZLWK�DQ�RYHUYLHZ�RI�
UHVHDUFK�DQG�PRQLWRULQJ�QHHGV��

5.2. Sources of Information 
,QIRUPDWLRQ�IRU�WKLV�UHSRUW�FRPHV�IURP�PRQLWRULQJ�GDWD��SXEOLVKHG�SDSHUV��DQG�XQSXEOLVKHG�
H[SHULPHQWDO�DQG�ILHOG�GDWD��VHH�$SSHQGL[�������7KH�HDUOLHVW�H[DPLQDWLRQV�RI�]RRSODQNWRQ�LQ�WKH�
6)(�UHSRUWHG�WKDW�WKH�PRVW�DEXQGDQW�WD[RQ�ZDV�3DUDODELGRFHUD��ZKLFK�GRHV�QRW�RFFXU�LQ�
WHPSHUDWH�ZDWHUV��VR�WKLV�SUREDEO\�UHIHUV�WR�(SLODELGRFHUD��IROORZHG�E\�&DODQXV��(VWHUO\�������
$SOLQ��������1HLWKHU�VWXG\�SURYLGHG�GHWDLOV�RI�DEXQGDQFH��%RWK�VSHFLHV�DUH�ODUJH��!��PP���VR�
WKHLU�KLJK�UHODWLYH�DEXQGDQFH�LPSOLHV�WKDW�ERWK�VWXGLHV�KDG�XVHG�ODUJH�PHVK�QHWV��$SOLQ��������
XVHG�D�SODQNWRQ�QHW�ZLWK�DQ�DSHUWXUH�RI�a����PP��%\�FRQWUDVW��DOO�RI�WKH�VWXGLHV�LQFOXGHG�LQ�WKLV�
DQDO\VLV�XVHG�PHVK�VL]HV�RI�����ȝP�RU�VPDOOHU��7DEOH�������,Q�DOO�RI�WKH�PRUH�UHFHQW�VWXGLHV�
$FDUWLD�VSS��YDVWO\�RXWQXPEHUHG�RWKHU�FRSHSRGV��UHLQIRUFLQJ�WKH�LPSRUWDQFH�RI�XVLQJ�D�VXLWDEO\�
ILQH�PHVK�QHW�IRU�SODQNWRQ�VWXGLHV�HYHQ�LQ�HVWXDULHV��7XUQHU��������

7KH�SULQFLSDO�VRXUFH�RI�PRQLWRULQJ�GDWD�LV�WKH�,QWHUDJHQF\�(FRORJLFDO�3URJUDP��,(3��
]RRSODQNWRQ�PRQLWRULQJ�SURJUDP��2UVL�DQG�0HFXP�������7DEOH�������7KLV�SURJUDP�KDV�EHHQ�
VDPSOLQJ�WKH�HVWXDU\�VLQFH������ZLWK�UHODWLYHO\�IHZ�FKDQJHV�LQ�VDPSOLQJ�GHVLJQ�RU�PHWKRGV��DQG�
D�FRQVLVWHQWO\�KLJK�OHYHO�RI�H[SHUWLVH�LQ�GLVFRYHULQJ�DQG�WKHQ�LGHQWLI\LQJ�QHZ�VSHFLHV��)RU�
H[DPSOH��WKH�VSHFLHV�GHVFULSWLRQ�RI�WKH�FRSHSRG�2LWKRQD�GDYLVDH�ZDV�SXEOLVKHG�EDVHG�RQ�
VSHFLPHQV�IURP�WKH�6)(��)HUUDUL�DQG�2UVL��������HYHQ�WKRXJK�WKH�VSHFLHV�LV�QDWLYH�WR�-DSDQ�
ZKLFK�KDV�D�VWURQJ�WUDGLWLRQ�RI�KLJK�TXDOLW\�PDULQH�VFLHQFH�DQG�WD[RQRP\��

,(3�PRQLWRULQJ�GRHV�KDYH�D�IHZ�GUDZEDFNV�����,W�GRHV�QRW�VDPSOH�LQ�&HQWUDO�RU�6RXWK�6DQ�
)UDQFLVFR�%D\V�DQG�XQWLO������GLG�QRW�VDPSOH�URXWLQHO\�LQ�6DQ�3DEOR�%D\�����0DQ\�WD[RQRPLF�
JURXSV�DUH�QRW�LGHQWLILHG�WR�VSHFLHV��DOWKRXJK�PRVW�RI�WKH�FRSHSRGV�DUH��DQG����8QWLO������WKH�
SXPS�VDPSOHU�XVHG�WR�FROOHFW�VPDOO�����±�����P��RUJDQLVPV�VXFK�DV�FRSHSRG�QDXSOLL�WRRN�D�
YHU\�VPDOO�VDPSOH�VR�WKDW�D�VLQJOH�LQGLYLGXDO�UHSUHVHQWHG�DERXW�����P���LQ�WKH�HVWXDU\��ZLWK�WKH�
UHVXOW�WKDW�PXFK�RI�WKH�GDWD�JLYH�RQO\�FUXGH�HVWLPDWHV�RI�DEXQGDQFH�XQOHVV�ODUJH�QXPEHUV�RI�
VDPSOHV�DUH�DJJUHJDWHG��

�



94 

 

Table 5.1. Attributes of sampling programs. The number of stations is the total number sampled in at 
least 10% of the surveys for which data are available. Data used from IEP surveys are from Suisun and 
San Pablo Bays and the western Delta (about half of the data). NS, not stated 
* 846 all stations; 439 samples in the region of this study 

Attribute 
Painter 

1966 
Caskey 1976 IEP 

Ambler 
1985 

Kimmerer 
unpubl. 

Years 1963 1972-1974 1972-present 1978-1981 
Sept 1997- 

Jan 1999 

Regions 
San Pablo 
Bay – W. 

Delta 

South Bay - 
western Delta 

San Pablo Bay - 
Delta 

South Bay - 
western Delta 

South Bay - San 
Pablo Bay 

Stations 12 13  41 32 30 

Total 
Samples 

383 172 19,984 846 (439)* 422 

Sampling 
method 

Horizontal 
tow with 

net 

Oblique tow with 
½-meter net 

Oblique net tow, 
vertically 

integrated pump 
sample 

Pump @ 
nominally 3 

depths 

Vert. (channel) or 
surface (shoal) 

tow,½-meter net 

Mesh,  μm 150  140 
150 (net), 

43 (pump) 
64 or 80  150  

Sample 
Volume, m3 NS, 5-10 NS, probably > 10 

Net mean 7, pump 
1.5-1.8 L  

1.5 
Vertical: median 
2.6; Surface 35 

Processing NS 

Entire sample for 
large orgs., 
remainder 

subsampled. 

Net sample 
subsampled; entire 

pump sample  

Some 
subsmpled; 

averaged over 
depths  

Subsampled 

Taxonomic 
details 

  
Acartia spp. not 

distinguished 

Acartia 
hudsonica as A. 

clausi 

Acartia spp. 
distinguished in 

109 samples 

Data avail. No No Yes Yes Yes 

�

$GGLWLRQDO�PRQLWRULQJ�GDWD�DUH�DYDLODEOH�IURP�VRPH�RI�WKH�ILVK�VXUYH\V��QRWDEO\�WKH����PP�
VXUYH\�IRU�\RXQJ�GHOWD�VPHOW��'HJH�DQG�%URZQ��������7KH�86*6�FRQGXFWHG�D�VWXG\�RI�
]RRSODQNWRQ�DEXQGDQFH�WKURXJKRXW�WKH�HVWXDU\�LQ������������$PEOHU�HW�DO���������DQG�WKHUH�
KDYH�EHHQ�D�IHZ�RWKHU�VKRUW�WHUP�VWXGLHV�VLQFH��PRVWO\�IRFXVHG�RQ�WKH�VDOWLHU�SDUWV�RI�WKH�HVWXDU\�
�%ROOHQV�HW�DO��������.LPPHUHU�XQSXEOLVKHG����

0RQLWRULQJ�GDWD�WHOO�XV�D�ORW�DERXW�WKH�ORQJ�WHUP�WUHQGV�LQ�GLVWULEXWLRQ�DQG�DEXQGDQFH�EXW�
UHODWLYHO\�OLWWOH�DERXW�WKH�SURFHVVHV�WKDW�XQGHUOLH�WKHVH�SDWWHUQV��0HFKDQLVWLF�VWXGLHV�KDYH�EHHQ�
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GRQH�RQ�]RRSODQNWRQ�RQO\�LQ�WKH�ODVW�a���\HDUV��DQG�WKH�SDFH�RI�GLVFRYHU\�KDV�LQFUHDVHG�LQ�UHFHQW�
\HDUV��1RZ�PRGHOLQJ�LV�EHJLQQLQJ�WR�SURYLGH�XVHIXO�LQVLJKWV�WR�FRPSOHPHQW�WKHVH�RWKHU�
DSSURDFKHV��DQG�RYHUDOO�WKHUH�LV�QRZ�D�VPDOO�EXW�DFWLYH�DQG�ZHOO�OLQNHG�FRPPXQLW\�RI�VFLHQWLVWV�
HQJDJHG�LQ�XQGHUVWDQGLQJ�WKHVH�RUJDQLVPV��

5.3. The key species: native and introduced 
7KH�FODVV�&RSHSRGD�FRPSULVHV�DERXW�WHQ�RUGHUV��RI�ZKLFK�IRXU�DUH�FRPPRQ�LQ�WKH�6DQ�)UDQFLVFR�
(VWXDU\��7KUHH��&DODQRLGD��&\FORSRLGD��DQG�+DUSDFWLFRLGD��KDYH�DEXQGDQW�UHSUHVHQWDWLYHV�
WKURXJKRXW�WKH�HVWXDU\��EXW�PRVW�RI�WKH�KDUSDFWLFRLGV�DUH�EHQWKLF�DQG�UHSUHVHQWHG�LQ�WKH�ZDWHU�
FROXPQ�RQO\�E\�MXYHQLOH�VWDJHV�ZKLFK�KDYH�QRW�EHHQ�LGHQWLILHG�WR�VSHFLHV��7KH�SHODJLF�
KDUSDFWLFRLG�(XWHUSLQD�DFXWLIURQV�LV�DEXQGDQW�LQ�VDOLQH�ZDWHUV��DV�LV�RQH�FRPPRQ�
6LSKRQRVWRPDWRLG��&RU\FDHXV�DQJOLFXV���%HFDXVH�RI�WKHVH�GLVWULEXWLRQV�WKH�UHPDLQLQJ�GLVFXVVLRQ�
FRQFHUQV�WKH�FDODQRLGV�DQG�F\FORSRLGV��

,Q�PRVW�HVWXDULHV�WKH�FRSHSRG�IDXQD�LV�GHSDXSHUDWH�FRPSDUHG�ZLWK�WKH�IDXQD�RI�WKH�DGMDFHQW�
RFHDQ��7KLV�LV�WUXH�LQ�WKH�6)(��EXW�LQWURGXFWLRQV�KDYH�UDLVHG�VSHFLHV�GLYHUVLW\�DQG�WUDQVIRUPHG�
WKH�VSHFLHV�FRPSRVLWLRQ�RI�WKH�XSSHU�HVWXDU\��)LJ�������7DEOH������VHH�:LQGHU�DQG�-DVVE\��������
7KH�PDMRULW\�RI�GRPLQDQW�FRSHSRG�VSHFLHV�±�ERWK�LQ�WHUPV�RI�DEXQGDQFH��RUJDQLVPV�/����DQG�
ELRPDVV��J�&�/������LQ�WKH�QRUWKHUQ�6)(�DUH�LQWURGXFHG�VSHFLHV��7KH�FXUUHQW�OHYHOV�RI�DEXQGDQFH�
DUH�PXFK�KLJKHU�WKDQ�WKH\�ZHUH�EHIRUH�WKH�LQWURGXFWLRQ�RI�WKH�VPDOO�F\FORSRLG�FRSHSRGV�
/LPQRLWKRQD�VLQHQVLV�LQ�IUHVKZDWHU�LQ������DQG�/��WHWUDVSLQD�LQ�EUDFNLVK�ZDWHU�LQ�������)LJ��
������+RZHYHU��ELRPDVV�KDV�GHFOLQHG�VOLJKWO\�EHFDXVH�WKHVH�VPDOO�FRSHSRGV�DUH�DERXW�����RI�WKH�
PDVV�RI�WKH�RWKHU�FRPPRQ�FRSHSRGV�LQ�WKH�UHJLRQ��

$OO�RI�WKH�FRSHSRG�LQWURGXFWLRQV�FDPH�XOWLPDWHO\�IURP�$VLD��DQG�WKH�VSHFLHV�DVVHPEODJH�RI�WKH�
XSSHU�HVWXDU\�KDV�EHHQ�UHIHUUHG�WR�DV�DQ��HDVWHUQ�$VLDQ�IDXQD���2UVL�DQG�2KWVXND��������%DOODVW�
ZDWHU�LV�D�OLNHO\�YHFWRU�IRU�PRVW�RI�WKH�LQWURGXFWLRQV��DOWKRXJK�3VHXGRGLDSWRPXV�PDULQXV�PD\�
KDYH�FRPH�ZLWK�WKH�WUDQVSRUW�RI�VKHOOILVK�IRU�DTXDFXOWXUH��DV�DSSDUHQWO\�KDSSHQHG�LQ�+DZDLL�DQG�
VHYHUDO�VPDOO�HVWXDULHV�LQ�&DOLIRUQLD��-RQHV�������)OHPLQJHU�DQG�.UDPHU�������.LPPHUHU�������
2UVL�DQG�:DOWHU��������

7KH�LQWURGXFWLRQV�FDPH�RYHU�D�OLPLWHG�QXPEHU�RI�\HDUV��ZLWK�QR�LQWURGXFWLRQV�GXULQJ�WKH�ILUVW���
RU�ODWHVW����\HDUV�RI�WKH�VDPSOLQJ�SURJUDP�������SUHVHQW���7KH�LQYDVLRQ�KHDY\�SHULRG�LV�URXJKO\�
WKH�WLPH�SHULRG�ZKHQ�VKLSSLQJ�WUDIILF�IURP�$VLD�ZDV�KLJK�DQG�UHJXODWLRQV�UHTXLULQJ�EDOODVW�
WUHDWPHQW��H�J���H[FKDQJH�DW�VHD��ZHUH�QRW�\HW�LQ�SODFH��&DUOWRQ�HW�DO�������&KRL�HW�DO���������
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Figure 5.1. Cumulative abundance of adult copepods in three salinity ranges: A, <0.5, B, Low-Salinity 
Zone at 0.5 - 6, and C, >6.  Immature stages have been excluded because nauplii have not been 
consistently identified to species, and copepodites only in some years. Copepod species are ordered 
vertically by approximate time of introduction. 
 

7KXV��WKLV�SDWWHUQ�FRXOG�EH�VHHQ�DV�VHULHV�RI�PRUH�RU�OHVV�UDQGRP�HYHQWV�GXULQJ�D�SHULRG�RI�
YXOQHUDELOLW\��+RZHYHU��WKH�LQWURGXFWLRQV�RI�3VHXGRGLDSWRPXV�IRUEHVL��/LPQRLWKRQD�WHWUDVSLQD��
DQG�$FDUWLHOOD�VLQHQVLV�ZHUH�SUREDEO\�IDFLOLWDWHG�E\�WKH�LQWHQVLYH�JUD]LQJ�SUHVVXUH�GXH�WR�WKH�
LQYDVLYH�FODP�&RUEXOD�DPXUHQVLV��VHH�OLIH�KLVWRU\�GLVFXVVLRQ�EHORZ���
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�

Table 5.2. Copepod and mysid introductions to the San Francisco Estuary in approximate order of 
introduction. Salinity is the reported value where the species was taken, not necessarily where it is 
most abundant. 

�

$Q�DOWHUQDWLYH�H[SODQDWLRQ�IRU�WKH�DSSDUHQWO\�QRQ�UDQGRP�WHPSRUDO�SDWWHUQ�RI�LQWURGXFWLRQV�
UHODWHG�WKH�LQWURGXFWLRQV�WR�GURXJKW�H[DFHUEDWHG�E\�ZDWHU�ZLWKGUDZDOV�IURP�WKH�ZDWHUVKHG�
�:LQGHU�HW�DO���������7KHUH�DUH�VHYHUDO�SUREOHPV�ZLWK�WKLV�LQWHUSUHWDWLRQ��7KH�DQDO\VLV�RI�:LQGHU�
HW�DO��XVHG�D�IORZ�YDULDEOH�DYHUDJHG�RYHU���\HDUV�XS�WR�WKH�\HDU�RI�LQWURGXFWLRQ��EXW�WKHVH�
FRSHSRGV�JR�WKURXJK�WKHLU�HQWLUH�OLIH�F\FOHV�LQ�XQGHU�����ZHHNV�LQ�VXPPHU��*RXOG�DQG�.LPPHUHU�
������.LPPHUHU�DQG�*RXOG�������/��6XOOLYDQ��6)68��XQSXEO����0DQ\�VSHFLHV�LQ�WKH�HVWXDU\�ZLWK�
ORQJHU�OLIH�F\FOHV��H�J���FODPV��7KRPSVRQ�������ILVK��6RPPHU�HW�DO��������.LPPHUHU�������
UHVSRQG�ZLWKLQ�D�\HDU�WR�LQWHUDQQXDO�FKDQJHV�LQ�IUHVKZDWHU�IORZ��7KXV��WKLV�DYHUDJLQJ�SHULRG�LV�
IDU�WRR�ORQJ��DQG�D�VKRUWHU�DYHUDJLQJ�SHULRG�UHVXOWV�LQ�QR�SDWWHUQ��)XUWKHUPRUH��WKHUH�LV�QR�
FRQFHLYDEOH�PHFKDQLVP�E\�ZKLFK�FRSHSRGV�ZRXOG�UHVSRQG�WR�GURXJKW��DQG�WKH�DEXQGDQFH�
SDWWHUQV�RI�WKH�FRSHSRGV�QRZ�LQ�WKH�HVWXDU\�RU�DEXQGDQW�LQ�WKH�SDVW�GR�QRW�GR�VR��H�J���.LPPHUHU�
������.LPPHUHU�HW�DO����������

,W�LV�KHOSIXO�WR�GLVWLQJXLVK�LQWURGXFWLRQ�HYHQWV�DV�D�FODVV�RI�GULYHUV�RI�FKDQJH�IURP�WKH�FRQWLQXLQJ�
GRPLQDQFH�RI�QRQ�QDWLYH�VSHFLHV�LQ�VRPH�HVWXDULQH�KDELWDWV��,QWURGXFWLRQ�HYHQWV�FDQ�FDXVH�D�VWHS�
FKDQJH�LQ�WKH�HFRV\VWHP�WKDW�LV�XVXDOO\�YLHZHG�DV�FDWDVWURSKLF��$OWKRXJK�VRPH�LQWURGXFHG�

6SHFLHV� 'DWH�RI�ILUVW�FDSWXUH� /RFDWLRQ� 6DOLQLW\� /LNHO\�VRXUFH� 5HIHUHQFH�

(XU\WHPRUD�DIILQLV� ����"� 8SSHU�HVWXDU\� ��� (DVWHUQ�8�6�� /HH������

'HOWDP\VLV�KROPTXLVWDH� $XJXVW������ 1RW�VWDWHG� 1RW�VWDWHG� 1RW�VWDWHG� %RZPDQ�DQG�2UVL������

6LQRFDODQXV�GRHUULL� 0D\������ &RQIOXHQFH� ���� $VLD� 2UVL�HW�DO�������

/LPQRLWKRQD�VLQHQVLV� $XJXVW������ 6WRFNWRQ� a�� &KLQD� )HUUDUL�DQG�2UVL������

2LWKRQD�GDYLVDH�
2FWREHU������RU�
EHIRUH������

6XLVXQ�%D\� !��� -DSDQ� )HUUDUL�DQG�2UVL������

3VHXGRGLDSWRPXV�PDULQXV� 2FWREHU������ 6XLVXQ�%D\� ���� -DSDQ� 2UVL�DQG�:DOWHU������

3VHXGRGLDSWRPXV�IRUEHVL� 2FWREHU������ 6DQ�-RDTXLQ�5�� a�� &KLQD� 2UVL�DQG�:DOWHU������

$FDQWKRP\VLV�DVSHUD� $XJXVW������ 6XLVXQ�%D\� 1RW�VWDWHG� .RUHD��-DSDQ� 0RGOLQ�DQG�2UVL������

+\SHUDFDQWKRP\VLV�
ORQJLURVWULV� -XO\������ 6XLVXQ�%D\� 1RW�VWDWHG� &KLQD��.RUHD"� 0RGOLQ�DQG�2UVL������

7RUWDQXV�GH[WULOREDWXV� $XJXVW������ 6XLVXQ�%D\� ���� &KLQD� 2UVL�DQG�2KWVXND������

/LPQRLWKRQD�WHWUDVSLQD� 6HSWHPEHU������ 6XLVXQ�%D\� ������ &KLQD� 2UVL�DQG�2KWVXND������

$FDUWLHOOD�VLQHQVLV� 2FWREHU������ 6XLVXQ�6ORXJK� �������� &KLQD� 2UVL�DQG�2KWVXND������

$FDQWKRP\VLV�KZDQKDLHQVLV� 6HSWHPEHU������ 6DQ�3DEOR�%D\� ������ .RUHD� 0RGOLQ�DQG�2UVL������
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VSHFLHV�RYHUVKRRW�LQ�DEXQGDQFH�DQG�WKHQ�VHWWOH�GRZQ�WR�VRPH�EDFNJURXQG�OHYHO��H�J���PLWWHQ�
FUDEV��5XGQLFN�HW�DO���������WKH�LQWURGXFHG�]RRSODQNWRQ�VHHP�WR�KDYH�EHFRPH�HVWDEOLVKHG�DQG�
WKHQ�UHPDLQHG�VR�XQWLO�DQRWKHU�LQWURGXFWLRQ�FDXVHG�D�UHDGMXVWPHQW��2QFH�HVWDEOLVKHG�WKH�
LQWURGXFHG�VSHFLHV�SOD\�VRPH�VSHFLHV�VSHFLILF�UROH�LQ�WKH�IRRGZHE��DQG�WKHUH�LV�QR�HYLGHQFH��DW�
OHDVW�IRU�]RRSODQNWRQ��WKDW�LQWURGXFHG�VSHFLHV�DV�D�JURXS�DUH�PRUH�RU�OHVV�VXLWDEOH�LQ�WKRVH�UROHV��
SDUWLFXODUO\�DV�SUH\�IRU�ILVK��7KXV��D�JHQHUDO�FDWHJRU\�RI��LQWURGXFHG�VSHFLHV��LV�QRW�KHOSIXO�LQ�
H[SODLQLQJ�FKDQJHV�RU�ORZ�SURGXFWLYLW\��IRU�ZKLFK�LW�LV�QHFHVVDU\�WR�H[DPLQH�WKH�FKDUDFWHULVWLFV�
RI�HDFK�VSHFLHV��

5.4. Life histories 
&RSHSRGV�DUH�SUREDEO\�WKH�PRVW�DEXQGDQW�DQLPDOV�RQ�HDUWK�DQG�RFFXS\�D�NH\�SODFH�LQ�SHODJLF�
IRRGZHEV��7KH\�DUH�LPSRUWDQW�FRQVXPHUV�RI�RUJDQLF�SDUWLFOHV�LQ�WKH�������P�UDQJH��ZKLFK�
LQFOXGHV�PRVW�RI�WKH�ELRPDVV�RI�SK\WRSODQNWRQ�DQG�PLFUR]RRSODQNWRQ��7KH\�DUH�DOVR�WKH�PDLQ�
IRRG�IRU�HDUO\�OLIH�VWDJHV�RI�PRVW�ILVK��DQG�WKURXJK�PXFK�RI�WKH�OLYHV�RI�VRPH�ILVK�VXFK�DV�GHOWD�
VPHOW��1REULJD�������)H\UHU�HW�DO��������6�6ODWHU�&')*�SHUV��FRPP�����

3HODJLF�FRSHSRGV�KDYH�D�FRQVHUYDWLYH�OLIH�KLVWRU\�FRQVLVWLQJ�RI�DQ�HJJ��VL[�QDXSOLXV��ODUYDO��
VWDJHV��ILYH�FRSHSRGLWH��MXYHQLOH��VWDJHV��DQG�WKH�DGXOW�VWDJH��$GXOWV�DUH�VH[XDOO\�GLPRUSKLF��DQG�
WKH�ODVW�RQH�RU�WZR�FRSHSRGLWH�VWDJHV�KDYH�VRPH�GLPRUSKLF�IHDWXUHV��0DOHV�KXQW�IRU�IHPDOHV�DQG��
LI�VXFFHVVIXO��JUDVS�WKH�IHPDOHV�DQG�WUDQVIHU�D�VDF�FDOOHG�D�VSHUPDWRSKRUH�WR�LQLWLDWH�IHUWLOL]DWLRQ��
5HSURGXFWLRQ�LV�E\�EURDGFDVW�VSDZQLQJ��L�H���UHOHDVLQJ�VLQJOH�HJJV�RU�JURXSV�RI�HJJV�LQWR�WKH�
ZDWHU��RU�E\�FDUU\LQJ�RQH�RU�WZR�FOXWFKHV�RI�HJJV�LQ�HJJ�VDFV�XQWLO�WKH\�KDWFK��7KH�HJJV�GHYHORS�
RYHU�RQH�WR�D�IHZ�GD\V�GHSHQGLQJ�RQ�WHPSHUDWXUH��'HYHORSPHQW�WLPH�WKURXJK�WKH�SRVW�KDWFKLQJ�
OLIH�VWDJHV�LV�VSHFLHV�VSHFLILF�DQG�VLPLODUO\�WHPSHUDWXUH�GHSHQGHQW�WR�WKDW�RI�WKH�HJJV��EXW�LV�RIWHQ�
OHQJWKHQHG�E\�IRRG�OLPLWDWLRQ��

$GXOW�FRSHSRGV�DQG�FRSHSRGLWHV�DOO�KDYH�VL[�SDLUV�RI�DSSHQGDJHV�XVHG�WR�GHWHFW�DQG�FRQVXPH�
IRRG��DQG�IRXU�RU�ILYH�SDLUV�RI�SDGGOH�OLNH�VZLPPLQJ�OHJV���FRSHSRG��LV�IURP�WKH�*UHHN�țȠȣʌȓ�
ʌȩįȓ���SDGGOH�IRRW����6LPLODU�PRUSKRORJ\�RI�WKHVH�DSSHQGDJHV�DPRQJ�VSHFLHV�ZLWKLQ�D�JHQXV�
XVXDOO\�PHDQV�JHQHUDOO\�VLPLODU�IHHGLQJ�PRGH�DQG�VZLPPLQJ�EHKDYLRU��7KH�IHHGLQJ�DSSHQGDJHV�
FDQ�KDYH�VHQVRU\�DSSDUDWXV�WR�GHWHFW�FKHPLFDO�FRPSRXQGV��DQDORJRXV�WR�D�VHQVH�RI�VPHOO��DQG�
K\GURG\QDPLF�GLVWXUEDQFH��ZKLFK�PD\�EH�XVHG�LQ�IHHGLQJ��PDWH�ILQGLQJ��DQG�GHWHFWLRQ�RI�
SUHGDWRU�DWWDFNV��7KH�ILIWK�VZLPPLQJ�OHJ�RI�DGXOWV�LV�XVHG�LQ�PDWLQJ�DQG�LV�XVXDOO\�VH[XDOO\�
GLPRUSKLF��DQG�WKHUHIRUH�D�JRRG�FKDUDFWHU�IRU�GLVWLQJXLVKLQJ�VSHFLHV��

8VH�RI�+DELWDW�3ODQNWRQLF�DQLPDOV�OLYH�LQ�D�PRYLQJ�IUDPH�RI�UHIHUHQFH�DQG�DUH�QRW�WLHG�WR�DQ\�
JHRJUDSKLF�ORFDWLRQ��EXW�UDWKHU�WR�D�UDQJH�RI�VDOLQLW\�DQG�RWKHU�ZDWHU�SURSHUWLHV��DQG�DUH�
LQIOXHQFHG�E\�VSDWLDO�SDWWHUQV�RI�IRRG�VXSSO\�DQG�SUHGDWLRQ��,Q�FRQVLGHULQJ�WKH�KDELWDW�RI�
HVWXDULQH�]RRSODQNWRQ�LW�LV�KHOSIXO�WR�FRQVLGHU�D�SDUWLFXODU�VDOLQLW\�UDQJH�UDWKHU�WKDQ�D�JHRJUDSKLF�
UHJLRQ��7KLV�UDQJH�FDQ�EH�OLQNHG�WR�;���WKH�GLVWDQFH�XS�WKH�D[LV�RI�WKH�HVWXDU\�PHDVXUHG�IURP�WKH�
*ROGHQ�*DWH�WR�D�VDOLQLW\�RI����-DVVE\�HW�DO���������;��LV�LQYHUVHO\�UHODWHG�WR�IUHVKZDWHU�IORZ�DQG�
LV�D�PHDVXUH�RI�WKH�SK\VLFDO�UHVSRQVH�RI�WKH�HVWXDU\�WR�IUHVKZDWHU�IORZ��EXW�LV�DOVR�D�KDQG\�JDXJH�
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RI�WKH�SRVLWLRQ�RI�DQ\�VDOLQLW\�UDQJH�DQG�WKHUHIRUH�ZKHUH�D�SDUWLFXODU�VSHFLHV�LV�OLNHO\�WR�EH�PRVW�
DEXQGDQW��

7KH�G\QDPLF�DVSHFW�RI�FRSHSRG�SRSXODWLRQV�LV�LOOXVWUDWHG�E\�FRPSDULQJ�WKH�UHODWLRQVKLSV�EHWZHHQ�
;��DQG�DEXQGDQFH�RI�(XU\WHPRUD�DIILQLV�IURP�WKH�,(3�PRQLWRULQJ�SURJUDP�DW�WZR�IL[HG�VWDWLRQV�
�)LJ�����$�DQG����&��DQG�DW�WKH�VWDWLRQ�GHILQHG�E\�VDOLQLW\�FORVHVW�WR������)LJ�����%���(LWKHU�RI�WKH�
IL[HG�VWDWLRQV�JLYHV�DQ�LQFRUUHFW�SLFWXUH�RI�WKH�UHODWLRQVKLS�RI�DEXQGDQFH�WR�IORZ��ZKLFK�LV�
DFWXDOO\�QHJOLJLEOH�ZKHQ�H[DPLQHG�LQ�WKH�FRSHSRG
V�VDOLQLW\�EDVHG�IUDPH�RI�UHIHUHQFH��)LJ��
���%���

 
Figure 5.2. Abundance of Eurytemora affinis during 1972-1986 vs. X2. Data from: A, station NZ062 on 
the lower Sacramento River; B, the station in each survey with salinity closest to 3.5, the approximate 
salinity where the abundance of E. affinis was highest; C, station NZ020 in western Suisun Bay. 
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Figure 5.3 Image plots of log10 (abundance +10) of common zooplankton species by Julian day and 
salinity.  Note that the lowest salinity band (0-1) includes large areas of freshwater containing few 
copepods.  The highest salinity bands are cut off for early years because those salinities were not 
sampled consistently before ~1994. Note that the upper limit for Limnoithona is 10-fold higher than 
that for other species. 
 

)LJXUH�����LV�SORWWHG�E\�VDOLQLW\�UDQJH�EHFDXVH�]RRSODQNWRQ�JHQHUDOO\�DUH�DUUDQJHG�LQ�WKH�HVWXDU\�
DFFRUGLQJ�WR�VDOLQLW\��)LJ��������7KLV�DUUDQJHPHQW�LV�RQO\�SDUWO\�D�UHVXOW�RI�VDOLQLW\�WROHUDQFH��
EHFDXVH�PDQ\�]RRSODQNWRQ�VSHFLHV�FDQ�WROHUDWH�D�ZLGH�UDQJH�RI�VDOLQLW\��)RU�H[DPSOH��PHPEHUV�
RI�WKH�JOREDO�VSHFLHV�FRPSOH[�(XU\WHPRUD�DIILQLV�DUH�PRVW�RIWHQ�IRXQG�LQ�ORZ�VDOLQLW\�UHJLRQV�RI�
HVWXDULHV��/HH�������EXW�H[SHULPHQWV�KDYH�LQYDULDEO\�VKRZQ�JRRG�VXUYLYDO��UHSURGXFWLRQ��RU�
JURZWK�DFURVV�D�ZLGH�UDQJH�RI�VDOLQLW\��5RGGLH�HW�DO��������1DJDUDM�������.LPPHO�DQG�%UDGOH\�
�������5DWKHU��WKLV�SDWWHUQ�OLNHO\�DULVHV�WKURXJK�D�FRPELQDWLRQ�RI�UHWHQWLRQ�PHFKDQLVPV��VHH�
EHORZ���VSDWLDOO\�YDULDEOH�PRUWDOLW\��DQG�VDOLQLW\�WROHUDQFH���

5HVSRQVHV�WR�WHPSHUDWXUH�XVXDOO\�WDNH�WKH�IRUP�RI�VHDVRQDO�F\FOHV�RI�DEXQGDQFH��ZKLFK�LQ�WKH�
6)(�DOPRVW�XQLYHUVDOO\�UHVXOW�LQ�KLJK�DEXQGDQFH�LQ�VXPPHU�DQG�ORZ�LQ�ZLQWHU��7KLV�SDWWHUQ�LV�
SUHGRPLQDQW�IRU�VRPH�VSHFLHV�RI�ZDUP�WHPSHUDWH�WR�VXEWURSLFDO�RULJLQ��IRU�H[DPSOH��
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3VHXGRGLDSWRPXV�IRUEHVL�LV�YHU\�DEXQGDQW�LQ�VSULQJ�WKURXJK�DXWXPQ�EXW�UDUH�LQ�ZLQWHU��DQG�
ODERUDWRU\�H[SHULPHQWV�VKRZ�SRRU�UHSURGXFWLRQ�DW�WHPSHUDWXUH�EHORZ�a���&��/��6XOOLYDQ�����

0DQ\�SODQNWRQLF�RUJDQLVPV�UHVSRQG�WR�OLJKW��DYRLGLQJ�VXUIDFH�ZDWHUV�E\�GD\��XVXDOO\�WR�DYRLG�
YLVXDO�SUHGDWRUV��%ROOHQV�DQG�)URVW��������(XU\WHPRUD�DIILQLV�DQG�3VHXGRGLDSWRPXV�VSS��LQ�
PDQ\�HVWXDULHV�UHPDLQ�RQ�RU�QHDU�WKH�ERWWRP�E\�GD\��SUREDEO\�DOVR�IRU�SUHGDWRU�DYRLGDQFH�
�)DQFHWW�DQG�.LPPHUHU�������9XRULQHQ��������EXW�LQ�WKH�XSSHU�6)(�WKHVH�VSHFLHV�RFFXU�
WKURXJKRXW�WKH�ZDWHU�FROXPQ�E\�GD\�DQG�QLJKW��.LPPHUHU�HW�DO���������7XUELGLW\�PD\�EH�KLJK�
HQRXJK�WR�PDNH�PXFK�RI�WKH�ZDWHU�FROXPQ�WRR�GDUN�IRU�IRU�YLVXDO�SODQNWLYRUHV�WR�VHH�WKHLU�SUH\��
6RPH�FRSHSRGV��QRWDEO\�(XU\WHPRUD�DIILQLV��DUH�DVVRFLDWHG�ZLWK�HVWXDULQH�WXUELGLW\�PD[LPD��H�J���
0RUJDQ�HW�DO���������ZKLFK�PD\�SURYLGH�VKHOWHU�IURP�YLVXDO�SUHGDWRUV��+RZHYHU��WXUELGLW\�
PD[LPD�XVXDOO\�RFFXU�LQ�WKH�/6=��VR�LW�LV�GLIILFXOW�WR�GLVWLQJXLVK�WKH�UHODWLYH�LPSRUWDQFH�RI�
WXUELGLW\��VDOLQLW\��DQG�UHWHQWLRQ�PHFKDQLVPV�IRU�PDLQWDLQLQJ�WKH�DEXQGDQFH�PD[LPXP��

5HVSRQVHV�WR�RWKHU�ZDWHU�TXDOLW\�YDULDEOHV�DUH�OHVV�ZHOO�NQRZQ��,QWHUHVW�LQ�WKH�HIIHFW�RI�S+�LV�
JURZLQJ�EHFDXVH�RI�FRQFHUQV�RYHU�RFHDQ�DFLGLILFDWLRQ��DQG�WKHUH�LV�VRPH�HYLGHQFH�RI�QHJDWLYH�
HIIHFWV�RQ�FRSHSRGV��H�J���)LW]HU�HW�DO���������+RZHYHU��WKH�S+�LQ�DQ�HVWXDU\�LV�RIWHQ�KLJKO\�
YDULDEOH�EHFDXVH�RI�YDULDWLRQV�LQ�LQSXWV�E\�ULYHUV�DQG�ZDVWHZDWHU�DQG�YDULDWLRQ�GXH�WR�GLXUQDO�
F\FOHV�RI�SULPDU\�SURGXFWLRQ�DQG�UHVSLUDWLRQ���

0RYHPHQW�RI�RUJDQLVPV�WKURXJK�ZDWHU�GHSHQGV�RQ�WKH�5H\QROGV�QXPEHU��5H���WKH�UDWLR�RI�
LQHUWLDO�IRUFHV�WR�YLVFRXV�IRUFHV�RQ�WKH�RUJDQLVP��$W�5H�!!��LQHUWLDO�IRUFHV�SUHYDLO�DQG�RUJDQLVPV�
PRYH�E\�DFFHOHUDWLQJ�ZDWHU�WR�RYHUFRPH�GUDJ�WKDW�EHFRPHV�LQFUHDVLQJO\�WXUEXOHQW�DV�5H�EHFRPHV�
ODUJHU��$W�5H�����YLVFRXV�IRUFHV�SUHYDLO�DQG�RUJDQLVPV�PRYH�E\�SXOOLQJ�WKHPVHOYHV�WKURXJK�WKH�
ZDWHU��%\�YLUWXH�RI�WKHLU�VL]H��a��PP�IRU�DGXOWV�RI�PRVW�VSHFLHV�LQ�WKH�6)(��FRSHSRGV�OLYH�RQ�WKH�
ERXQGDU\�EHWZHHQ�WKH��YLVFRXV�ZRUOG��ZKHUH�LQWHUDFWLRQV�DUH�PHGLDWHG�E\�WKH�PRYHPHQW�RI�WKH�
ZDWHU�DQG�SDUWLFOHV�LQ�LW��DQG�WKH��LQWHUWLDO�ZRUOG��ZKHUH�LQWHUDFWLRQV�DUH�JRYHUQHG�E\�VSHHG�RI�
DWWDFN�DQG�HVFDSH��1DJDQXPD��������7KXV��FRSHSRGV�KDYH�VHQVRU\�DQG�IHHGLQJ�DSSHQGDJHV�ZLWK�
ZKLFK�WR�GHWHFW�DQG�IHHG�RQ�SDUWLFOHV�PRYLQJ�LQ�D�YLVFRXV�PHGLXP��<HQ��������9LVFRXV�GUDJ�LV�
DQ�LPSRUWDQW�FKDUDFWHULVWLF�RI�WKH�HQYLURQPHQW�WKDW�PDNHV�WKH�IORZ�ILHOG�ODPLQDU�DQG�LQKLELWV�
PL[LQJ��.RHKO�DQG�6WULFNOHU��������+RZHYHU��WKH�FDODQRLG�FRSHSRGV�KDYH�HVFDSH�PHFKDQLVPV�E\�
ZKLFK�WR�DFFHOHUDWH�YHU\�EULHIO\�WR�DERXW������ERG\�OHQJWKV�VHFRQG��.L¡UERH�HW�DO���������SXWWLQJ�
WKHP�VTXDUHO\�LQ�WKH�LQHUWLDO�ZRUOG�DQG�HQDEOLQJ�WKHP�WR�DYRLG�DWWDFNV�E\�YLVXDO�DQG�VXFWLRQ�
SUHGDWRUV��7KLV�LV�SUREDEO\�WKH�IDVWHVW�VZLPPLQJ�VSHHG�RI�DQ\�DTXDWLF�DQLPDO�IRU�LWV�VL]H��E\�
FRPSDULVRQ��VFRPEURLG�ILVKHV��WXQDV��VDLOILVK��KDYH�D�PD[LPXP�VZLPPLQJ�VSHHG�RI�DURXQG����
ERG\�OHQJWKV�VHFRQG��:DOWHUV�DQG�)LHUVWLQ��������

5HWHQWLRQ�PHFKDQLVPV�(VWXDULHV�FDQ�EH�GLIILFXOW�SODFHV�IRU�SODQNWRQLF�RUJDQLVPV�WR�OLYH�EHFDXVH�
RI�WKH�VHDZDUG�WUDQVSRUW�GXH�WR�ULYHU�IORZ�DQG�WLGDO�PL[LQJ��$OO�HVWXDULQH�UHVLGHQW�RUJDQLVPV�PXVW�

                                                             
 

2 Names in parentheses refer to unpublished data collected by these researchers in my laboratory. 
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KDYH�PHFKDQLVPV�IRU�RYHUFRPLQJ�WKHVH�ORVVHV��0RVW�VPDOO�RUJDQLVPV��H�J���SK\WRSODQNWRQ��
EDFWHULD��PLFUR]RRSODQNWRQ�VXFK�DV�FLOLDWHV��KDYH�KLJK�HQRXJK�JURZWK�UDWHV�WR�RYHUFRPH�WKHVH�
ORVVHV�DQG�PDLQWDLQ�SRSXODWLRQ�DEXQGDQFH�GXULQJ�VRPH�VHDVRQV��7KHVH�UDWHV�DUH�ORZHVW�LQ�ZLQWHU�
DQG�LQVXIILFLHQW�WR�RYHUFRPH�ZLQWHU�IORRG�IORZV��DQG�VPDOO�SODQNWRQLF�RUJDQLVPV�DUH�OLNHO\�
UHVHHGHG�LQWR�WKH�PDLQ�ERG\�RI�WKH�HVWXDU\�IROORZLQJ�IORRGV�IURP�SHULSKHUDO�KDELWDWV�RI�ORQJHU�
UHVLGHQFH�WLPH��

&RSHSRGV�DQG�RWKHU�ODUJHU�SODQNWRQLF�RUJDQLVPV�RIWHQ�KDYH�EHKDYLRUDO�PHFKDQLVPV�WKDW�IDYRU�
UHWHQWLRQ�ZLWKLQ�WKH�HVWXDU\��7KHVH�LQFOXGH�WLGDOO\�WLPHG�YHUWLFDO�PLJUDWLRQ�E\�ZKLFK�WKH�
RUJDQLVPV�DUH�KLJKHU�LQ�WKH�ZDWHU�FROXPQ�RQ�WKH�IORRG�WKDQ�RQ�WKH�HEE��.LPPHUHU�HW�DO��������
������%HQQHWW�HW�DO���������,Q�WKH�SUHVHQFH�RI�VKHDUHG�WLGDO�FXUUHQWV�WKLV�FDQ�UHVXOW�LQ�D�UHGXFWLRQ�
RI�VHDZDUG�WUDQVSRUW�RU�UHWHQWLRQ��.LPPHUHU�HW�DO���������$�ERWWRP�RULHQWHG�EHKDYLRU�FDQ�DOVR�
UHWDLQ�SODQNWRQ�ZLWKLQ�WKH�HVWXDU\��DV�KDSSHQV�ZLWK�VLQNLQJ�VHGLPHQW��EHFDXVH�RI�FHOOV�RI�
JUDYLWDWLRQDO�FLUFXODWLRQ�LQ�GHHSHU�SDUWV�RI�WKH�HVWXDU\��L�H���LQ�VDOLQLW\�VWUDWLILHG�ZDWHU��WKH�WLGDOO\�
DYHUDJHG�YHORFLW\�QHDU�WKH�ERWWRP�FDQ�EH�ODQGZDUG�ZKLOH�WKH�VXUIDFH�YHORFLW\�LV�VHDZDUG��
6FKRHOOKDPHU�������0RQLVPLWK�HW�DO���������*UDYLWDWLRQDO�FLUFXODWLRQ�LV�FRPPRQ�RQO\�LQ�GHHS�
ZDWHUV�RI�WKH�6)(��DQG�LV�XQFRPPRQ�LQ�WKH�VKDOORZ�6XLVXQ�%D\�ZKHUH�WLGDO�FXUUHQWV�FDXVH�VWURQJ�
YHUWLFDO�PL[LQJ�WKDW�LQKLELWV�VWUDWLILFDWLRQ���

7KH�REVHUYHG�WLGDO�PLJUDWLRQ�RI�FRSHSRGV�DQG�ODUYDO�ILVK�DSSHDUHG�WR�EH�LQVXIILFLHQW�WR�UHWDLQ�WKH�
RUJDQLVPV�ZLWKLQ�6XLVXQ�%D\��.LPPHUHU�HW�DO���������+RZHYHU��RQJRLQJ�ZRUN�ZLWK�SDUWLFOH�
WUDFNLQJ�PRGHOV�VKRZV�WKDW�WKHVH�REVHUYHG�EHKDYLRUV�DV�ZHOO�DV�WKH�ERWWRP�RULHQWDWLRQ�RI�P\VLGV�
DQG�VKULPS�FDQ�UHVXOW�LQ�UHWHQWLRQ�ZLWKLQ�WKH�/6=�EHFDXVH�RI�LQWHUDFWLRQV�EHWZHHQ�6XLVXQ�%D\�
DQG�GHHSHU�UHJLRQV�VXFK�DV�&DUTXLQH]�6WUDLW��.LPPHUHU�HW�DO��LQ�SUHS����

)HHGLQJ�&RSHSRGV�KDYH�VHYHUDO�GLIIHUHQW�PHWKRGV�IRU�IHHGLQJ��DOO�RI�ZKLFK�DOORZ�IRU�VWURQJ�
VHOHFWLRQ�IRU�FHUWDLQ�IRRG�W\SHV��)HHGLQJ�PD\�LQYROYH�GHWHFWLQJ�IRRG�SDUWLFOHV�WKURXJK�FRQWDFW�
ZLWK�IHHGLQJ�DSSHQGDJHV��+RZHYHU��EHFDXVH�YLVFRXV�IRUFHV�SUHGRPLQDWH�DW�WKH�VFDOH�RI�IHHGLQJ�
DSSHQGDJHV��FKHPLFDO�RU�YLEUDWLRQ�VLJQDOV�HPDQDWLQJ�IURP�IRRG�SDUWLFOHV�FDQ�EH�GHWHFWHG�VRPH�
GLVWDQFH�DZD\�IURP�WKH�DSSHQGDJHV��&KHPLFDO�VLJQDOV�SURSDJDWH�E\��VORZ��PROHFXODU�GLIIXVLRQ��
EXW�LI�WKH�FRSHSRG�SURGXFHV�D�IHHGLQJ�FXUUHQW�RU�WKH�IRRG�SDUWLFOH�LV�VZLPPLQJ�WKH�UHVXOWLQJ�VKHDU�
FDQ�VWUHWFK�WKH�FKHPLFDO�VLJQDO�TXLFNO\�DQG�DOORZ�GHWHFWLRQ�IURP�D�FRQVLGHUDEOH�GLVWDQFH��

6RPH�FRSHSRG�JHQHUD�VHW�XS�D�IHHGLQJ�FXUUHQW�E\�EHDWLQJ�WKHLU�IHHGLQJ�DSSHQGDJHV��DQG�FDSWXUH�
SDUWLFOHV�RXW�RI�WKH�ZDWHU�ZKLOH�VZLPPLQJ��3VHXGRGLDSWRPXV�VSS���(XU\WHPRUD�DIILQLV��RU�VORZO\�
VLQNLQJ�WKURXJK�WKH�ZDWHU�ZLWK�LQWHUPLWWHQW�XSZDUG�KRSV��KRS�DQG�VLQN��$FDUWLD�VSS����,Q�WKLV�
IHHGLQJ�PRGH�WKH�FRSHSRG��VFDQV��WKH�ZDWHU�IRU�IRRG�SDUWLFOHV��.L¡UERH�������EXW�GRHV�QRW�ILOWHU�
WKH�SDUWLFOHV��VLQFH�LQ�WKH�YLVFRXV�IOXLG�DW�WKDW�VPDOO�VFDOH�WKH�IHHGLQJ�DSSHQGDJHV�DFW�DV�SDGGOHV�
UDWKHU�WKDQ�ILOWHUV��.RHKO�DQG�6WULFNOHU��������3DUWLFOHV�PD\�EH�FDSWXUHG�E\�VTXHH]LQJ�ZDWHU�RXW�
EHWZHHQ�WKH�VHWDH�RQ�WKH�DSSHQGDJHV��DQG�SDUWLFOHV�PD\�EH�DFWLYHO\�JUDEEHG�RU�EUXVKHG�DZD\�E\�
D�IHHGLQJ�DSSHQGDJH��.RHKO�DQG�6WULFNOHU�������.L¡UERH��������

6RPH�FRSHSRGV�FUXLVH�WKURXJK�WKH�ZDWHU�GHWHFWLQJ�SUH\�RUJDQLVPV��$FDUWLHOOD��7RUWDQXV���ZKLOH�
RWKHUV�KDQJ�PRWLRQOHVV�LQ�WKH�ZDWHU�DQG�DPEXVK�VZLPPLQJ�RUJDQLVPV�WKDW�FRPH�QHDU��2LWKRQD�
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GDYLVDH��/LPQRLWKRQD���7KH�ODWWHU�PRGH�LV�HIIHFWLYH�DW�FDSWXULQJ�PRWLOH�RUJDQLVPV��PRVW�RI�ZKLFK�
KDYH�VRPH�FDSDELOLW\�WR�GHWHFW�DQG�DYRLG�D�IHHGLQJ�FXUUHQW��

7KH�IRRG�WD[D�FRQVXPHG�E\�FRSHSRGV�RI�D�JLYHQ�VSHFLHV�GHSHQGV�RQ�IRRG�DYDLODELOLW\��VL]H��
VZLPPLQJ�DQG�HVFDSH�EHKDYLRU��FKHPLFDO�FRPSRVLWLRQ��DQG�WKH�DYDLODELOLW\�RI�DOWHUQDWLYH�IRRG�
�.L¡UERH��������7KH�LQIOXHQFH�RI�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�IRRG�FRQVXPHG�E\�FRSHSRGV�PD\�
EH�SDUWLFXODUO\�LPSRUWDQW�EHFDXVH�WKH�FKHPLFDO�FRPSRVLWLRQ�RI�FRSHSRGV�LV�UHODWLYHO\�FRQVLVWHQW��
SDUWLFXODUO\�ZLWKLQ�D�VSHFLHV��ZKLOH�WKDW�RI�WKHLU�IRRG�FDQ�YDU\�WUHPHQGRXVO\��/DVSRXPDGHUHV�HW�
DO���������&RQVWDQF\�ZLWKLQ�D�SRSXODWLRQ�LPSOLHV�VWURQJ�KRPHRVWDWLF�PHFKDQLVPV�IRU�IHHGLQJ�DQG�
DVVLPLODWLRQ��7KLV�PD\�LQYROYH�DFWLYH�VHOHFWLRQ�RI�IRRG�SDUWLFOHV�EDVHG�RQ�WKHLU�FKHPLFDO�VLJQDOV��
RU�GLIIHUHQWLDO�DVVLPLODWLRQ�RI�FRPSRXQGV�DQG�QXWULHQWV�GHSHQGLQJ�RQ�WKH�UHTXLUHPHQWV�RI�WKH�
FRSHSRG�IRU�JURZWK�DQG�PDLQWHQDQFH��7KH�FRPSOH[LW\�DQG��LQ�PRVW�FDVHV��LQYLVLELOLW\�RI�WKHVH�
VHOHFWLYH�SURFHVVHV�PDNHV�SUHGLFWLRQV�GLIILFXOW�DERXW�ZKDW�D�JLYHQ�VSHFLHV�ZLOO�HDW�LQ�DQ\�
VLWXDWLRQ��DQG�KHOSV�WR�H[SODLQ�ZK\�WKH�WKRXVDQGV�RI�SDSHUV�RQ�IHHGLQJ�KDYH�QRW�OHG�WR�D�JHQHUDO��
SUHGLFWLYH�WKHRU\��.L¡UERH���������

7KH�VXLWDELOLW\�RI�GLDWRPV�DV�IRRG�IRU�FRSHSRGV�LV�WKH�VXEMHFW�RI�VXEVWDQWLDO�ZRUN�DQG�
FRQVLGHUDEOH�FRQWURYHUV\��7KH�ZRUOG
V�PRVW�SURGXFWLYH�PDULQH�HFRV\VWHPV�DUH�VXSSRUWHG�E\�
LQWHQVH�GLDWRP�EORRPV��LPSO\LQJ�WKDW�WKHVH�EORRPV�DUH�D�YDOXDEOH�IRRG�VRXUFH�IRU�FRSHSRGV�DQG�
RWKHU�]RRSODQNWRQ��+RZHYHU��PDQ\�VWXGLHV�KDYH�VKRZQ�GLDWRPV�WR�EH�HLWKHU�QXWULWLRQDOO\�
LQDGHTXDWH�RU�HYHQ�WR[LF�WR�FRSHSRGV��$VN�HW�DO��������,DQRUD�DQG�0LUDOWR��������DOWKRXJK�RWKHUV�
KDYH�QRW��,ULJRLHQ�HW�DO��������6RPPHU��������7KHUH�LV�HYHQ�FRQVLGHUDEOH�YDULDELOLW\�LQ�VXLWDELOLW\�
DV�IRRG�ZLWKLQ�D�VLQJOH�GLDWRP�VSHFLHV��DV�VKRZQ�LQ�H[SHULPHQWV�ZLWK�GLIIHUHQW�FORQHV�RI�WKH�
GLDWRP�6NHOHWRQHPD�FRVWDWXP�EHLQJ�FRQVXPHG�E\�(XU\WHPRUD�DIILQLV��$VN�HW�DO���������ERWK�
LPSRUWDQW�VSHFLHV�LQ�WKH�6)(��7KLV�VXJJHVWV�WKDW�FORQDO�GLIIHUHQFHV�RU�JURZWK�KLVWRU\�RI�WKH�
GLDWRPV�PD\�UHVXOW�LQ�ODUJH�GLIIHUHQFHV�LQ�WKHLU�VXLWDELOLW\�DV�IRRG���

9XOQHUDELOLW\�WR�SUHGDWLRQ�&RSHSRGV�DUH�NH\�RUJDQLVPV�LQ�SHODJLF�IRRGZHEV��ZKLFK�PHDQV�PDQ\�
SUHGDWRUV�HDW�WKHP��7KLV�KDV�WZR�LPSRUWDQW�UHODWHG�FRQVHTXHQFHV�LQ�HVWXDULHV��7KH�ILUVW�LV�WKDW�
SUHGDWLRQ�PD\�H[FOXGH�RU�OLPLW�SHQHWUDWLRQ�RI�FRDVWDO�FRSHSRG�VSHFLHV�LQWR�HVWXDULHV��.LPPHUHU�
DQG�0F.LQQRQ�������.LPPHUHU�������8HGD��������ZKLFK�DUH�RIWHQ�UHJLRQV�RI�KLJK�ELRORJLFDO�
DFWLYLW\�DQG�WKHUHIRUH�KLJK�DEXQGDQFH�RI�SUHGDWRU\�RUJDQLVPV��

7KH�VHFRQG�LV�WKDW�FRSHSRGV�WKDW�DUH�VXFFHVVIXO�LQ�HVWXDULHV�KDYH�HYROYHG�YDULRXV�VWUDWHJLHV�WR�
DYRLG�RU�PLQLPL]H�WKH�HIIHFWV�RI�SUHGDWLRQ��$�SUREOHP�WKDW�VPDOO�SODQNWRQLF�RUJDQLVPV�IDFH�LV�
WKDW�WKHUH�DUH�PDQ\�PRGHV�RI�SUHGDWLRQ��HDFK�RI�ZKLFK�GHSHQGV�RQ�GLIIHUHQW�DVSHFWV�RI�SUH\�DQG�
FDQ�EH�DYRLGHG�E\�GLIIHUHQW�VWUDWHJLHV��%URRNV�DQG�'RGVRQ�������'UHQQHU�HW�DO��������9LLWDVDOR�
HW�DO��������7LWHOPDQ�DQG�.L¡UERH��������2I�WKH�VWUDWHJLHV�RU�PHFKDQLVPV�DYDLODEOH�WR�DYRLG�RU�
PLWLJDWH�HIIHFWV�RI�SUHGDWLRQ��RQO\�UDSLG�SRWHQWLDO�SRSXODWLRQ�JURZWK�ZRXOG�EH�HIIHFWLYH�DJDLQVW�
DOO�SUHGDWRU\�PRGHV��

*HQHUDOO\��FRSHSRGV�DUH�FRQVXPHG�E\�SUHGDWRUV�LI�WKHLU�GLVWULEXWLRQV��LQ�VDOLQLW\�DQG�YHUWLFDOO\��
DQG�VHDVRQDO�SDWWHUQV�RYHUODS��WKH�FRSHSRGV�DUH�WKH�ULJKW�VL]H�WR�EH�FRQVXPHG�E\�WKH�SUHGDWRU��
DQG�WKH\�FDQ�UHDGLO\�EH�GHWHFWHG��H[FHSW�IRU�ILOWHU�IHHGHUV��DQG�FDXJKW��&RSHSRGV�YDU\�JUHDWO\�LQ�
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WKHLU�GHWHFWDELOLW\��ZKLFK�GHSHQGV�RQ�VL]H��SLJPHQWDWLRQ��DQG�VZLPPLQJ�EHKDYLRU��DQG�LQ�WKH�
VWUHQJWK�RI�WKHLU�HVFDSH�UHVSRQVHV��7KHUH�LV�OLWWOH�HYLGHQFH�WKDW�FRSHSRGV�YDU\�LQ�WKHLU�SDODWDELOLW\���

7KH�PRVW�FRPPRQ�PRGH�RI�SUHGDWLRQ�RQ�ODUJHU�VWDJHV�RI�FRSHSRGV�LQ�PDQ\�HVWXDULHV�LV�SUREDEO\�
WKDW�E\�SODQNWLYRURXV�ILVK��PRVW�RI�ZKLFK�GHWHFW�SUH\�YLVXDOO\�DQG�FDSWXUH�WKHP�RQH�DW�D�WLPH��
DOWKRXJK�VRPH�ILVK�VSHFLHV�FDQ�GHWHFW�SODQNWRQLF�SUH\�LQ�WKH�GDUN�XVLQJ�WKH�ODWHUDO�OLQH��-DQVVHQ�
HW�DO���������(LWKHU�SUHGDWRU\�PRGH�LV�JHQHUDOO\�VHOHFWLYH�WRZDUG�ODUJHU�SUH\�EHFDXVH�RI�WKHLU�
KLJKHU�GHWHFWDELOLW\�DQG�SRVVLEO\�WKH�JUHDWHU�QHW�HQHUJ\�JDLQ�SHU�LQGLYLGXDO�FRQVXPHG��%URRNV�
DQG�'RGVRQ��������DOWKRXJK�DFWLYH�VHOHFWLRQ�IRU�RQH�SUH\�RU�DQRWKHU�SUREDEO\�SOD\V�D�PLQRU�UROH�
LQ�SODQNWLYRU\��/XR�HW�DO���������0HFKDQLVPV�WR�DYRLG�RU�UHGXFH�WKH�LPSDFWV�RI�YLVXDO�
SODQNWLYRU\�LQFOXGH�GLHO�YHUWLFDO�PLJUDWLRQ��%ROOHQV�DQG�)URVW�������LQFOXGLQJ�PLJUDWLRQ�WR�WKH�
ERWWRP�E\�GD\��)DQFHWW�DQG�.LPPHUHU��������VPDOO�VL]H��WUDQVOXFHQFH��DQG�FU\SWLF�EHKDYLRU�
UHVXOWLQJ�LQ�SRRU�GHWHFWDELOLW\��%URRNV�DQG�'RGVRQ�������*HUULWVHQ�DQG�6WULFNOHU�������%XVNH\�
�������GHOD\HG�GHYHORSPHQW�WR�ODUJHU��PRUH�YLVLEOH�VWDJHV��0LOOHU�HW�DO���������DQG�VHQVLWLYLW\�WR�
VKHDU�FXUUHQWV�FRXSOHG�ZLWK�UDSLG�HVFDSH�UHVSRQVHV��%XVNH\�������)LHOGV�DQG�<HQ���������

([DPSOHV�RI�WKHVH�PHFKDQLVPV�DUH�FRPPRQ�LQ�WKH�6)(��0\VLGV�DQG�DPSKLSRGV�XQGHUZHQW�GLHO�
PLJUDWLRQ�LQ�WKH�/6=�GXULQJ������������.LPPHUHU�HW�DO���������������1RQH�RI�WKH�FRSHSRGV�
PLJUDWHG�GLHOO\��SHUKDSV�EHFDXVH�WKHLU�RWKHU�DWWULEXWHV�HOLPLQDWHG�WKH�QHHG�IRU�GLHO�PLJUDWLRQ��
0RVW�RI�WKH�FRSHSRGV�DUH�VPDOO�DQG�WKH�PRVW�DEXQGDQW�VSHFLHV��/LPQRLWKRQD�WHWUDVSLQD�DQG�
2LWKRQD�GDYLVDH��DUH�WKH�VPDOOHVW��a�����P�WRWDO�OHQJWK���PDQ\�DUH�WUDQVOXFHQW�LQ�DOO�OLIH�VWDJHV��
DQG�/��WHWUDVSLQD�LV�TXLHVFHQW�LQ�WKH�ZDWHU�DQG�WKHUHIRUH�GLIILFXOW�WR�GHWHFW�K\GURPHFKDQLFDOO\��
$OO�RI�WKH�FDODQRLG�FRSHSRGV��QRWDEO\�(XU\WHPRUD�DIILQLV��3VHXGRGLDSWRPXV�IRUEHVL��DQG�
$FDUWLHOOD�VLQHQVLV��KDYH�VWURQJ�HVFDSH�UHVSRQVHV��DQG�$FDUWLD�DQG�SUREDEO\�$FDUWLHOOD�VSHFLHV�
KDYH�DQWHQQDH�WKDW�DUH�ZHOO�HTXLSSHG�WR�GHWHFW�VKHDU�LQGLFDWLQJ�DQ�DWWDFN�E\�D�SODQNWLYRUH��

)LOWHU�IHHGHUV�LQ�WKH�HVWXDU\�LQFOXGH�VHYHUDO�ILVK�WKDW�FDQ�VZLWFK�EHWZHHQ�ILOWHULQJ�DQG�SLFNLQJ�
LQGLYLGXDO�SUH\��QRUWKHUQ�DQFKRY\�(QJUDXOLV�PRUGD[�DQG�3DFLILF�VDUGLQH�6DUGLQRSV�VDJD[�LQ�
VDOW\�ZDWHU��DQG�WKUHDGILQ�VKDG�'RURVRPD�SHWHQHQVH�LQ�IUHVKZDWHU��7KLV�SUHGDWRU\�PRGH��
JHQHUDOO\�XVHG�LQ�DUHDV�RI�KLJK�DEXQGDQFH�RI�IRRG�LWHPV�WRR�VPDOO�WR�DWWDFN�LQGLYLGXDOO\����
�aPP��/HRQJ�DQG�2
&RQQHOO�������+RODQRY�DQG�7DVK��������LV�OLNHO\�HIIHFWLYH�DJDLQVW�VPDOOHU�
]RRSODQNWRQ�ZLWK�OLPLWHG�VZLPPLQJ�FDSDELOLW\�VXFK�DV�/LPQRLWKRQD�VSS���.LPPHUHU��������,Q�
IDFW��WKH�UHGXFWLRQ�LQ�DEXQGDQFH�RI�QRUWKHUQ�DQFKRY\�LQ�WKH�/6=�LQ������SUREDEO\�RSHQHG�WKH�
GRRU�WR�WKH�HVWDEOLVKPHQW�RI�/��WHWUDVSLQD�LQ�DQ�DUHD�RI�ORZ�SUHGDWLRQ�ULVN�E\�ILVK��.LPPHUHU�
�������

7KH�RWKHU�SULQFLSDO�ILOWHU�IHHGLQJ�]RRSODQNWLYRUHV�LQ�PDULQH�DQG�HVWXDULQH�V\VWHPV�DUH�JHODWLQRXV�
SUHGDWRUV��QRWDEO\�VF\SKR��DQG�K\GURPHGXVDH�DQG�FWHQRSKRUHV��,Q�WKH�6)(�DOO�WKUHH�DUH�FRPPRQ�
LQ�VDOW\�ZDWHU�DQG�WKUHH�VSHFLHV�RI�K\GURPHGXVDH�DUH�FRPPRQ�LQ�EUDFNLVK�ZDWHU��EXW�PRUH�
DEXQGDQW�LQ�VKHOWHUHG�VORXJKV�DQG�FKDQQHOV�WKDQ�WKH�RSHQ�ZDWHUV��0LOOV�DQG�5HHV�������:LQW]HU�
HW�DO��������/��6XOOLYDQ���7KHLU�ILOWUDWLRQ�LPSDFW�LV�XQOLNHO\�WR�EH�ODUJH��

&ODPV�DOVR�ILOWHU�IHHG�DQG�WKH�LQWURGXFHG�RYHUELWH�FODP�&RUEXOD�DPXUHQVLV�LV�FDSDEOH�RI�
FRQVXPLQJ�QDXSOLL�RI�VHYHUDO�FRSHSRG�VSHFLHV��.LPPHUHU�HW�DO��������.LPPHUHU�XQSXEOLVKHG���



105 

 

:H�KDYH�DOVR�REVHUYHG�DGXOWV�RI�/LPQRLWKRQD�WHWUDVSLQD��ZLWK�WKHLU�ZHDN�HVFDSH�UHVSRQVHV��
EHLQJ�VXFNHG�LQWR�FODP�VLSKRQV�LQ�WKH�ODERUDWRU\��7KLV�FRQVXPSWLRQ�KDV�D�SRSXODWLRQ�OHYHO�HIIHFW�
IRU�VRPH�VSHFLHV��(XU\WHPRUD�DIILQLV��ODUJHO\�FRQILQHG�WR�WKH�/RZ�6DOLQLW\�=RQH��GHFOLQHG�
VKDUSO\�LQ�DEXQGDQFH�GXULQJ�ODWH�VSULQJ�VXPPHU�VWDUWLQJ�LQ�������ZKLFK�ZDV�DWWULEXWHG�ODUJHO\�WR�
FRQVXPSWLRQ�RI�QDXSOLL�E\�FODPV��.LPPHUHU�HW�DO���������2QJRLQJ�DQDO\VHV�VKRZ�KLJK�PRUWDOLW\�
RI�3VHXGRGLDSWRPXV�IRUEHVL�QDXSOLL�LQ�WKH�/RZ�6DOLQLW\�=RQH��ZKLFK�FDQ�EH�DWWULEXWHG�WR�D�
FRPELQDWLRQ�RI�VORZ�JURZWK�EHFDXVH�RI�SRRU�IRRG�FRQGLWLRQV�DQG�FRQVXPSWLRQ�E\�FODPV��

7KUHH�SUHGDWRU\�FRSHSRG�VSHFLHV�DUH�VRPHWLPHV�DEXQGDQW�LQ�WKH�HVWXDU\��7DEOH�������7KH�
UHODWLYHO\�ORZ�SUHGDWLRQ�UDWH�E\�ILVK�DQG�WKH�ODFN�RI�RWKHU�SODQNWLYRUHV�PD\�KDYH�SURYLGHG�WKH�
WZR�LQWURGXFHG�VSHFLHV�DQ�RSSRUWXQLW\�WR�WKULYH��

5.5. Current understanding of common species 
7KLV�VHFWLRQ�SUHVHQWV�DGGLWLRQDO�LQIRUPDWLRQ�IRU�VRPH�RI�WKH�FRPPRQ�VSHFLHV�LQ�DQG�QHDU�WKH�
/6=��VHH�DOVR�7DEOHV�����DQG�������)LJ������VKRZV�WKH�DEXQGDQFH�SDWWHUQV�LQ�VDOLQLW\�DQG�WLPH�RI�
\HDU�IRU�WKH�FRPPRQ�VSHFLHV�IRU�RQH�RU�WZR�UDQJHV�RI�\HDUV�GHSHQGLQJ�RQ�ZKHQ�WKH\�ZHUH�
LQWURGXFHG�RU�ZKHQ�DEXQGDQFH�FKDQJHG���

$OO�RI�WKHVH�VSHFLHV�DUH�FRQVXPHG�WR�VRPH�H[WHQW�E\�GHOWD�VPHOW�DQG�RWKHU�ILVKHV�WKDW�DUH�PRVW�
DEXQGDQW�LQ�ORZ�VDOLQLW\�ZDWHUV��+RZHYHU��WKHVH�VSHFLHV�YDU\�LQ�WKHLU�LPSRUWDQFH�WR�GLHWV�RI�WKHVH�
ILVKHV�EHFDXVH�RI�WKH�GHJUHH�RI�RYHUODS�EHWZHHQ�WKH�FRSHSRGV
�VDOLQLW\�UDQJHV�DQG�WKRVH�RI�WKH�
ILVK��,Q�DGGLWLRQ��VRPH�RI�WKHVH�FRSHSRGV��2LWKRQD��/LPQRLWKRQD�VSS���DUH�VPDOO�DQG�GLIILFXOW�WR�
VHH��DQG�ILVK�LQ�JHQHUDO�ZLOO�DWWDFN�ODUJHU�SUH\�ZKHQ�WKH\�DUH�DYDLODEOH��7DEOH�������

$FDUWLD��$SSHQGL[������LV�D�JHQXV�RI�PDULQH�WR�EUDFNLVK�VSHFLHV�WKDW�DUH�YHU\�DEXQGDQW�LQ�PRVW�
WHPSHUDWH�HVWXDULHV�DQG�ED\V��H�J���+HLQOH�������$OFDUD]�������.LPPHUHU�DQG�0F.LQQRQ�������
8HGD��������$FDUWLD�VSHFLHV�DUH�QRW�FROOHFWHG�HIIHFWLYHO\�E\�WKH�,(3�PRQLWRULQJ�SURJUDP�EHFDXVH�
RI�WKH�ODFN�RI�VDPSOLQJ�LQ�&HQWUDO�DQG�6RXWK�%D\��EXW�WKHUH�LV�VWLOO�FOHDU�HYLGHQFH�RI�D�GHFUHDVH�LQ�
DEXQGDQFH�RI�WKLV�JHQXV�LQ�������HVSHFLDOO\�LQ�VXPPHU��.LPPHUHU�DQG�2UVL������DQG�)LJV������
DQG�������

(XU\WHPRUD�DIILQLV�LV�D�PHPEHU�RI�D�VSHFLHV�FRPSOH[��L�H���D�JURXS�RI�FORVHO\�UHODWHG�VSHFLHV�WKDW�
DUH�YHU\�GLIILFXOW�WR�GLVWLQJXLVK�H[FHSW�E\�JHQHWLF�DQDO\VLV��/HH��������7KLV�JURXS�LV�QXPHULFDOO\��

$FDUWLHOOD�VLQHQVLV�SUH\V�RQ�VPDOOHU�FRSHSRGV�LQFOXGLQJ�DOO�VWDJHV�RI�/LPQRLWKRQD�DQG�DW�OHDVW�
QDXSOLL�RI�3VHXGRGLDSWRPXV�IRUEHVL��<RUN�HW�DO��LQ�UHYLVLRQ��6ODXJKWHU�DQG�.LPPHUHU�LQ�SUHS����,Q�
FRQWUDVW�WR�DOO�RI�WKH�RWKHU�/6=�FRSHSRGV��LWV�UHSURGXFWLYH�UDWH�DSSHDUV�WR�EH�KLJK�EDVHG�RQ�D�
KDQGIXO�RI�PHDVXUHPHQWV��SUREDEO\�EHFDXVH�LWV�IRRG�LV�DEXQGDQW��+RZHYHU��LQLWLDO�FDOFXODWLRQV�
VKRZ�WKDW�LWV�SUHGDWRU\�LPSDFW�RQ�/��WHWUDVSLQD�LV�UDWKHU�ORZ��$��VLQHQVLV�LV�RIWHQ�D�FRPPRQ�IRRG�
IRU�GHOWD�VPHOW�LQ�ODWH�VXPPHU��6��6ODWHU��&')*��SHUV��FRPP����

�

�
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Table 5.3. Key life history attributes for some common copepod species. Information not in references is 
unpublished by members of the Kimmerer laboratory at the Romberg Tiburon Center. "Food for fish" refers 
to the habitat where fish may consume these species, or their limited availability because of small size 

Species Repro-
duction Feeding Food for fish Habitat/Notes References 

$FDUWLD�VSS�� %URDGFDVW�
2PQLYRUH��

PLFUR]RRSODQNWRQ��
SK\WRSODQNWRQ�

0DULQH�
7KUHH�FRPPRQ�VSHFLHV�ZLWK�VLPLODU�
OLIH�KLVWRULHV��,(3�VDPSOLQJ�GRHV�QRW�

GLVWLQJXLVK��6HH�WH[W��

&DULOOR�������7ULQDVW�������
/DQGU\�������

(XU\WHPRUD�
DIILQLV� 6DF�

)LOWHU�IHHGHU��
JHQHUDO�RPQLYRUH�

/6=�VSHFLHV�
�IRUPHUO\�DEXQGDQW��

6SHFLHV�FRPSOH[��IRUPHUO\�DEXQGDQW�
OQ�/6=�DOO�\HDU��QRZ�FRQILQHG�WR�

ZLQWHU�HDUO\�VSULQJ�
/HH������

3VHXGRGLDSWRPX
V�IRUEHVL� 6DF�

)LOWHU�IHHGHU��
JHQHUDO�RPQLYRUH� )UHVKZDWHU�DQG�/6=�

0RVW�DEXQGDQW�LQ�IUHVKZDWHU�GXULQJ�
VXPPHU��WUDQVSRUWHG�WR�/6=�E\�

PL[LQJ�DQG�DGYHFWLRQ�
2UVL�DQG�:DOWHU������

3��PDULQXV� 6DF� )LOWHU�IHHGHU��YHU\�
JHQHUDO�RPQLYRUH�

0DULQH�
6RPHZKDW�GHPHUVDO��RQ�ERWWRP�E\�

GD\���5DSLG�JURZWK�UDWH�EXW�
FKURQLFDOO\�IRRG�OLPLWHG��

2UVL�DQG�:DOWHU�������/LDQJ�
DQG�8\H������

6LQRFDODQXV�
GRHUULL�

%URDGFDVW� 2PQLYRUH� )UHVKZDWHU�DQG�/6=�
*HQXV�UHSRUWHG�DV�FDQQLEDOLVWLF�EXW�LQ�
H[SHULPHQWV�LW�JUHZ�RQ�D�GLHW�RI�DOJDH�

2UVL�HW�DO��������.LPRWR�HW�
DO��������+DGD�DQG�8\H�

������

7RUWDQXV�
GH[WULOREDWXV�

%URDGFDVW� $PEXVK�SUHGDWRU� 0DULQH�WR�EUDFNLVK� )HHGV�RQ�RWKHU�FRSHSRGV�
2UVL�DQG�2KWVXND�������
+RRII�DQG�%ROOHQV������

$FDUWLHOOD�
VLQHQVLV�

%URDGFDVW� &UXLVLQJ�SUHGDWRU� /6=�
)HHGV�RQ�RWKHU�FRSHSRGV��H�J���/��

WHWUDVSLQD�
2UVL�DQG�2KWVXND�������
<RUN�HW�DO��LQ�UHYLVLRQ�

2LWKRQD�GDYLVDH� 6DF�

$PEXVK�SUHGDWRU�
RQ�

PLFUR]RRSODQNWRQ��
DOVR�FRQVXPHV�
SK\WRSODQNWRQ�

0DULQH�WR�/6=��
VPDOO�VL]H�OLPLWV�
DYDLODELOLW\�H[FHSW�
IRU�DQFKRYLHV�

%URDGHU�GLHW�WKDQ�SUHYLRXVO\�
EHOLHYHG��,QWURGXFHG�WR�VHYHUDO�

(XURSHDQ�HVWXDULHV��
)HUUDUL�DQG�2UVL������

/LPQRLWKRQD�
WHWUDVSLQD� 6DF�

$PEXVK�SUHGDWRU�
RQ�

PLFUR]RRSODQNWRQ�

/6=��VPDOO�VL]H�
OLPLWV�DYDLODELOLW\�

6ORZ�JURZWK�UDWH��FKURQLFDOO\�IRRG�
OLPLWHG�

)HUUDUL�DQG�2UVL�������*RXOG�
DQG�.LPPHUHU������

/LPQRLWKRQD�
VLQHQVLV�

6DF� ,QIHU�IURP�/��
WHWUDVSLQD�

)UHVKZDWHU��VPDOO�
VL]H�OLPLWV�
DYDLODELOLW\�

1R�HFRORJLFDO�VWXGLHV� )HUUDUL�DQG�2UVL������

$FDQWKRF\FORSV�
YHUQDOLV� 6DF� $PEXVK�SUHGDWRU� )UHVKZDWHU�DQG�/6=�

6HYHUDO�RWKHU�UHODWHG�F\FORSLGV�
SUHVHQW��$��YHUQDOLV�PRVW�DEXQGDQW� /L�DQG�/L������

+DUSDFWLFRLGV� 6DF� � 9DULRXV�
0RVWO\�MXYHQLOHV�RI�EHQWKLF�VSHFLHV��
6HYHUDO�SHODJLF�VSHFLHV�LQ�PRUH�VDOLQH�

ZDWHUV��
�
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7RUWDQXV�GH[WULOREDWXV�DGXOWV�IHHG�RQ�FRSHSRGV�XS�WR�QHDUO\�WKHLU�RZQ�VL]H��+RRII�DQG�%ROOHQV�
�������DQG�QDXSOLL�DSSHDU�WR�IHHG�RQ�FLOLDWHV�DQG�VPDOO�FRSHSRGV�VXFK�DV�/LPQRLWKRQD��&��&UDLJ���
([SHULPHQWV�RQ�$FDQWKRF\FORSV�YHUQDOLV�KDYH�QRW�EHHQ�FRQGXFWHG�KHUH�EXW�LQ�RWKHU�SODFHV�WKH\�
WRR�IHHG�RQ�FRSHSRGV��/L�DQG�/L��������2LWKRQD�GDYLVDH�DGXOWV�DQG�QDXSOLL�DOVR�KDYH�EHHQ�
UHSRUWHG�QRW�WR�IHHG�RQ�GLDWRPV��QRQ�PRWLOH��8FKLPD�������+HQULNVHQ�HW�DO���������EXW�ZH�KDYH�
IRXQG�LW�WR�IHHG�RQ�D�ZLGH�YDULHW\�RI�SUH\�LQFOXGLQJ�GLDWRPV�LI�WKH\�DUH�DYDLODEOH�DW�KLJK�
FRQFHQWUDWLRQV��5��9RJW����

/LPQRLWKRQD�FRPSULVHV�WZR�VSHFLHV��ERWK�LQWURGXFHG�WR�WKH�6)(��/��VLQHQVLV�ZDV�DEXQGDQW�LQ�
IUHVK�WR�VOLJKWO\�EUDFNLVK�ZDWHU�IROORZLQJ�LWV�LQWURGXFWLRQ��EXW�ZKHQ�/��WHWUDVSLQD�DUULYHG�LW�
TXLFNO\�EHFDPH�WKH�QXPHULFDO�GRPLQDQW�LQ�DQG�QHDU�WKH�/6=��DQG�GLVSODFHG�/��VLQHQVLV��1RZ��
DOWKRXJK�ERWK�VSHFLHV�FR�RFFXU�LQ�WKH�HVWXDU\��WKH�DEXQGDQFH�RI�/��VLQHQVLV�LV�PXFK�ORZHU�WKDQ�
WKDW�RI�/��WHWUDVSLQD��WKH�ODWWHU�PDNHV�XS�����RI�WKH�WRWDO�/LPQRLWKRQD�DW�VDOLQLW\��������ZKHUH�
PHDQ�DEXQGDQFH�LV�������P����EXW�����DW�VDOLQLW\�RI��������ZKHUH�WKLV�JHQXV�LV�PRUH�DEXQGDQW��
7KHVH�VPDOO��FU\SWLF�FRSHSRGV�JURZ�DQG�GHYHORS�VORZO\�DQG�KDYH�ORZ�UHSURGXFWLYH�UDWHV��*RXOG�
DQG�.LPPHUHU��������/��WHWUDVSLQD�IHHGV�DOPRVW�HQWLUHO\�RQ�PRWLOH�SUH\�VXFK�DV�FLOLDWH�
SURWR]RDQV��%RXOH\�DQG�.LPPHUHU�������*LIIRUG�HW�DO���������7KH\�VHHP�WR�EH�YXOQHUDEOH�WR�
SUHGDWLRQ�E\�FODPV�DW�DOO�OLIH�VWDJHV��EDVHG�RQ�ODERUDWRU\�REVHUYDWLRQV��+RZHYHU��WKH\�DOVR�DUH�
QRW�KHDYLO\�FRQVXPHG�E\�ILVK�RZLQJ�WR�WKHLU�VPDOO�VL]H�DQG�SURSHQVLW\�WR�UHPDLQ�PRWLRQOHVV�LQ�
WKH�ZDWHU��7KXV��UHGXFHG�PRUWDOLW\�RI�WKH�ODWHU�OLIH�VWDJHV�PD\�FRPSHQVDWH�IRU�ORVVHV�GXH�WR�FODP�
JUD]LQJ��

0\VLGV�DUH�VKULPS�OLNH�DQLPDOV�IRXQG�WKURXJKRXW�PRVW�WHPSHUDWH�HVWXDULHV��7KH�QDWLYH�P\VLG�
1HRP\VLV�PHUFHGLV�ZDV�RQFH�VR�DEXQGDQW�DQG�VR�LPSRUWDQW�LQ�WKH�GLHW�RI�\RXQJ�VWULSHG�EDVV�WKDW�
LW�ZDV�DFWXDOO\�WKH�ILUVW�SODQNWRQLF�RUJDQLVP�VDPSOHG�RQ�D�UHJXODU�EDVLV��2UVL�DQG�0HFXP��������
,WV�DEXQGDQFH�FUDVKHG�LQ������������DIWHU�ZKLFK�WKUHH�QHZ�P\VLGV�ZHUH�LQWURGXFHG��RQH�RI�
ZKLFK��+\SHUDFDQWKRP\VLV�ORQJLURVWULV��LV�PRGHUDWHO\�DEXQGDQW��7DEOH�������+RZHYHU��WRWDO�
P\VLG�ELRPDVV�GHFOLQHG�E\�QHDUO\����IROG�LQ�VXPPHU�RI�������FRQFXUUHQW�ZLWK�WKH�GHFOLQHV�LQ�
FKORURSK\OO�DQG�DQFKRY\�DEXQGDQFH��

5RWLIHUV�RQFH�QXPEHUHG�LQ�WKH�KXQGUHGV�SHU�OLWHU�LQ�WKH�/6=�DQG�ZHUH�HYHQ�PRUH�DEXQGDQW�LQ�WKH�
'HOWD��7KHLU�DEXQGDQFH�LQ�ERWK�UHJLRQV�KDV�GHFOLQHG�DQG�WKH\�DUH�QRZ�XQFRPPRQ�LQ�WKH�/6=��
7KLV�GHFOLQH�LV�OLNHO\�D�UHVXOW�RI�WKH�RYHUDOO�GHFOLQH�LQ�SK\WRSODQNWRQ�SURGXFWLRQ�SDUWO\�GXH�WR�
FODP�JUD]LQJ��DV�ZHOO�DV�WKH�GLUHFW�JUD]LQJ�E\�FODPV�RQ�URWLIHUV��

0LFUR]RRSODQNWRQ�9HU\�OLWWOH�ZRUN�KDV�EHHQ�GRQH�RQ�PLFUR]RRSODQNWRQ��DQG�QR�PRQLWRULQJ�
SURJUDP�FROOHFWV�WKHP��<HW�WKH\�DUH�WKH�QH[W�PRVW�LPSRUWDQW�JUD]HUV�RQ�SK\WRSODQNWRQ�DIWHU�
FODPV��<RUN�HW�DO��������.LPPHUHU�DQG�7KRPSVRQ�LQ�SUHS����DQG�DW�WLPHV�WKH�PRVW�LPSRUWDQW�
IRRG�RI�FRSHSRGV��5ROOZDJHQ�%ROOHQV�DQG�3HQU\�������%RXOH\�DQG�.LPPHUHU�������*LIIRUG�HW�
DO���������&RQVXPSWLRQ�E\�FODPV�FDQ�H[FHHG�WKHLU�SRSXODWLRQ�JURZWK�UDWH��DQG�DV�ZLWK�3��IRUEHVL��
D�VXEVLG\�WKURXJK�GLVSHUVLRQ�DQG�DGYHFWLRQ�IURP�RWKHU�SDUWV�RI�WKH�HVWXDU\�PD\�EH�UHTXLUHG�WR�
PDLQWDLQ�WKH�DEXQGDQFH�RI�PLFUR]RRSODQNWRQ�LQ�WKH�/6=��*UHHQH�HW�DO���������0LFUR]RRSODQNWRQ�
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DUH�GLIILFXOW�WR�LGHQWLI\�WR�VSHFLHV�E\�PLFURVFRSLF�H[DPLQDWLRQ��DQG�PRVW�ZRUNHUV�LGHQWLI\�WKHP�
WR�RQO\�YHU\�FUXGH�WD[RQRPLF�OHYHOV���

5.6. Influences on abundance: reproduction, growth, and predation 
$V�D�JURXS�WKH�]RRSODQNWRQ�SRSXODWLRQV�LQFUHDVH�RU�GHFUHDVH�E\�WKH�QHW�RI�UHSURGXFWLRQ��
JURZWK�GHYHORSPHQW�UDWHV��DQG�PRUWDOLW\�DW�DOO�OLIH�VWDJHV�LQFOXGLQJ�WKDW�GXH�WR�WUDQVSRUW�ORVVHV�RI�
DGYHFWLRQ�DQG�GLVSHUVLRQ��3URJUHVV�KDV�EHHQ�PDGH�RQ�PHDVXULQJ�VRPH�RI�WKHVH�SRSXODWLRQ�
DWWULEXWHV�LQ�UHFHQW�\HDUV��

5HSURGXFWLRQ�RI�FRSHSRGV�GHSHQGV�RQ�WKH�HIIHFW�RI�WHPSHUDWXUH�RQ�ELRFKHPLFDO�SURFHVVHV��WKH�
DELOLW\�WR�ILQG�PDWHV��DQG�RQ�WKH�DYDLODELOLW\�RI�IRRG�RI�KLJK�HQRXJK�TXDOLW\�IRU�HJJ�SURGXFWLRQ��
(JJ�GHYHORSPHQW�WLPH��L�H���EHWZHHQ�HJJ�OD\LQJ�DQG�KDWFKLQJ��GHSHQGV�RQO\�RQ�WHPSHUDWXUH�
�&RUNHWW�DQG�0F/DUHQ��������7KLV�FDQ�EH�PRGHOHG�DV�D�QHJDWLYH�H[SRQHQWLDO�IXQFWLRQ�RI�
WHPSHUDWXUH��ZKLFK�PDWFKHV�TXDQWLWDWLYHO\�ZLWK�SUHGLFWLRQV�RI�WKH�PHWDEROLF�WKHRU\�RI�HFRORJ\�
�%URZQ�HW�DO���������7\SLFDO�HJJ�GHYHORSPHQW�WLPHV�DUH�����GD\V�DW����&��DQG�GHYHORSPHQW�WLPH�
GHFUHDVHV�DERXW���IROG�IRU�HYHU\�a��&�LQFUHDVH�LQ�WHPSHUDWXUH�XS�WR�WKH�WKHUPDO�OLPLW�IRU�WKH�
VSHFLHV��

0DOH�FRSHSRGV�VHHN�DQG�IROORZ�IHPDOHV�XVLQJ�HLWKHU�SKHURPRQHV�RU�K\GURPHFKDQLFDO�VLJQDOV��
3KHURPRQH�WUDFNLQJ�HQKDQFHV�WKH�VHDUFK�FDSDELOLW\�RI�WKH�PDOH�E\�RYHU�DQ�RUGHU�RI�PDJQLWXGH�
�&KRL�DQG�.LPPHUHU��������EXW�VRPH�FRSHSRGV��H�J���$FDUWLD�VSS���GR�QRW�SURGXFH�SKHURPRQHV��
7KH�HIIHFWLYH�YROXPH�VHDUFKHG�SHU�XQLW�RI�WLPH�E\�WKH�PDOHV��WRJHWKHU�ZLWK�DPELHQW�FRQGLWLRQV�RI�
IRRG�VXSSO\��WHPSHUDWXUH��PRUWDOLW\��DQG�GLVSHUVLRQ�GHWHUPLQH�WKH�PLQLPXP�SRSXODWLRQ�GHQVLW\�
IURP�ZKLFK�D�FRSHSRG�SRSXODWLRQ�FDQ�UHFRYHU��&KRL�DQG�.LPPHUHU��������������7KLV�PLQLPXP�
LV�JHQHUDOO\�EHORZ�WKH�DQQXDO�SRSXODWLRQ�PLQLPD�VHHQ�LQ�WKH�HVWXDU\�EXW�LV�SUREDEO\�DQ�LPSRUWDQW�
IDFWRU�LQ�DOORZLQJ�QHZ�SRSXODWLRQV�RI�LQWURGXFHG�VSHFLHV�WR�EHFRPH�HVWDEOLVKHG��

7KH�ELRFKHPLFDO�IRRG�UHTXLUHPHQWV�IRU�UHSURGXFWLRQ�FDQ�EH�PRUH�H[DFWLQJ�WKDQ�WKRVH�IRU�JURZWK�
RI�MXYHQLOHV��DV�LQGLFDWHG�E\�SRRU�HJJ�VXUYLYDO�RI�FRSHSRGV�IHG�VRPH�GLDWRPV�DQG�RWKHU�
QXWULWLRQDOO\�LQDGHTXDWH�IRRGV��,DQRUD�DQG�3RXOHW��������%HFDXVH�RI�WKHVH�SDUWLFXODU�QXWULWLRQDO�
QHHGV��UHSURGXFWLYH�UDWH�RIWHQ�EHFRPHV�IRRG�OLPLWHG�EHIRUH�JURZWK�RI�MXYHQLOHV��+RZHYHU��
UHSURGXFWLYH�UDWH�LV�XVXDOO\�KLJKHU�DQG�PRUH�VHQVLWLYH�WR�IRRG�LQ�FRSHSRGV�WKDW�UHOHDVH�WKHLU�HJJV�
WKDQ�LQ�WKRVH�WKDW�FDUU\�HJJ�VDFV��%XQNHU�DQG�+LUVW���������

$OWKRXJK�FRQWDPLQDQWV�PD\�DIIHFW�UHSURGXFWLYH�UDWH��VXFK�HIIHFWV�DUH�OLNHO\�WR�EH�VSRUDGLF�UDWKHU�
WKDQ�FKURQLF�EHFDXVH�WR[LFLW\�RI�ZDWHU�VDPSOHV�IURP�WKH�HVWXDU\�LV�KLJKO\�YDULDEOH��/XRPD�HW�DO��
������:HUQHU�HW�DO���������7KXV��SHUVLVWHQW�GHSUHVVLRQ�RI�UHSURGXFWLYH�UDWHV�FDQ�XVXDOO\�EH�
LQWHUSUHWHG�DV�HYLGHQFH�RI�IRRG�OLPLWDWLRQ��ZLWK�VRPH�H[FHSWLRQV��VHH�EHORZ����

5HSURGXFWLRQ�KDV�EHHQ�PHDVXUHG�LQ�D�KDQGIXO�RI�VWXGLHV�ZKLFK�KDYH�VKRZQ�HYLGHQFH�RI�IRRG�
OLPLWDWLRQ�LQ�VRPH�VSHFLHV�EXW�QRW�RWKHUV��$OO�WKUHH�VSHFLHV�RI�$FDUWLD�KDG�ZLGHO\�YDU\LQJ�HJJ�
SURGXFWLRQ�UDWHV�ZLWK�SHDN�UDWHV�GXULQJ�SK\WRSODQNWRQ�EORRPV��.LPPHUHU�HW�DO���������(JJ�
SURGXFWLRQ�RI�/LPQRLWKRQD�WHWUDVSLQD�LQ�WKH�/6=�GXULQJ�����������ZDV�ORZ��a��HJJV�IHPDOH���G�
���EXW�WKLV�YDOXH�ZDV�FRQVLVWHQW�ZLWK�WKRVH�IRU�RWKHU�RLWKRQLGV�DQG�GRHV�QRW�VXJJHVW�IRRG�
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OLPLWDWLRQ��*RXOG�DQG�.LPPHUHU��������%\�FRQWUDVW��HJJ�SURGXFWLRQ�UDWHV�RI�(XU\WHPRUD�DIILQLV�
LQ�VSULQJ�DQG�3VHXGRGLDSWRPXV�IRUEHVL�LQ�VXPPHU�LQ�WKH�VDPH�VWXG\�ZHUH�FRQVLVWHQWO\�EHORZ�
HVWLPDWHG�PD[LPD�IRU�HDFK�VSHFLHV��.LPPHUHU�HW�DO��LQ�SUHS����$�KDQGIXO�RI�PHDVXUHPHQWV�RI�HJJ�
SURGXFWLRQ�UDWH�RI�$��VLQHQVLV�GXULQJ�����������VKRZHG�UDWKHU�KLJK�UHSURGXFWLYH�UDWH��DOWKRXJK�
ZH�GR�QRW�NQRZ�WKHLU�PD[LPXP�UHSURGXFWLYH�UDWH�LW�GRHV�VHHP�WKDW�WKH\�DUH�OHVV�IRRG�OLPLWHG�
WKDQ�WKH�RWKHU�VSHFLHV��

'HYHORSPHQW�RI�FRSHSRGV�WDNHV�YDULDEOH�DPRXQWV�RI�WLPH�IRU�HDFK�OLIH�VWDJH�DQG�KDV�WKH�VDPH�
WHPSHUDWXUH�GHSHQGHQFH�DV�HJJV�LI�IRRG�LV�SOHQWLIXO��*URZWK�DQG�GHYHORSPHQW�DUH�OLQNHG��LQ�WKDW�
PROWLQJ�IURP�RQH�VWDJH�WR�WKH�QH[W�UHTXLUHV�D�FHUWDLQ�DPRXQW�RI�JDLQ�LQ�ZHLJKW��W\SLFDOO\�D�IDFWRU�
RI���������IURP�RQH�VWDJH�WR�WKH�QH[W��7KHUHIRUH�WHPSHUDWXUH�VHWV�WKH�ORZHU�OLPLW�RI�GHYHORSPHQW�
WLPH�DQG�IRRG�OLPLWDWLRQ�FDQ�IXUWKHU�H[WHQG�LW��'HYHORSPHQW�WLPH�RI�3��IRUEHVL�LQ�WKH�ODERUDWRU\�
IURP�HJJ�KDWFKLQJ�WR�DGXOW�WDNHV�DERXW����GD\V�DW���&�DQG���GD\V�DW����&��)RRG�UHSOHWH�
GHYHORSPHQW�WLPHV�DW����&�DUH�DERXW���G�IRU�(��DIILQLV�DQG���G�IRU�/��WHWUDVSLQD��*RXOG�DQG�
.LPPHUHU��������$IWHU�WKHLU�WHUPLQDO�PROW�WR�DGXOW��FRSHSRGV�EHJLQ�XVLQJ�IRRG�HQHUJ\�IRU�
UHSURGXFWLRQ�LQVWHDG�RI�JURZWK��

*URZWK�DQG�GHYHORSPHQW�LQ�WKH�ILHOG�KDYH�DOVR�EHHQ�DQDO\]HG�LQ�D�KDQGIXO�RI�VWXGLHV��*URZWK�RI�
/��WHWUDVSLQD�LQ�WKH�HVWXDU\�GXULQJ�����������ZDV�FRQVLVWHQWO\�EHORZ�WKH�PD[LPXP�GHWHUPLQHG�
LQ�WKH�ODERUDWRU\��*RXOG�DQG�.LPPHUHU��������*URZWK�UDWHV�RI�(��DIILQLV�DQG�3��IRUEHVL�ZHUH�DOVR�
XVXDOO\�EHORZ�WKHLU�ODERUDWRU\�PD[LPD�GXULQJ������������SDUWLFXODUO\�IRU�3��IRUEHVL�LQ�VXPPHU��
1RQH�RI�WKH�YDOXHV�RI�JURZWK�RU�UHSURGXFWLYH�UDWH�RI�WKH�WKHVH�WKUHH�VSHFLHV�ZHUH�UHODWHG�WR�
FKORURSK\OO�FRQFHQWUDWLRQ��SUREDEO\�VXJJHVWLQJ�WKH�LPSRUWDQFH�RI�VHOHFWLYH�IHHGLQJ�RQ�
SK\WRSODQNWRQ�DQG�RQ�QRQ�SLJPHQWHG�IRRG�RUJDQLVPV�VXFK�DV�FLOLDWHV��DQG�DOVR�WKH�OLPLWHG�UDQJH�
RI�FKORURSK\OO�YDOXHV�UHVXOWLQJ�LQ�SRRU�VWDWLVWLFDO�SRZHU�WR�GHWHFW�D�UHVSRQVH�RI�JURZWK�WR�
FKORURSK\OO�FRQFHQWUDWLRQ��

1RWZLWKVWDQGLQJ�WKH�DSSDUHQW�IRRG�OLPLWDWLRQ�RI�UHSURGXFWLRQ�DQG�JURZWK�GLVFXVVHG�DERYH��WKH�
FRSHSRG�SRSXODWLRQV�RI�WKH�6)(�DUH�FDSDEOH�RI�YHU\�UDSLG�QHW�UDWHV�RI�LQFUHDVH��)RU�H[DPSOH��WKH�
VSHFLHV�WKDW�DUH�FRPPRQ�LQ�VXPPHU�DQG�QHDUO\�DEVHQW�LQ�ZLQWHU�LQFUHDVH�LQ�DEXQGDQFH�DW�UDWHV�RI�
a����G����E\�ZKLFK�WKHLU�SRSXODWLRQV�FDQ�GRXEOH�LQ�RQO\�D�ZHHN��)LJ��������1RWH�DOVR�WKDW�WKH�
DEXQGDQFH�RI�3��IRUEHVL�LQ�VXPPHU�LQ�IUHVKZDWHU�LV�UDWKHU�WLJKWO\�FRQVWUDLQHG��FRQVLGHULQJ�LWV�
SRWHQWLDO�SRSXODWLRQ�JURZWK�UDWH��7KLV�SUREDEO\�UHIOHFWV�D�VWURQJ�QHJDWLYH�IHHGEDFN�PHFKDQLVP�
�L�H���GHQVLW\�GHSHQGHQFH��E\�ZKLFK�SRSXODWLRQ�JURZWK�UDWH�LV�UHGXFHG�ZKHQ�DEXQGDQFH�LV�KLJK��
7KH�FDXVH�XQGHUO\LQJ�WKLV�PHFKDQLVP�LV�XQNQRZQ�EXW�SUREDEO\�LQYROYHV�IRRG�OLPLWDWLRQ��DQG�LW�
DSSDUHQWO\�LV�QRW�UHODWHG�WR�IORZ�VLQFH�DEXQGDQFH�PD[LPD�DUH�VLPLODU�LQ�ZHW�DQG�GU\�\HDUV��7KLV�
SRSXODWLRQ�PD[LPXP�RFFXUV�LQ�IUHVKZDWHU��DQG�DEXQGDQFH�LQ�WKH�/6=�IROORZV�WKH�VDPH�SDWWHUQ�
EXW�ZLWK�JUHDWHU�YDULDELOLW\��

0RUWDOLW\�LV�YHU\�GLIILFXOW�WR�HVWLPDWH�RQ�ILHOG�SRSXODWLRQV�DQG�WKH�DYDLODEOH�PHWKRGV�DUH�VXEMHFW�
WR�FRQVLGHUDEOH�HUURU��$NVQHV�DQG�2KPDQ��������*HQHUDOO\�PRUWDOLW\�RI�SRSXODWLRQV�WKDW�
UHSURGXFH�FRQWLQXRXVO\�FDQ�EH�HVWLPDWHG�HLWKHU�WKURXJK�D�YHUWLFDO�OLIH�WDEOH��.LPPHUHU�DQG�
0F.LQQRQ�������$NVQHV�DQG�2KPDQ�������RU�E\�ILWWLQJ�D�SRSXODWLRQ�G\QDPLFV�PRGHO�WR�WKH�
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DYDLODEOH�GDWD�RQ�OLIH�VWDJH�GLVWULEXWLRQV��%L�HW�DO���������0RUWDOLW\�LQFOXGHV�ORVVHV�WR�SUHGDWLRQ��
SDUDVLWLVP��.LPPHUHU�DQG�0F.LQQRQ��������GLVHDVH��LPSOLHG�E\�UHVXOWV�RI�7DQJ�HW�DO���������DQG�
DGYHFWLRQ�DQG�GLVSHUVLRQ�DZD\�IURP�WKH�SRSXODWLRQ�FHQWHU��

 

Figure 5.4. Pseudodiaptomus forbesi  Mean abundance by day of the year for all samples in freshwater.  
Each line represents a single year from 1989 to 2008.  Colors indicate wet (blue, 1993, 1995, 1998, 
2005, 2006) and dry (red, 1990-1992, 1994, 2008) years and those between (green).   
 

*UD]LQJ�E\�FODPV�FDQ�FDXVH�VXEVWDQWLDO�PRUWDOLW\�IRU�PLFURSODQNWRQ�LQFOXGLQJ�WKH�QDXSOLXV�VWDJHV�
RI�FRSHSRGV��DOWKRXJK�QDXSOLL�RI�PRVW�FRSHSRG�VSHFLHV�KDYH�D�VWURQJ�HVFDSH�UHVSRQVH�WR�FODP�
VLSKRQV��WKH\�GR�QRW�DOZD\V�HVFDSH��7KH�LQLWLDO�GHFOLQH�LQ�DEXQGDQFH�RI�(��DIILQLV�ZDV�DWWULEXWHG�
PDLQO\�WR�JUD]LQJ�RQ�WKH�QDXSOLL�E\�&RUEXOD�DPXUHQVLV��.LPPHUHU�HW�DO���������7KH�KLJK�
SURSRUWLRQ�RI�\RXQJ�VWDJHV�RI�3��IRUEHVL�LQ�IUHVKZDWHU��)LJ�������LPSOLHV�KLJK�PRUWDOLW\�RI�DGXOWV�
UHVXOWLQJ�LQ�D�\RXQJ�SRSXODWLRQ��ZKLOH�LQ�WKH�/6=�WKH�KLJK�SURSRUWLRQ�RI�DGXOWV�VXJJHVWV�KLJK�
PRUWDOLW\�RI�QDXSOLL�DQG�ORZ�PRUWDOLW\�RI�DGXOWV�UHVXOWLQJ�LQ�D�VHQHVFLQJ�SRSXODWLRQ��6ODXJKWHU�
DQG�.LPPHUHU�LQ�SUHS����7KHVH�UHODWLRQVKLSV�DUH�FRQVLVWHQW�ZLWK�SUHGDWLRQ�E\�SODQNWLYRURXV�ILVK�
RQ�WKH�DGXOWV�LQ�WKH�FOHDUHU�ZDWHUV�RI�WKH�HDVWHUQ�'HOWD��DQG�ORVVHV�RI�QDXSOLL�WR�FODP�JUD]LQJ�DQG�
DGYHFWLRQ�GLVSHUVLRQ�LQ�WKH�/6=���
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�
Figure 5.5.  Distributions of gross life stages of Pseudodiaptomus species by distance from the 2 psu 
isohaline.  A distance of 0 is essentially X2.  Positive distances are based on station locations, and 
negative ones on salinity corrected to distance by the mean relationship of salinity to distance from 2 
psu.   
�

5.7. Influences on abundance: recent and future changes in the Delta 
6HYHUDO�UHFHQW�FKDQJHV�LQ�WKH�HVWXDU\�PD\�KDYH�DIIHFWHG�SRSXODWLRQ�VL]HV�RI�]RRSODQNWRQ���

)UHVKZDWHU�IORZ�SDWWHUQV�)UHVKZDWHU�IORZ�ZLWKLQ�WKH�'HOWD�DQG�RXWIORZ�IURP�WKH�'HOWD�PD\�EH�
LPSRUWDQW�IRU�VRPH�]RRSODQNWRQ�SRSXODWLRQV��DOWKRXJK�JHQHUDOO\�WKH\�GR�QRW�UHVSRQG�VWURQJO\�WR�
IORZ��.LPPHUHU��������5HVLGHQFH�WLPH�ZLWKLQ�WKH�'HOWD�LV�D�NH\�GHWHUPLQDQW�RI�SK\WRSODQNWRQ�
ELRPDVV��-DVVE\�HW�DO��������DQG�SUREDEO\�IRU�]RRSODQNWRQ�DV�ZHOO��3UHOLPLQDU\�DQDO\VHV�GR�QRW�
VKRZ�D�UHODWLRQVKLS�EHWZHHQ�DEXQGDQFH�RI�FRPPRQ�VSHFLHV��H�J���3��IRUEHVL��DQG�LQIORZ��WKH�
SULQFLSDO�GHWHUPLQDQW�RI�UHVLGHQFH�WLPH��VHH�)LJ��������+RZHYHU��WKH�DEXQGDQFH�RI�DGXOW�DQG�
MXYHQLOH�3��IRUEHVL�LQ�WKH�/6=�LV�SRVLWLYHO\�UHODWHG�WR�;���RU�RXWIORZ���SUHVXPDEO\�EHFDXVH�
DGYHFWLRQ�LQFUHDVHV�ZLWK�IORZ��)LJ��������
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Figure 5.6.  Pseudodiaptomus forbesi.  Abundance in the LSZ for copepodites (including a small 
fraction of P. marinus) and adults as a function of X2. 
 

5DWHV�RI�H[SRUW�SXPSLQJ�IURP�WKH�'HOWD�LQFUHDVHG�LQ�WKH�����V�DQG�KDYH�EHHQ�KLJK�LQ�PRVW�\HDUV�
DQG�PRQWKV��H[FHSW�GXULQJ�$SULO�0D\�RI�HDFK�\HDU�ZKHQ�H[SRUW�SXPSLQJ�LV�UHGXFHG�WR�SURWHFW�
PLJUDWLQJ�VDOPRQ��.LPPHUHU��������$OWKRXJK�H[SRUW�SXPSV�LQ�WKH�VRXWK�'HOWD�UHPRYH�RYHU�����
RI�WKH�LQFRPLQJ�IUHVKZDWHU�LQ�GU\�SHULRGV��D�PRUH�UHOHYDQW�PHDVXUH�IRU�IUHVKZDWHU�]RRSODQNWRQ�LV�
WKH�IUDFWLRQ�RI�WKH�'HOWD
V�YROXPH�WKDW�LV�H[SRUWHG�GDLO\��ZKLFK�LV�XS�WR�DERXW�����.LPPHUHU�
�������7KLV�LV�GLUHFWO\�HTXLYDOHQW�WR�D�PRUWDOLW\�UDWH��DOWKRXJK�RQO\�DW�D�FUXGH�OHYHO�DQG�IRU�WKH�
'HOWD�DV�D�ZKROH��7KLV�UDWH�LV�UDWKHU�VPDOO�FRPSDUHG�WR�W\SLFDO�PRUWDOLW\�UDWHV�ZH�KDYH�HVWLPDWHG�
IRU�FRSHSRGV�LQ�WKH�'HOWD��EXW�FRXOG�EH�LPSRUWDQW�IRU�VORZHU�JURZLQJ�IRUPV��/LNHZLVH�D�PDVV�
EDODQFH�RI�SK\WRSODQNWRQ�LQ�WKH�'HOWD�VKRZHG�H[SRUW�ORVVHV�WR�EH�FRQVLGHUDEOH�EXW�D�ODUJH�
XQNQRZQ�ORVV�WHUP��SUREDEO\�JUD]LQJ��ZDV�PXFK�ODUJHU��-DVVE\�HW�DO���������7KXV�IRU�ERWK�
SK\WRSODQNWRQ�DQG�]RRSODQNWRQ�H[SRUW�SXPSLQJ�DSSHDUV�WR�EH�D�UHODWLYHO\�VPDOO�VRXUFH�RI�ORVV��
DQG�FRUUHODWLYH�DQDO\VHV�GR�QRW�VKRZ�DQ�HIIHFW�RQ�FRSHSRGV�UHVLGHQW�LQ�WKH�'HOWD��QRW�VKRZQ���
([SRUW�ORVVHV�PXVW�EH�ORZHU��DQG�DUH�SUREDEO\�QHJOLJLEOH��IRU�EUDFNLVK�ZDWHU�FRSHSRGV��
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3UHGDWLRQ�UDWHV�RQ�]RRSODQNWRQ�FDQ�EH�LQIHUUHG�IURP�WKH�DEXQGDQFH�RI�GLIIHUHQW�NLQGV�RI�
SUHGDWRUV��$EXQGDQFH�RI�YLVXDO�SODQNWLYRUHV��L�H���SHODJLF�ILVKHV��KDV�GHFOLQHG��ZKLOH�WKDW�RI�RWKHU�
NLQGV�RI�SUHGDWRUV�KDV�LQFUHDVHG��L�H��FODPV��MHOO\ILVK��SUHGDWRU\�FRSHSRGV��DQG�FHQWUDUFKLG�ILVKHV�
LQ�WKH�'HOWD���7KH�OLNHO\�UHVXOW�RI�WKLV�FKDQJH�LQ�GRPLQDQW�SUHGDWRU\�PRGHV�LV�GLVFXVVHG�DERYH��
&HQWUDUFKLG�ILVKHV�KDYH�LQFUHDVHG�LQ�WKH�'HOWD�VLQFH�DERXW������RZLQJ�PDLQO\�WR�WKH�LQFUHDVH�LQ�
YHJHWDWHG�KDELWDW�ZLWK�WKH�VSUHDG�RI�LQWURGXFHG�ZDWHUZHHGV��6RPH�VSHFLHV�IHHG�RQ�]RRSODQNWRQ�
DW�OHDVW�GXULQJ�HDUO\�OLIH�VWDJHV��EXW�QRWKLQJ�LV�NQRZQ�RI�WKHLU�IHHGLQJ�UDWHV�RU�LPSDFW���

7KH�WXUELGLW\�RI�WKH�ZDWHU�WKURXJKRXW�WKH�'HOWD�DQG�6XLVXQ�%D\�KDV�EHHQ�GHFUHDVLQJ�RYHU�WKH�ODVW�
IHZ�GHFDGHV��.LPPHUHU�������6FKRHOOKDPHU��������DOORZLQJ�JUHDWHU�OLJKW�SHQHWUDWLRQ�LQWR�WKH�
ZDWHU��7KLV�KDV�OLNHO\�LQFUHDVHG�WKH�DELOLW\�RI�YLVXDOO\�IHHGLQJ�SODQNWLYRURXV�ILVK�WR�ILQG�SUH\��EXW�
PD\�DOVR�KDYH�UHGXFHG�WKHLU�DELOLW\�WR�DYRLG�SUHGDWRUV��)H\UHU�HW�DO���������5DWHV�RI�SUHGDWLRQ�DQG�
WKHLU�UHVSRQVH�WR�LQFUHDVLQJ�ZDWHU�FODULW\�KDYH�QRW�EHHQ�GHWHUPLQHG��

7R[LF�VXEVWDQFHV�LQFOXGH�QDWXUDO�WR[LQV�DQG�FRQWDPLQDQWV��7KH�SULQFLSDO�QDWXUDO�WR[LQV�LQ�WKH�
'HOWD�FRPH�IURP�VXPPHU�IDOO�EORRPV�RI�WKH�WR[LF�F\DQREDFWHULXP�0LFURF\VWLV�DHUXJLQRVD�
�/HKPDQ�HW�DO��������*HU�HW�DO���������7KHUH�KDV�EHHQ�QR�HIIHFWLYH�PRQLWRULQJ�IRU�0LFURF\VWLV��
PDLQO\�EHFDXVH�WKH�EORRPV�WDNH�WKH�IRUP�RI�ODUJH�DJJUHJDWHV�WKDW�DUH�QRW�ZHOO�UHSUHVHQWHG�LQ�
SK\WRSODQNWRQ�VDPSOHV�WDNHQ�E\�,(3�DQG�86*6�VDPSOLQJ�SURJUDPV��+RZHYHU��DQHFGRWDOO\�WKH�
IUHTXHQF\�RU�LQWHQVLW\�RI�EORRPV�LQFUHDVHG�DURXQG�������,Q�DGGLWLRQ��PLFURF\VWLQ��WKH�WR[LQ�
SURGXFHG�DQG�UHOHDVHG�E\�VRPH�0LFURF\VWLV�VWUDLQV��KDV�EHHQ�GHWHFWHG�LQ�WKH�'HOWD�GXULQJ�EORRPV�
�/HKPDQ�HW�DO���������DQG�SLORW�PRQLWRULQJ�PHDVXUHPHQWV�IRXQG�PLFURF\VWLQ�WKURXJKRXW�WKH�
/6=��DQG�LQ�FHQWUDO�DQG�VRXWKHUQ�6DQ�)UDQFLVFR�(VWXDU\��5��.XGHOD��XQSXEOLVKHG�GDWD����

0LFURF\VWLV�KDV�ERWK�WR[LF�DQG�QRQ�WR[LF�VWUDLQV�EXW�ERWK�FDQ�LPSDLU�VXUYLYDO�RI�FRSHSRGV�WKDW�
LQJHVW�WKHP��DSSDUHQWO\�EHFDXVH�RI�RWKHU�PHWDEROLWHV�EHVLGHV�PLFURF\VWLQ��*HU�HW�DO���������,Q�
ODERUDWRU\�H[SHULPHQWV�3��IRUEHVL�ZDV�EHWWHU�DEOH�WKDQ�(��DIILQLV�WR�WROHUDWH�0LFURF\VWLV�LQ�WKH�
GLHW��6WXGLHV�DUH�RQJRLQJ�WR�H[DPLQH�WKH�LQIOXHQFH�RI�0LFURF\VWLV�RQ�3��IRUEHVL�LQ�WKH�'HOWD��

$�FRQWDPLQDQW�RI�SDUWLFXODU�FRQFHUQ�IRU�FRSHSRGV�LV�DPPRQLD�UHOHDVHG�IURP�ZDVWHZDWHU�
WUHDWPHQW�SODQWV��'LVVROYHG�DPPRQLD�H[LVWV�LQ�WZR�IRUPV��WKH�DPPRQLXP�LRQ��1+�

���DQG�XQ�
LRQL]HG�DPPRQLD��1+����7KH�SURSRUWLRQV�RI�HDFK�GHSHQG�RQ�S+��DW�D�S+�RI������WKH�PHGLDQ�IURP�
,(3�PRQLWRULQJ�GDWD�IURP������������DERXW����RI�WRWDO�DPPRQLD�LV�XQ�LRQL]HG�DQG�WKH�UHVW�LV�
DPPRQLXP��8Q�LRQL]HG�DPPRQLD�LV�WR[LF�WR�PDQ\�PDULQH�RUJDQLVPV�LQFOXGLQJ�ILVK��DQG�LWV�
HIIHFWV�KDYH�EHHQ�UHSRUWHG�RQ�FUXVWDFHDQV��ELRDVVD\V�ZLWK�DQ�DPSKLSRG�VKRZHG�IUHTXHQW�WR[LFLW\�
WKDW�PD\�KDYH�EHHQ�DVVRFLDWHG�ZLWK�DPPRQLD�LQ�WKH�ORZHU�6DFUDPHQWR�5LYHU��:HUQHU�HW�DO��
�������

7KHUH�LV�OLWWOH�LQIRUPDWLRQ�LQ�WKH�OLWHUDWXUH�DERXW�WKH�HIIHFWV�RI�DPPRQLD�RQ�]RRSODQNWRQ��$FDUWLD�
VSS��QDXSOLL�KDG�D����KRXU�/&���YDOXH�RI�����������PJ�/�XQ�LRQL]HG�DPPRQLD��6XOOLYDQ�DQG�
5LWDFFR��������ZKLFK�ZRXOG�FRUUHVSRQG�WR�a����PJ�/����������0��WRWDO�DPPRQLD�QLWURJHQ�DW�D�
S+�RI������(JJ�VXUYLYDO�LQ�$FDUWLD�ZDV�UHGXFHG�DIWHU���GD\V
�H[SRVXUH�WR������PJ�/�����0��WRWDO�
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DPPRQLD�QLWURJHQ��%XWWLQR��������EXW�WKHUH�ZDV�QR�LQIRUPDWLRQ�LQ�WKDW�SDSHU�RQ�S+�RU�WKH�XQ�
LRQL]HG�IUDFWLRQ��

$�UHFHQW�UHSRUW�H[SORULQJ�WR[LFLW\�RI�WRWDO�DPPRQLD�WR�3��IRUEHVL�UHSRUWHG�HIIHFWV�RQ�VXUYLYDO�
WKURXJK�WKH�OLIH�F\FOH�DW�YDOXHV�DV�ORZ�DV������PJ�/�DPPRQLD�1�����0��7HK�HW�DO���������
+RZHYHU��WKH�QXPEHUV�RI�FRSHSRGV�DFWXDOO\�FRXQWHG�LQ�WKDW�VWXG\�ZHUH�ORZ��PHDQ�RI����SHU�
UHSOLFDWH�LQ�FRQWUROV��DQG�UHSOLFDWLRQ�HUURU�ZDV�KLJK��H�J����WKH�IRXU�UHSOLFDWHV�LQ�WKH������PJ�/�
WUHDWPHQW�FRQWDLQHG�EHWZHHQ���DQG����DGXOWV�DW����GD\V���7KLV�UHSRUW�KDV�DOVR�EHHQ�FULWLFL]HG�RQ�
VHYHUDO�RWKHU�JURXQGV��3DFLILF�(FR5LVN��������DQG�LWV�UHVXOWV�VKRXOG�EH�WUHDWHG�FDXWLRXVO\�XQWLO�
WKH�ZRUN�KDV�EHHQ�UHSHDWHG�ZLWK�EHWWHU�UHSOLFDWLRQ��

1XPHURXV�VDPSOHV�IURP�WKH�HVWXDU\�KDYH�H[FHHGHG�WKH�WKUHVKROG�IRU�HIIHFWV�RI������PJ�/�WRWDO�
DPPRQLD�1�VXJJHVWHG�E\�%XWWLQR���������)LJ��������5RXJKO\�����RI�WKH�VDPSOHV�WDNHQ�LQ�6XLVXQ�
%D\�VLQFH������H[FHHGHG�WKLV�OLPLW��+RZHYHU��DPPRQLD�KDV�D�SURQRXQFHG�VHDVRQDO�F\FOH�E\�
ZKLFK�LW�LV�KLJKHVW�LQ�ZLQWHU�DW�VWDWLRQV�IDU�DZD\�IURP�WUHDWPHQW�SODQWV��3UHVXPDEO\�UDWHV�RI�
QLWULILFDWLRQ�DQG�XSWDNH�E\�SK\WRSODQNWRQ�DQG�PDFURSK\WHV�DUH�UHGXFHG�LQ�ZLQWHU��ZKLOH�FORVH�WR�
WKH�WUHDWPHQW�SODQWV�WKH�VHDVRQDO�VLJQDO�LV�ZHDN�SUHVXPDEO\�EHFDXVH�WKH�GLVFKDUJH�IURP�WKH�
WUHDWPHQW�SODQWV�KDV�OLWWOH�VHDVRQDO�VLJQDO��VHH�DOVR�6HFWLRQ�:���$PPRQLD�FRQFHQWUDWLRQV�LQ�RQO\�
WKUHH�VDPSOHV�RXW�RI�����LQ�6XLVXQ�%D\�H[FHHGHG�WKH�DERYH�YDOXH�GXULQJ�VXPPHUV��ZKHQ�3��
IRUEHVL�DQG�GHOWD�VPHOW�DUH�SUHVHQW��$OWKRXJK�WKLV�WRSLF�FOHDUO\�QHHGV�PRUH�ZRUN��DW�WKH�PRPHQW�
LW�ZRXOG�EH�GLIILFXOW�WR�HLWKHU�FODLP�RU�UXOH�RXW�D�SRSXODWLRQ�OHYHO�HIIHFW�RI�DPPRQLD�WR[LFLW\�RQ�
3��IRUEHVL�RU�RWKHU�FRSHSRGV��

 
Figure 5.7.  Total ammonia nitrogen in stations visited frequently in the IEP Environmental 
Monitoring Program.  The stations have been ordered roughly from the San Pablo Bay to the eastern 
delta (http://www.water.ca.gov/bdma/images/Metadata-DiscreteWQ_stations.jpg).  Station C3 is at 
Hood below the Sacramento Wastewater Treatment Plant, and P8 is in the Stockton Ship Channel.  
Note that the y axis has been cut off and 22 out of 553 values for P8 are above the upper limit (max 
2.9).   
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7KH�/6=�DOVR�UHFHLYHV�QXPHURXV�RWKHU�FRQWDPLQDQWV�IURP�DQWKURSRJHQLF�DFWLYLWLHV��LQFOXGLQJ�
DJUR�FKHPLFDOV�VXFK�DV�SHVWLFLGHV�DQG�KHUELFLGHV�DQG�FRPSRXQGV�SUHVHQW�LQ�WUHDWHG�ZDVWHZDWHU�
HIIOXHQW��+LQWRQ�������:HUQHU�HW�DO���������'DWD�DUH�OLPLWHG�RQ�WKH�SRWHQWLDO�HIIHFWV�RI�WKHVH�
FRPSRXQGV�DW�DPELHQW�FRQFHQWUDWLRQV�RQ�FRSHSRGV��'LD]HQRQ��DQ�LQVHFWLFLGH�XVHG�H[WHQVLYHO\�LQ�
WKH�&HQWUDO�9DOOH\��LV�IRXQG�DW�FRQFHQWUDWLRQV�EHORZ�WKRVH�WKDW�FDXVH�LPSDLUPHQW�WR�FRSHSRGV��
DOWKRXJK�FODGRFHUDQV�PD\�EH�RFFDVLRQDOO\�DIIHFWHG��*LGGLQJV�HW�DO���������

)XWXUH�FKDQJHV�7KH�HVWXDU\�RI�WKH�IXWXUH�ZLOO�DOPRVW�FHUWDLQO\�EH�GLIIHUHQW�IURP�ZKDW�LW�LV�QRZ��
*UHDW�SODQV�DUH�DIRRW��DV�DUH�FOLPDWH�FKDQJH��KXPDQ�SRSXODWLRQ�JURZWK��WHFKQRORJLFDO�
GHYHORSPHQW��DQG�TXDJJD�DQG�]HEUD�PXVVHOV��$OWKRXJK�VRPH�FKDQJHV�FDQ�EH�IRUHFDVWHG��H�J���VHD�
OHYHO�ULVH��ZDUPLQJ��FKDQJH�LQ�UXQRII�WLPLQJ��&ORHUQ�HW�DO��������DOVR�UHVWRUDWLRQ�DQG�
PRGLILFDWLRQ�WR�ZDWHU�GLYHUVLRQ�IDFLOLWLHV�LQ�WKH�'HOWD���RWKHUV�FDQ�RQO\�EH�DQWLFLSDWHG�ZLWKRXW�
LQIRUPDWLRQ�DERXW�ZKHQ�WKH\�ZLOO�RFFXU��H�J���PXVVHO�LQYDVLRQV��PDVVLYH�OHYHH�IDLOXUHV�LQ�WKH�
'HOWD��0RXQW�DQG�7ZLVV��������6WLOO�RWKHUV�FDQ�EH�DQWLFLSDWHG�RQO\�LQ�EURDG�WHUPV��LQFOXGLQJ�
WHFKQRORJLFDO�GHYHORSPHQW��H�J���LPSURYHPHQWV�LQ�ZDWHU�XVH�HIILFLHQF\���HFRQRPLF�VKLIWV�WKDW�
FKDQJH�KXPDQ�DFWLYLWLHV�DURXQG�WKH�HVWXDU\��DQG�LQYDVLRQV�E\�RWKHU�KLJK�LPSDFW�VSHFLHV��

*LYHQ�DOO�RI�WKHVH�SRWHQWLDO�FKDQJHV��PDQ\�RI�ZKLFK�DUH�OLNHO\�WR�DIIHFW�]RRSODQNWRQ��LW�ZRXOG�EH�
GLIILFXOW�WR�IRUHFDVW�WKHLU�RYHUDOO�HIIHFW��,W�LV�HDV\�WR�IRFXV�RQ�FKDQJHV�ZLWK�FOHDU�PHFKDQLVPV�IRU�
HIIHFWV�VXFK�DV�WHPSHUDWXUH��EXW�WKH�HVWXDU\�LV�SUREDEO\�QRW�FORVH�WR�WKHUPDO�OLPLWV�IRU�DQ\�RI�WKH�
]RRSODQNWRQ�VSHFLHV�QRZ�UHVLGHQW�KHUH��7KH�PRUH�VXEVWDQWLDO�HIIHFWV�RQ�]RRSODQNWRQ�DUH�OLNHO\�WR�
FRPH�IURP�WKH�DUULYDO�RI�PXVVHOV�LQ�WKH�'HOWD��&DUDFR�HW�DO��������DQG�PDVVLYH�FKDQJHV�LQ�WKH�
IORZ�UHJLPH�DQG�SK\VLFDO�FRQILJXUDWLRQ�RI�WKH�'HOWD��ZLWK�FRUUHVSRQGLQJ�FKDQJHV�LQ�UHVLGHQFH�
WLPH�DQG�ZDWHU�FODULW\��

5.8. Pathways for effects of nutrients 
$OWKRXJK�QXWULHQW�FRQFHQWUDWLRQV�DUH�KLJK�HQRXJK�QRW�WR�OLPLW�SK\WRSODQNWRQ�JURZWK�H[FHSW�
GXULQJ�VWURQJ�EORRPV��WKH\�FRXOG�DIIHFW�SK\WRSODQNWRQ�DQG�WKHUHE\�]RRSODQNWRQ�LQ�VHYHUDO�ZD\V��
'LUHFW�WR[LFLW\�RI�DPPRQLD�LV�GLVFXVVHG�DERYH��+LJK�OHYHOV�RI�QXWULHQWV�RU�VNHZHG�QXWULHQW�UDWLRV�
PD\�VWLPXODWH�KDUPIXO�DOJDO�EORRPV��DOWHU�WKH�FKHPLFDO�FRPSRVLWLRQ�RI�IRRG�DYDLODEOH�WR�
]RRSODQNWRQ��RU�DIIHFW�WKH�VL]H�GLVWULEXWLRQV�RU�VXLWDELOLW\�RI�SK\WRSODQNWRQ�DV�IRRG�IRU�
]RRSODQNWRQ���

+LJK�QXWULHQW�FRQFHQWUDWLRQV�DSSHDU�WR�EH�HVVHQWLDO�IRU�WKH�IRUPDWLRQ�RI�0LFURF\VWLV�EORRPV��DQG�
DPPRQLXP�DSSHDUV�WR�EH�VRPHZKDW�EHWWHU�WKDQ�QLWUDWH�DW�VWLPXODWLQJ�EORRPV��0RLVDQGHU�HW�DO��
�������7KHUHIRUH�WKH�KLJK�QXWULHQW�FRQFHQWUDWLRQV�LQ�WKH�HVWXDU\�OLNHO\�FRQWULEXWH�WR�WKH�EORRPV�
DQG�WR�DQ\�UHVXOWLQJ�LPSDLUPHQW�RI�]RRSODQNWRQ��VHH�DERYH���,Q�DGGLWLRQ��DPPRQLXP�KDV�
LQFUHDVHG�RYHU�WKH�ODVW���GHFDGHV��-DVVE\�������VHH�DOVR�)LJXUH�������+RZHYHU��LW�LV�XQFOHDU�
ZKHWKHU�DPPRQLXP�ORDGLQJ�SOD\V�D�SDUWLFXODUO\�VWURQJ�UROH�LQ�EORRPV��$PPRQLXP�OHYHOV�KDYH�
EHHQ�KLJK�LQ�6XLVXQ�%D\�VLQFH�DV�HDUO\�DV�WKH�����V��)LJXUH�������EHIRUH�WKH�RQVHW�RI�0LFURF\VWLV�
EORRPV�LQ�������/HKPDQ�HW�DO���������/RZ�IUHVKZDWHU�IORZ�DQG�KLJK�WHPSHUDWXUH�PD\�SURYLGH�
FRQGLWLRQV�IDYRUDEOH�WR�EORRPV��/HKPDQ�HW�DO���������DQG�LQ�HYHU\�\HDU�IURP������WR������
H[FHSW������DQG������VXPPHU�IORZV�ZHUH�YHU\�ORZ��7KH�H[WHQW�RI�WKH�EORRP�LQ������KDV�QRW�
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EHHQ�UHSRUWHG�EXW�LQ������D�UHVHDUFK�JURXS�IURP�6)68�DQG�RWKHU�XQLYHUVLWLHV�IRXQG�ORZ�
DEXQGDQFH�RI�0LFURF\VWLV��\HW�DPPRQLXP�OHYHOV�ZHUH�DV�KLJK�DV�LQ�SUHYLRXV�\HDUV���

$PPRQLXP�FRQFHQWUDWLRQV�DERYH�D�YDOXH�RI�DURXQG�����0�FDQ�LQKLELW�QLWUDWH�XSWDNH��5HFHQW�
VWXGLHV��:LONHUVRQ�HW�DO��������'XJGDOH�HW�DO��������3DUNHU�HW�DO������D��DUJXH�WKDW�VRPH�
SK\WRSODQNWRQ��SDUWLFXODUO\�GLDWRPV��JURZ�IDVWHU�RQ�QLWUDWH�WKDQ�RQ�DPPRQLXP�LQ�ODERUDWRU\�
ELRDVVD\V�DW�KLJK�OLJKW�OHYHOV��SDUWO\�EHFDXVH�FRQFHQWUDWLRQV�LQ�WKH�HVWXDU\�DUH�KLJKHU�DQG�SDUWO\�
EHFDXVH�GLDWRPV�FDQ�LQFUHDVH�PD[LPXP�XSWDNH�UDWH�ZKHQ�DPELHQW�QLWUDWH�FRQFHQWUDWLRQ�LV�KLJK�
�3DUNHU�HW�DO������D���,W�KDV�WKXV�EHHQ�K\SRWKHVL]HG�WKDW�KLJK�FRQFHQWUDWLRQV�RI�DPPRQLXP�LQ�WKH�
HVWXDU\��DWWULEXWHG�SULPDULO\�WR�GLVFKDUJH�IURP�ZDVWHZDWHU�WUHDWPHQW�SODQWV��FDQ�SUHYHQW�
SK\WRSODQNWRQ�IURP�UHDOL]LQJ�WKHLU�PD[LPXP�JURZWK�UDWHV��7KLV�FRXOG�LQ�WXUQ�OLPLW�
SK\WRSODQNWRQ�ELRPDVV�DQG�FRSHSRG�IRRG�VXSSO\��7KLV�HIIHFW�KDV�DOVR�EHHQ�LQIHUUHG�IURP�GDWD�
FROOHFWHG�LQ�WUDQVHFWV�GRZQ�WKH�6DFUDPHQWR�5LYHU�SDVW�WKH�ZDVWHZDWHU�SODQW�GLIIXVHU��3DUNHU�HW�DO��
����E���7KHVH�VWXGLHV�DQG�IDFWRUV�LQIOXHQFLQJ�1�XSWDNH�DQG�SULPDU\�SURGXFWLRQ�DUH�GLVFXVVHG�
IXUWKHU�LQ�6HFWLRQV���DQG����

7KH�SULQFLSDO�XQDQVZHUHG�TXHVWLRQ�LV�WKH�H[WHQW�WR�ZKLFK�WKHVH�QXWULHQW�HIIHFWV�KDYH�LQIOXHQFHG�
WKH�FRPSRVLWLRQ�DQG�SURGXFWLYLW\�RI�SK\WRSODQNWRQ��SDUWLFXODUO\�LQ�WKH�/6=�DQG�6XLVXQ�%D\��
*OLEHUW�HW�DO���������FODLPHG�WKDW�QXWULHQW�FRPSRVLWLRQ�DQG�UDWLRV�KDYH�KDG�D�KHDY\�LQIOXHQFH�RQ�
SK\WRSODQNWRQ�FRPSRVLWLRQ�DQG�SURGXFWLYLW\�DQG�WKHUHE\�PRVW�RI�WKH�ORQJ�WHUP�WUHQGV�LQ�WKH�
HVWXDU\��7KLV�FODLP�LJQRUHV�RWKHU�REYLRXV�FKDQJHV�WKDW�KDYH�KDSSHQHG��PRVW�QRWDEO\�WKH�
LQWURGXFWLRQ�RI�3RWDPRFRUEXOD��$W�WKH�WLPH�RI�WKDW�LQWURGXFWLRQ��FKORURSK\OO�FRQFHQWUDWLRQ��
GLDWRP�SURGXFWLRQ��P\VLG�ELRPDVV��DQG�WKH�DEXQGDQFH�RI�QRUWKHUQ�DQFKRY\�LQ�WKH�/6=�DEUXSWO\�
GHFOLQHG��$OSLQH�DQG�&ORHUQ�������2UVL�DQG�0HFXP�������.LPPHUHU��������������DQG�
SK\WRSODQNWRQ�ELRPDVV�DQG�SURGXFWLRQ�KDYH�UHPDLQHG�XQLIRUPO\�ORZ�VLQFH��H[FHSW�IRU�RFFDVLRQDO�
VSULQJ�EORRPV��.LPPHUHU�HW�DO��������.LPPHUHU�DQG�7KRPSVRQ�VXEPLWWHG���7KHUH�LV�DOVR�
HYLGHQFH�WKDW�SK\WRSODQNWRQ�FRPPXQLW\�FRPSRVLWLRQ�KDV�LQGHHG�VKLIWHG�FRQVLGHUDEO\�RYHU�WKH�
SDVW����\HDUV�LQ�6XLVXQ�%D\��':5�(03�GDWD��&ORHUQ�DQG�'XIIRUG��������*OLEHUW�HW�DO��������
6HQQ�HW�DO���LQ�SUHSDUDWLRQ���+RZHYHU��WKH�VKDUSHVW�WUDQVLWLRQ�LQ�VSHFLHV�FRPSRVLWLRQ�LQ�6XLVXQ�
RFFXUHG�DURXQG�������6HQQ�HW�DO���LQ�SUHSDUDWLRQ���FRLQFLGHQW�ZLWK�WKH�LQWURGXFWLRQ�RI�
3RWDPRFRUEXOD��SUREDEO\�EHFDXVH�RI�WKH�VWURQJ��VL]H�VHOHFWLYH�JUD]LQJ�SUHVVXUH�H[HUWHG�E\�WKLV�
FODP��

2WKHU�ORQJ�WHUP�WUHQGV�LQFOXGH�LQFUHDVLQJ�ZDWHU�FODULW\��.LPPHUHU�������6FKRHOOKDPHU��������
FKDQJHV�LQ�FLUFXODWLRQ�SDWWHUQV�LQ�WKH�'HOWD�LQFOXGLQJ�DQ�LQFUHDVH�LQ�H[SRUW�IORZV��DQ�LQFUHDVLQJ�
H[WHQW�RI�FRYHUDJH�E\�VXEPHUJHG�PDFURSK\WHV�LQ�WKH�'HOWD��%URZQ�DQG�0LFKQLXN��������DQG�WKH�
LQWURGXFWLRQ�RI�QXPHURXV�FRSHSRGV�LQWR�WKH�HVWXDU\��2UVL�DQG�2KWVXND��������7KHVH�FKDQJHV�UXOH�
RXW�DQ\�DWWHPSW�WR�FRUUHODWH�ORQJ�WHUP�WUHQGV�LQ�SDLUV�RI�YDULDEOHV�ZLWKRXW�D�JRRG�XQGHUVWDQGLQJ�
RI�WKH�XQGHUO\LQJ�PHFKDQLVPV��

3K\WRSODQNWRQ�LQ�WKH�XSSHU�6)(�DUH�PDLQO\�VXEMHFW�WR�IRXU�NH\�LQIOXHQFHV��QXWULHQWV�DV�GLVFXVVHG�
DERYH��ZDWHU�FODULW\��JUD]LQJ�E\�]RRSODQNWRQ�DQG�FODPV��DQG�HVWXDULQH�FLUFXODWLRQ��7KHVH�IDFWRUV�
RSHUDWH�LQ�GLIIHUHQW�ZD\V��RQ�GLIIHUHQW�WLPHVFDOHV�LQ�GLIIHUHQW�ORFDWLRQV��DQG�ZLWK�GLIIHUHQW�
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LPSDFWV�RQ�ODUJH�DQG�VPDOO�SK\WRSODQNWRQ��)RU�H[DPSOH��OLJKW�DQG�QXWULHQW�DYDLODELOLW\�RSHUDWH�RQ�
JURZWK��DQG�JUD]LQJ�RSHUDWHV�RQ�ELRPDVV��6WXGLHV�RI�SURFHVVHV�XQGHUO\LQJ�LQGLYLGXDO�IDFWRUV�DQG�
FRUUHODWLYH�HYLGHQFH�KDYH�EHHQ�XVHG�WR�LQIHU�WKH�LPSRUWDQFH�RI�HDFK�IDFWRU��EXW�QR�VWXG\�KDV�
H[DPLQHG�DQ\�RI�WKHVH�IDFWRU�LQ�FRQFHUW��0L[LQJ�DQG�DGYHFWLRQ�FDQ�FDXVH�SODQNWRQ�ELRPDVV�WR�
YDU\�LQ�ZD\V�WKDW�GR�QRW�UHIOHFW�ORFDO�SURFHVVHV��IRU�H[DPSOH��KLJK�ELRPDVV�IURP�D�EORRP�LQ�WKH�
<ROR�%\SDVV�FDQ�EH�DGYHFWHG�LQWR�D�WXUELG��GHHS��FODP�ULFK�DUHD�LQ�6XLVXQ�%D\�ZKHUH�D�ORFDO�
EORRP�ZRXOG�EH�XQOLNHO\��6LPLODUO\��WKH�HIIHFWV�RI�JUD]LQJ�E\�&��DPXUHQVLV�KDYH�EHHQ�VHHQ�LQ�
PRQLWRULQJ�GDWD�IURP�VWDWLRQV�IDU�UHPRYHG�IURP�WKH�FODPV��SUHVXPDEO\�EHFDXVH�RI�WLGDO�
GLVSHUVLRQ��.LPPHUHU�DQG�2UVL�������-DVVE\�HW�DO���������7KXV��GLVFULPLQDWLQJ�WKH�DFWXDO�HIIHFW�
RI�QXWULHQWV�LQ�WKH�FRQWH[W�RI�DOO�WKH�RWKHU�IDFWRUV�ZLOO�UHTXLUH�D�FRQFHUWHG�HIIRUW�LQFOXGLQJ�
H[SHULPHQWDO�ZRUN�DQG�PRGHOLQJ��

$SDUW�IURP�SRWHQWLDO�LQIOXHQFHV�RI�QXWULHQWV�RQ�SURGXFWLYLW\��DQG�WKHUHIRUH�DYDLODELOLW\��DQG�VL]H�
FRPSRVLWLRQ�RI�SK\WRSODQNWRQ��LW�LV�SODXVLEOH�WKDW�WKH�FKHPLFDO�FRPSRVLWLRQ�RI�SK\WRSODQNWRQ�KDV�
FKDQJHG�ZLWK�WKH�FKDQJHV�LQ�QXWULHQW�UDWLRV�DQG�VSHFLHV�FRPSRVLWLRQ��DV�DUJXHG�E\�*OLEHUW�HW�DO��
��������0RVW�]RRSODQNWRQ�KDYH�VWURQJ�KRPHRVWDWLF�PHFKDQLVPV�IRU�PDLQWDLQLQJ�WKHLU�
ELRFKHPLFDO�FRPSRVLWLRQ�HYHQ�DV�WKDW�RI�WKHLU�GLHW�YDULHV�ZLGHO\��+RZHYHU��IDFHG�ZLWK�D�GLHW�RI�
YHU\�GLIIHUHQW�FRPSRVLWLRQ�WKDQ�LWVHOI��DQ�DQLPDO�PXVW�HLWKHU�UHMHFW�IRRG�WKDW�LV�ORZ�LQ�WKH�
UHTXLUHG�FKHPLFDO�FRPSRQHQWV��RU�FRQVXPH�ODUJH�TXDQWLWLHV�RI�WKH�IRRG�DQG�HOLPLQDWH�WKH�H[FHVV�
RI�WKH�OHVV�QHHGHG�FRPSRQHQWV��%RWK�PHFKDQLVPV�UHVXOW�LQ�LQHIILFLHQF\�FRPSDUHG�WR�FRQVXPLQJ�
D�PRUH�EDODQFHG�GLHW��FRQVLVWHQW�ZLWK�ZKDW�*OLEHUW�HW�DO��������SURSRVH�DV�D�FDVFDGLQJ�HIIHFW�GXH�
WR�DOWHUHG�QXWULHQW�FRQFHQWUDWLRQV�RU�1�3�UDWLRV��

7KH�DFWXDO�PDJQLWXGH�RI�WKLV�SXWDWLYH�HIIHFW�RI�VWRLFKLRPHWU\�KDV�QRW�EHHQ�GHWHUPLQHG��7KHVH�
HIIHFWV�DUH�OLNHO\�WR�EH�VPDOO�FRPSDUHG�WR�WKH�REYLRXV�DQG�GRFXPHQWHG�HIIHFWV�RI�WKH�
LQWURGXFWLRQV�RI�FODPV�DQG�FRSHSRGV��ZKLFK�FDQQRW�UHDVRQDEO\�EH�OLQNHG�WR�QXWULHQW�FRQGLWLRQV�LQ�
WKH�HVWXDU\���

5.9. Needs for research and monitoring 
,W�LV�DOZD\V�HDV\��EXW�UDUHO\�KHOSIXO��IRU�UHVHDUFKHUV�WR�OLVW�UHVHDUFK�WRSLFV�WKDW�WKH\�FRQVLGHU�
LPSRUWDQW��$�PRUH�XVHIXO�DSSURDFK�LV�WR�FRQVLGHU�ZKDW�LQIRUPDWLRQ�LV�QHHGHG�WR�UHVROYH�NH\�
LVVXHV�WKDW�KDYH�LPSOLFDWLRQV�IRU�PDQDJHPHQW�RU�SODQQLQJ��+HUH�DUH�D�IHZ�WKDW�DUH�QRW�\HW�EHLQJ�
SXUVXHG�HIIHFWLYHO\��

(IIHFWV�RI�QXWULHQWV�7KH�ZDVWHZDWHU�WUHDWPHQW�SODQWV�PD\�EH�IRUFHG�WR�XSJUDGH�WUHDWPHQW��DQG�
SDUW�RI�WKH�UHDVRQ�LV�WKH�SRWHQWLDO�IRU�QHJDWLYH�LQIOXHQFHV�RI�DPPRQLXP�RQ�SK\WRSODQNWRQ�
GLVFXVVHG�DERYH��7KH�DPELJXLW\�LQ�WKH�PDJQLWXGH�RI�WKLV�HIIHFW�LQ�UHODWLRQ�WR�RWKHU�LQIOXHQFHV�RQ�
SK\WRSODQNWRQ��DQG�WKHUHIRUH�LQ�LWV�HIIHFW�RQ�]RRSODQNWRQ��VXJJHVW�WKH�QHHG�IRU�D�FRRUGLQDWHG�
SURJUDP�RI�ODERUDWRU\�UHVHDUFK�DQG�PRGHOLQJ��

(IIHFWV�RI�IUHVKZDWHU�FODPV�7KH�FODP�&RUELFXOD�IOXPLQHD�KDV�D�PDMRU�LPSDFW�RQ�SK\WRSODQNWRQ�
LQ�VRPH�SDUWV�RI�WKH�'HOWD��/RSH]�HW�DO���������EXW�LWV�LPSDFW�RQ�]RRSODQNWRQ�KDV�QRW�EHHQ�
H[DPLQHG��2QJRLQJ�PRGHOLQJ�HIIRUWV�ZLOO�EH�DEOH�WR�DVVHVV�WKH�OLNHO\�HIIHFWV�RI�FKDQJHV�LQ�
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SK\VLFDO�FRQILJXUDWLRQ�DQG�UHVLGHQFH�WLPH�RQ�]RRSODQNWRQ��EXW�FODP�JUD]LQJ�LV�SRWHQWLDOO\�ODUJH�
PLVVLQJ�SLHFH�RI�WKH�SRSXODWLRQ�G\QDPLFV�SLFWXUH��

,PSRUWDQFH�RI�SHULSKHUDO�KDELWDWV�WR�WKH�IRRGZHE�$OO�RI�WKH�]RRSODQNWRQ�PRQLWRULQJ�KDV�RFFXUUHG�
LQ�FKDQQHOV�RU�IDU�IURP�VKRUHV��<HW��PDQ\�RI�WKH�ILVKHV�RI�FRQFHUQ�FDQ�IHHG�LQ�QHDUVKRUH�KDELWDWV��
7KHVH�KDELWDWV�VKRXOG�EH�VDPSOHG�IRU�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�IRRG�HQYLURQPHQW�IRU�GHOWD�
VPHOW�DQG�RWKHU�ILVKHV��

(IIHFWV�RI�UHVWRUHG�PDUVK�7KH�%D\�'HOWD�&RQVHUYDWLRQ�3ODQ�FDOOV�IRU�H[WHQVLYH�UHVWRUDWLRQ�RI�
WLGDO�PDUVK�WKURXJKRXW�WKH�XSSHU�HVWXDU\��3DUW�RI�WKH�MXVWLILFDWLRQ�LV�WKDW�PDUVKHV�PD\�VHUYH�DV�
VRXUFHV�RI�IRRG�RUJDQLVPV�IRU�ILVKHV�RI�WKH�RSHQ�ZDWHU��EXW�WKLV�DVVXPSWLRQ�KDV�QRW�EHHQ�WHVWHG��
,Q�IDFW��VKDOORZ��QHDUVKRUH�DUHDV�FDQ�EH�VLQNV�IRU�SK\WRSODQNWRQ�DQG�]RRSODQNWRQ�EHFDXVH�RI�
FRQVXPSWLRQ�E\�FODPV�DQG�VPDOO�UHVLGHQW�SODQNWLYRUHV��6RPH�UHVHDUFK�RQ�H[WDQW�WLGDO�PDUVKHV��
ERWK�QDWXUDO�DQG�UHVWRUHG��ZRXOG�KHOS�WR�UHVROYH�WKLV�LVVXH��

0RQLWRULQJ�QHHGV�$OWKRXJK�WKH�,(3�PRQLWRULQJ�SURJUDP�KDV�SURYHG�WR�EH�YHU\�YDOXDEOH��WKH�
PLVVLQJ�SLHFHV�GLVFXVVHG�DERYH�VKRXOG�EH�DGGUHVVHG�IRU�FRPSOHWHQHVV��0LFUR]RRSODQNWRQ�DUH�QRW�
GLIILFXOW�WR�PRQLWRU�DQG�VRPH�PRQLWRULQJ�RI�WKHLU�DEXQGDQFH�VKRXOG�EH�DGGHG�WR�WKH�SURJUDP�
EHFDXVH�RI�WKHLU�LPSRUWDQFH�DV�IRRG�IRU�FRSHSRGV��)RU�WKH�VDPH�UHDVRQ�PRQLWRULQJ�RI�FKORURSK\OO�
VKRXOG�LQFOXGH�VL]H�IUDFWLRQDWLRQ�DW���P��WKH�DSSUR[LPDWH�ORZHU�OLPLW�IRU�HIILFLHQW�JUD]LQJ�E\�
ERWK�]RRSODQNWRQ�DQG�FODPV��6LPLODUO\��JLYHQ�WKH�SRWHQWLDO�LPSRUWDQFH�RI�SK\WRSODQNWRQ�
FRPPXQLW\�FRPSRVLWLRQ��DQG�WKH�IDFW�WKDW�FRPSRVLWLRQ�LV�DQDO\]HG�PRQWKO\�DW�PDQ\�':5�(03�
VWDWLRQV��FRQVLVWHQW�DQG�VXIILFLHQW�VL]H�GDWD�VKRXOG�DOVR�EH�DFTXLUHG�WR�DOORZ�IRU�FRQYHUVLRQ�WR�
ELRPDVV��RU�ELRYROXPH��HVWLPDWHV���

'HSHQGLQJ�RQ�WKH�UHVXOWV�RI�VDPSOLQJ�LQ�SHULSKHUDO�KDELWDWV��DERYH���VRPH�PRQLWRULQJ�RI�WKHVH�
KDELWDWV�PD\�EH�ZDUUDQWHG��)LQDOO\��H[WHQGLQJ�WKH�VHDZDUG�OLPLW�RI�WKH�PRQLWRULQJ�SURJUDP�DW�
OHDVW�WR�&HQWUDO�%D\�ZRXOG�EH�D�YDOXDEOH�DGGLWLRQ�WR�WKH�SURJUDP��DQG�FRXOG�EH�GRQH�LQ�
FRQMXQFWLRQ�ZLWK�WKH�RQJRLQJ�6DQ�)UDQFLVFR�%D\�6WXG\��
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)DQFHWW��0��6���DQG�:��-��.LPPHUHU��������9HUWLFDO�PLJUDWLRQ�RI�WKH�GHPHUVDO�FRSHSRG�
3VHXGRGLDSWRPXV�DV�D�PHDQV�RI�SUHGDWRU�DYRLGDQFH��-��([S��0DU��%LRO��(FRO����:��������

)HUUDUL��)��'���DQG�-��-��2UVL��������2LWKRQD�GDYLVDH��QHZ�VSHFLHV��DQG�/LPQRLWKRQD�VLQHQVLV�
�%XUNKDUGW���������&RSHSRGD��2LWKRQLGDH��IURP�WKH�6DFUDPHQWR�6DQ�-RDTXLQ�(VWXDU\��
&DOLIRUQLD��-��&UXVW��%LRO���:����������

)H\UHU��)���%��+HUEROG��6��$��0DWHUQ��DQG�3��%��0R\OH��������'LHWDU\�VKLIWV�LQ�D�VWUHVVHG�ILVK�
DVVHPEODJH��&RQVHTXHQFHV�RI�D�ELYDOYH�LQYDVLRQ�LQ�WKH�6DQ�)UDQFLVFR�(VWXDU\��(QYLURQPHQWDO�
%LRORJ\�RI�)LVKHV���:������������

)H\UHU��)���0��/��1REULJD��DQG�7��5��6RPPHU��������0XOWL�GHFDGDO�WUHQGV�IRU�WKUHH�GHFOLQLQJ�ILVK�
VSHFLHV��KDELWDW�SDWWHUQV�DQG�PHFKDQLVPV�LQ�WKH�6DQ�)UDQFLVFR�(VWXDU\��&DOLIRUQLD��8�6�$��
&DQ��-��)LVK��$TXDW��6FL����:����������

)LHOGV��'��0���DQG�-��<HQ��������7KH�HVFDSH�EHKDYLRU�RI�PDULQH�FRSHSRGV�LQ�UHVSRQVH�WR�D�
TXDQWLILDEOH�IOXLG�PHFKDQLFDO�GLVWXUEDQFH��-��3ODQNWRQ�5HV����:������������

)LW]HU��6��&���*��6��&DOGZHOO��$��-��&ORVH��$��6��&ODUH��5��&��8SVWLOO�*RGGDUG��DQG�0��*��%HQWOH\��
������2FHDQ�DFLGLILFDWLRQ�LQGXFHV�PXOWL�JHQHUDWLRQDO�GHFOLQH�LQ�FRSHSRG�QDXSOLDU�SURGXFWLRQ�
ZLWK�SRVVLEOH�FRQIOLFW�IRU�UHSURGXFWLYH�UHVRXUFH�DOORFDWLRQ��-��([S��0DU��%LRO��(FRO�����:����
����

)OHPLQJHU��$���DQG�6��+��.UDPHU��������5HFHQW�LQWURGXFWLRQ�RI�DQ�$VLDQ�HVWXDULQH�FRSHSRG��
3VHXGRGLDSWRPXV�PDULQXV��&RSHSRGD�&DODQRLGD���LQWR�VRXWKHUQ�&DOLIRUQLD�HPED\PHQWV��0DU��
%LRO����:����������

*HQWOHPDQ��:��&���$��%��1HXKHLPHU��DQG�5��*��&DPSEHOO��������0RGHOOLQJ�FRSHSRG�
GHYHORSPHQW��FXUUHQW�OLPLWDWLRQV�DQG�D�QHZ�UHDOLVWLF�DSSURDFK��,&(6�-��0DU��6FL����:����������

*HU��.��$���6��-��7HK��'��9��%D[D��6��/HVPHLVWHU��DQG�&��5��*ROGPDQ��������7KH�HIIHFWV�RI�GLHWDU\�
0LFURF\VWLV�DHUXJLQRVD�DQG�PLFURF\VWLQ�RQ�WKH�FRSHSRGV�RI�WKH�XSSHU�6DQ�)UDQFLVFR�(VWXDU\��
)UHVKZDW��%LRO����:�����±������

*HUULWVHQ��-���DQG�-��5��6WULFNOHU��������(QFRXQWHU�SUREDELOLWLHV�DQG�FRPPXQLW\�VWUXFWXUH�LQ�
]RRSODQNWRQ��D�PDWKHPDWLFDO�PRGHO��-��)LVK��5HV��%G��&DQDGD���:��������

*LGGLQJV��-��0���/��:��+DOO��DQG�.��5��6RORPRQ��������(FRORJLFDO�ULVNV�RI�GLD]LQRQ�IURP�
DJULFXOWXUDO�XVH�LQ�WKH�6DFUDPHQWR�6DQ�-RDTXLQ�5LYHU�%DVLQV��&DOLIRUQLD��5LVN�$QDO\VLV���:�
���������

*LIIRUG��6��0���*��&��5ROOZDJHQ�%ROOHQV��DQG�6��0��%ROOHQV��������0HVR]RRSODQNWRQ�RPQLYRU\�
LQ�WKH�XSSHU�6DQ�)UDQFLVFR�(VWXDU\��0DU��(FRO��3URJU��6HU�����:��������

*OLEHUW��3��0���'��)XOOHUWRQ��-��0��%XUNKROGHU��-��&��&RUQZHOO��DQG�7��0��.DQD��������(FRORJLFDO�
6WRLFKLRPHWU\��%LRJHRFKHPLFDO�&\FOLQJ��,QYDVLYH�6SHFLHV��DQG�$TXDWLF�)RRG�:HEV��6DQ�
)UDQFLVFR�(VWXDU\�DQG�&RPSDUDWLYH�6\VWHPV��5HY��)LVK��6FL����:����������

*RXOG��$��/���DQG�:��-��.LPPHUHU��������'HYHORSPHQW��JURZWK��DQG�UHSURGXFWLRQ�RI�WKH�
F\FORSRLG�FRSHSRG�/LPQRLWKRQD�WHWUDVSLQD�LQ�WKH�XSSHU�6DQ�)UDQFLVFR�(VWXDU\��0DU��(FRO��
3URJU��6HU�����:����������
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*UHHQH��9��(���/��-��6XOOLYDQ��-��.��7KRPSVRQ��DQG�:��-��.LPPHUHU��������*UD]LQJ�LPSDFW�RI�WKH�
LQYDVLYH�FODP�&RUEXOD�DPXUHQVLV�RQ�WKH�PLFURSODQNWRQ�DVVHPEODJH�RI�WKH�QRUWKHUQ�6DQ�
)UDQFLVFR�(VWXDU\��0DU��(FRO��3URJU��6HU�����:����������

+DGD��$���DQG�6��,��8\H��������&DQQLEDOLVWLF�IHHGLQJ�EHKDYLRU�RI�WKH�EUDFNLVK�ZDWHU�FRSHSRG�
6LQRFDODQXV�WHQHOOXV��-��3ODQNWRQ�5HV����:����������

+HLQOH��'��5��������3URGXFWLRQ�RI�D�FDODQRLG�FRSHSRG��$FDUWLD�WRQVD��LQ�WKH�3DWX[HQW�5LYHU�
HVWXDU\��&KHVDSHDNH�6FL���:��������

+LQWRQ��'��$��������0XOWLSOH�VWUHVVRUV�LQ�WKH�6DFUDPHQWR�5LYHU�ZDWHUVKHG��S�����������,Q�7��
%UDXQEHFN��'��(��+LQWRQ�DQG�%��6WUHLW�>HGV�@��)LVK�HFRWR[LFRORJ\���%LUNKDHXVHU�9HUO���%DVHO�
�6ZLW]HUODQG���������%LUNKDHXVHU�9HUO��

+RODQRY��6��+���DQG�-��&��7DVK��������3DUWLFXODWH�DQG�ILOWHU�IHHGLQJ�LQ�WKUHDGILQ�VKDG��'RURVRPD�
SHWHQHQVH��DW�GLIIHUHQW�OLJKW�LQWHQVLWLHV��-��)LVK�%LRO����:����������

+RRII��5��&���DQG�6��0��%ROOHQV��������)XQFWLRQDO�UHVSRQVH�DQG�SRWHQWLDO�SUHGDWRU\�LPSDFW�RI�
7RUWDQXV�GH[WULOREDWXV��D�FDUQLYRURXV�FRSHSRG�UHFHQWO\�LQWURGXFHG�WR�WKH�6DQ�)UDQFLVFR�
(VWXDU\��0DU��(FRO��3URJU��6HU�����:����������

,DQRUD��$���DQG�$��0LUDOWR��������7R[LJHQLF�HIIHFWV�RI�GLDWRPV�RQ�JUD]HUV��SK\WRSODQNWRQ�DQG�
RWKHU�PLFUREHV��D�UHYLHZ��(FRWR[LFRORJ\���:����������

,DQRUD��$���DQG�6��$��3RXOHW��������(JJ�YLDELOLW\�LQ�WKH�FRSHSRG�7HPRUD�VW\OLIHUD��/LPQRO��
2FHDQRJU����:������������

,ULJRLHQ��;���5��3��+DUULV��+��0��9HUKH\H��3��-RO\��-��5XQJH��0��6WDUU��'��3RQG��5��&DPSEHOO��5��
6KUHHYH��3��:DUG��$��1��6PLWK��+��*��'DP��:��3HWHUVRQ��DQG�5��'DYLGVRQ��������&RSHSRG�
KDWFKLQJ�VXFFHVV�LQ�PDULQH�HFRV\VWHPV�ZLWK�KLJK�GLDWRP�FRQFHQWUDWLRQV��1DWXUH����:����������

-DVVE\��$��'��������3K\WRSODQNWRQ�LQ�WKH�XSSHU�6DQ�)UDQFLVFR�(VWXDU\��5HFHQW�ELRPDVV�WUHQGV��
WKHLU�FDXVHV�DQG�WKHLU�WURSKLF�VLJQLILFDQFH��6DQ�)UDQFLVFR�(VWXDU\�:DWHUVKHG�6FL���:�,VVXH���
$UWLFOH����

-DVVE\��$��'���-��(��&ORHUQ��DQG�%��(��&ROH��������$QQXDO�SULPDU\�SURGXFWLRQ��SDWWHUQV�DQG�
PHFKDQLVPV�RI�FKDQJH�LQ�D�QXWULHQW�ULFK�WLGDO�HVWXDU\��/LPQRO��2FHDQRJU����:����������

-DVVE\��$��'���:��-��.LPPHUHU��6��*��0RQLVPLWK��&��$UPRU��-��(��&ORHUQ��7��0��3RZHOO��-��5��
6FKXEHO��DQG�7��-��9HQGOLQVNL��������,VRKDOLQH�SRVLWLRQ�DV�D�KDELWDW�LQGLFDWRU�IRU�HVWXDULQH�
SRSXODWLRQV��(FRO��$SSO���:����������

-LDQJ��+��6���DQG�7��.LRUERH��������3URSXOVLRQ�HIILFLHQF\�DQG�LPSRVHG�IORZ�ILHOGV�RI�D�FRSHSRG�
MXPS��-��([S��%LRO�����:����������

-RQHV��(��&��������$�QHZ�UHFRUG�RI�3VHXGRGLDSWRPXV�PDULQXV�6DWR��&RSHSRGD��&DODQRLGD��)URP�
EUDFNLVK�ZDWHUV�RI�+DZDLL��&UXVWDFHDQD���:����������

.LPPHO��'��*���DQG�%��3��%UDGOH\��������6SHFLILF�SURWHLQ�UHVSRQVHV�LQ�WKH�FDODQRLG�FRSHSRG�
(XU\WHPRUD�DIILQLV��3RSSH��������WR�VDOLQLW\�DQG�WHPSHUDWXUH�YDULDWLRQ��-��([S��0DU��%LRO��
(FRO�����:����������

.LPPHUHU��:���DQG�$��*RXOG��������$�%D\HVLDQ�DSSURDFK�WR�HVWLPDWLQJ�FRSHSRG�GHYHORSPHQW�
WLPHV�IURP�VWDJH�IUHTXHQF\�GDWD��/LPQRORJ\�DQG�2FHDQRJUDSK\�0HWKRGV��:����������

.LPPHUHU��:��-��������3UHGDWRU\�LQIOXHQFHV�RQ�FRSHSRG�GLVWULEXWLRQV�LQ�FRDVWDO�ZDWHUV��S������
�����,Q�6��,��8\H��6��1LVKLGD�DQG�-��6��+R�>HGV�@��3URFHHGLQJV�RI�WKH�IRXUWK�LQWHUQDWLRQDO�
FRQIHUHQFH�RQ�&RSHSRGD��%XOO��3ODQNWRQ�6RF��-DSDQ��6SHF��9RO��

�����������'LVWULEXWLRQ�SDWWHUQV�RI�]RRSODQNWRQ�LQ�7RPDOHV�%D\��&DOLIRUQLD��(VWXDULHV���:�����
�����

�����������(IIHFWV�RI�IUHVKZDWHU�IORZ�RQ�DEXQGDQFH�RI�HVWXDULQH�RUJDQLVPV��SK\VLFDO�HIIHFWV�RU�
WURSKLF�OLQNDJHV"�0DU��(FRO��3URJU��6HU�����:��������
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�����������2SHQ�ZDWHU�SURFHVVHV�RI�WKH�6DQ�)UDQFLVFR�(VWXDU\��)URP�SK\VLFDO�IRUFLQJ�WR�
ELRORJLFDO�UHVSRQVHV��6DQ�)UDQFLVFR�(VWXDU\�DQG�:DWHUVKHG�6FLHQFH��2QOLQH�6HULDO���:�,VVXH����
$UWLFOH�����KWWS���UHSRVLWRULHV�FGOLE�RUJ�MPLH�VIHZV�YRO��LVV��DUW���

�����������/RQJ�WHUP�FKDQJHV�LQ�DSSDUHQW�XSWDNH�RI�VLOLFD�LQ�WKH�6DQ�)UDQFLVFR�HVWXDU\��/LPQRO��
2FHDQRJU����:����������

�����������5HVSRQVH�RI�DQFKRYLHV�GDPSHQV�HIIHFWV�RI�WKH�LQYDVLYH�ELYDOYH�&RUEXOD�DPXUHQVLV�RQ�
WKH�6DQ�)UDQFLVFR�(VWXDU\�IRRGZHE��0DU��(FRO��3URJU��6HU�����:����������

�����������/RVVHV�RI�6DFUDPHQWR�5LYHU�&KLQRRN�VDOPRQ�DQG�GHOWD�VPHOW�WR�HQWUDLQPHQW�LQ�ZDWHU�
GLYHUVLRQV�LQ�WKH�6DFUDPHQWR�6DQ�-RDTXLQ�'HOWD��6DQ�)UDQFLVFR�(VWXDU\�:DWHUVKHG�6FL���:�
,VVXH���$UWLFOH����

�����������0RGHOLQJ�GHOWD�VPHOW�ORVVHV�DW�WKH�VRXWK�'HOWD�H[SRUW�IDFLOLWLHV��6DQ�)UDQFLVFR�(VWXDU\�
:DWHUVKHG�6FL���:�$UWLFOH����

.LPPHUHU��:��-���:��$��%HQQHWW��DQG�-��5��%XUDX��������3HUVLVWHQFH�RI�WLGDOO\�RULHQWHG�YHUWLFDO�
PLJUDWLRQ�E\�]RRSODQNWRQ�LQ�D�WHPSHUDWH�HVWXDU\��(VWXDULHV���:����������

.LPPHUHU��:��-���-��5��%XUDX��DQG�:��$��%HQQHWW��������7LGDOO\�RULHQWHG�YHUWLFDO�PLJUDWLRQ�DQG�
SRVLWLRQ�PDLQWHQDQFH�RI�]RRSODQNWRQ�LQ�D�WHPSHUDWH�HVWXDU\��/LPQRO��2FHDQRJU����:������
������

.LPPHUHU��:��-���-��+��&RZDQ��/��:��0LOOHU��DQG�.��$��5RVH��������$QDO\VLV�RI�DQ�HVWXDULQH�
VWULSHG�EDVV�SRSXODWLRQ��(IIHFWV�RI�HQYLURQPHQWDO�FRQGLWLRQV�GXULQJ�HDUO\�OLIH��(VWXDULHV���:�
���������

.LPPHUHU��:��-���(��*DUWVLGH��DQG�-��-��2UVL��������3UHGDWLRQ�E\�DQ�LQWURGXFHG�FODP�DV�WKH�
SUREDEOH�FDXVH�RI�VXEVWDQWLDO�GHFOLQHV�LQ�]RRSODQNWRQ�LQ�6DQ�)UDQFLVFR�%D\��0DU��(FRO��3URJU��
6HU�����:��������

.LPPHUHU��:��-���(��6��*URVV��DQG�0��0DFZLOOLDPV��������,V�WKH�UHVSRQVH�RI�HVWXDULQH�QHNWRQ�WR�
IUHVKZDWHU�IORZ�LQ�WKH�6DQ�)UDQFLVFR�(VWXDU\�H[SODLQHG�E\�YDULDWLRQ�LQ�KDELWDW�YROXPH"���
(VWXDULHV�&RDVW���:����������

.LPPHUHU��:��-���DQG�$��'��0FNLQQRQ��������$�FRPSDUDWLYH�VWXG\�RI�WKH�]RRSODQNWRQ�LQ�WZR�
DGMDFHQW�HPED\PHQWV��3RUW�3KLOOLS�DQG�:HVWHUQSRUW�%D\��$XVWUDOLD��(VWXDU��&RDVW��6KHOI�6FL��
��:����������

�����������*URZWK��PRUWDOLW\��DQG�VHFRQGDU\�SURGXFWLRQ�RI�WKH�FRSHSRG�$FDUWLD�WUDQWHUL�LQ�
:HVWHUQSRUW�%D\��$XVWUDOLD��/LPQRO��2FHDQRJU����:��������

�����������=RRSODQNWRQ�LQ�D�PDULQH�ED\����,,,���(YLGHQFH�IRU�LQIOXHQFH�RI�YHUWHEUDWH�SUHGDWLRQ�RQ�
GLVWULEXWLRQV�RI�WZR�FRPPRQ�FRSHSRGV��0DU��(FRO��3URJU��6HU����:��������

�����������+LJK�PRUWDOLW\�LQ�D�FRSHSRG�SRSXODWLRQ�FDXVHG�E\�D�SDUDVLWLF�GLQRIODJHOODWH��0DU��%LRO��
���:����������

.LPPHUHU��:��-���DQG�-��-��2UVL��������&DXVHV�RI�ORQJ�WHUP�GHFOLQHV�LQ�]RRSODQNWRQ�LQ�WKH�6DQ�
)UDQFLVFR�%D\�HVWXDU\�VLQFH�������S�����������,Q�-��7��+ROOLEDXJK�>HG�@��6DQ�)UDQFLVFR�%D\��
7KH�(FRV\VWHP��$$$6��

.LPPHUHU��:��-���$��(��3DUNHU��8��/LGVWU|P��DQG�(��-��&DUSHQWHU��������6KRUW�WHUP�DQG�
LQWHUDQQXDO�YDULDELOLW\�LQ�SULPDU\�SURGXFWLRQ�LQ�WKH�ORZ�VDOLQLW\�]RQH�RI�WKH�6DQ�)UDQFLVFR�
(VWXDU\��(VWXDULHV�&RDVW���:����������

.LPRWR��.���6��,��8\H��DQG�7��2QEH��������(JJ�SURGXFWLRQ�RI�D�EUDFNLVK�ZDWHU�FDODQRLG�FRSHSRG�
6LQRFDODQXV�WHQHOOXV�LQ�UHODWLRQ�WR�IRRG�DEXQGDQFH�DQG�WHPSHUDWXUH��%XOO��3ODQNWRQ�6RF��
-DSDQ����:����������

.L¡UERH��7��������0DWH�ILQGLQJ��PDWLQJ��DQG�SRSXODWLRQ�G\QDPLFV�LQ�D�SODQNWRQLF�FRSHSRG�
2LWKRQD�GDYLVDH��7KHUH�DUH�WRR�IHZ�PDOHV�/LPQRO��2FHDQRJU����:������������
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�����������+RZ�]RRSODQNWRQ�IHHG��PHFKDQLVPV��WUDLWV�DQG�WUDGH�RIIV��%LRO��5HY����:����������
.L¡UERH��7���$��$QGHUVHQ��9��-��/DQJORLV��DQG�+��+��-DNREVHQ��������8QVWHDG\�PRWLRQ��HVFDSH�

MXPSV�LQ�SODQNWRQLF�FRSHSRGV��WKHLU�NLQHPDWLFV�DQG�HQHUJHWLFV��-RXUQDO�RI�WKH�5R\DO�6RFLHW\�
,QWHUIDFH��:������������

.RHKO��0��$��5���DQG�-��5��6WULFNOHU��������&RSHSRG�IHHGLQJ�FXUUHQWV��IRRG�FDSWXUH�DW�ORZ�
5H\QROGV�QXPEHU��/LPQRO��2FHDQRJU����:������������

/DQGU\��0��������3RSXODWLRQ�G\QDPLFV�DQG�SURGXFWLRQ�RI�D�SODQNWRQLF�PDULQH�FRSHSRG��$FDUWLD�
FODXVLL��LQ�D�VPDOO�WHPSHUDWH�ODJRRQ�RQ�6DQ�-XDQ�,VODQG��:DVKLQJWRQ��,QW��5HYXH�JHV��
+\GURELRO����:���������

/DVSRXPDGHUHV��&���%��0RGHQXWWL��DQG�(��%DOVHLUR��������+HUELYRU\�YHUVXV�RPQLYRU\��OLQNLQJ�
KRPHRVWDVLV�DQG�HOHPHQWDO�LPEDODQFH�LQ�FRSHSRG�GHYHORSPHQW��-��3ODQNWRQ�5HV����:������
������

/HH��&��(��������5DSLG�DQG�UHSHDWHG�LQYDVLRQV�RI�IUHVK�ZDWHU�E\�WKH�FRSHSRG�(XU\WHPRUD�DIILQLV��
(YROXWLRQ���:������������

�����������*OREDO�SK\ORJHRJUDSK\�RI�D�FU\SWLF�FRSHSRG�VSHFLHV�FRPSOH[�DQG�UHSURGXFWLYH�
LVRODWLRQ�EHWZHHQ�JHQHWLFDOO\�SUR[LPDWH��SRSXODWLRQV���(YROXWLRQ���:������������

/HKPDQ��3��:���*��%R\HU��&��+DOO��6��:DOOHU��DQG�.��*HKUWV��������'LVWULEXWLRQ�DQG�WR[LFLW\�RI�D�
QHZ�FRORQLDO�0LFURF\VWLV�DHUXJLQRVD�EORRP�LQ�WKH�6DQ�)UDQFLVFR�%D\�(VWXDU\��&DOLIRUQLD��
+\GURELRORJLD����:��������

/HKPDQ��3��:���*��%R\HU��0��6DWFKZHOO��DQG�6��:DOOHU��������7KH�LQIOXHQFH�RI�HQYLURQPHQWDO�
FRQGLWLRQV�RQ�WKH�VHDVRQDO�YDULDWLRQ�RI�0LFURF\VWLV�FHOO�GHQVLW\�DQG�PLFURF\VWLQV�
FRQFHQWUDWLRQ�LQ�6DQ�)UDQFLVFR�(VWXDU\��+\GURELRORJLD����:����������

/HRQJ��5��-��+���DQG�&��3��2
FRQQHOO��������$�ODERUDWRU\�VWXG\�RI�SDUWLFXODWH�DQG�ILOWHU�IHHGLQJ�LQ�
WKH�QRUWKHUQ�DQFKRY\��(QJUDXOLV�PRUGD[���-��)LVK��5HV��%G��&DQDGD���:����������

/L��-��/���DQG�+��:��/L��������6SHFLHV�VSHFLILF�IDFWRUV�DIIHFWLQJ�SUHGDWRU�SUH\�LQWHUDFWLRQV�RI�WKH�
FRSHSRG�$FDQWKRF\FORSV�YHUQDOLV�ZLWK�LWV�QDWXUDO�SUH\��/LPQRO��2FHDQRJU����:����������

/LDQJ��'���DQG�6��8\H��������6HDVRQDO�UHSURGXFWLYH�ELRORJ\�RI�WKH�HJJ�FDUU\LQJ�FDODQRLG�
FRSHSRG�3VHXGRGLDSWRPXV�PDULQXV�LQ�D�HXWURSKLF�LQOHW�RI�WKH�,QODQG�6HD�RI�-DSDQ��0DU��%LRO��
���:����������

/RSH]��&��%���-��(��&ORHUQ��7��6��6FKUDJD��$��-��/LWWOH��/��9��/XFDV��-��.��7KRPSVRQ��DQG�-��5��
%XUDX��������(FRORJLFDO�YDOXHV�RI�VKDOORZ�ZDWHU�KDELWDWV��,PSOLFDWLRQV�IRU�WKH�UHVWRUDWLRQ�RI�
GLVWXUEHG�HFRV\VWHPV��(FRV\VWHPV��:����������

/XR��-���6��%��%UDQGW��DQG�0��-��.OHEDVNR��������9LUWXDO�UHDOLW\�RI�SODQNWLYRUHV��$�ILVK
V�
SHUVSHFWLYH�RI�SUH\�VL]H�VHOHFWLRQ��0DU��(FRO��3URJU��6HU�����:����������

/XRPD��6��1���'��-��&DLQ��.��+R��DQG�$��+XWFKLQVRQ��������9DULDEOH�WROHUDQFH�WR�FRSSHU�LQ�WZR�
VSHFLHV�IURP�6DQ�)UDQFLVFR�%D\��0DU��(QYLURQ��5HV����:����������

0LOOHU��&��%���-��.��-RKQVRQ��DQG�'��5��+HLQOH��������*URZWK�UXOHV�LQ�WKH�PDULQH�FRSHSRG�JHQXV�
$FDUWLD��/LPQRO��2FHDQRJU����:����������

0LOOHU��:��-��������5HYLVLWLQJ�DVVXPSWLRQV�WKDW�XQGHUOLH�HVWLPDWHV�RI�SURSRUWLRQDO�HQWUDLQPHQW�RI�
GHOWD�VPHOW�E\�VWDWH�DQG�IHGHUDO�ZDWHU�GLYHUVLRQV�IURP�WKH�6DFUDPHQWR�6DQ�-RDTXLQ�'HOWD��6DQ�
)UDQFLVFR�(VWXDU\�:DWHUVKHG�6FL���:�$UWLFOH����

0LOOV��7��-���DQG�-��7��5HHV��������1HZ�REVHUYDWLRQV�DQG�FRUUHFWLRQV�FRQFHUQLQJ�WKH�WULR�RI�
LQYDVLYH�K\GURPHGXVDH�0DHRWLDV�PDUJLQDWD��� 0��LQH[SHFWDWD���%ODFNIRUGLD�YLUJLQLFD��DQG�
0RHULVLD�VS�LQ�WKH�6DQ�)UDQFLVFR��(VWXDU\��6FL��0DU����:����������
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0RGOLQ��5��)���DQG�-��-��2UVL��������$FDQWKRP\VLV�ERZPDQL��D�QHZ�VSHFLHV��DQG�$��DVSHUD�,L��
0\VLGDFHD�QHZO\�UHSRUWHG�IURP�WKH�6DFUDPHQWR�6DQ�-RDTXLQ�HVWXDU\��&DOLIRUQLD��&UXVWDFHD��
P\VLGDH���3URF��%LRO��6RF��:DVK�����:����������

�����������5DQJH�H[WHQVLRQ�RI�$FDQWKRP\VLV�KZDQKDLHQVLV�,L��������WR�WKH�6DQ�)UDQFLVFR�HVWXDU\��
&DOLIRUQLD��DQG�QRWHV�RQ�LWV�GHVFULSWLRQ��&UXVWDFHD�0\VLGDFHD���3URF��%LRO��6RF��:DVK�����:�
���������

0RQLVPLWK��6��*���:��-��.LPPHUHU��-��5��%XUDX��DQG�0��7��6WDFH\��������6WUXFWXUH�DQG�IORZ�
LQGXFHG�YDULDELOLW\�RI�WKH�VXEWLGDO�VDOLQLW\�ILHOG�LQ�QRUWKHUQ�6DQ�)UDQFLVFR�%D\��-��3K\V��
2FHDQRJU����:������������

0RUJDQ��&��$���-��5��&RUGHOO��DQG�&��$��6LPHQVWDG��������6LQN�RU�VZLP"�&RSHSRG�SRSXODWLRQ�
PDLQWHQDQFH�LQ�WKH�&ROXPELD�5LYHU�HVWXDULQH�WXUELGLW\�PD[LPD�UHJLRQ��0DU��%LRO�����:�����
�����

0RXQW��-���DQG�5��7ZLVV��������6XEVLGHQFH��VHD�OHYHO�ULVH��DQG�VHLVPLFLW\�LQ�WKH�6DFUDPHQWR�6DQ�
-RDTXLQ�'HOWD��6DQ�)UDQFLVFR�(VWXDU\�:DWHUVKHG�6FL���:�,VVXH���$UWLFOH����

1DJDQXPD��7��������&DODQRLG�FRSHSRGV��/LQNLQJ�ORZHU�KLJKHU�WURSKLF�OHYHOV�E\�OLQNLQJ�ORZHU�
KLJKHU�5H\QROGV�QXPEHUV��0DU��(FRO��3URJU��6HU�����:����������

1DJDUDM��0��������&RPELQHG�HIIHFWV�RI�WHPSHUDWXUH�DQG�VDOLQLW\�RQ�WKH�GHYHORSPHQW�RI�WKH�
FRSHSRG�(XU\WHPRUD�DIILQLV��$TXDFXOWXUH����:��������

1REULJD��0��/��������/DUYDO�GHOWD�VPHOW�GLHW�FRPSRVLWLRQ�DQG�IHHGLQJ�LQFLGHQFH��HQYLURQPHQWDO�
DQG�RQWRJHQHWLF�LQIOXHQFHV��&DOLI��)LVK�*DPH���:����������

2UVL��-���DQG�:��0HFXP��������=RRSODQNWRQ�GLVWULEXWLRQ�DQG�DEXQGDQFH�LQ�WKH�6DFUDPHQWR�6DQ�
-RDTXLQ�'HOWD�LQ�UHODWLRQ�WR�FHUWDLQ�HQYLURQPHQWDO�IDFWRUV��(VWXDULHV��:����������

2UVL��-��-���7��(��%RZPDQ��'��&��0DUUHOL��DQG�$��+XWFKLQVRQ��������5HFHQW�LQWURGXFWLRQ�RI�WKH�
SODQNWRQLF�FDODQRLG�FRSHSRG�6LQRFDODQXV�GRHUULL��&HQWURSDJLGDH��IURP�PDLQODQG�&KLQD�WR�WKH�
6DFUDPHQWR�6DQ�-RDTXLQ�(VWXDU\�RI�&DOLIRUQLD��-��3ODQNWRQ�5HV���:����������

2UVL��-��-���DQG�:��/��0HFXP��������)RRG�OLPLWDWLRQ�DV�WKH�SUREDEOH�FDXVH�RI�D�ORQJ�WHUP�GHFOLQH�
LQ�WKH�DEXQGDQFH�RI�1HRP\VLV�PHUFHGLV�WKH�RSRVVXP�VKULPS�LQ�WKH�6DFUDPHQWR�6DQ�-RDTXLQ�
HVWXDU\��S�����������,Q�-��7��+ROOLEDXJK�>HG�@��6DQ�)UDQFLVFR�%D\��7KH�HFRV\VWHP��$$$6��

2UVL��-��-���DQG�6��2KWVXND��������,QWURGXFWLRQ�RI�WKH�$VLDQ�FRSHSRGV�$FDUWLHOOD�VLQHQVLV��
7RUWDQXV�GH[WULOREDWXV��&RSHSRGD��&DODQRLGD���DQG�/LPQRLWKRQD�WHWUDVSLQD��&RSHSRGD��
&\FORSRLGD��WR�WKH�6DQ�)UDQFLVFR�(VWXDU\��&DOLIRUQLD��86$��3ODQNWRQ�%LRO��(FRO����:����������

2UVL��-��-���DQG�7��(��:DOWHU��������3VHXGRGLDSWRPXV�IRUEHVL�DQG�3��PDULQXV��&RSHSRGD��
&DODQRLGD���WKH�ODWHVW�FRSHSRG�LPPLJUDQWV�WR�&DOLIRUQLD
V�6DFUDPHQWR�6DQ�-RDTXLQ�(VWXDU\��S��
���������,Q�6��,��8\H��6��1LVKLGD�DQG�-��6��+R�>HGV�@��3URFHHGLQJV�RI�WKH�IRXUWK�LQWHUQDWLRQDO�
FRQIHUHQFH�RQ�&RSHSRGD��%XOO��3ODQNWRQ�6RF��-DSDQ��6SHF��9RO��

3DFLILF�(FR5LVN�,QF���������)LQGLQJV�5HSRUW�)URP�$�&ULWLFDO�5HYLHZ�RI��)XOO�/LIH�&\FOH�
%LRDVVD\�$SSURDFK�WR�$VVHVV�&KURQLF�([SRVXUH�RI�3VHXGRGLDSWRPXV�IRUEHVL�WR�
$PPRQLD�$PPRQLXP���)LQDO�5HSRUW���8QSXEOLVKHG�UHSRUW�VXEPLWWHG�WR�&HQWUDO�&RQWUD�&RVWD�
6DQLWDU\�'LVWULFW��0DUWLQH]��&$��

3DLQWHU��%��������=RRSODQNWRQ�RI�6DQ�3DEOR�DQG�6XLVXQ�%D\V��&DOLIRUQLD�'HSDUWPHQW�RI�)LVK�DQG�
*DPH�)LVK�%XOOHWLQ����:��������

3DUNHU��$��(���5��&��'XJGDOH��DQG�)��3��:LONHUVRQ��������(OHYDWHG�DPPRQLXP�FRQFHQWUDWLRQV�
IURP�ZDVWHZDWHU�GLVFKDUJH�GHSUHVV�SULPDU\�SURGXFWLYLW\�LQ�WKH�6DFUDPHQWR�5LYHU�DQG�WKH�
1RUWKHUQ�6DQ�)UDQFLVFR�(VWXDU\��0DU��3ROOXW��%XOO����:����������
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3DUNHU��$��(���9��(��+RJXH��)��3��:LONHUVRQ��DQG�5��&��'XJGDOH��������7KH�HIIHFW�RI�LQRUJDQLF�
QLWURJHQ�VSHFLDWLRQ�RQ�SULPDU\�SURGXFWLRQ�LQ�WKH�6DQ�)UDQFLVFR�(VWXDU\��(VWXDULQH�&RDVWDO�DQG�
6KHOI�6FLHQFH����:���������

5RGGLH��%���5��/HDNH\��DQG�$��%HUU\��������6DOLQLW\�WHPSHUDWXUH�WROHUDQFH�DQG�RVPRUHJXODWLRQ�LQ�
(XU\WHPRUD�DIILQLV��3RSSH���&RSHSRGD�FDODQRLGD��LQ�UHODWLRQ�WR�LWV�GLVWULEXWLRQ�LQ�WKH�
]RRSODQNWRQ�RI�WKH�XSSHU�UHDFKHV�RI�WKH�)RUWK�(VWXDU\��-��([S��0DU��%LRO��(FRO����:����������

5ROOZDJHQ�%ROOHQV��*��&���DQG�'��/��3HQU\��������)HHGLQJ�G\QDPLFV�RI�$FDUWLD�VSS��FRSHSRGV�LQ�
D�ODUJH��WHPSHUDWH�HVWXDU\��6DQ�)UDQFLVFR�%D\��&$���0DU��(FRO��3URJU��6HU�����:����������

5XGQLFN��'��$���.��+LHE��.��)��*ULPPHU��DQG�9��0��5HVK��������3DWWHUQV�DQG�SURFHVVHV�RI�
ELRORJLFDO�LQYDVLRQ��7KH�FKLQHVH�PLWWHQ�FUDE�LQ�6DQ�)UDQFLVFR�%D\��%DVLF�DQG�$SSOLHG�
(FRORJ\��:����������

6FKRHOOKDPHU��'��+��������6XGGHQ�FOHDULQJ�RI�HVWXDULQH�ZDWHUV�XSRQ�FURVVLQJ�WKH�WKUHVKROG�IURP�
WUDQVSRUW�WR�VXSSO\�UHJXODWLRQ�RI�VHGLPHQW�WUDQVSRUW�DV�DQ�HURGLEOH�VHGLPHQW�SRRO�LV�GHSOHWHG��
6DQ�)UDQFLVFR�%D\��������(VWXDULHV�&RDVW���:����������

6RPPHU��7���&��$UPRU��5��%D[WHU��5��%UHXHU��/��%URZQ��0��&KRWNRZVNL��6��&XOEHUVRQ��)��)H\UHU��
0��*LQJUDV��%��+HUEROG��:��.LPPHUHU��$��0XHOOHU�6ROJHU��0��1REULJD��DQG�.��6RX]D��������
7KH�FROODSVH�RI�SHODJLF�ILVKHV�LQ�WKH�XSSHU�6DQ�)UDQFLVFR�(VWXDU\��)LVKHULHV���:����������

6RPPHU��7���5��%D[WHU��DQG�%��+HUEROG��������5HVLOLHQFH�RI�VSOLWWDLO�LQ�WKH�6DFUDPHQWR�6DQ�
-RDTXLQ�(VWXDU\��7UDQV��$P��)LVK��6RF�����:����������

6RPPHU��8��������&RSHSRG�JURZWK�DQG�GLDWRPV��LQVHQVLWLYLW\�RI�$FDUWLD�WRQVD�WR�WKH�
FRPSRVLWLRQ�RI�VHPL�QDWXUDO�SODQNWRQ�PL[WXUHV�PDQLSXODWHG�E\�VLOLFRQ�QLWURJHQ�UDWLRV�LQ�
PHVRFRVPV��2HFRORJLD����:����������

6WHYHQV��'��(���'��:��.RKOKRUVW��/��:��0LOOHU��DQG�'��:��.HOOH\��������7KH�GHFOLQH�RI�VWULSHG�
EDVV�LQ�WKH�6DFUDPHQWR�6DQ�-RDTXLQ�(VWXDU\��&DOLIRUQLD��7UDQV��$P��)LVK��6RF�����:��������

6WRHWWUXS��-��*���.��5LFKDUGVRQ��(��.LUNHJDDUG��DQG�1��-��3LKO��������7KH�FXOWLYDWLRQ�RI�$FDUWLD�
WRQVD�'DQD�IRU�XVH�DV�D�OLYH�IRRG�VRXUFH�IRU�PDULQH�ILVK�ODUYDH��$TXDFXOWXUH���:��������

6XOOLYDQ��%��.���DQG�3��-��5LWDFFR��������$PPRQLD�WR[LFLW\�WR�ODUYDO�FRSHSRGV�LQ�HXWURSKLF�
PDULQH�HFRV\VWHPV���D�FRPSDULVRQ�RI�UHVXOWV�IURP�ELRDVVD\V�DQG�HQFORVHG�H[SHULPHQWDO�
HFRV\VWHPV��$TXDW��7R[LFRO���:����������

7DQJ��.��:���&��6��)UHXQG��DQG�&��/��6FKZHLW]HU��������2FFXUUHQFH�RI�FRSHSRG�FDUFDVVHV�LQ�WKH�
ORZHU�&KHVDSHDNH�%D\�DQG�WKHLU�GHFRPSRVLWLRQ�E\�DPELHQW�PLFUREHV��(VWXDU��&RDVW��6KHOI�
6FL����:����������

7HK��6���,��)ORUHV��0��.DZDJXFKL��6��/HVPHLVWHU��DQG�&��7HK����������)XOO�/LIH�&\FOH�%LRDVVD\�
$SSURDFK�WR�$VVHVV�&KURQLF�([SRVXUH�RI�3VHXGRGLDSWRPXV�IRUEHVL�WR�$PPRQLD�$PPRQLXP���
8QSXEOLVKHG�UHSRUW�VXEPLWWHG�WR�6WDWH�:DWHU�5HVRXUFHV�&RQWURO�%RDUG��

7KRPSVRQ��-��.��������2QH�HVWXDU\��RQH�LQYDVLRQ��WZR�UHVSRQVHV��3K\WRSODQNWRQ�DQG�EHQWKLF�
FRPPXQLW\�G\QDPLFV�GHWHUPLQH�WKH�HIIHFW�RI�DQ�HVWXDULQH�LQYDVLYH�VXVSHQVLRQ�IHHGHU��S������
�����&RPSDUDWLYH�5ROHV�RI�6XVSHQVLRQ�)HHGHUV�LQ�(FRV\VWHPV��1$72�6FLHQFH�6HULHV�,9�
(DUWK�DQG�(QYLURQPHQWDO�6FLHQFHV�������

7KRPVRQ��-���:��.LPPHUHU��/��%URZQ��.��1HZPDQ��5��0DF�1DOO\��:��%HQQHWW��)��)H\UHU��DQG�(��
)OHLVKPDQ��������%D\HVLDQ�FKDQJH�SRLQW�DQDO\VLV�RI�DEXQGDQFH�WUHQGV�IRU�SHODJLF�ILVKHV�LQ�WKH�
XSSHU�6DQ�)UDQFLVFR�(VWXDU\��(FRO��$SSO������������:�������������

7LWHOPDQ��-���DQG�7��.L¡UERH��������3UHGDWRU�DYRLGDQFH�E\�QDXSOLL��0DU��(FRO��3URJU��6HU�����:�
���������

7UDQWHU��'��-���DQG�6��$EUDKDP��������&RH[LVWHQFH�RI�VSHFLHV�RI�$FDUWLLGDH��&RSHSRGD��LQ�WKH�
&RFKLQ�%DFNZDWHU��D�PRQVRRQDO�HVWXDULQH�ODJRRQ��0DU��%LRO����:����������
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7ULQDVW��(��0��������$�SUHOLPLQDU\�QRWH�RQ�$FDUWLD�FDOLIRUQLHQVLV��D�QHZ�FDODQRLG�FRSHSRG�IURP�
1HZSRUW�%D\��&DOLIRUQLD��&UXVWDFHDQD���:��������

7XUQHU��-��7��������7KH�LPSRUWDQFH�RI�VPDOO�SODQNWRQLF�FRSHSRGV�DQG�WKHLU�UROHV�LQ�SHODJLF�
PDULQH�IRRG�ZHEV��=RRORJLFDO�6WXGLHV���:����������

8HGD��+��������+RUL]RQWDO�GLVWULEXWLRQV�RI�SODQNWRQLF�FRSHSRGV�LQ�LQOHW�ZDWHUV��S�����������,Q�6��
,��8\H��6��1LVKLGD�DQG�-��6��+R�>HGV�@��3URFHHGLQJV�RI�WKH�IRXUWK�LQWHUQDWLRQDO�FRQIHUHQFH�RQ�
&RSHSRGD��%XOO��3ODQNWRQ�6RF��-DSDQ��6SHF��9RO��

9LLWDVDOR��0���7��.L¡UERH��-��)OLQNPDQ��/��:��3HGHUVHQ��DQG�$��:��9LVVHU��������3UHGDWLRQ�
YXOQHUDELOLW\�RI�SODQNWRQLF�FRSHSRGV��FRQVHTXHQFHV�RI�SUHGDWRU�IRUDJLQJ�VWUDWHJLHV�DQG�SUH\�
VHQVRU\�DELOLWLHV��0DU��(FRO��3URJU��6HU�����:����������

9XRULQHQ��,��������9HUWLFDO�PLJUDWLRQ�RI�(XU\WHPRUD��&UXVWDFHD��FRSHSRGD���D�FRPSURPLVH�
EHWZHHQ�WKH�ULVNV�RI�SUHGDWLRQ�DQG�GHFUHDVHG�IHFXQGLW\��-��3ODQNWRQ�5HV���:������������

:DOWHUV��9���DQG�)LHUVWLQ�+��������0HDVXUHPHQWV�RI�VZLPPLQJ�VSHHGV�RI�\HOORZILQ�WXQD���
ZDKRR��1DWXUH����:�����	��

:HUQHU��,���/��$��'HDQRYLF��'��0DUNHZLF]��0��.KDPSKDQK��&��.��5HHFH��0��6WLOOZD\��DQG�&��
5HHFH��������0RQLWRULQJ�DFXWH�DQG�FKURQLF�ZDWHU�FROXPQ�WR[LFLW\�LQ�WKH�QRUWKHUQ�6DFUDPHQWR�
6DQ�-RDTXLQ�HVWXDU\��FDOLIRUQLD��XVD��XVLQJ�WKH�HXU\KDOLQH�DPSKLSRG��+\DOHOOD�D]WHFD�������WR�
������(QYLURQ��7R[LFRO��&KHP����:������������

:LONHUVRQ��)��3���5��&��'XJGDOH��9��(��+RJXH��DQG�$��0DUFKL��������3K\WRSODQNWRQ�EORRPV�DQG�
QLWURJHQ�SURGXFWLYLW\�LQ�6DQ�)UDQFLVFR�%D\��(VWXDULHV�&RDVW���:����������

:LQGHU��0���DQG�$��'��-DVVE\��������6KLIWV�LQ�]RRSODQNWRQ�FRPPXQLW\�VWUXFWXUH��LPSOLFDWLRQV�IRU�
IRRG�ZHE�SURFHVVHV�LQ�WKH�XSSHU�6DQ�)UDQFLVFR�(VWXDU\��(VWXDULHV�&RDVW���:����������

:LQGHU��0���$��'��-DVVE\��DQG�5��0DF�1DOO\��������6\QHUJLHV�EHWZHHQ�FOLPDWH�DQRPDOLHV�DQG�
K\GURORJLFDO�PRGLILFDWLRQV�IDFLOLWDWH�HVWXDULQH�ELRWLF�LQYDVLRQV��(FRO��/HWW����:����������

:LQW]HU��$��3���0��+��0HHN��DQG�3��%��0R\OH��������7URSKLF�HFRORJ\�RI�WZR�QRQ�QDWLYH�
K\GUR]RDQ�PHGXVDH�LQ�WKH�XSSHU�6DQ�)UDQFLVFR�(VWXDU\��0DU��)UHVKZ��5HV����:����������

<HQ��-��������/LIH�LQ�WUDQVLWLRQ��%DODQFLQJ�LQHUWLDO�DQG�YLVFRXV�IRUFHV�E\�SODQNWRQLF�FRSHSRGV��
%LRO��%XOO�����:����������

<RUN��-���%��&RVWDV��DQG�*��0FPDQXV��������0LFUR]RRSODQNWRQ�JUD]LQJ�LQ�JUHHQ�ZDWHU²UHVXOWV�
IURP�WZR�FRQWUDVWLQJ�HVWXDULHV��(VWXDULHV�&RDVW���:����������
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6. Synthesis of ambient water quality and loading data in Suisun Bay 
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6.1. Introduction 
7KH�,(3¶V�FRQFHSWXDO�PRGHO�IRU�WKH�3HODJLF�2UJDQLVP�'HFOLQH��32'��UHFRJQL]HV�WKDW�
PXOWLSOH�IDFWRUV�PD\�EH�DFWLQJ�LQ�FRQFHUW�WR�GHJUDGH�KDELWDW�DQG�FRQWULEXWH�WR�WKH�
GHFOLQLQJ�DEXQGDQFHV�RI�SHODJLF�ILVK�VSHFLHV�LQ�6XLVXQ�%D\�DQG�WKH�'HOWD��%D[WHU�HW�DO���
������15&��������5HFHQW�VWXGLHV�LQ�6XLVXQ�%D\�DQG�WKH�'HOWD�KDYH�K\SRWKHVL]HG�WKDW�
LQFUHDVHV�LQ�DQWKURSRJHQLF�QXWULHQW�ORDGV�RYHU�WKH�SDVW�IHZ�GHFDGHV��LQ�SDUWLFXODU�
DPPRQLXP��1+�

����DUH�H[HUWLQJ�DGYHUVH�SUHVVXUHV�RQ�WKH�V\VWHP¶V�SK\WRSODQNWRQ�DQG�
FRSHSRG�FRPPXQLWLHV��6HFWLRQ����6HFWLRQ����6HFWLRQ����WKDW�LQ�WXUQ�DIIHFW�SHODJLF�ILVK�YLD�
ERWWRP�XS�SUHVVXUH�WKURXJK�WKH�IRRG�ZHE��

8QGHUVWDQGLQJ�WKH�XQGHUO\LQJ�FDXVHV�RI�KDELWDW�GHJUDGDWLRQ�DQG�WKH�32'�LQ�6XLVXQ�%D\�
DQG�WKH�'HOWD�UHTXLUHV�D�EURDG�DQG�LQWHJUDWHG�DQDO\VLV�RI�DOO�SRWHQWLDO�GULYHUV��DQG�DQ�
DVVHVVPHQW�RI�WKHLU�UHODWLYH�LPSRUWDQFH��,Q�DGGLWLRQ�WR�WKH�QHHG�WR�EHWWHU�XQGHUVWDQG�WKH�
K\SRWKHVL]HG�1+�

��UHODWHG�PHFKDQLVPV�WKURXJK�ZKLFK�DGYHUVH�SUHVVXUHV�DUH�H[HUWHG�
�6HFWLRQV������DQG�����D�EHWWHU�XQGHUVWDQGLQJ�RI�1+�

��FRQFHQWUDWLRQV��VRXUFHV��DQG�IDWH�LQ�
6XLVXQ�%D\�LV�QHFHVVDU\�LQ�RUGHU�WR�LQIRUP�QHDU�WHUP�GHFLVLRQV�UHODWHG�WR�PDQDJLQJ�
QXWULHQW�ORDGV��7KH�JRDOV�RI�6HFWLRQ���DUH�WR�

 6\QWKHVL]H�H[LVWLQJ�GDWD�RQ�DPELHQW�1+�
��OHYHOV�LQ�6XLVXQ�%D\�IURP�ORQJ�WHUP�

PRQLWRULQJ�SURJUDPV�DQG�VSHFLDO�VWXGLHV��LQFOXGLQJ�FKDUDFWHUL]LQJ�VHDVRQDO��
WHPSRUDO�DQG�VSDWLDO�YDULDWLRQV�LQ�REVHUYHG�FRQFHQWUDWLRQV�

 'HYHORS�HVWLPDWHV�RI�PDMRU�QXWULHQW�ORDGV�WR�6XLVXQ�%D\��LQFOXGLQJ�ORDGV�IURP�WKH�
'HOWD��WUHDWHG�ZDVWHZDWHU�HIIOXHQW��DQG�VWRUPZDWHU�UXQRII�EDVHG�RQ�FXUUHQWO\�
DYDLODEOH�GDWD���

 &KDUDFWHUL]H�WKH�VHDVRQDO�DQG�ORQJ�WHUP�YDULDELOLW\�RI�PDMRU�1+�
��VRXUFHV��DQG�

DVVHVV�WKHLU�UHODWLYH�LPSRUWDQFH��
 ([SORUH�WKH�XQGHUO\LQJ�FDXVHV�RI�VSDWLDO��VHDVRQDO��RU�WHPSRUDO�YDULDWLRQV�LQ�1+�

��
FRQFHQWUDWLRQV�

 ([SORUH�KRZ�DPELHQW�1+�
��FRQFHQWUDWLRQV�FRPSDUH�ZLWK�YDULRXV�WKUHVKROGV�RU�

JXLGDQFH�OHYHOV�WKDW�VWXGLHV�KDYH�VXJJHVWHG�PD\�LPSDLU�EHQHILFLDO�XVHV��

7R�DGGUHVV�WKHVH�JRDOV��ZH�FRPSLOHG�DQG�DQDO\]HG�GDWD�IURP�86*6�DQG�':5�,(3�ORQJ�
WHUP�PRQWKO\�PRQLWRULQJ�SURJUDPV�RYHU�WKH�SHULRG������������DQG�UHFHQW�VWXGLHV�WKDW�
FROOHFWHG�VDPSOHV�DW�KLJKHU�VSDWLDO�DQG�WHPSRUDO�UHVROXWLRQ��1+�

��GDWD�ZDV�FRPSDUHG�
ZLWK�WKUHVKROGV�DVVRFLDWHG�ZLWK�K\SRWKHVL]HG�1+�

��LQKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�DQG�
WR[LFLW\�WR�FRSHSRGV��:H�DOVR�HVWLPDWHG�ORDGV�IURP�WKH�'HOWD��SXEOLFO\�RZQHG�ZDVWHZDWHU�
WUHDWPHQW�ZRUNV��327:V���DQG�VWRUPZDWHU�LQWR�6XLVXQ�%D\�GXULQJ�WKLV�SHULRG��)LQDOO\��
ZH�XVHG�D�EDVLF���ER[�PDVV�EDODQFH�PRGHO�WR�H[SORUH�WKH�SRWHQWLDO�XQGHUO\LQJ�FDXVHV�RI�
VHDVRQDO�DQG�WHPSRUDO�WUHQGV�LQ�1+�

��:KLOH�RWKHU�DVSHFWV�RI�QXWULHQW�F\FOLQJ�LQ�6XLVXQ�
%D\�±�H�J���FKDQJHV�LQ�ORDGV��FRQFHQWUDWLRQV�DQG�IRUPV�RI�QXWULHQWV��1+�

���12�
���1�3��±�

DOVR�XOWLPDWHO\�QHHG�GHWDLOHG�DQDO\VLV��WKLV�VHFWLRQ�IRFXVHV�SULPDULO\�RQ�1+�
����
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6.2. Approach: 

6.2.1. Ambient water quality data 
1XWULHQW�FRQFHQWUDWLRQ�GDWD�ZHUH�REWDLQHG�IURP�PXOWLSOH�VRXUFHV��7DEOH������)LJXUH�������
/RQJ�WHUP�PRQWKO\�ZDWHU�TXDOLW\�PRQLWRULQJ�GDWD�LQ�6XLVXQ�%D\�ZHUH�REWDLQHG�IURP�ERWK�
&DOLIRUQLD¶V�'HSDUWPHQW�RI�:DWHU�5HVRXUFHV�,QWHUDJHQF\�(FRORJLFDO�3URJUDP�
(QYLURQPHQWDO�0RQLWRULQJ�3URJUDP��':5�,(3���DQG�8�6��*HRORJLFDO�6XUYH\��86*6����
0RQWKO\�FRQFHQWUDWLRQ�GDWD�IRU�QXWULHQWV�DQG�UHODWHG�SDUDPHWHUV��L�H��WHPSHUDWXUH��
WXUELGLW\��VDOLQLW\��ZHUH�DYDLODEOH�IURP�':5�,(3�VWDWLRQV�WKURXJKRXW�6XLVXQ�%D\�RYHU�
WKH�SHULRG������������:KLOH�PRQLWRULQJ�DW�VRPH�VWDWLRQV�FHDVHG�LQ�������VWDWLRQV�'���'��
DQG�'��KDYH�FRQWLQXRXV�UHFRUGV�IURP�������������7KH�86*6�6DQ�)UDQFLVFR�%D\�:DWHU�
4XDOLW\�UHVHDUFK�SURJUDP�KDV�DOVR�EHHQ�FDUU\LQJ�RXW�D�PRQWKO\�VDPSOLQJ�FDPSDLJQ�DORQJ�
D�WUDQVHFW�WKURXJK�6XLVXQ�%D\�WR�5LR�9LVWD�GXULQJ�RYHU�WKLV�WLPH�SHULRG��7KH�86*6�
FROOHFWV�GLVFUHWH�ZDWHU�VDPSOHV�IRU�QXWULHQWV�DW�RQO\���VWDWLRQV�LQ�WKLV�UHJLRQ��DQG�VDPSOLQJ�
IRU�QXWULHQWV�ZDV�VSRUDGLF�SULRU�WR�������%RWK�':5�,(3�DQG�86*6�DOPRVW�H[FOXVLYHO\�
UHSRUW�FRPELQHG�12�

����12�
��UDWKHU�WKDQ�LQGLYLGXDO�FRQFHQWUDWLRQV��'XULQJ�D�EULHI�SHULRG�

ZKHQ�':5�,(3�UHSRUWHG�12�
��DQG�12�

��VHSDUDWHO\��12�
��FRPSULVHG�!����RI��

12��12�
����DQG�ZLOO�KHUHDIWHU�EH�UHIHUUHG�WR�DV�12�

����6WDWLRQV�'���'��DQG�'��KDG�WKH�
PRVW�FRPSOHWH�ORQJ�WHUP�UHFRUGV�DYDLODEOH�GDWD�UHFRUG��)LJV����������

$GGLWLRQDO�GDWD�IURP�UHFHQW�VWXGLHV�LQ�6XLVXQ�%D\��FDUULHG�RXW�E\�6DQ�)UDQFLVFR�6WDWH�
8QLYHUVLW\¶V�5RPEHUJ�7LEXURQ�&HQWHU��57&���ZHUH�DOVR�FRQVLGHUHG��57&�FROOHFWHG�
QXWULHQW�DQG�FKORURSK\OO�GDWD�DW�����ORFDWLRQV�ZLWKLQ�6XLVXQ�%D\�RQ�D�QHDU�ZHHNO\�EDVLV�
IRU�$SULO�6HSWHPEHU������DQG�$SULO�-XO\��������

:KLOH�WRWDO�DPPRQLD�LV�DFWXDOO\�SUHVHQW�DV�ERWK�1+�
��DQG�1+��LQ�QDWXUDO�ZDWHUV��DW�WKH�

S+�W\SLFDOO\�REVHUYHG�LQ�6XLVXQ�%D\��a������WKH�YDVW�PDMRULW\��!�����RI�WRWDO�DPPRQLD�LV�
SUHVHQW�DV�1+�

����±:H�WKHUHIRUH�UHIHU�WR�LW�WKURXJKRXW�WKLV�VHFWLRQ�DV�1+�
����

                                                             
 

��KWWS���ZZZ�ZDWHU�FD�JRY�EGPD�PHWD�'LVFUHWH�GDWD�FIP�
��KWWS���VIED\�ZU�XVJV�JRY�DFFHVV�ZTGDWD��
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�

Table 6.1. Available  water quality data from DWR/IEP and USGS stations in Suisun Bay. The 
number of available data points is indicated by n.     
��

�
KWWS���ZZZ�ZDWHU�FD�JRY�EGPD�PHWD�'LVFUHWH�GDWD�FIP�������
�
KWWS���VIED\�ZU�XVJV�JRY�DFFHVV�ZTGDWD��
��%RWK�':5�,(3�DQG�86*6�UHSRUW�12�

����12�
��FRPELQHG�FRQFHQWUDWLRQV��'XULQJ�D�EULHI�SHULRG�ZKHQ�':5�,(3�

UHSRUWHG�HDFK�VHSDUDWHO\��12�
����12�

��ZDV�PRUH�WKDQ�����12�
��DQG�WKHUHIRUH�LV�DEEUHYLDWHG�WR�12�

��WKURXJKRXW�WKLV�
GRFXPHQW��

6WDWLRQ�1DPH� 6RXUFH� 1+�
�� 12�

��������� 7.1� 2UJDQLF�1� ',3� 73� &KO�D�
':5�,(3�6WDWLRQV��

'�� ':5�,(3� ���������� ���������� ���������� ���������� ���������� ���������� ����������
Q ���� Q ���� Q ���� Q ���� Q ���� Q ���� Q ����

'�� ':5�,(3�
���������� ���������� ���������� ���������� ���������� ���������� ����������
Q ���� Q ���� Q ���� Q ���� Q ���� Q ���� Q ����

'�� ':5�,(3�
���������� ���������� ���������� ���������� ���������� ���������� ����������
Q ���� Q ���� Q ���� Q ���� Q ���� Q ���� Q ����

'�� ':5�,(3�
���������� ���������� ���������� ���������� ���������� ���������� ����������
Q ���� Q ���� Q ���� Q ���� Q ���� Q ���� Q ����

'�� ':5�,(3�
����� ����� ����� ����� ����� ����� �����
Q ��� Q ��� Q ��� Q ��� Q ��� Q ��� Q ���

'��� ':5�,(3�
���������� ���������� ���������� ���������� ���������� ���������� ����������
Q ���� Q ���� Q ���� Q ���� Q ���� Q ���� Q ����

6��� ':5�,(3�
���������� ���������� ���������� ���������� ���������� ���������� ����������
Q ��� Q ��� Q ��� Q ��� Q ��� Q ��� Q ���

86*6�6WDWLRQV��

��

�� ���������� ���������� � � ���������� �� ����������
�86*6�� Q ���� Q ���� BB� BB� Q ���� BB� Q ���
�� ���������� ���������� � � ���������� � ����������
�� Q ��� Q ��� � � Q ��� � Q ����

��

�� ���������� ���������� � � ���������� � ����������
�86*6� Q ���� Q ���� BB� BB� Q ���� BB� Q ���
�� ���������� ���������� � � ���������� � ����������
�� Q ��� Q ��� � � Q ��� � Q ����

��

�� ���������� ���������� � � ���������� � ����������
�86*6� Q ���� Q ���� BB� BB� Q ���� BB� Q ���
�� ���������� ���������� � � ���������� � ����������
�� Q ��� Q ��� �� �� Q ��� �� Q ����
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�
Figure 6.1. Location of DWR/IEP (red triangles), USGS (blue square) and SFSU-RTC (green 
circle) monitoring stations with nutrient data available.  

 

Figure 6.2. Time-series of available NH4+ data  in µM at key Suisun Bay DWR/IEP stations. 
Stations D6, D7 and D8 had the most continuous record of data of all DWR/IEP or USGS 
stations in Suisun Bay (see Fig.  A.6.1.1) 
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6.2.2. Nutrient Loads  
0RQWKO\�DYHUDJH�QXWULHQW�ORDGV�WR�6XLVXQ�%D\�IURP�'HOWD�LQIOX[�ZHUH�FDOFXODWHG�IRU�WKH�
SHULRG�RI�����������E\�DGDSWLQJ�WKH�DSSURDFK�XVHG�E\�-DVVE\�DQG�&ORHUQ��������WR�
TXDQWLI\�RUJDQLF�PDWWHU�ORDGV�WR�6XLVXQ�%D\��7KH�DSSURDFK�FRPELQHV�PRQWKO\�
FRQFHQWUDWLRQ�GDWD�IURP�WZR�':5�,(3�VWDWLRQV�LQ�WKH�ZHVWHUQ�'HOWD��'���DQG�'����ZLWK�
PRQWKO\�IORZ�HVWLPDWHV�DW�5LR�9LVWD��'$<)/2:�YDOXH�4ULR��DQG�7ZLWFKHOO�,VODQG�
�'$<)/2:�YDOXH�4ZHVW���WR�HVWLPDWH�'HOWD�HIIOX[�LQWR�6XLVXQ�%D\��7KHVH�ORDG�HVWLPDWHV�
DFFRXQW�IRU�QXWULHQW�ORDGV�RULJLQDWLQJ�IURP�6DFUDPHQWR�5HJLRQDO�:DVWHZDWHU�7UHDWPHQW�
3ODQW��65:73��VLQFH�WKH�VWDWLRQV�XVHG�IRU�WKH�IORZ�DQG�FRQFHQWUDWLRQ�GDWD�DUH�ORFDWHG�
a����NP�GRZQVWUHDP�RI�65:73��0RQWKO\�ZDWHU�TXDOLW\�GDWD�ZDV�DYDLODEOH�RQ�D�
FRQWLQXRXV�EDVLV�IURP�����������DW�VWDWLRQV�'���DQG�'����WKH�VDPH�VWDWLRQV�XVHG�E\�
-DVVE\�DQG�&ORHUQ���������WKXV��FRQWLQXRXV�WLPH�VHULHV�IRU�1+�

��DQG�12�
��ORDGV�FRXOG�EH�

FDOFXODWHG�IRU�WKLV�WLPH�SHULRG��+RZHYHU��QXWULHQW�PHDVXUHPHQWV�ZHUH�GURSSHG�DW�ERWK�RI�
WKHVH�VWDWLRQV�LQ�������5HJXODU�VDPSOLQJ�DW�D�86*6�VWDWLRQ��86*6�����WKDW�LV�FR�ORFDWHG�
ZLWK�'���EHJDQ�LQ�������KRZHYHU�'���ZDV�QRW�UHSODFHG��:H�DGGUHVVHG�WKH�GDWD�JDSV�
�����������IRU�'���86*6���������������IRU�'����E\�SHUIRUPLQJ�D�PXOWLYDULDWH�OLQHDU�
UHJUHVVLRQ�RI�'���DQG�'���FRQFHQWUDWLRQ�GDWD�ZLWK�GDWD�IURP�QHDUE\�VWDWLRQV�IRU�WKH�
SHULRG������������DQG�XVHG�WKH�EHVW�FRPELQDWLRQ�RI�VWDWLRQV�WR�HVWLPDWH�FRQFHQWUDWLRQV�
IRU�WKH�PLVVLQJ�WLPH�SHULRGV��/RDGV�IURP�VWDWLRQ�'���86*6�����ORFDWHG�RQ�WKH�PDLQ�
VWHP�RI�WKH�6DFUDPHQWR�5LYHU��W\SLFDOO\�DFFRXQWHG�IRU�!����RI�ORDGV��WKXV�WKH�ORVV�RI�
VWDWLRQ�'���LQWURGXFHG�RQO\�PLQRU�XQFHUWDLQW\�WR�WKH�RYHUDOO�ORDG�PDJQLWXGH��DQG�
HVWLPDWHV�DUH�UHDVRQDEO\�ZHOO�FRQVWUDLQHG�IRU�����������DQG�IRU�������������

$OO�RI�WKH�VWDWLRQV�XVHG�WR�HVWLPDWH�ORDGV��ERWK�E\�-DVVE\�DQG�&ORHUQ��������DQG�LQ�WKLV�
UHSRUW��DUH�EHWZHHQ����DQG���NP�XSVWUHDP�RI�WKH�PRXWK�RI�6XLVXQ�%D\��7R�H[SORUH�WKH�
VHQVLWLYLW\�RI�ORDG�HVWLPDWHV�WR�VWDWLRQ�ORFDWLRQ��ZH�FDOFXODWHG�ORDGV�XVLQJ�ERWK�WKHVH�
XSVWUHDP�VWDWLRQV��'���'����DQG�RQH�FORVHU�WR�WKH�PRXWK�RI�6XLVXQ�%D\��'���IRU�D�SHULRG�
ZKHQ�GDWD�ZHUH�DYDLODEOH�DW�ERWK�VLWHV��������������',1�ORDG�HVWLPDWHV�GR�QRW�GLIIHU�
VXEVWDQWLDOO\�ZKHQ�GLIIHUHQW�VWDWLRQV�DUH�XVHG��1+�

��ORDG�HVWLPDWHV�GR��KRZHYHU��DSSHDU�WR�
EH�VHQVLWLYH�WR�FKRLFH�RI�VWDWLRQ��VXJJHVWLQJ�WKDW�WUDQVIRUPDWLRQV�GR�RFFXU�DORQJ�WKLV�
VWUHWFK��)LJXUH�$���������7KH�UHODWLYH�GLIIHUHQFH�EHWZHHQ�HVWLPDWHV�LV�ODUJHVW�GXULQJ�
ZDUPHU��ORZHU�IORZ�PRQWKV��$SULO�2FWREHU���DQG�QHJOLEOH�GXULQJ�RWKHU�PRQWKV��6LQFH�
ORDGV�IURP�GLUHFW�327:�LQSXWV�WR�6XLVXQ�%D\�DUH�FRPSDUDEOH�WR�RU�VXEVWDQWLDOO\�JUHDWHU�
WKDQ�ORDGV�IURP�WKH�'HOWD�GXULQJ�WKRVH�PRQWKV��GLVFXVVHG�LQ�6HFWLRQ���������WKH�LQIOXHQFH�
RI�DQ\�ELDV�IURP�VWDWLRQ�FKRLFH�RQ�WRWDO�HVWLPDWHG�1+�

��ORDGV��L�H���IURP�FRPELQHG�
VRXUFHV��LV�OHDVW�SURQRXQFHG�GXULQJ�WKLV�WLPH��)RU�FRQVLVWHQF\�ZLWK�WKH�DSSURDFK�
GHYHORSHG�E\�-DVVE\�DQG�&ORHUQ���������WKH�HVWLPDWHV�RI�1+�

��ORDGV�OHDYLQJ�WKH�'HOWD�
DQG�HQWHULQJ�6XLVXQ�DUH�EDVHG�RQ�'���'����DQG�WKH�LPSOLFDWLRQV�RI�WKDW�VWDWLRQ�FKRLFH�DUH�
GLVFXVVHG�EHORZ�ZKHUH�UHOHYDQW��)RU�',1��WKH�FKRLFH�RI�VWDWLRQV�PDNHV�QR�DSSDUHQW�
GLIIHUHQFH�LQ�FDOFXODWHG�ORDGV��
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1XWULHQW�ORDGV�IURP�327:¶V�ZHUH�HVWLPDWHG�XVLQJ�H[LVWLQJ�VHOI�UHSRUWHG�HIIOXHQW�
FRQFHQWUDWLRQ�DQG�IORZ�GDWD�IURP�WKH�IROORZLQJ�DJHQFLHV�WKDW�GLVFKDUJH�GLUHFWO\�LQWR�
6XLVXQ�%D\��&HQWUDO�&RQWUD�&RVWD�&RXQW\�6DQLWDWLRQ�'LVWULFW��&&&6'���'HOWD�'LDEOR�
6DQLWDWLRQ�'LVWULFW��''6'��DQG�)DLUILHOG�6XLVXQ�6HZHU�'LVWULFW��)66'���%RWK�WKH�SHULRG�
RI�UHFRUG�DQG�WKH�PHDVXUHPHQW�IUHTXHQF\�YDULHG�E\�GLVFKDUJHU��,Q�JHQHUDO��IORZ�GDWD�ZDV�
DPSOH��ZKLOH�QXWULHQW�GDWD�ZDV�DYDLODEOH�RQ�D�OHVV�IUHTXHQW�EDVLV��0RVW�GLVFKDUJHUV�
PHDVXUHG�1+�

��FRQFHQWUDWLRQ�LQ�HIIOXHQW�RQ�D�PRQWKO\�EDVLV��&&&6'�ZDV�WKH�H[FHSWLRQ�
LQ�WKDW�WKH\�PHDVXUHG�1+�

��RQ�D�GDLO\�EDVLV�IRU�WKH�SDVW����\HDUV���:KHQ�IORZ�GDWD�ZDV�
DYDLODEOH��EXW�QXWULHQW�FRQFHQWUDWLRQ�GDWD�ZDV�QRW��ZH�XVHG�EHVW�HVWLPDWHV�IRU�1+�

��DQG�
12�

��FRQFHQWUDWLRQ�IURP�WKH�OLWHUDWXUH��VSHFLILF�WR�WUHDWPHQW�W\SH��LQ�RUGHU�WR�HVWLPDWH�
QXWULHQW�ORDG��)RU�SODQWV�WKDW�GR�QRW�QLWULI\��1+�

��ZDV�DVVXPHG�WR�EH����PJ�/�����IRU�SODQWV�
WKDW�GR�QLWULI\��1+�

��ZDV�DVVXPHG����PJ�/����8VLQJ�D�FRPELQDWLRQ�RI�DFWXDO�DQG�
HVWLPDWHG�GDWD��&&&6'�ORDGV�ZHUH�HVWLPDWHG�IURP������SUHVHQW��''6'�ORDGV�IURP�
�����SUHVHQW�DQG�)66'�ORDGV�IURP������SUHVHQW��'HWDLOV�RQ�DYDLODEOH�GDWD�FDQ�EH�IRXQG�
LQ�7DEOH������&&&6'�QLWULILHG�HIIOXHQW�GXULQJ�VHYHUDO�EULHI�WULDO�SHULRGV�������������
������������GXULQJ�ZKLFK�WLPH�1+�

��ORDGV�GLIIHUHG�IURP�WKH�PDMRULW\�RI�ORDGV�RYHU�WKH�
SHULRG�RI�UHFRUG��7LPH�VHULHV�RI�1+�

��ORDGV�LQFOXGLQJ�WKHVH�SHULRGV�DUH�SUHVHQWHG�LQ�)LJV��
$���������DQG�$����������EXW�GDWD�LQFOXGHG�EHORZ�IRFXV�RQ������������

Table 6.2 Available effluent water quality data from major wastewater dischargers into 
Suisun Bay: Central Contra Costa Sanitary District (CCCSD), Delta Diablo Sanitary District 
(DDSD) and Fairfield Suisun Sanitary District (FSSD) 
� )ORZ� 1+�

�� 12�
�� 7RWDO�3�

&&&6'�

����������
���[�PRQWK�
�

����������
���[�PRQWK�

����������
���[�PRQWK�

����������
���[�PRQWK�

����������
'DLO\�
�

����������
'DLO\�
�

''6'�

����������
'DLO\�

����������
0RQWKO\�
�

����������
0RQWKO\�

����������
0RQWKO\�

����������
0RQWKO\�
�

��������������
0RQWKO\�
�

)66'�
����������
'DLO\�

����������
���[�PRQWK�

����������
���[�PRQWK�

����������
���[�PRQWK�

�

&XUUHQWO\�WKHUH�LV�OLPLWHG�GDWD��DQG�QR�FDOLEUDWHG�PRGHOV��IRU�HVWLPDWLQJ�VWRUPZDWHU�
QXWULHQW�ORDGV�LQ�WKH�%D\�$UHD��,Q�WKH�DEVHQFH�RI�H[LVWLQJ�HVWLPDWHV�IRU�VWRUPZDWHU�ORDGV�
WR�6XLVXQ�%D\��ZH�JHQHUDWHG�RUGHU�RI�PDJQLWXGH�PRQWKO\�VWRUPZDWHU�ORDG�HVWLPDWHV�IRU�
FRPSDULVRQ�ZLWK�ORDGV�IURP�RWKHU�VRXUFHV��6WRUPZDWHU�ORDGV�ZHUH�FDOFXODWHG�IRU�WKH�
SHULRG�����������XVLQJ�PRQWKO\�DYHUDJH�UDLQIDOO�GDWD��D�ZHLJKWHG�DYHUDJH�UXQRII�
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FRHIILFLHQW��EDVHG�RQ�ODQG�XVH��DQG�UHSUHVHQWDWLYH�VWRUPZDWHU�QXWULHQW�FRQFHQWUDWLRQV�
IURP�WKH�OLWHUDWXUH��7KH�DSSURDFK�LV�GHVFULEHG�LQ�PRUH�GHWDLO�LQ�$SSHQGL[������:DWHUVKHGV�
WKDW�GUDLQ�LQWR�6XLVXQ�%D\�ZHUH�ILUVW�LGHQWLILHG��DQG�WKHLU�ODQG�DUHD�DQG�WKH�SHUFHQW�ODQG�
XVH�FRPSRVLWLRQV�ZHUH�FRPSXWHG�XVLQJ�$UF*,6��)LJ��$���������8VLQJ�WKLV�LQIRUPDWLRQ�
DORQJ�ZLWK�ODQG�XVH�VSHFLILF�UXQRII�FRHIILFLHQWV�IURP�OLWHUDWXUH��/HQW�DQG�0F.HH���������
ZH�FDOFXODWHG�ORZHU�ERXQG�DQG�XSSHU�ERXQG�ZHLJKWHG�DYHUDJH�UXQRII�FRHIILFLHQWV��
0RQWKO\�DYHUDJH�VWRUPZDWHU�ORDGV�ZHUH�FRPSXWHG�XVLQJ�PRQWKO\�DYHUDJH�UDLQIDOO�GDWD�
IURP�1DWLRQDO�:HDWKHU�6HUYLFH��ZDWHUVKHG�DUHD��ZHLJKWHG�DYHUDJH�XSSHU��DQG�ORZHU�
ERXQG�UXQRII�FRHIILFLHQWV��DQG�VWRUPZDWHU�QXWULHQW�FRQFHQWUDWLRQV�EDVHG�RQ�ERWK�ILHOG�
PHDVXUHPHQWV�IURP�WKH�%D\�$UHD�DQG�HVWLPDWHV�IURP�OLWHUDWXUH��H�J���0F.HH�DQG�
*OXFKRZVNL���������

6RPH�QXWULHQW�VRXUFHV�ZHUH�QRW�HVWLPDWHG�EHFDXVH�RI�OLPLWHG�FXUUHQW�DYDLODELOLW\�RI�GDWD��
7KHUH�DUH�DGGLWLRQDO�DQWKURSRJHQLF�GLVFKDUJHV�WR�6XLVXQ�%D\��LQFOXGLQJ�VPDOO�327:¶V�
�0RXQWDLQ�9LHZ�6DQLWDU\�'LVWULFW���UHILQHULHV��0DUWLQH]�5HILQLQJ�&RPSDQ\��9DOHUR�
5HILQLQJ�&RPSDQ\�DQG�9DOHUR�%HQHLFLD�5HILQHU\��DQG�LQGXVWULDO�GLVFKDUJHUV��'RZ�
&KHPLFDO�&RPSDQ\��5KRGLD�%DVLF�&KHPLFDOV���%DVHG�RQ�WKH�VL]H�DQG�DYHUDJH�IORZ�IURP�
WKHVH�GLVFKDUJHV��WKHLU�ORDGV�DUH�H[SHFWHG�WR�EH�QHJOLJLEOH�FRPSDUHG�WR�WKH�'HOWD�ORDGV�
DQG�327:�ORDGV��DQG�WKH\�ZHUH�WKHUHIRUH�QRW�LQFOXGHG�LQ�ORDG�HVWLPDWHV��,QWHUQDO�
QXWULHQW�ORDGV�IURP�VHGLPHQW�IOX[�ZHUH�DOVR�QRW�LQFOXGHG�EHFDXVH�WKHLU�PDJQLWXGH�LV�
SRRUO\�NQRZQ��EXW�DUH�GLVFXVVHG�LQ�6HFWLRQ��������

6.2.3. Data Analysis 
:H�HYDOXDWHG�VHDVRQDO��WHPSRUDO�DQG�VSDWLDO�YDULDWLRQV�RI�DPELHQW�1+�

��FRQFHQWUDWLRQV�LQ�
6XLVXQ�%D\��IRFXVLQJ�RQ�':5�,(3�VWDWLRQV�'���'��DQG�'��EHFDXVH�RI�ERWK�WKH�
FRPSOHWHQHVV�RI�WKHLU�GDWD�UHFRUG�DQG�EHFDXVH�WKH\�DOORZHG�IRU�VRPH�VSDWLDO�FRPSDULVRQ�
DPRQJ�VWDWLRQV�LQ�GLIIHUHQW�UHJLRQV�RI�6XLVXQ�%D\���7R�YLVXDOL]H�ORQJ�WHUP�DQG�VHDVRQDO�
YDULDWLRQV�LQ�����\HDU�WLPH�VHULHV��GDWD�ZDV�DJJUHJDWHG�LQWR�WKUHH�HUDV������������������
�����DQG�������������:LWKLQ�HDFK�HUD��QXWULHQW�FRQFHQWUDWLRQ�GDWD�ZDV�DYHUDJHG�E\�
PRQWK��7KHVH�VSHFLILF�HUDV�ZHUH�VHOHFWHG�WR�L��DFFRXQW�IRU�DQ\�HIIHFWV�RI�WKH�&RUEXOD�
DPXUHQVLV�FODP�LQYDVLRQ�LQ������RQ�QXWULHQW�DQG�FKORURSK\OO�OHYHOV��DQG�LL��GLYLGH�WKH�
KXPDQ�KLJK�SRSXODWLRQ�JURZWK�SHULRG�RI�����������LQWR�WZR�HUDV��7R�TXDQWLI\�ORQJ�WHUP�
FKDQJHV�LQ�FRQFHQWUDWLRQV��ZH�FRPSDUHG�PRQWKO\�YDOXHV�RYHU�WLPH�DQG�FDOFXODWHG�WKH�
7KHLO�VORSH��,Q�WKLV�PHWKRG��WKH�VORSH�LV�FDOFXODWHG�EHWZHHQ�HDFK�SRVVLEOH�FRPELQDWLRQ�RI�
SRLQWV��LQ�WKLV�FDVH��LQGLYLGXDO�PRQWKO\�YDOXHV���DQG�WKH�PHGLDQ�VORSH�GHWHUPLQHG��-DVVE\�
�������6WDWLVWLFDO�VLJQLILFDQFH�RI�WKHVH�WUHQGV�ZDV�HYDOXDWHG�EDVHG�RQ�WKH�.HQGDOO�WDX�WHVW�
�S��������ZDV�FRQVLGHUHG�VLJQLILFDQW���/DVWO\��ZH�FRPSDUHG�REVHUYHG�1+�

��
FRQFHQWUDWLRQV�RYHU�WKLV�SHULRG�RI�UHFRUG�WR�WKUHVKROG�FRQFHQWUDWLRQV�K\SRWKHVL]HG�WR�
LQKLELW�SK\WRSODQNWRQ�SURGXFWLRQ��'XJGDOH�HW�DO��������DQG�EH�WR[LF�WR�FRSHSRGV��7HK�HW�
DO����������
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6HDVRQDO�DQG�WHPSRUDO�YDULDWLRQV�LQ�QXWULHQW�ORDGV�LQWR�6XLVXQ�%D\�ZHUH�DOVR�HYDOXDWHG��
/RDGV�ZHUH�DQDO\]HG�LQ�D�VLPLODU�PDQQHU�DV�QXWULHQW�FRQFHQWUDWLRQ�GDWD��XWLOL]LQJ�WLPH�
VHULHV�SORWV�DQG�DOVR�FKDQJHV�LQ�PRQWKO\�DYHUDJH�FRQFHQWUDWLRQV�RYHU�WLPH��7KH�HUDV�XVHG�
IRU�SUHVHQWLQJ�ORDG�GDWD�ZHUH���������������������������������������������7KHVH�HUDV�
GLIIHU�VRPHZKDW�IURP�WKRVH�XVHG�IRU�DPELHQW�QXWULHQW�FRQFHQWUDWLRQ�DQDO\VLV�EHFDXVH�RI�
WKH�FKDQJHV�LQ�GDWD�DYDLODELOLW\�LQ������DQG�������:KHQ�SRVVLEOH��WKRXJK��ZH�PDLQWDLQHG�
WKH�ODWWHU�HUDV�IRU�WKH�DQDO\VLV�RI�ORDGV�IURP�ZDVWHZDWHU�GLVFKDUJHUV���

7R�FKDUDFWHUL]H�WKH�IDWH�RI�1+�
��ZLWKLQ�6XLVXQ�%D\�DQG�IDFWRUV�LQIOXHQFLQJ�VHDVRQDO�

YDULDWLRQV�LQ�1+�
��FRQFHQWUDWLRQ��D���ER[�PDVV�EDODQFH�PRGHO�ZDV�GHYHORSHG�WKDW�WUHDWHG�

6XLVXQ�%D\�DV�D�ZHOO�PL[HG�FRQWURO�YROXPH��'DWD�DQDO\VLV�IRU�WKH�ER[�PRGHO�IRFXVHG�RQ�
WKH�SHULRG�����������EHFDXVH�ORDGV�IURP�LPSRUWDQW�VRXUFHV�ZHUH�EHVW�FKDUDFWHUL]HG�
GXULQJ�WKLV�WLPH��/RDGV�LQWR�WKH�V\VWHP�LQFOXGHG�DGYHFWLYH�'HOWD�HIIOX[��ZDVWHZDWHU�
GLVFKDUJH�DQG�WLGDO�H[FKDQJH��/RDGV�RXW�LQFOXGHG�WLGDO�H[FKDQJH�DQG�DGYHFWLYH�HIIOX[�RXW�
RI�6XLVXQ��7KH�PRQWKO\�ZHOO�PL[HG�FRQFHQWUDWLRQV�ZLWKLQ�6XLVXQ�%D\�ZHUH�FDOFXODWHG�DV�
WKH�DYHUDJH�RI�'���'��DQG�'����$�ILUVW�RUGHU�VRXUFH�RU�VLQN�WHUP�ZDV�DOVR�LQFOXGHG���
$GGLWLRQDO�GHWDLOV�RQ�WKH�VWUXFWXUH�RI�WKH�PDVV�EDODQFH�DUH�JLYHQ�LQ�$SSHQGL[������

6.3. Results  

6.3.1. Long-term monitoring of nutrient concentrations 1975-2011 
$QDO\VLV�RI�ORQJ�WHUP�WUHQGV�LQ�1+�

��FRQFHQWUDWLRQV�IRFXVHG�SULPDULO\�RQ�':5�,(3�
VWDWLRQV�'���'��DQG�'��EHFDXVH�RI�WKH�FRQWLQXRXV�UHFRUG�RI�GDWD�IURP������������)LJXUH�
�����7DEOH��������

$V�HYLGHQW�LQ�WLPH�VHULHV�SORWV�DW�'���'���DQG�'���)LJ��������1+�
��FRQFHQWUDWLRQV�

H[KLELWHG�SURQRXQFHG�VHDVRQDOLW\�DQG�D�JUDGXDO�LQFUHDVH�LQ�EDVHOLQH�OHYHOV�EHWZHHQ������
������7KH�VHDVRQDOLW\�DQG�WKH�ORQJ�WHUP�LQFUHDVHV�DUH�PRUH�HYLGHQW�LQ�)LJ�������ZKHUH�
PRQWKO\�DYHUDJH�1+�

��FRQFHQWUDWLRQV�DW�HDFK�VWDWLRQ�DUH�SUHVHQWHG�IRU�WKUHH�HUDV��2YHU�
WKH�SHULRG�RI������������1+�

��FRQFHQWUDWLRQV�LQFUHDVHG�DW�'���'���DQG�'��LQ�QHDUO\�DOO�
PRQWKV��ZLWK�VWDWLVWLFDOO\�VLJQLILFDQW�LQFUHDVHV�REVHUYHG�GXULQJ�2FW�'HF�DW�DOO�VLWHV�DQG�
GXULQJ�0D\�-XQH�DW�'��DQG�'���8QGHU�FXUUHQW�FRQGLWLRQV��L�H���������������D�����IROG�
LQFUHDVH�LQ�1+�

��EHWZHHQ�ORZ�IORZ��0D\�2FWREHU��DQG�KLJK�IORZ�PRQWKV��1RYHPEHU���
$SULO��ZDV�FRQVLVWHQWO\�REVHUYHG�DW�'���'���DQG�'����1+�

��FRQFHQWUDWLRQV�WHQGHG�WR�EH�
�������KLJKHU�DW�'��WKDQ�DW�ERWK�'��DQG�'��GXULQJ�PXOWLSOH�PRQWKV��)LJ��$����������
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Figure 6.3. Seasonal and temporal variations in NH4+ at DWR/IEP stations D6, D7 and D8. Data were first aggregated into three eras (1975-
1986, 1987-1997 and 1998-2011), and then averaged by month within each era (panels a, c and e). The boxes extend to the 25th and 75th 
percentile, the whiskers extend to the highest (or lowest) value within additional 1.5x the interquartile range from the 75th (or 25th) 
percentiles, and any outliers are shown with dots. Long-term trends were characterized by the Theil slope (see description in Section 6.2.3) 
(panels b, d and f). Blue bars indicate statistically significant trends with p<0.05 as determined by the Kendall Tau test.  
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6.3.2. RTC Field Studies: Spring 2010 and 2011 
5HVHDUFKHUV�IURP�57&�SHUIRUPHG�ILHOG�VWXGLHV�LQ�6XLVXQ�%D\�LQ�6SULQJ�������'XJGDOH�HW�
DO��������DQG�������XQSXEOLVKHG��WR�LQYHVWLJDWH�QXWULHQW�XSWDNH�UDWHV�DQG�SK\WRSODQNWRQ�
JURZWK�UDWHV�LQ�6XLVXQ�%D\��7KH�1+�

��GDWD�ZHUH�FROOHFWHG�DW�KLJKHU�VSDWLDO�DQG�WHPSRUDO�
IUHTXHQF\�WKDQ�':5�,(3�GDWD�DQG�SURYLGH�FRPSOHPHQWDU\�LQIRUPDWLRQ�WR�WKH�
LQIRUPDWLRQ�SUHVHQWHG�DERYH���$Q�RYHUYLHZ�RI�WKH�LQWHUSUHWDWLRQ�RI������UHVXOWV�ZLWK�
UHVSHFW�WR�1+�

��LQKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�LV�UHSRUWHG�LQ�'XJGDOH�HW�DO���������DQG�
GLVFXVVHG�EULHIO\�LQ�6HFWLRQ�����

&RQWRXU�SORWV�RI�1+�
��FRQFHQWUDWLRQV�GXULQJ�ZHHNO\�VDPSOLQJ�DORQJ�DQ�HDVW�ZHVW�WUDQVHFW�

�LQ�WKH�FKDQQHO��RI�6XLVXQ�%D\�GXULQJ�6SULQJ������LOOXVWUDWH�WZR�����ZHHN�SHULRGV�RI�ORZ�
1+�

��FRQFHQWUDWLRQV�������PRO���/�����DORQJ�VWUHWFKHV�RI�������NP��)LJXUH�������/RZ�
1+�

�FRQFHQWUDWLRQV�������PRO�/����ZHUH�DOVR�REVHUYHG�DW�'���DQG�SHUVLVWHG�DW������PRO�
/���GXULQJ�PRVW�RI�$SULO�DQG�0D\�������)LJ��$��������:KLOH�GHSUHVVHG�1+�

��OHYHOV������
�PRO�/����ZHUH�JHQHUDOO\�HYLGHQW�LQ�WKH�PRQWKO\�':5�WLPH�VHULHV�GDWD�DW�'��DQG�'��DQG�
DW�86*6�VWDWLRQV�GXULQJ�WKLV�WLPH�SHULRG��)LJ��������WKH�QHDUO\�GHSOHWHG�1+�

��OHYHOV������
�PRO�/����ZHUH�QRW�QHFHVVDULO\�HYLGHQW��QRU�GR�WKH\�JLYH�D�FOHDU�LPSUHVVLRQ�RI�WKH�VL]H�
DQG�GXUDWLRQ�RI�WKLV�]RQH���

 

Figure 6.4 NH4+ contour plots of data collected by SFSU-RTC during  Spring 2010 in Suisun Bay. 
Data were collected on  9 days at 7 stations  along a roughly linear  transect through Suisun 
Bay between DWR/IEP-D4 and USGS-8. (DWR/IEP D7 not included here – see Fig. A.3.1)  
Figure from Dugdale et al (2012).  
�

7KH�57&�GDWD�IRU������KDYH�QRW�\HW�EHHQ�SXEOLVKHG�LQ�D�SHHU�UHYLHZHG�SDSHU��EXW�ZHUH�
SURYLGHG�E\�57&�IRU�WKLV�UHSRUW��1+�

��FRQFHQWUDWLRQV�ZHUH�OHVV�WKDQ����PRO�/���IRU�PRVW�
RI�$SULO�DQG�0D\������DORQJ�WKH�PDLQ�HDVW�ZHVW�FKDQQHO��)LJ��������$W�'���1+��
FRQFHQWUDWLRQV�ZHUH�����PRO�/���WKURXJKRXW�$SULO�DQG�0D\�������)LJ�$�������+LJK�IORZV�
RFFXUUHG�LQ�6SULQJ�������ZKLFK�UHVXOWHG�LQ�VKRUW�UHVLGHQFH�WLPHV�RI���GD\V�RU�OHVV����
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�
Figure 6.5. NH4+, contour plots  of data collected by SFSU-RTC  on 9 dates during  Spring 2011 
in Suisun Bay. Data were collected at 7 stations  along a roughly linear  transect through 
Suisun Bay between DWR/IEP-D4 and USGS-8. (Samples were also collected at DWR/IEP D7, 
but are not included in this plot. See Fig A.3.2 for D7 data  
 

6.3.3. Load estimates 
'HOWD�HIIOX[�1+�

��ORDGV�WR�6XLVXQ�%D\�H[KLELWHG�VWURQJ�VHDVRQDO�DQG�LQWHUDQQXDO�
YDULDELOLW\��)LJ��������'HOWD�1+�

��ORDGV�WR�6XLVXQ�%D\�ZHUH�KLJKHVW�GXULQJ�KLJK�IORZ�
PRQWKV��'HF�0DU��)LJ�������)LJ��������7KH�YDVW�PDMRULW\�RI�WKH�HVWLPDWHG�'HOWD�ORDG�FDPH�
IURP�6DFUDPHQWR�5LYHU�LQSXWV�IORZLQJ�SDVW�5LR�9LVWD��DV�RSSRVHG�WR�IORZV�FRPLQJ�IURP�
WKH�FHQWUDO�RU�VRXWKHUQ�'HOWD��)LJ��$���������9LVXDO�LQVSHFWLRQ�VXJJHVWV��QRW�VXUSULVLQJO\��
WKDW�LQWHUDQQXDO�YDULDELOLW\�LQ�ULYHU�IORZ�H[HUWHG�D�VWURQJ�LQIOXHQFH�RQ�1+�

��ORDGV��)LJ��
�����

 

Figure 6.6 Time series of estimated (a) NH4+ loads and (b) flows into Suisun Bay from the 
DeltaL oads were estimated using flow data from DWR DAYFLOW and concentration data from 
DWR/IEP stations 
�
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%HWZHHQ������DQG�������VWDWLVWLFDOO\�VLJQLILFDQW�LQFUHDVHV�LQ�1+�
��ORDGV�ZHUH�REVHUYHG�

GXULQJ���PRQWKV��)LJ�����E���DOWKRXJK�WKLV�LQFUHDVH�ZDV�QRW�XQLIRUP�RYHU�WKH�HQWLUH�SHULRG�
�)LJ�����D���%HWZHHQ������������WKHUH�ZDV�OLWWOH�HYLGHQFH�RI�LQFUHDVHG�1+�

��ORDGV��LQ�
IDFW��ORDGV�GHFUHDVHG�LQ�VHYHUDO�PRQWKV�RYHU�WKLV�SHULRG��)LJ�����D���+RZHYHU��GDLO\�1+�

��
ORDGV�LQFUHDVHG�LQ�DOO�PRQWKV�IURP�����������WR������������ZLWK�WKH�ODUJHVW�LQFUHDVHV�
RFFXUULQJ�GXULQJ�KLJK�IORZ�PRQWKV��,QFUHDVHV�LQ�1+�

��ORDGV�ZHUH�DOVR�HYLGHQW�GXULQJ�
VRPH�PRQWKV�EHWZHHQ�����������WR������������7KHUH�ZDV�D����[�GLIIHUHQFH�LQ�1+�

��
ORDGV�EHWZHHQ�VXPPHU�DQG�ZLQWHU��DQG�WKLV�VHDVRQDOLW\�ZDV�REVHUYHG�RYHU�DOO�HUDV�IURP�
������������

Figure 6.7 Seasonal and temporal variations in Delta efflux NH4+ loads to Suisun Bay. Data 
were first aggregated into three eras (1975-1986, 1987-1997 and 1998-2011), and then 
averaged by month within each era (panel  a). Long-term trends were characterized by the 
Theil slope (see description in Section 6.2.3) (panel  b). Blue bars indicate  statistically 
significant trends with p<0.05 as determined by the Kendall Tau test.  
�

'LUHFW�GLVFKDUJH�ORDGV�WR�6XLVXQ�%D\�IURP���327:V�ZHUH�DOVR�HVWLPDWHG��7ZR�327:V��
&&&6'�DQG�''6'��FRQWULEXWHG�PRVW�RI�WKH�ZDVWHZDWHU�1+�

��ORDGV�WR�6XLVXQ�%D\��ZLWK�
ORDGV�IURP�&&&6'�EHLQJ�a��WLPHV�WKRVH�IURP�''6'��7KH�WKLUG��)66'��SHUIRUPV�
QLWULILFDWLRQ�DQG�WKHLU�1+�

��ORDGV�ZHUH�RQ�DYHUDJH�OHVV�WKDQ����RI�WKH�RWKHU�WZR�
FRPELQHG�DQG�DUH�WKHUHIRUH�QRW�LQFOXGHG�KHUH��'XULQJ�WKH�SHULRG�RI������������&&&6'¶V�
GDLO\�ORDGV�YDULHG�RYHU�D�ODUJH�UDQJH��IURP���������NJ�1�G����ZLWK�D�PHDQ�RI������NJ�1�
G����)LJ��������/RDGV�WHQGHG�WR�EH�KLJKHVW�LQ�-DQXDU\�$SULO��DOWKRXJK�PHDQ�YDOXHV�YDULHG�
E\�RQO\�����EHWZHHQ�WKH�KLJKHVW�DQG�ORZHVW�PRQWKV��&&&6'¶V�DQQXDO�DYHUDJH�ORDGV�
LQFUHDVHG�E\�a����EHWZHHQ������DQG�������ZLWK�VWDWLVWLFDOO\�VLJQLILFDQW�LQFUHDVHV�LQ�
PRQWKO\�DYHUDJHG�ORDGV�REVHUYHG�LQ�DOO�PRQWKV��)LJ��$���������*LYHQ�WKH�SUR[LPLW\�RI�
&&&6'¶V�GLVFKDUJH�WR�&DUTXLQH]�6WUDLWV��WKHUH�LV�XQFHUWDLQW\�DERXW�WKH�SURSRUWLRQ�RI�

a b 
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&&&6'¶V�ORDG�WKDW�LV�PL[HG�LQWR�6XLVXQ�%D\�DQG�KRZ�PXFK�LV�DGYHFWHG�GRZQVWUHDP�
EHIRUH�PL[LQJ��7KLV�SRLQW�LV�GLVFXVVHG�IXUWKHU�LQ�6HFWLRQ��������

 

Figure 6.8. Time series of NH4+ effluent loads from the two major NH4+ dischargers to Suisun 
Bay: CCCSD and DDSD. Data for trial periods of nitrification at CCCSD (1977-1982, 1987-1988) 
are presented in Figure A.6.1.3.  Nitrification processes at FSSD reduce NH4 loads to 
approximately 1% of the other two dischargers and are therefore not included here.  
 

''6'¶V�DYHUDJH�1+�
��ORDG�ZDV������NJ�1�G����IRU������������ZLWK�ORDGV�UDQJLQJ�IURP�

����WR������NJ�1�G����)LJ���������0RQWKO\�DYHUDJHG�1+�
��ORDGV�IURP�''6'�H[KLELWHG�QR�

FRQVLVWHQW�FKDQJH�IURP������������)LJ��$������G���DQG�ORDGV�WHQGHG�WR�EH�KLJKHU�LQ�'HF�
-XQ�WKDQ�RWKHU�PRQWKV��)LJ��$������F���� 

7KH�WRWDO�ZDWHUVKHG�DUHD�WKDW�GUDLQV�GLUHFWO\�WR�6XLVXQ�%D\�LV������NP���)LJ��$���������
7KH�QRUWKHUQ�DQG�VRXWKHUQ�FRPELQHG�ZDWHUVKHGV�KDG�VLPLODU�XSSHU��DQG�ORZHU�ERXQG�
ZHLJKWHG�DYHUDJH�UXQRII�FRHIILFLHQWV�RI������DQG�������)DLUILHOG�ZDWHUVKHG��DQG������DQG�
������&RQFRUG�ZDWHUVKHG����&DOFXODWHG�1+�

��ORDGV�IURP�WKH�ZDWHUVKHGV�ZHUH�HVVHQWLDOO\�
]HUR�GXULQJ�GU\�SHULRGV��)LJ���������'XULQJ�KLJK�IORZ�SHULRGV��PD[LPXP�1+�

��ORDGV�
ZHUH���������NJ�1�G����ZKLFK�LV��������ORZHU�WKDQ�327:�ORDGV�DQG�PRUH�WKDQ�DQ�RUGHU�
RI�PDJQLWXGH�ORZHU�WKDQ�'HOWD�ORDGV�GXULQJ�WKH�VDPH�PRQWKV���



142 

 

 

Figure 6.9. Estimated stormwater NH4+ loads from two watersheds that drain directly into 
Suisun Bay. Loads were estimated using monthly average precipitation values, average runoff 
coefficient for each watershed (weighted by land-use), watershed area and stormwater NH4+ 
concentrations  from the literature. See Appendix 6.3 for further information.  

6.4. Discussion 

6.4.1. Comparison of NH4
+ concentrations with hypothesized thresholds 

7KH�,(3¶V�FRQFHSWXDO�PRGHO�IRU�WKH�32'�LGHQWLILHV�PXOWLSOH�K\SRWKHVL]HG�IDFWRUV�WKDW�
FRXOG�FRQWULEXWH�WR�HFRV\VWHP�GHFOLQH��%D[WHU�HW�DO���������(OHYDWHG�1+�

��FRQFHQWUDWLRQ�
LQ�6XLVXQ�%D\�LV�DPRQJ�WKRVH�K\SRWKHVL]HG�IDFWRUV��ZLWK�WKH�K\SRWKHVL]HG�LPSDFW�
UHVXOWLQJ�IURP�D��LQKLELWLRQ�RI�SULPDU\�SURGXFWLRQ�DQG�WKHUHE\�ORZHU�IRRG�VXSSO\��H�J���
'XJGDOH�HW�DO���������6HFWLRQ�����E��VHOHFWLRQ�RI�SK\WRSODQNWRQ�DVVHPEODJHV�WKDW�DUH�
SRRUHU�IRRG�TXDOLW\��*OLEHUW�HW�DO����������RU�F��GLUHFW�FKURQLF�WR[LFLW\�WR�FRSHSRGV�WKDW�
GHFUHDVHV�WKHLU�UHSURGXFWLYH�VXFFHVV�RU�WKH�VXUYLYDO�RI�RIIVSULQJ�WR�DGXOW�IRUPV��1+�

��
ORDGV�WR�6XLVXQ�%D\�KDYH�LQFUHDVHG�VLJQLILFDQWO\�RYHU�WKH�SDVW�IHZ�GHFDGHV��)LJ������DQG�
�������7KH�LQFUHDVHG�ORDGV�KDYH�EHHQ�DFFRPSDQLHG�E\�VLJQLILFDQWO\�LQFUHDVHG�1+�

��
FRQFHQWUDWLRQV�ZLWKLQ�6XLVXQ�%D\�GXULQJ�FHUWDLQ�WLPHV�RI�WKH�\HDU��)LJ��������,Q�WKLV�
VHFWLRQ�REVHUYHG�1+�

��FRQFHQWUDWLRQV�LQ�6XLVXQ�%D\�DUH�FRPSDUHG�ZLWK�1+�
��WKUHVKROGV�

WKDW�UHFHQW�VWXGLHV�KDYH�LGHQWLILHG�DV�KDYLQJ�DGYHUVH�LPSDFWLQJ�SULPDU\�SURGXFWLRQ�RU�
FRSHSRG�VXUYLYDO���$V�QRWHG�DERYH��WKLV�RYHUDOO�UHSRUW��DQG�LQ�SDUWLFXODU�WKLV�VXE�VHFWLRQ��
ZLOO�DGGUHVV�WKH�SRWHQWLDO�UROHV�WKDW�1+�

��SOD\V�LQ�LQKLELWLQJ�SULPDU\�SURGXFWLRQ�DQG�
KDYLQJ�WR[LF�HIIHFWV�RQ�FRSHSRGV��2WKHU�QXWULHQW�UHODWHG�HIIHFWV��LQFOXGLQJ�VKLIWV�LQ�
SK\WRSODQNWRQ�FRPPXQLW\�FRPSRVLWLRQ��ZLOO�EH�H[SORUHG�LQ�D�VXEVHTXHQW�UHSRUW��
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$FFRUGLQJ�WR�WKH�FRQFHSWXDO�SURSRVHG�E\�57&�UHVHDUFKHUV��6HFWLRQ�����DW�1+�
��

FRQFHQWUDWLRQV�DERYH����PRO�/���WKH�XSWDNH�RI�12�
��E\�SK\WRSODQNWRQ�LV�VXEVWDQWLDOO\�

LQKLELWHG��UHVXOWLQJ�LQ�ORZHU�SULPDU\�SURGXFWLRQ�UDWHV��'XJGDOH�HW�DO����������$OWKRXJK�
WKLV�FRQFHSWXDO�PRGHO�DOVR�LQGLFDWHV�WKDW����PRO�/���LV�QRW�D�µEULJKW�OLQH¶�WKUHVKROG��DQG�
WKDW�12�

��XSWDNH�DQG�SK\WRSODQNWRQ�SURGXFWLYLW\�DUH�DOVR�LQKLELWHG�DW�ORZHU�OHYHOV�RI�
1+�

���GRZQ�WR�a���PRO�/����3DUNHU�HW�DO����������ZH�ZLOO�XVH�WKH����PRO�/���YDOXH�KHUH�
EHFDXVH�LW�LV�WKH�PRVW�IUHTXHQWO\�GLVFXVVHG�YDOXH��6LPLODU�FRQFOXVLRQV�DUH�UHDFKHG�ZKHQ�
DPELHQW�FRQFHQWUDWLRQV�DUH�FRPSDUHG�WR�HLWKHU���RU����PRO�/����+HUH�ZH�FRPSDUH��
DPELHQW�FRQFHQWUDWLRQV�LQ�$SULO�2FWREHU��ZKHQ�KLJKHU�FKO�D�OHYHOV�ZHUH�PRVW�W\SLFDOO\�
REVHUYHG�SULRU�WR�������WR�WKLV����PRO�/���YDOXH��%HWZHHQ������������1+�

��OHYHOV�
H[FHHGHG����PRO�/���LQ�����RI�WKH�PRQWKO\�REVHUYDWLRQV�DW�'���'���DQG�'���7DEOH�������
%HWZHHQ������������WKH����PRO�/���WKUHVKROG�ZDV�H[FHHGHG�LQ�����RI�PRQWKO\�
REVHUYDWLRQV���0RUH�UHFHQWO\��IURP������������DPELHQW�1+�

��FRQFHQWUDWLRQV�H[FHHGHG���
�PRO�/����WKH�YDVW�PDMRULW\�RI�WKH�WLPH���������7KXV��WKH�IUHTXHQF\�ZLWK�ZKLFK�D����PRO�
/���WKUHVKROG�KDV�EHHQ�H[FHHGHG�EHWZHHQ�$SULO�2FWREHU�KDV�DSSUR[LPDWHO\�GRXEOHG�RYHU�
WKH�SDVW����\HDUV���7DEOH������� 

Table 6.3. Comparison of ambient NH4+ concentrations in Suisun Bay in three eras (1975-
1986, 1987-1997 and 1998-2011) to relevant environmental thresholds.  

�

$PELHQW�1+�
��FRQFHQWUDWLRQV�DW�'���'���DQG�'��ZHUH�DOVR�FRPSDUHG�WR�WKH�����PRO�/��

YDOXH�LGHQWLILHG�E\�7HK�HW�DO��������DV�WKH�ORZHVW�REVHUYHG�HIIHFW�OHYHO��/2(/��IRU�
FKURQLF�1+�

��WR[LFLW\�WR�FRSHSRGV��&RSHSRGV�KDYH�FRPSOH[�OLIH�F\FOHV�DQG�DUH�SUHVHQW�
\HDU�URXQG��DOEHLW�LQ�YDU\LQJ�DEXQGDQFH��7KHUHIRUH��WKH�����PRO�/���YDOXH�ZDV�FRPSDUHG�
ZLWK�FRQFHQWUDWLRQV�RYHU�WKH�HQWLUH�\HDU�IURP������������$PELHQW�FRQFHQWUDWLRQV�DW�
VWDWLRQV�'��DQG�'��RQO\�H[FHHG�����PRO�/���RQFH�DW�HDFK�RI�WKHVH�VWDWLRQV�GXULQJ�WKH�
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SHULRG������������ERWK�RFFXUUHG�LQ��������7DEOH�������7KHUH�KDYH�EHHQ�OLPLWHG�VWXGLHV�RI�
1+�

��WR[LFLW\�WR�FRSHSRGV��6HFWLRQ���DQG�����2QH�RWKHU�VWXG\�RI�DPPRQLD�WR[LFLW\�WR�
FRSHSRGV�ZDV�IRXQG��DQG�WKDW�VWXG\�REVHUYHG�FKURQLF�WR[LFLW\�DW�OHYHOV�DV�ORZ�DV�����PRO�
/����%XWWLQR���������DOWKRXJK�QR�S+�ZDV�VSHFLILHG�ZLWK�WKLV�WKUHVKROG�VR�WKH�SDUWLWLRQLQJ�
EHWZHHQ�1+�

��DQG�1+��LV�XQNQRZQ��7KLV�YDOXH�LV�EDVHG�RQ�RQO\�D�VLQJOH�VWXG\��DQG�LWV�
UHOHYDQFH�IRU�6XLVXQ�%D\�LV�XQNQRZQ��1+�

��FRQFHQWUDWLRQV�DW�'���'���DQG�'��H[FHHGHG�
����PRO�/�������RI�WLPH�EHWZHHQ������������ZKLFK�ZDV�DSSUR[LPDWHO\�WZLFH�DV�IUHTXHQW�
DV�EHWZHHQ�������������

7KH�DERYH�FRPSDULVRQV�VKRXOG�EH�YLHZHG�ZLWK�FDXWLRQ�IRU�WZR�PDLQ�UHDVRQV��)LUVW��QRQH�
RI�WKHVH�WKUHVKROGV�KDV�EHHQ�ULJRURXVO\�HVWDEOLVKHG��7KH�1+�

��LQKLELWLRQ�K\SRWKHVLV�
UHTXLUHV�IXUWKHU�WHVWLQJ��6HFWLRQ���DQG�����LQ�DGGLWLRQ��LI�LW�LV�IRXQG�WR�EH�DQ�LPSRUWDQW�
PHFKDQLVP�WKDW�OLPLWV�SULPDU\�SURGXFWLRQ�UDWHV��D�SURWHFWLYH�1+�

��YDOXH�QHHGV�WR�EH�
HVWDEOLVKHG�WKURXJK�PRUH�LQYHVWLJDWLRQ�DQG�FRXOG�FRQFHLYDEO\�EH�ORZHU�WKDQ����PRO�/����
7KH�FRSHSRG�WR[LFLW\�VWXG\�E\�7HK�HW�DO���������KDV�QRW�\HW�EHHQ�UHSOLFDWHG��DQG�UHSHDWLQJ�
WKH�H[SHULPHQW�PD\�EH�ZDUUDQWHG��ERWK�WR�FRQILUP�WKH�RULJLQDO�ILQGLQJV�DQG�WR�HVWDEOLVK�D�
12(/���,W�ZRXOG�DOVR�EH�LPSRUWDQW�IRU�VRPH�H[SHULPHQWV�WR�EH�FDUULHG�RXW�DW�VDOLQLW\�
UDQJHV�UHOHYDQW�WR�6XLVXQ�%D\��&RSHSRG�VHQVLWLYLW\�WR�1+�

��PD\�EH�VDOLQLW\�GHSHQGHQW��
VLQFH�WR[LFLW\�LV�K\SRWKHVL]HG�WR�EH�H[HUWHG�WKURXJK�WKH�1D�.�WUDQVSRUWHU��DQG�1D��DUH�.��
OHYHOV�YDU\�ZLWK�VDOLQLW\��UHI��6��7HK��SHUV��FRPP����,Q�DGGLWLRQ��DOWKRXJK�7HK�HW�DO���������
KDV�EHHQ�HYDOXDWHG�DQG�FULWLTXHG�DV�SDUW�RI�GLVFKDUJH�SHUPLWV¶�SXEOLF�SURFHVV��LW�KDV�QRW�WR�
RXU�NQRZOHGJH�XQGHUJRQH�SHHU�UHYLHZ���

6HFRQG��ZKLOH�1+�
��OHYHOV�DW�WKH�VWDWLRQV�GLVFXVVHG�LQ�WKLV�UHSRUW�PD\�UHSUHVHQW�DYHUDJH�

FRQGLWLRQV�REVHUYHG�LQ�6XLVXQ�%D\��WKH\�OLNHO\�GR�QRW�UHSUHVHQW�WKH�KLJKHVW�
FRQFHQWUDWLRQV�LQ�WKH�V\VWHP��VLQFH�QR�GDWD�IURP�QHDU�ILHOG�VDPSOLQJ�DURXQG�327:�
RXWIDOOV�KDV�EHHQ�LQFOXGHG��8QGLOXWHG�WUHDWHG�ZDVWHZDWHU�HIIOXHQW�WKDW�GLG�QRW�XQGHUJR�
QLWULILFDWLRQ�FRQWDLQV�1+�

��DW�FRQFHQWUDWLRQV�RI�a������PRO�/����'LOXWLRQV�RI�a���IROG�DUH�
QHHGHG�WR�UHGXFH�HIIOXHQW�WR�������PRO�/����7KLV�LV�QRW�DQ�HVSHFLDOO\�ODUJH�GLOXWLRQ��DQG�
OLNHO\�KDSSHQV�RYHU�VPDOO�GLVWDQFHV�IURP�RXWIDOOV�EHFDXVH�RI�VWURQJ�PL[LQJ�LQ�6XLVXQ�
%D\��1RQHWKHOHVV��LI�VXFK�GDWD�H[LVW��LW�PD\�EH�ZRUWKZKLOH�WR�FRPSDUH�QHDU�ILHOG�
REVHUYDWLRQV�ZLWK�WKUHVKROGV��ZKLOH�FRQVLGHULQJ�WKH�VHQVLWLYLW\�RI�WKH�KDELWDW�ZLWKLQ�WKH�
DUHDV�RI�ORZHU�GLOXWLRQ��H�J���LWV�VL]H�RU�ORFDWLRQ���

6.4.2. Seasonal and temporal trends in NH4
+ concentrations and loads 

1+�
��FRQFHQWUDWLRQV�LQ�6XLVXQ�%D\�KDYH�LQFUHDVHG�E\�DSSUR[LPDWHO\�����LQ�VHYHUDO�

PRQWKV�EHWZHHQ������������)LJ��������6WDWLVWLFDOO\�VLJQLILFDQW�LQFUHDVHV�ZHUH�REVHUYHG�
GXULQJ�2FWREHU�'HFHPEHU�DW�'���'���DQG�'���ZLWK�VWDWLVWLFDOO\�VLJQLILFDQW�LQFUHDVHV�DOVR�
GHWHFWHG�LQ�0D\�-XQH�DW�'��DQG�'���1+�

��FRQFHQWUDWLRQV�H[KLELWHG�VWURQJ�VHDVRQDOLW\�
RYHU�WKH�HQWLUH�SHULRG�RI�UHFRUG��ZLWK�a��IROG�KLJKHU�FRQFHQWUDWLRQV�REVHUYHG�LQ�-DQXDU\�
DQG�'HFHPEHU�WKDQ�LQ�-XQH�6HSWHPEHU���7KLV�VHFWLRQ�H[DPLQHV�WKH�ORQJ�WHUP�UHFRUG�RI�
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HVWLPDWHG�ORDGV�IURP�WKH�'HOWD�WR�6XLVXQ�DQG�ORDGV�IURP�327:V�WR�LGHQWLI\�SRWHQWLDO�
FDXVHV�RI�ERWK�WKH�WHPSRUDO�LQFUHDVH�LQ�DQG�SURQRXQFHG�VHDVRQDOLW\�RI�1+�

��
FRQFHQWUDWLRQV����

6LQFH�������1+�
��ORDGV�IURP�WKH�'HOWD�WR�6XLVXQ�%D\�KDYH�LQFUHDVHG�VXEVWDQWLDOO\��)LJ��

������ZLWK�PRVW�RI�WKH�LQFUHDVH�RFFXUULQJ�DIWHU�������2Q�DQ�DQQXDO�EDVLV��WKH�PHDQ������
V�G���ORDGV�HQWHULQJ�6XLVXQ�%D\�IURP�WKH�'HOWD�ZHUH�������������NJ�1�G���IURP������
������DQG�������������NJ�1��G���IURP�������������1+�

��ORDGV�H[KLELWHG�VWURQJ�
VHDVRQDOLW\��)LJ������)LJ�������DV�GLG�WKH�PDJQLWXGH�RI�WKH�LQFUHDVH�EHWZHHQ�SUH������DQG�
SRVW��������6LQFH�PRVW�RI�WKH�'HOWD�GHULYHG�1+�

��ORDG�HQWHULQJ�6XLVXQ�FDPH�IURP�WKH�
6DFUDPHQWR�5LYHU��)LJ��$���������DQG�PRVW�RI�WKH�1+�

��WUDQVSRUWHG�DORQJ�WKH�ORZHU�
6DFUDPHQWR�5LYHU�RULJLQDWHG�DW�65:73��3DUNHU�HW�DO��������)RH��������LQFUHDVHG�ORDGV�
IURP�65:73�ZHUH�SUHVXPDEO\�UHVSRQVLEOH�IRU�PRVW�RI�WKH�REVHUYHG�ORDG�LQFUHDVH�WR�
6XLVXQ�%D\��65:73¶V�1+�

��ORDGV�LQFUHDVHG�E\�PRUH�WKDQ�D�IDFWRU�RI���EHWZHHQ������
DQG�������ZLWK�PRVW�RI�WKDW�LQFUHDVH�RFFXUULQJ�DIWHU�������-DVVE\��������'XULQJ�WKH�
PRQWKV�PRVW�UHOHYDQW�IRU�VSULQJ�SK\WRSODQNWRQ�EORRPV��L�H���$SULO�DQG�0D\���PHDQ�1+�

��
ORDGV�LQFUHDVHG�E\�����������NJ�G���RYHU�WKH�SHULRG������������ZLWK�PRVW�RI�WKLV�
LQFUHDVH�FRPLQJ�DIWHU�������7KLV�LV�FRPSDUDEOH�WR�WKH�1+�

��ORDG�LQFUHDVH�DW�65:73�
GXULQJ�WKLV�WLPH��-DVVE\��������3UHVHQW�GD\�ORDGV�IURP�65:73��DQQXDO�DYHUDJH� ��������
NJ�1�G���IRU������������DUH�PXFK�ODUJHU�WKDQ�WKH�ORDGV�HQWHULQJ�6XLVXQ�IURP�WKH�'HOWD�
�)LJ��������$V�KDV�EHHQ�GHPRQVWUDWHG�LQ�RWKHU�VWXGLHV��)RH�������3DUNHU�HW�DO����������
PXFK�RI�65:73¶V�1+�

��ORDG�XQGHUJRHV�QLWULILFDWLRQ�HQ�URXWH�WR�6XLVXQ�%D\��DQG�D�
VXEVWDQWLDO�ORVV�RI�1+�

��LV�FRQVLVWHQW�ZLWK�RXU�HVWLPDWHG�ORDGV�HQWHULQJ�6XLVXQ�%D\��)LJ��
������7R�SUHOLPLQDULO\�DVVHVV�WKH�'HOWD¶V�UROH�LQ�PRGXODWLQJ�QXWULHQW�ORDGV�WR�6XLVXQ�%D\��
ZH�DOVR�FDOFXODWHG�WKH�WRWDO�PRQWKO\�1+�

��ORDGV�WKDW�HQWHU�WKH�'HOWD�IURP�DOO�PDMRU�
WULEXWDULHV��6DFUDPHQWR��6DQ�-RDTXLQ��DQG�VPDOOHU�HDVWHUQ�WULEXWDULHV���DQG�WKH�DPRXQWV�
WKDW�OHDYH�WKH�'HOWD��ERWK�WR�6XLVXQ�DQG�YLD�ZDWHU�H[SRUWV��IRU�WKH�SHULRG�RI������������
DJDLQ�IROORZLQJ�WKH�DSSURDFK�GHVFULEHG�LQ�-DVVE\�DQG�&ORHUQ���������2Q�DQ�DQQXDO�EDVLV��
����RI�1+�

��ZDV�UHPRYHG�ZLWKLQ�WKH�'HOWD�HLWKHU�E\�QLWULILFDWLRQ�RU�XSWDNH�E\�
SK\WRSODQNWRQ��7KLV�YDOXH�LQFUHDVHG�XS�WR�����GXULQJ�VRPH�ORZ�IORZ�SHULRGV��7KXV��WKH�
'HOWD�DFWV�DV�D�VXEVWDQWLDO�ELRJHRFKHPLFDO�UHDFWRU��DQG�LWV�HIILFLHQF\�DW�WUDQVIRUPLQJ�
1+�

��DSSHDUV�WR�YDU\�VHDVRQDOO\��OLNHO\�GXH�WR�IDFWRUV�VXFK�DV�UHVLGHQFH�WLPH�DQG�
WHPSHUDWXUH����

�/RDGV�IURP�&&&6'�DOVR�LQFUHDVHG�E\�a����NJ�1�G���EHWZHHQ�WKH�HDUO\�����V�DQG������
�PHDQ����������� ������NJ�1�G����PHDQ����������� ������NJ�1�G����&&&6'¶V�ORDGV�
H[KLELWHG�VWURQJ�VHDVRQDOLW\��KRZHYHU�PRQWKO\�DYHUDJH�GHYLDWLRQV�IURP�WKH�DQQXDO�
DYHUDJH�ZHUH�W\SLFDOO\�OHVV�WKDQ������''6'�ZDV�WKH�WKLUG�ODUJHVW�1+�

��VRXUFH�WR�6XLVXQ�
%D\��EXW�LWV�1+�

��ORDGV�KDYH�UHPDLQHG�UHODWLYHO\�FRQVWDQW�VLQFH�������IROORZHG�E\�
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VWRUPZDWHU�ORDGV��ZKLFK�LQLWLDO�HVWLPDWHV�VXJJHVW�FRQWULEXWH�OHVV�WKDQ����RI�1+�
��ORDGV�

GXULQJ�ZHW�SHULRGV����

,GHQWLI\LQJ�ZKLFK�VRXUFHV�KDYH�FRQWULEXWHG�PRVW�WR�WKH�REVHUYHG�LQFUHDVHV�LQ�
1+�

�FRQFHQWUDWLRQV�LQ�6XLVXQ�%D\��)LJ�������LV�QRW�VWUDLJKWIRUZDUG��EHFDXVH�RI�WKH�ODUJH�
VHDVRQDO�YDULDWLRQ�LQ�ORDGV�IURP�WKH�'HOWD��)LJ�������LOOXVWUDWHV�WKH�PDJQLWXGHV�RI�1+�

��
ORDGV�IURP�WKH�'HOWD�DQG�IURP�GLUHFW�327:�GLVFKDUJHV�WR�6XLVXQ�%D\�IURP������������
'XULQJ�ZHW�PRQWKV�LQ�PRVW�\HDUV��'HOWD�ORDGV�VXEVWDQWLDOO\�H[FHHGHG�GLUHFW�327:�ORDGV��
+RZHYHU��327:�ORDGV�ZHUH�FRPSDUDEOH�WR�RU�H[FHHGHG�WKRVH�IURP�WKH�'HOWD�GXULQJ�
PRVW�VSULQJ��VXPPHU��DQG�IDOO�PRQWKV��DVVXPLQJ������RI�&&&6'�GLVFKDUJH�PL[HG�LQWR�
6XLVXQ�%D\���7KH�LQFUHDVH�LQ�'HOWD�ORDGV�IURP�SUH������WR�WKRVH�REVHUYHG�����������ZDV�
ODUJH��VHYHUDO�WKRXVDQG�NJ�1�G����LQ�-DQXDU\�-XQH��)LJ������UHODWLYH�WR�WKH�LQFUHDVH�IURP�
&&&6'��VHYHUDO�KXQGUHG�NJ�1�G����RYHU�WKH�VDPH�WLPH�SHULRG��)LJ��$���������+RZHYHU��LQ�
WKH�UHPDLQLQJ�PRQWKV�WKH�LQFUHDVHV�IURP�WKH�WZR�VRXUFHV�ZHUH�PRUH�FRPSDUDEOH�LQ�
PDJQLWXGH��,Q�DGGLWLRQ��WKH�H[WHQW�WR�ZKLFK�&&&6'¶V�SOXPH�PL[HV�LQWR�6XLVXQ�%D\�
QHHGV�WR�EH�FRQVLGHUHG��6LQFH�&&&6'�GLVFKDUJHV�FORVH�WR�&DUTXLQH]�6WUDLW��DQ�XQNQRZQ�
SRUWLRQ�RI�LWV�HIIOXHQW�SOXPH�PD\�EH�DGYHFWHG�GRZQVWUHDP�EHIRUH�PL[LQJ�LQWR�6XLVXQ�
%D\��WKHUHE\�SRWHQWLDOO\�GHFUHDVLQJ�&&&6'¶V�DFWXDO�FRQWULEXWLRQ�WR�DPELHQW�
FRQFHQWUDWLRQV�LQ�6XLVXQ�%D\��7KH�KLJKHU�1+�

��FRQFHQWUDWLRQV�REVHUYHG�DW�'��FRPSDUHG�
WR�ERWK�'��DQG�'���DQG�DW�86*6��DQG�86*6���UHODWLYH�WR�RWKHU�VWDWLRQV�IXUWKHU�HDVW�
GXULQJ�WKH�57&�VSULQJ�VDPSOLQJ�FDPSDLJQV��DUH�FRQVLVWHQW�ZLWK�LQFRPSOHWH�PL[LQJ��
KRZHYHU�WKH�VSDWLDO�GLIIHUHQFH�LQ�FRQFHQWUDWLRQ��D�IHZ�PLFURPRODU��LV�D�IDLUO\�PRGHVW�
ORFDO�LQFUHDVH��FRQVLGHULQJ�WKDW�WKH�1+�

��FRQFHQWUDWLRQ�LQ�&&&6'¶V�HIIOXHQW�ZDV�
DSSUR[LPDWHO\�������PRO�/����)LQDOO\��³LQWHUQDO´�VRXUFHV�RI�1+�

���QDPHO\�1+�
��IOX[�

IURP�WKH�VHGLPHQWV��QHHG�WR�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ��:KLOH�WKLV�VRXUFH�LV�QRW�
QHFHVVDULO\�H[SHFWHG�WR�KDYH�FKDQJHG�VXEVWDQWLDOO\�RYHU�WLPH��LWV�PDJQLWXGH�LV�FXUUHQWO\�
SRRUO\�FRQVWUDLQHG��DQG�LW�ZRXOG�OLNHO\�H[KLELW�VWURQJ�VHDVRQDO�YDULDWLRQV��H�J���GXH�WR�
FKDQJHV�LQ�WHPSHUDWXUH�DQG�RUJDQLF�PDWWHU�UHVSLUDWLRQ�UDWHV��DQG�FKDQJHV�LQ�GHOLYHU\�RI�
IUHVK�RUJDQLF�PDWWHU�WR�VHGLPHQWV���$�UHFHQW�VWXG\�RI�VHGLPHQW�QXWULHQW�IOX[HV�LQ�6XLVXQ�
%D\�DQG�WKH�'HOWD�IRXQG�WKDW�1+�

��IOX[HV�YDULHG�VXEVWDQWLDOO\�LQ�VSDFH�DQG�VHDVRQ��DQG�LQ�
OLJKW�YV��GDUN�FRQGLWLRQV��&RUQZHOO�HW�DO���VXEPLWWHG���%DVHG�RQ�WKH�OLPLWHG�GDWD�VSHFLILF�WR�
6XLVXQ�LQ�WKLV�VWXG\��WKH�1+�

��IOX[HV�IURP�WKH�VHGLPHQWV�WR�WKH�ZDWHU�FROXPQ�FRXOG�EH�RQ�
WKH�RUGHU�RI�WKRXVDQGV�RI�NJ�1�G����DQG�WKXV�SRWHQWLDOO\�FRPSDUDEOH�LQ�PDJQLWXGH�WR�
327:�ORDGV�GLVFKDUJLQJ�GLUHFWO\�WR�6XLVXQ�%D\��,W�WKHUHIRUH�VHHPV�WKDW�EHWWHU�
FRQVWUDLQHG�HVWLPDWHV�RI�WKLV�ORDG��DQG�LPSURYHG�PHFKDQLVWLF�XQGHUVWDQGLQJ�RI�WKH�IDFWRUV�
WKDW�FRQWURO�LWV�VSDWLDO�DQG�VHDVRQDO�YDULDELOLW\��DUH�QHHGHG���6HGLPHQWV�FDQ�DOVR�EH�D�
VXEVWDQWLDO�1+�

��VLQN��QLWULILFDWLRQ�DW�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH��LQ�VRPH�V\VWHPV��DQG�
DOVR�QHHGV�WR�EH�FRQVLGHUHG��
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Figure 6.10. Comparison of Delta efflux NH4+ loads to Suisun Bay (blue line) and direct POTW 
discharge NH4+ loads assuming 100% mixing of CCCSD effluent (red solid line) and 50% 
mixing of CCCSD effluent (red dashed line) for the period 2006-2011. During high-flow 
periods, loads are dominated by the Delta, however during low flow periods discharge loads 
are comparable to or exceed Delta efflux loads. For a more detailed description of how Delta 
efflux loads were calculated, see Appendix 6.2 

6.4.3. Examining NH4 fate in Suisun Bay 
1+�

��FRQFHQWUDWLRQV�LQ�6XLVXQ�%D\�YDULHG�VHDVRQDOO\�E\�DV�PXFK�DV�D�IDFWRU�RI�����
EHWZHHQ�ORZ�IORZ�DQG�KLJK�IORZ�PRQWKV��D�JHQHUDO�SDWWHUQ�WKDW�KDV�UHPDLQHG�VLPLODU�RYHU�
WKH�SDVW����\HDUV��)LJ���������7KLV�VHDVRQDO�YDULDWLRQ�FDQQRW�EH�H[SODLQHG�E\�VHDVRQDO�
YDULDWLRQV�LQ�1+�

��ORDGV�DORQH��ZKHQ�FXUUHQW�1+�
��ORDGV�IURP�WKH�'HOWD�DQG�6XLVXQ�%D\�

327:V�ZHUH�FRQVLGHUHG�DORQJ�ZLWK�W\SLFDO�IOXVKLQJ�UDWHV�GXULQJ�VSULQJ��VXPPHU��DQG�
IDOO��WKH�SUHGLFWHG�1+�

��FRQFHQWUDWLRQ�ZDV�RQ�WKH�RUGHU�RI�����PRO�/����DVVXPLQJ�
FRQVHUYDWLYH�EHKDYLRU���DV�FRPSDUHG�WR�WKH�REVHUYHG�OHYHOV������PRO�/���IURP�0D\�
6HSWHPEHU��)LJ��������7KLV�ODUJH�GLIIHUHQFH�EHWZHHQ�SUHGLFWHG�DQG�PHDVXUHG�
FRQFHQWUDWLRQ�LV�HVSHFLDOO\�UHOHYDQW�ZLWKLQ�WKLV�FRQFHQWUDWLRQ�UDQJH�RI�������PRO�/����
FRQVLGHULQJ�WKH�OHYHOV�DW�ZKLFK�1+�

��LV�K\SRWKHVL]HG�WR�LQKLELW�SULPDU\�SURGXFWLRQ��!����
�PRO�/����DQG�KDYH�WR[LF�HIIHFWV�RQ�FRSHSGV��/2(/� �����PRO�/�����7R�IXUWKHU�H[SORUH�
WKH�VHDVRQDO�YDULDWLRQV�LQ�1+�

��FRQFHQWUDWLRQV�DQG�1+�
��IDWH��ZH�GHYHORSHG�D�EDVLF���

ER[�PRGHO�IRU�6XLVXQ�%D\��'DWD�DQDO\VLV�ZLWK�WKH�ER[�PRGHO�IRFXVHG�RQ������������
ZKHQ�GDWD�IURP�DOO�ORDG�VRXUFHV�ZDV�PRVW�FHUWDLQ��DQG�DOVR�RQ�WKH�PRQWKV�$SULO�2FWREHU��
ZKHQ�UHVLGHQFH�WLPH�LQ�6XLVXQ�%D\�WHQGV�WR�EH�ORQJHVW�DQG�ZKHQ�SK\WRSODQNWRQ�EORRPV�
KDYH�EHHQ�KLVWRULFDOO\�REVHUYHG��7KH�DQDO\VLV�FRQVLGHUHG�VHYHUDO�ORDG�WHUPV��LQFOXGLQJ��
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ORDGV�IURP�WKH�'HOWD��327:�ORDGV��DGYHFWLYH�ORDGV�RXW�RI�6XLVXQ�%D\�WKURXJK�WKH�
&DUTXLQH]�6WUDLWV��DQG�WLGDO�H[FKDQJH��6HH�$SSHQGL[�����IRU�GHWDLOV���$�ILUVW�RUGHU�WHUP�
�VRXUFH�RU�VLQN��ZDV�DOVR�LQFOXGHG��

'XULQJ�$SULO�2FWREHU�RI������������WKH�ER[�PRGHO�UHVXOWV�VXJJHVW�WKDW�RQ�DYHUDJH�RQO\�
����RI�WKH�1+�

��WKDW�HQWHUHG�6XLVXQ�%D\�DFWXDOO\�H[LWHG�DV�1+�
��WKURXJK�WKH�&DUTXLQH]�

6WUDLWV��RXWJRLQJ�ORDGV�ZHUH�EDVHG�RQ�HVWLPDWHG�DGYHFWLYH�WUDQVSRUW�DQG�WLGDO�H[FKDQJH�
FRPELQHG��)LJ���������%\�GLIIHUHQFH��a����RI�1+�

��WKDW�HQWHUHG�6XLVXQ�%D\�ZDV�HLWKHU�
WUDQVIRUPHG��H�J���QLWULILFDWLRQ��RU�WDNHQ�XS�E\�SK\WRSODQNWRQ��:H�WHVWHG�WKH�VHQVLWLYLW\�RI�
WKH�PRGHO�WR�WKH�SURSRUWLRQ�RI�&&&6'¶V�ORDG�WKDW�LV�DVVXPHG�WR�PL[�FRPSOHWHO\�LQWR�
6XLVXQ�%D\��HYHQ�ZKHQ�����RI�&&&6'�GLVFKDUJH�LV�DVVXPHG�WR�EH�GLUHFWO\�WUDQVSRUWHG�
GRZQVWUHDP��DQG�QRW�PL[�LQWR�6XLVXQ��DSSUR[LPDWHO\�����RI�WKH�1+�

��VWLOO�QHHGV�WR�
XQGHUJR�WUDQVIRUPDWLRQ�RU�ORVV�ZLWKLQ�6XLVXQ�%D\�LQ�RUGHU�WR�H[SODLQ�WKH�REVHUYHG�
FRQFHQWUDWLRQV��7KH�ILUVW�RUGHU�UDWH�FRQVWDQW�UHTXLUHG�WR�H[SODLQ�WKH�WUDQVIRUPDWLRQ�ORVV�RI�
1+�

��GXULQJ�ORZ�IORZ�SHULRGV�ZDV�LQ�WKH�UDQJH�RI���������G����)LJ��$���������ZKLFK�LV�
FRPSDUDEOH�LQ�PDJQLWXGH�WR�QLWULILFDWLRQ�UDWHV�W\SLFDOO\�XVHG�LQ�ZDWHU�TXDOLW\�PRGHOV�
�H�J���a����G����-�)LW]SDWULFN��+'5��SHUV��FRPP����7KH�PDVV�EDODQFH�GLG�QRW�LQFOXGH�1+�

��
ORDGV�GXH�WR�IOX[�IURP�WKH�VHGLPHQWV��WKHUHIRUH��WKH�FDOFXODWHG�1+�

��ORVV�UDWH�FRQVWDQWV�
PD\�LQ�IDFW�EH�ORZHU�ERXQG�YDOXHV��7KH�PDJQLWXGHV�RI�WKH�WUDQVIRUPDWLRQ�ORVV�WHUP�DQG�
GRZQVWUHDP�WUDQVSRUW�WHUP�YDULHG�ZLWKLQ�D�JLYHQ�\HDU��)LJ���������$V�H[SHFWHG��DV�IORZ�
GHFUHDVHG�IURP�$SULO�2FWREHU��DQG�UHVLGHQFH�WLPH�LQFUHDVHG��WKH�PDJQLWXGH�RI�
GRZQVWUHDP�WUDQVSRUW�GHFUHDVHG��,W�ZDV�LQLWLDOO\�VRPHZKDW�VXUSULVLQJ�WR�VHH�WKDW�WKH��
PDJQLWXGH�RI�WUDQVIRUPDWLRQ�ORVV�ZDV�DFWXDOO\�ODUJHU�LQ�$SULO�DQG�0D\�WKDQ�LQ�ODWHU�
PRQWKV�ZKHQ�UHVLGHQFH�WLPHV�ZHUH�ORQJHU�DQG�WHPSHUDWXUHV�ZDUPHU��ZKLFK�ZRXOG�WHQG�WR�
IDYRU�KLJKHU�UDWHV�RI�QLWULILFDWLRQ��2QH�SODXVLEOH�K\SRWKHVLV�LV�WKDW�WKH�KLJKHU�
WUDQVIRUPDWLRQV�ORVV�UDWH�LQ�$SULO�DQG�0D\�ZHUH�GXH�LQ�SDUW�WR�SK\WRSODQNWRQ�XSWDNH��
$SULO�DQG�0D\�DUH�WKH�PRQWKV�GXULQJ�ZKLFK�SK\WRSODQNWRQ�JURZWK�UDWHV�KDYH�W\SLFDOO\�
EHHQ�JUHDWHVW�LQ�6XLVXQ�%D\��.LPPHUHU�DQG�7KRPSVRQ��LQ�SUHVV���DQG�ZKHQ�EORRPV�ZHUH�
JHQHUDOO\�REVHUYHG�SULRU�WR������DQG�QRZ�RFFXU�RFFDVLRQDOO\��H�J���EORRPV�LQ������DQG�
������GRFXPHQWHG�E\�'XJGDOH�HW�DO�������DQG�'XJGDOH�HW�DO���������$OWKRXJK�FKO�D�OHYHOV�
WHQGHG�WR�UHPDLQ�ORZ�LQ�$SULO�DQG�0D\�RYHU������������H[FHSW�WKH������EORRP��'XJGDOH�
HW�DO����������WKH�ORZ�FKO�D�OHYHOV�FRXOG�EH�UHDGLO\�H[SODLQHG�E\�HVWLPDWHG�FODP�JUD]LQJ�
DQG�PLFUR]RRSODQNWRQ�JUD]LQJ��ZKLFK�W\SLFDOO\�H[FHHGHG�RU�PDWFKHG�JURVV�SULPDU\�
SURGXFWLRQ�UDWHV��.LPPHUHU�DQG�7KRPSVRQ��LQ�SUHVV����
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Figure 6.11. a) Comparison of the fate of NH4+ entering Suisun Bay during April-October 2006-2011. Transformations/losses are always 
greater than advective/tidal efflux, particularly in the late summer months. b) Residence time in Suisun Bay. Residence time was calculated 
by dividing the volume of Suisun Bay (6.5 x 1011 L) by daily advective flows.. c) NH4+ concentrations in Suisun Bay (average of DWR/IEP 
stations D6, D7 and D8). d)  Chl-a concentrations in Suisun Bay (average of DWR/IEP stations D6, D7 and D8).  
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:H�HYDOXDWHG�WKH�XQFHUWDLQWLHV�LQWURGXFHG�E\�WKH�VLPSOLI\LQJ�DVVXPSWLRQV�RI�WKH���ER[�
PRGHO��DQG�GLVFXVVLRQ�RI�WKRVH�SRLQWV�LV�LQ�$SSHQGL[������2YHUDOO��WKRXJK��GHVSLWH�WKH�
LQKHUHQW�OLPLWDWLRQV�RI�D���ER[�PRGHO��WKH�PDVV�EDODQFH�UHVXOWV�VXJJHVW�WKDW�
WUDQVIRUPDWLRQV�ORVVHV�ZLWKLQ�6XLVXQ�%D\�SOD\�DQ�LPSRUWDQW�UROH�LQ�GHWHUPLQLQJ�DPELHQW�
1+�

��FRQFHQWUDWLRQV�GXULQJ�ORZ�IORZ�PRQWKV��%HWWHU�FKDUDFWHUL]LQJ�WKHVH�SURFHVVHV��
LQFOXGLQJ�VHDVRQDO�DQG�WHPSRUDO�YDULDELOLW\��ZLOO�UHTXLUH�PRGHOLQJ�6XLVXQ�%D\�RQ�ILQHU�
VSDWLDO�DQG�WHPSRUDO�VFDOHV��DQG�OLNHO\�VRPH�ILHOG�LQYHVWLJDWLRQV��7KH�FRPSDULVRQ�RI�'HOWD�
HIIOX[�1+�

��ORDGV�HVWLPDWHG�XVLQJ�GLIIHUHQW�VWDWLRQV�VXJJHVWHG�WKDW�WRWDO�1+�
��ORDGV�ZHUH�

DFWXDOO\�VRPHZKDW�ORZHU�WKDQ�WKRVH�XVHG�LQ�WKH�ER[�PRGHO��7KLV�LQ�WXUQ�PHDQV�WKH�
FDOFXODWHG�WUDQVIRUPDWLRQ�ORVV�UDWHV�GXULQJ�ORZ�IORZ�SHULRGV�DUH�RYHUHVWLPDWHV��+RZHYHU��
HYHQ�LI�DFWXDO�'HOWD�HIIOX[�ORDGV�ZHUH�FRQVLGHUDEO\�ORZHU�WKDQ�WKRVH�XVHG�LQ�WKH�ER[�
PRGHO��WKH�RYHUDOO�FRQFOXVLRQ�WKDW�VXEVWDQWLDO�WUDQVIRUPDWLRQ�ORVV�RFFXUV�ZLWKLQ�6XLVXQ�
%D\�GRHV�QRW�FKDQJH��VLQFH�'HOWD�HIIOX[�ORDGV�UHSUHVHQWHG�a����RI�WRWDO�ORDGV�GXULQJ�WKH�
PRQWKV�FRQVLGHUHG��1RQHWKHOHVV��WKLV�XQFHUWDLQW\�XQGHUVFRUHV�WKH�SRLQW�WKDW�LPSURYHG�
ORDG�HVWLPDWHV�PD\�EH�QHHGHG��
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-DVVE\��$�'���DQG�&ORHUQ��-�(���������2UJDQLF�PDWWHU�VRXUFHV�DQG�UHKDELOLWDWLRQ�RI�WKH��
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IRU�WKH�5HJLRQDO�0RQLWRULQJ�3URJUDP�IRU�:DWHU��4XDOLW\��6PDOO�7ULEXWDULHV�/RDGLQJ�
6WUDWHJ\��67/6���&RQWULEXWLRQ�1R�������6DQ�)UDQFLVFR�(VWXDU\�,QVWLWXWH��
5LFKPRQG�&$��
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�6RXWK�RI�WKH�%D\�%ULGJH���$�:DWHUVKHG�3URJUDP�UHSRUW�SUHSDUHG�IRU�WKH�%D\�$UHD�
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1DWLRQDO�5HVHDUFK�&RXQFLO��6XVWDLQDEOH�:DWHU�DQG�(QYLURQPHQWDO�0DQDJHPHQW�LQ�WKH�

&DOLIRUQLD�%D\�'HOWD���:DVKLQJWRQ��'&��7KH�1DWLRQDO�$FDGHPLHV�3UHVV��������
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7. Recommended next steps 
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7KH�UHFRPPHQGDWLRQV�LGHQWLILHG�KHUH�DUH�QRW�LQWHQGHG�WR�EH�FRPSUHKHQVLYH��EXW�UDWKHU�
FRPPXQLFDWH�VRPH�EURDG�VXJJHVWLRQV�WKDW�EHFDPH�FOHDU�GXULQJ�WKH�ZULWLQJ�RI�WKLV�UHSRUW���

1. General:�$�FRRUGLQDWHG�QXWULHQW�VFLHQFH�SODQ�VKRXOG�EH�HVWDEOLVKHG�IRU�6XLVXQ�%D\�DQG�
WKH�'HOWD��ZLWK�FOHDUO\�DUWLFXODWHG�VFLHQWLILF�TXHVWLRQV��UHFRPPHQGHG�H[SHULPHQWV�RU�
PRQLWRULQJ��DQG�D�SULRULWL]DWLRQ�RI�ZRUN���7KHUH�DUH�FXUUHQWO\�QXPHURXV�QXWULHQW�UHODWHG�
VWXGLHV�EHLQJ�FRQGXFWHG�LQ�6XLVXQ�DQG�WKH�'HOWD���+RZHYHU��WKH�ZRUN�LV�EHLQJ�FDUULHG�RXW�
LQ�PRUH�RI�D�SDWFKZRUN�IDVKLRQ��IXQGHG�RU�GLUHFWHG�E\�GLIIHUHQW�RUJDQL]DWLRQV��DQG�ZLWK�
OLPLWHG�RYHUDUFKLQJ�SULRULWL]DWLRQ�DQG�FRRUGLQDWLRQ���7KLV�GRHV�QRW�QHFHVVDULO\�UHTXLUH�D�
QHZ�HQWLW\���,QVWHDG��WKH�GHYHORSPHQW�RI�D�'HOWD�6XLVXQ�QXWULHQW�VFLHQFH�SODQ�FRXOG�EH�
FRRUGLQDWHG�DPRQJ�WKH�%D\�ZLGH�QXWULHQW�VWUDWHJ\�SDUWLFLSDQWV��WKH�,(3��DQG�RWKHU�
HQWLWLWHV���'HYHORSLQJ�VXFK�D�FRRUGLQDWHG�QXWULHQW�VFLHQFH�SURJUDP�LV�FRQVLVWHQW�ZLWK�
UHFHQW�UHFRPPHQGDWLRQV�LQ�WKH�'HOWD�3ODQ�9�����

2. NH4
+ inhibition hypothesis���

��D�7R�LGHQWLI\�WKH�VSHFLILF�VFLHQFH�TXHVWLRQV�DQG�WKH�W\SHV�RI�VWXGLHV�QHHGHG�WR�EHWWHU�
XQGHUVWDQG�WKH�K\SRWKHVL]HG�PHFKDQLVPV�RI�WKH�1+�

��LQKLELWLRQ�FRQFHSWXDO�PRGHO��LW�
ZRXOG�EH�ERWK�KHOSIXO�DQG�HIILFLHQW�WR�FRQYHQH�D�VFLHQFH�SDQHO��7KLV�SDQHO�VKRXOG�FRQVLVW�
RI�UHJLRQDO�VFLHQWLVWV�ZRUNLQJ�RQ�SK\WRSODQNWRQ�HFRORJ\�DQG�QXWULHQW�LVVXHV�LQ�WKH�%D\��DV�
ZHOO�DV�RXWVLGH�H[SHUWV��7KH�SDQHO�ZRXOG�H[SORUH�WKH�GHWDLOHG�HYLGHQFH�IURP�VWXGLHV�LQ�
6DQ�)UDQFLVFR�%D\�DQG�OLWHUDWXUH�IURP�RWKHU�V\VWHPV�DQG�LGHQWLI\��VFLHQFH�LVVXHV�RQ�
ZKLFK�WKHUH�LV�FRQVHQVXV�DPRQJ�WKH�SDQHOLVWV��RXWVWDQGLQJ�VFLHQWLILF�TXHVWLRQV��DQG�
VWXGLHV�WKDW�QHHG�WR�EH�FDUULHG�RXW�WR�DGGUHVV�WKH�RXWVWDQGLQJ�TXHVWLRQV���,W�LV�
UHFRPPHQGHG�WKDW�WKH�SDQHO�GHYHORS�D�EULHI�FRQVHQVXV�GRFXPHQW�VXPPDUL]LQJ�WKHLU�
REVHUYDWLRQV�DQG�UHFRPPHQGDWLRQV��6XFK�D�GRFXPHQW�FRXOG�EH�D�NH\�FRPSRQHQW�RI�WKH�
6XLVXQ�QXWULHQW�VFLHQFH�SODQ�PHQWLRQHG�DERYH����

��E��,Q�SDUDOOHO�ZLWK�DQ\�ILHOG�RU�H[SHULPHQWDO�VWXGLHV��PRGHOLQJ�ZRUN�VKRXOG�EH�FDUULHG�
RXW�WR�HYDOXDWH�WKH�SRWHQWLDO�TXDQWLWDWLYH�LPSRUWDQFH�RI�1+�

��LQKLELWLRQ�DW�WKH�HFRV\VWHP�
VFDOH��UHODWLYH�WR�RWKHU�IDFWRUV�NQRZQ�WR�SOD\�LPSRUWDQW�UROHV�LQ�OLPLWLQJ�SULPDU\�
SURGXFWLRQ�UDWHV��H�J���OLJKW�OLPLWLDWLRQ��RU�ELRPDVV�DFFXPXODWLRQ���FODP�JUD]LQJ��
UHVLGHQFH�WLPH��LQ�6XLVXQ�%D\��7KXV�IDU��WKLV�LVVXH�KDV�QRW�EHHQ�DGHTXDWHO\�LQYHVWLJDWHG���
6XFK�DQ�DQDO\VLV�FRXOG�EH�FDUULHG�ZLWK�UHODWLYHO\�EDVLF�ELRJHRFKHPLFDO�PRGHOV�DQG�
H[LVWLQJ�GDWD��DQG�XVLQJ�FXUUHQW�SDUDPHWHUL]DWLRQV�RI�WKH�SURSRVHG�PHFKDQLVPV��7KHVH�
PRGHOLQJ�HIIRUWV�KDYH�EHQHILWV�ZHOO�EH\RQG�WHVWLQJ�WKH�1+�

��K\SRWKHVLV��LQ�WKDW�WKH\�ZLOO�
VLPXOWDQHRXVO\�\LHOG�WRROV�IRU�TXDQWLWDWLYHO\�V\QWKHVL]LQJ�H[LVWLQJ�QXWULHQW�DQG�
SK\WRSODQNWRQ�GDWD�LQ�6XLVXQ�%D\�DQG�RWKHU�HPED\PHQWV��LGHQWLI\LQJ�GDWD�DQG�
PRQLWRULQJ�QHHGV��DQG�LQIRUPLQJ�WKH�EURDGHU�PRGHOLQJ�VWUDWHJ\�IRU�WKH�%D\��

�
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3. NH4
+ toxicity to copepods:  

,I�WR[LFLW\�WR�FRSHSRGV�IURP�1+�
��ZLOO�EH�DPRQJ�WKH�LVVXHV�WKDW�ZLOO�LQIRUP�QXWULHQW�

PDQDJHPHQW�GHFLVLRQV�LQ�6XLVXQ�%D\��LW�ZRXOG�ZRUWKZKLOH�WR�FRQGXFW�IXUWKHU�
LQYHVWLJDWLRQV��:KLOH�WKH�FRSHSRG�WR[LFLW\�VWXG\�E\�7HK�HW�DO���������ZDV�FDUHIXOO\�
H[HFXWHG��LW�KDV�QRW�\HW�EHHQ�UHSOLFDWHG��)XUWKHUPRUH��DOWKRXJK�WKHUH�LV�VRPH�VXSSRUW�IRU�
WKH�SURSRVHG�WR[LFLW\�PHFKDQLVP�LQ�WKH�OLWHUDWXUH��RQO\�D�KDQGIXO�RI�VWXGLHV�KDYH�EHHQ�
SXEOLVKHG�RQ�1+�

��WR[LFLW\�WR�DTXDWLF�LQYHUWHEUDWHV��DQG�QRQH�RI�WKRVH�VWXGLHV�XVHG�
FRSHSRGV�DV�WKH�WHVW�RUJDQLVP��3ULRU�WR�EHJLQQLQJ�ZRUN�LW�ZRXOG�EH�YDOXDEOH�WR�KDYH�WKH�
VWXG\�GHVLJQ�SHHU�UHYLHZHG��DQG�WR�KDYH�EURDG�EX\�LQ�DPRQJ�UHJXODWRUV�DQG�VWDNHKROGHUV�
�VHH�UHFRPPHQGDWLRQ������7HK�HW�DO���������REVHUYHG�DQ�HIIHFW�LQ�WKH�ORZHVW�GRVHG�
VDPSOHV��DQG�WUHDWPHQWV�DW�ORZHU�1+�

��FRQFHQWUDWLRQV�ZRXOG�EH�QHHGHG�WR�HVWDEOLVK�D�QR�
REVHUYHG�HIIHFW�OHYHO��12(/���,Q�DGGLWLRQ��WUHDWPHQWV�XVLQJ�VDOLQLW\�DQG�S+�UDQJHV�
UHOHYDQW�WR�6XLVXQ�%D\�ZRXOG�EH�QHHGHG��VLQFH�FRSHSRG�VHQVLWLYLW\�WR�1+�

��FRXOG�YDU\�
ZLWK�VDOLQLW\��:KLOH�RWKHU�PRUH�QXDQFHG�TXHVWLRQV�DQG�FRPSOH[�VWXG\�GHVLJQV�PD\�
HYHQWXDOO\�EH�ZDUUDQWHG��H�J���HIIHFW�RI�IRRG�OLPLWDWLRQ�SOXV�1+�

����UHSOLFDWLQJ�WKH�FKURQLF�
WR[LFLW\�H[SHULPHQW�ILUVW��DQG�GHWHUPLQLQJ�LI�VLPLODU�RU�GLIIHUHQW�WKUHVKROGV�DUH�REVHUYHG��
LV�D�ORJLFDO�QH[W�VWHS�� 
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Appendix 2 

A.2.1 Photosynthesis 

A.2.1.1 Light Harvesting and Photosystem II (PSII) 

� 7KH�FHQWUDO�VWUXFWXUH�IRU�OLJKW�HQHUJ\�FRQYHUVLRQ�LV�
WKH�SKRWRV\VWHP��D�PDFURPROHFXODU�SLJPHQW�SURWHLQ�
FRPSOH[�LQWHJUDO�WR�WKH�WK\ODNRLG�PHPEUDQH��3KRWRV\VWHP�,,�
�36�,,��FRQVLVWV�RI�WZR�NH\�FRPSRQHQWV��D�SHULSKHUDO�DQWHQQD�
FRQWDLQLQJ�FKORURSK\OO�D��&KO�D��DQG�RWKHU�SLJPHQW�
PROHFXOHV�WKDW�DEVRUE�OLJKW��DQG�D�UHDFWLRQ�FHQWHU�DW�WKH�FRUH�
RI�WKH�FRPSOH[��*RYLQGMHH�HW�DO���������7KH�OLJKW�DEVRUEHG�
LQ�WKH�DQWHQQD�LV�WUDQVIHUUHG�WR�WKH�UHDFWLRQ�FHQWHU��)LJ�����
UHG�DUURZV��ZKHUH�DQ�HOHFWURQ�LQ�WKH�&KO�D�PROHFXOH�
EHFRPHV�H[FLWHG�DQG�WKH�ILUVW�VWHSV�RI�HOHFWURQ�WUDQVSRUW�
RFFXU��)LJ�����EODFN�DUURZV���,Q�HXNDU\RWLF�SK\WRSODQNWRQ��
WKH�OLJKW�KDUYHVWLQJ�FRPSOH[�,,�DQWHQQD��ODEHOHG�/+&�,,�LQ�
)LJ���D��LV�LQWHJUDO�WR�WKH�WK\ODNRLG��MXVW�DV�WKH�FRUH�LV��EXW�LQ�
PRVW�SURNDU\RWHV��WKH�SK\FRELOLVRPH�DQWHQQD�UHVWV�RQ�WRS�RI�
WKH�WK\ODNRLG�PHPEUDQH��)LJ���E���:KLOH�WKH�FRUH�FRPSOH[�
LV�KLJKO\�FRQVHUYHG�DPRQJ�DOO�FODVVHV�RI�SKRWRV\QWKHWLF�
RUJDQLVPV��WKH�DQWHQQD�DUH�GLYHUVLILHG�LQ�WHUPV�RI�WKHLU�
VWUXFWXUH�DQG�WKH�W\SHV�RI�SLJPHQWV�WKH\�ELQG��%DOORWWDUL�HW�
DO����������

$IWHU�WKH�HOHFWURQ�LQ�WKH�UHDFWLRQ�FHQWHU�EHFRPHV�H[FLWHG�LW¶V�
WUDQVIHUUHG�WR�WKH�SODVWRTXLQRQH�SRRO��34��DQG�RQ�GRZQ�WKH�
HOHFWURQ�FKDLQ�WR�WKH�ILQDO�HOHFWURQ�DFFHSWRU�1$'3���$ORQJ�
WKH�ZD\��HQHUJ\�IURP�WKH�HOHFWURQV�LV�XVHG�WR�SXVK�SURWRQV�WR�
WKH�OXPHQ�VLGH�RI�
WKH�WK\ODNRLG�PHPEUDQH��:LWK�FRQWLQXHG�HOHFWURQ�WUDQVIHU�
GRZQ�WKH�FKDLQ��SURWRQV�DFFXPXODWLQJ�LQ�WKH�OXPHQ�EXLOG�XS�
D�FURVV�PHPEUDQH�SRWHQWLDO�WKDW�LV�VXEVHTXHQWO\�XVHG�WR�
SRZHU�$73�V\QWKHVLV��0HDQZKLOH��WKH�HOHFWURQ�RULJLQDOO\�ORVW�
IURP�&KO�D�LQ�WKH�UHDFWLRQ�FHQWHU�LV�UHSODFHG�E\�DQ�HOHFWURQ�
H[WUDFWHG�IURP�ZDWHU��IRXU�SKRWRQV�DUH�UHTXLUHG�WR�UHPRYH�
IRXU�HOHFWURQV�IURP�WZR�ZDWHU�PROHFXOHV�WR�SURGXFH�RQH�
PROHFXOH�RI�R[\JHQ��*RYLQGMHH�HW�DO���������

Figure A.2.1 Reproduced from Govindjee et al. 2010; 
PSII in a) eukaryotes and b) prokaryotes. The core of PSII 
is composed of the proteins D1 and D2 that bind P680, a 
pair of chlorophylls, and ChlD1, the primary electron 
donor. Together, these chlorophylls make up the 
reaction center. CP43 and CP47 constitute the interior 
PSII antenna system (not to be confused with the 
peripheral LHCII and Phycobilisome antennae) and 
Mn4OxCa is the manganese cluster involved in splitting 
and removing electrons from water. 



��

�

A.2.1.2 Photoprotection and stress 

� 36,,�LV�WKH�RQO\�SKRWRV\VWHP�
WKDW�FDWDO\]HV�WKH�VSOLWWLQJ�RI�ZDWHU�DQG�
WKH�SURGXFWLRQ�RI�R[\JHQ�LQ�
SKRWRV\QWKHWLF�RUJDQLVPV��:LWK�WKLV�
GLVWLQFWLRQ�DOVR�FRPHV�JUHDW�GDQJHU�
ZKHQ�WKH�FHOO�DEVRUEV�PRUH�HQHUJ\�WKDQ�
LW�FDQ�XVH�WR�SRZHU�&��IL[DWLRQ��,Q�WKDW�
FDVH��WKH�HQWLUH�HOHFWURQ�FKDLQ�PD\�EDFN�
XS�UHVXOWLQJ�LQ�WKH�UHOHDVH�RI�IUHH�
HOHFWURQV�WKDW�FRPELQH�ZLWK�R[\JHQ�WR�
SURGXFH�R[\JHQ�UDGLFDOV�WKDW�GDPDJH�WKH�
36,,�SURWHLQV��9DVV�HW�DO��������&ODUNH�HW�
DO���������7R�DYRLG�WKLV�VLWXDWLRQ��
SKRWRV\QWKHWLF�FHOOV�KDYH�VHYHUDO�EXLOW�
LQ�³HOHFWURQ�YDOYHV´��H�J��%DLOH\�HW�DO��
������=HKU�DQG�.XGHOD��������2QH�RI�
WKH�PRVW�HIIHFWLYH�RFFXUV�DW�WKH�SRLQW�
ZKHUH�OLJKW�HQHUJ\�LV�KDUYHVWHG��LQVWHDG�
RI�EHLQJ�IXQQHOHG�WR�WKH�UHDFWLRQ�FHQWHU��
LW�FDQ�EH�GLVVLSDWHG�DV�KHDW�E\�WKH�
DFFHVVRU\�SLJPHQWV�LQ�WKH�DQWHQQD�
�%DOORWWDUL�HW�DO���������,Q�GLDWRPV��WKLV�
LQYROYHV�WKH�DFWLRQ�RI�FDURWHQRLG�
[DQWKRSK\OO�F\FOH�SLJPHQWV��1\PDUN�HW�
DO���������7KLV�UDGLFDOO\�VORZV�WKH�IORZ�
RI�HOHFWURQV�WKURXJK�WKH�HOHFWURQ�
WUDQVSRUW�FKDLQ�DQG�GHFUHDVHV�WKH�
HIILFLHQF\�RI�WKH�FRQYHUVLRQ�RI�OLJKW�
HQHUJ\�WR�$73��DOVR�NQRZQ�DV�WKH�TXDQWXP�\LHOG�RI�36,,��RU�\LHOG���7KH�GHFUHDVH�LQ�\LHOG�RFFXUV�LQ�DOO�
SKRWRV\QWKHWLF�FHOOV�LQ�UHVSRQVH�WR�DQ\�VWUHVVRU�WKDW�DIIHFWV�&�IL[DWLRQ�DQG�FDQ�EH�PHDVXUHG�UHOLDEO\�ZLWK�
DQ�LQVWUXPHQW�WKDW�PHDVXUHV�YDULDEOH�IOXRUHVFHQFH���

�

A.2.1.3 PSII efficiency and fluorescence 

� ,Q�DGGLWLRQ�WR�JHQHUDWLQJ�$73�DQG�KHDW��OLJKW�HQHUJ\�FDQ�EH�GLVVLSDWHG�DV�IOXRUHVFHQFH��,Q�DQ�
RSWLPDOO\�IXQFWLRQLQJ�SKRWRV\QWKHWLF�FHOO��XS�WR�����RI�WKH�KDUYHVWHG�OLJKW�HQHUJ\�LV�XVHG�WR�H[FLWH�
HOHFWURQV�LQ�WKH�36,,�UHDFWLRQ�FHQWHUV�DQG�YHU\�OLWWOH�LV�GLVVLSDWHG�DV�KHDW�RU�IOXRUHVFHQFH��$V�WKH�FHOO�
EHFRPHV�PRUH�VWUHVVHG��OHVV�RI�WKH�HQHUJ\�LV�XVHG�IRU�SKRWRFKHPLVWU\�DQG�PRUH�LV�GLVVLSDWHG�DV�KHDW��7KH�

Figure A.2.2 Reproduced from Govindjee et al. 2010; Excitation 
energy transfer among Chl a and  carotenoid  molecules  in  a  “generic”  
LHC II antanna (small red arrows). Green disks represent Chl a 
molecules and orange disks represent accessory pigment molecules. 
a) Energy transfer to an open reaction center with minimal 
fluorescence emission and b) energy transfer to a closed reaction 
center with maximal fluorescence emission 



DPRXQW�RI�HQHUJ\�WKDW�JRHV�LQWR�SKRWRFKHPLVWU\�FDQ�EH�PHDVXUHG�E\�FKDQQHOLQJ�LW�LQWR�IOXRUHVFHQFH��7KLV�
LV�DFFRPSOLVKHG�E\�FORVLQJ�DOO�UHDFWLRQ�FHQWHUV�LQ�WKH�FHOO�DW�RQFH��WKH�UHVXOWLQJ�LQFUHDVH�LQ�IOXRUHVFHQFH�
FRUUHVSRQGV�WR�WKH�DPRXQW�RI�OLJKW�HQHUJ\�WKDW�ZRXOG�RWKHUZLVH�EH�XVHG�WR�H[FLWH�HOHFWURQV��)LJ������%\�
VXEWUDFWLQJ�WKH�EDVHOLQH�IOXRUHVFHQFH��)R��IURP�WKLV�PD[LPDO�IOXRUHVFHQFH��)P���RQH�DUULYHV�DW�YDULDEOH�
IOXRUHVFHQFH��)P�)R )Y��ZKLFK�SURYLGHV�D�GLUHFW�HVWLPDWH�RI�WKH�TXDQWXP�\LHOG�RI�36,,��%HFDXVH�WKH�
DUFKLWHFWXUH�RI�WKH�36,,�FRUH��DQG�WKHUHIRUH�IOXRUHVFHQFH�HPLVVLRQ��DUH�KLJKO\�FRQVHUYHG��WKH�UDQJH�LQ�
YDULDEOH�IOXRUHVFHQFH�LV�VLPLODU�DFURVV�DOO�SKRWRV\QWKHWLF�WD[D��:KHQ�FHOOV�DUH�VWUHVVHG��\LHOG�DQG�YDULDEOH�
IOXRUHVFHQFH�UDSLGO\�GHFOLQH��7\SLFDOO\��)Y�LV�H[SUHVVHG�DV�D�IUDFWLRQ�RI�)P��7KLV�TXRWLHQW��)Y�)P��YDULHV�
IURP���WR�DERXW������LQ�PDULQH�SK\WRSODQNWRQ�GHSHQGLQJ�RQ�WKH�EDVHOLQH�IOXRUHVFHQFH�UHDGLQJ�
�.URPNDPS�DQG�)RUVWHU��������3K\FRELOLQ�FRQWDLQLQJ�F\DQREDFWHULD�WHQG�WR�KDYH�D�VOLJKWO\�JUHDWHU�
EDVHOLQH�UHDGLQJ��)����WKHUHIRUH�)Y�)P�W\SLFDOO\�UDQJHV�EHWZHHQ��������&DPEHOO�HW�DO���������

9DULDEOH�IOXRUHVFHQFH�LV�ZLGHO\�XVHG�LQ�SK\WRSODQNWRQ�HFRORJ\�WR�GRFXPHQW�HQYLURQPHQWDO�VWUHVV�
VXFK�DV�WR[LFLW\�IURP�KHUELFLGHV��)DL�HW�DO��������&KRL�HW�DO���������QXWULHQW�OLPLWDWLRQ��*HLGHU�HW�DO��������
<RXQJ�DQG�%HDUGDOO�������%HUJ�HW�DO��������.XGHOD�������3DUNKLOO�HW�DO���������KLJK�OLJKW�RU�89�H[SRVXUH�
�6L[�HW�DO��������������%HUJ�HW�DO��������DQG�R[LGDWLYH�VWUHVV��'UDENRYD�HW�DO���������WR�PHQWLRQ�D�IHZ���

�

A.2.1.4 Photoacclimation  

'LVVLSDWLRQ�RI�H[FHVV�OLJKW�HQHUJ\�DV�KHDW��RU�IOXRUHVFHQFH��DUH�VKRUW�WHUP�UHVSRQVHV��$�
SKRWRV\QWKHWLF�FHOO�FDQ�DOVR�DFFOLPDWH�WR�FKDQJHV�LQ�LUUDGLDQFH�RYHU�WKH�ORQJHU�WHUP�E\�DGMXVWLQJ�WKH�VL]H�
LWV�SHULSKHUDO�DQWHQQD�WR�FDSWXUH�PRUH�RU�OHVV�HQHUJ\��8QGHU�SHUVLVWHQW�KLJK�OLJKW��WKH�FHOO�ZLOO�DFFOLPDWH�
E\�VKHGGLQJ�&KO�D�LQ�RUGHU�WR�GHFUHDVH�LWV�DQWHQQD�VL]H��3KRWRDFFOLPDWLRQ�RFFXUV�RQ�WKH�RUGHU�RI�KRXUV�DQG�
LV�QRW�RQO\�DIIHFWHG�E\�FKDQJHV�LQ�LUUDGLDQFH��EXW�DOVR�E\�FKDQJHV�LQ�QXWULHQWV�DQG�WHPSHUDWXUH��:LWK�
FRQVWDQW�LUUDGLDQFH��D�GHFUHDVH�LQ�QXWULHQW�FRQFHQWUDWLRQ�ZLOO�KDYH�WKH�VDPH�SK\VLRORJLFDO�HIIHFW�DV�DQ�
LQFUHDVH�LQ�OLJKW�LQWHQVLW\�EHFDXVH�WKH�HQHUJ\�FDSWXUH�ZLOO�EH�LQ�H[FHVV�RI�&�IL[DWLRQ�DV�WKH�FHOO�VORZV�LWV�
JURZWK��7R�DYRLG�SKRWRLQKLELWRQ��ORVV�RI�SKRWRV\QWKHWLF�IXQFWLRQ�GXH�WR�36,,�GDPDJH�LQ�H[FHVV�RI�FHOO¶V�
FDSDFLW\�RI�UHSDLU��XQGHU�SHUVLVWHQW�QXWULHQW�OLPLWDWLRQ��FHOOV�ZLOO�GHFUHDVH�WKHLU�&KO�D�FHOO����/D5RFKH�HW�DO��
������*UD]LDQR�HW�DO����������:LWK�FRQVWDQW�LUUDGLDQFH�DQG�QXWULHQW�FRQFHQWUDWLRQ��DQ�LQFUHDVH�LQ�
WHPSHUDWXUH�ZLOO�LQFUHDVH�WKH�JURZWK�UDWH�RI�SK\WRSODQNWRQ�DQG�WKHUHIRUH�WKHLU�HQHUJ\�QHHGV��7R�
FRPSHQVDWH��WKH�FHOO�ZLOO�LQFUHDVH�LWV�DQWHQQD�VL]H�DQG�&KO�D�FHOO����*HLGHU��������&KDQJHV�LQ�&KO�D�FHOO���
DV�D�IXQFWLRQ�RI�LUUDGLDQFH��QXWULHQW�FRQFHQWUDWLRQ�DQG�WHPSHUDWXUH�VXEVWDQWLDOO\�LQIOXHQFHV�WKH�&�FKO�D�
UDWLR��&�&KO��RI�WKH�FHOO��DQG�GHFUHDVHV�H[SRQHQWLDOO\�ZLWK�LQFUHDVHG�WHPSHUDWXUH��DQG�JURZWK�UDWH��DW�
FRQVWDQW�OLJKW�OHYHO��)LJ������

 

A.2.2 Carbon Fixation 

A.2.2.1 The Calvin Cycle  

$V�PHQWLRQHG�DERYH��SKRWRFKHPLVWU\�OHDGV�WR�D��WKH�EXLOG�XS�RI�D�SURWRQ�PRWLYH�IRUFH�DQG�VXEVHTXHQW�
SURGXFWLRQ�RI�$73�YLD�SKRWRSKRVSKRU\ODWLRQ�DQG�E��UHGXFLQJ�SRZHU�LQ�WKH�IRUP�RI�1$'3+��7KH�OLQN�
EHWZHHQ�&�IL[DWLRQ��WKH�SURFHVV�RI�DWWDFKLQJ�JDVHRXV�&2��WR�D�&�VNHOHWRQ��DQG�SKRWRFKHPLVWU\�EHFRPHV�



HYLGHQW�ZKHQ�ZH�H[DPLQH�WKH�HQHUJHWLFV�RI�&�IL[DWLRQ��,W�WDNHV�HOHFWURQV�IURP�WZR�1$'3+�FDUULHUV�DQG���
$73�PROHFXOHV�WR�IL[�D�VLQJOH�&2��PROHFXOH�LQ�WKH�&DOYLQ�F\FOH��)LJ������7KHUHIRUH��&�IL[DWLRQ�ZRXOG�
JULQG�WR�D�KDOW�ZLWKRXW�D�FRQWLQXRXV�VXSSO\�RI�UHGXFLQJ�SRZHU�DQG�$73�IURP�WKH�OLJKW�UHDFWLRQV��)LJ�������

7KH�UDWH�OLPLWLQJ�VWHS�LQ�&�IL[DWLRQ�LV�WKH�5LEXORVH������%LVSKRVSKDWH�&DUER[\ODVH�2[\JHQDVH�
�5XELVFR��HQ]\PH��ZKLFK�FDWDO\]HV�WKH�ILUVW�VWHS�LQ�WKH�&DOYLQ�F\FOH��7KLV�LV�EHFDXVH�5XELVFR�LV�
QRWRULRXVO\�VORZ�DQG�FDWDO\]HV���PROHFXOHV�SHU�VHFRQG�FRPSDUHG�ZLWK������PROHFXOHV�SHU�VHFRQG�IRU�D�
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A.2.3 Nitrogen assimilation 
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Figure A.2.3. Interactions between carbon metabolism (black lines) and nitrogen metabolism (red lines) in a photosynthetic 
cell. Electron carriers in orange, ATP in pink, ATP synthase enzyme in pink, FD=ferredoxin, NADPH=nicotinamide adenine 
dinucleotide phosphate, ATP=adenosine triphosphate, NR=nitrate reductase, NiR=nitrite reductase, GS/GOGAT=glutamine 
synthetase and glutamate synthase, URE=urease, PDC=pyruvate dehydrogenase complex, OAA=oxaloacetate, TCA=Tricarboxylic 
Acid Cycle, also known as the Krebs cycle. Green oval is chloroplast with thylakoid membranes, peach rectangle is mitochondrion 
and grey is cytosol of the cell. Nitrate Reduction: The first step, catalyzed by NR, reduces NO3

- to nitrite (NO2
-) by the addition of 

two electrons from NADH (most marine phytoplankton) or NADPH (green algae and terrestrial plants), and takes place in the 
cytosol. Subsequently, NO2

- is  transported  into  the  chloroplast  where  it’s  reduced  by  NiR to NH4
+ with six electrons donated from 

FD. Ammonium assimilation/chloroplast: NH4
 reduced from NO3

- is subsequently combined with 2-oxogluterate via GSII/Fd-
GOGAT requiring reductant from FD and ATP to produce glutamate. Cytosol: Glutamate is also synthesized from NH4

+in the 
cytosol via GSIII/NADPH-GOGAT. 



A.2.3.1 Kinetics of nutrient uptake and the role of transporters 
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��IURP�IROORZLQJ�D�NLQHWLF�PRGHO��$FFRUGLQJO\��³XSWDNH�NLQHWLFV´�ZKLFK�DUH�FRQWUROOHG�DW�



WKH�OHYHO�RI�WUDQVSRUW�FDQQRW�EH�XVHG�LQWHUFKDQJHDEO\�ZLWK�³JURZWK�NLQHWLFV´�ZKLFK�DUH�FRQWUROOHG�E\�
HQYLURQPHQWDO�YDULDEOHV�VXFK�DV�LUUDGLDQFH��WHPSHUDWXUH�DQG�QXWULHQWV��LQ�DGGLWLRQ�WR�VSHFLHV�VSHFLILF�
GLIIHUHQFHV�LQ�JURZWK�UDWHV��(SSOH\�HW�DO���������0RUHRYHU��WKH�NLQHWLFV�RI�XSWDNH�DQG�JURZWK�DV�D�IXQFWLRQ�
RI�QXWULHQW�FRQFHQWUDWLRQ�DUH�PHDVXUHG�RYHU�GLIIHUHQW�WLPH�VFDOHV��PLQXWHV�YHUVXV�GD\V��UHVSHFWLYHO\��
,PSRUWDQW�WR�QRWH�LV�WKDW�PHDVXUHPHQWV�RI�XSWDNH�NLQHWLFV�DIWHU�PLQXWHV�WKDW�SURGXFH�QRQ�VDWXUDEOH�
NLQHWLFV�ZLOO�SURGXFH�VDWXUDEOH�NLQHWLFV�LQ�WKH�VDPH�FHOOV�DIWHU�D�ORQJHU�LQFXEDWLRQ�SHULRG��7KH�WUDQVLWLRQ�
EHWZHHQ�QRQ�VDWXUDEOH��RU�DQ\�RWKHU�W\SH�RI�XSWDNH�NLQHWLF��DQG�VDWXUDEOH�NLQHWLFV�ZLWK�WLPH�LV�PHGLDWHG�
E\�IHHGEDFN�EHWZHHQ�LQWUDFHOOXODU�SURFHVVHV�DQG�WUDQVSRUW�LQWR�WKH�FHOO��7KDPDWUDNROQ�DQG�+LOGHEUDQG�
��������
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Fig A.3.1 7LPH�VHULHV�RI�1+�
���12�

��DQG�FKORURSK\OO�D�GDWD�FROOHFWHG�E\�6)68�57&��QHDU��':5�,(3�VWDWLRQ�'��RQ����GDWHV�GXULQJ��6SULQJ�DQG�
6XPPHU������LQ�6XLVXQ�%D\���7KH�GDVKHG�OLQH�LQ�SDQHO�D�LV�DW���0��WKH�FRQFHQWUDWLRQ�EHOLHYHG�WR�LQKLELW�12�

��XSWDNH�DQG�OLPLW�SULPDU\�SURGXFWLRQ�
�'XJGDOH�HW��DO���������5HVLGHQFH�WLPH�ZDV�FDOFXODWHG�E\�GLYLGLQJ�WKH�YROXPH�RI�6XLVXQ�%D\������H���/��E\�GDLO\�DGYHFWLYH�IORZV�
�
�
�
�

Figure A.3.2  7LPH�VHULHV�RI�1+�
����12�

��DQG�FKORURSK\OO�D�GDWD�FROOHFWHG�E\�6)68�57&��QHDU�':5�,(3�6WDWLRQ�'��RQ����GDWHV�
GXULQJ��6SULQJ������LQ�6XLVXQ�%D\���'DWD�SUHVHQWHG�KHUH�ZHUH�QRW�LQFOXGHG�LQ�)LJXUH�������7KH�GDVKHG�OLQH�LQ�SDQHO�D�LV�DW���0��WKH�
FRQFHQWUDWLRQ�EHOLHYHG�WR�LQKLELW�12�

��XSWDNH�DQG�OLPLW�SULPDU\�SURGXFWLRQ��'XJGDOH�HW��DO����������5HVLGHQFH�WLPH�ZDV�FDOFXODWHG�E\�
GLYLGLQJ�WKH�YROXPH�RI�6XLVXQ�%D\������H���/��E\�GDLO\�DGYHFWLYH�IORZV�



Appendix 5 

Appendix 5.1 Sources of Knowledge 
:H�ZRXOG�NQRZ�QRWKLQJ�DERXW�WKH�HFRORJ\�RI�FRSHSRGV�LQ�WKH�6DQ�)UDQFLVFR�(VWXDU\�ZHUH�LW�QRW�IRU�WKH�
IRUHVLJKW�WKDW�OHG�WR�WKH�ORQJ�WHUP�,(3�PRQLWRULQJ�SURJUDP��WKH�KLJK�TXDOLW\�RI�WKH�ZRUN�GRQH�E\�WKDW�
SURJUDP��DQG�WKH�SHUVLVWHQW�VXSSRUW�LQ�WKH�DJHQFLHV�IRU�PDLQWDLQLQJ�LW��1HYHUWKHOHVV��PRVW�RI�RXU�
NQRZOHGJH�RI�FRSHSRG�HFRORJ\�PRUH�JHQHUDOO\�FRPHV�IURP�ODERUDWRU\�H[SHULPHQWV��7KHVH�JHQHUDOO\�KDYH�
RQH�RI�WZR�REMHFWLYHV��WR�GHWHUPLQH�ZKDW�WKH�RUJDQLVP�FDQ�GR��RU�WR�GHWHUPLQH�ZKDW�LW�LV�DFWXDOO\�GRLQJ�LQ�
WKH�HVWXDU\���

)RU�WKH�ILUVW�REMHFWLYH��LQYHVWLJDWRUV�PD\�H[DPLQH�WKH�VHQVRU\�FDSDELOLW\�RI�WKH�RUJDQLVP��LWV�VZLPPLQJ��
IHHGLQJ��DQG�PDWLQJ�EHKDYLRU��LWV�PD[LPXP�JURZWK�RU�GHYHORSPHQW�UDWH��LWV�PHWDEROLF�DQG�QXWULWLRQDO�
UHTXLUHPHQWV��RU�LWV�VHQVLWLYLW\�WR�ZDWHU�TXDOLW\��7KHVH�VRUWV�RI�H[SHULPHQWV�RIWHQ�XVH�FRSHSRGV�REWDLQHG�
IURP�FXOWXUHV�WR�UHPRYH�WKH�VLJQDO�RI�SDVW�HQYLURQPHQWDO�YDULDELOLW\�DQG�DOORZ�D�IRFXV�RQ�WKH�DQLPDO
V�
FDSDELOLWLHV��H�J���*HU�HW�DO���������0DQ\�VSHFLHV�RI�FRSHSRG�KDYH�EHHQ�FXOWXUHG�LQ�PDQ\�GLIIHUHQW�
ODERUDWRULHV�ZRUOGZLGH��DQG�VRPH�RI�WKHVH�FXOWXUHV�KDYH�EHHQ�PDLQWDLQHG�IRU�\HDUV��7\SLFDOO\�FXOWXUHV�DUH�
IHG�D�PL[WXUH�RI�SK\WRSODQNWRQ�DOWKRXJK��LQ�VRPH�FDVHV��VLQJOH�SK\WRSODQNWRQ�RU�PLFUR]RRSODQNWRQ�
VSHFLHV�KDYH�SURYHG�WR�EH�DGHTXDWH�IRRG�IRU�WKH�HQWLUH�OLIH�F\FOH�RI�VRPH�VSHFLHV��6WRHWWUXS�HW�DO����������

)RU�WKH�VHFRQG�FODVV�RI�H[SHULPHQWV��FRSHSRGV�DUH�FROOHFWHG�LQ�WKH�HVWXDU\�DQG�WUDQVSRUWHG�WR�WKH�
ODERUDWRU\�IRU�VHWWLQJ�XS�H[SHULPHQWV��7KLV�LV�WKH�DSSURDFK�XVHG�LQ�PRVW�VWXGLHV�WR�GHWHUPLQH�IHHGLQJ��
JURZWK��DQG�GHYHORSPHQW�UDWHV�XQGHU�HQYLURQPHQWDOO\�UHDOLVWLF�FRQGLWLRQV��H�J���.LPPHUHU�DQG�0F.LQQRQ�
������%RXOH\�DQG�.LPPHUHU�������*LIIRUG�HW�DO���������

,QIRUPDWLRQ�IURP�ODERUDWRU\�VWXGLHV�LV�RIWHQ�H[WHQGHG�WR�ILHOG�FRQGLWLRQV�XVLQJ�PRGHOV�RI�YDULRXV�
SURFHVVHV�RU�RI�SRSXODWLRQ�G\QDPLFV��)RU�H[DPSOH��PRGHOV�FDQ�EH�XVHG�WR�H[DPLQH�GHYHORSPHQW�
�*HQWOHPDQ�HW�DO��������RU�WR�HVWLPDWH�PRUWDOLW\�UDWHV�IURP�WKH�GLVWULEXWLRQV�RI�OLIH�VWDJHV�LQ�WKH�ILHOG��LI�
WKHLU�GHYHORSPHQW�WLPHV�DUH�NQRZQ��.LPPHUHU�DQG�0F.LQQRQ�������$NVQHV�DQG�2KPDQ��������0RGHOV�
KDYH�DOVR�EHHQ�XVHG�WR�HVWLPDWH�KRZ�PHFKDQLVPV�IRU�PDWH�VHDUFKLQJ�DIIHFW�WKH�PLQLPXP�SRSXODWLRQ�
GHQVLW\�IURP�ZKLFK�D�SRSXODWLRQ�RI�FRSHSRGV�FDQ�UHFRYHU��.L¡UERH�������&KRL�DQG�.LPPHUHU��������DQG�
WR�H[DPLQH�WKH�IORZ�RU�FKHPLFDO�ILHOG�DURXQG�D�VZLPPLQJ�FRSHSRG��%HDURQ�DQG�0DJDU�������-LDQJ�DQG�
.L¡UERH��������/LIH�F\FOH�PRGHOV�DUH�UDUHU�WKDQ�PRGHOV�RI�LQGLYLGXDO�SURFHVVHV��EXW�UHFHQWO\�LQGLYLGXDO�
EDVHG�PRGHOV�DUH�FRPLQJ�LQWR�XVH�IRU�FRSHSRGV��H�J���'XU�HW�DO���������DQG�ZH�DUH�SUHSDULQJ�DQ�,%0�RI�
3VHXGRGLDSWRPXV�IRUEHVL��

  



Appendix 5.2. Notes on Acartia species and their relatives 
7KH�IDPLO\�$FDUWLLGDH�LQFOXGHV�WZR�JHQHUD�SUHVHQW�LQ�WKH�6)(��$FDUWLD�DQG�$FDUWLHOOD��6SHFLHV�ZLWKLQ�
VXEJHQHUD�RI�$FDUWLD�FDQ�EH�GLIILFXOW�WR�WHOO�DSDUW�PRUSKRORJLFDOO\��DQG�PROHFXODU�HYLGHQFH�LV�PRXQWLQJ�
WKDW�FU\SWLF�VSHFLDWLRQ�LV�XELTXLWRXV�ZLWKLQ�WKH�VXEJHQHUD�$FDQWKDFDUWLD�DQG�$FDUWLXUD��0F.LQQRQ�HW�DO��
������&DXGLOO�DQG�%XFNOLQ�������&KHQ�DQG�+DUH��������7KHVH�VXEJHQHUD�DUH�UHSUHVHQWHG�LQ�WKH�6DQ�
)UDQFLVFR�(VWXDU\�E\�WZR�DQG�RQH�VSHFLHV�UHVSHFWLYHO\��$���$FDQWKDFDUWLD��FDOLIRUQLHQVLV�LV�WKH�RQO\�RQH�
ZKRVH�QDPH�LV�FRUUHFW��7KH�VSHFLHV�LGHQWLILHG�DV�$���$FDQWKDFDUWLD��WRQVD�EDVHG�RQ�PRUSKRORJ\�LV�DOPRVW�
FHUWDLQO\�D�GLIIHUHQW�VSHFLHV�IURP�WKH�RQH�VR�QDPHG�IURP�WKH�HDVW�DQG�*XOI�FRDVWV�RI�1RUWK�$PHULFD�DQG�
(XURSH��&DXGLOO�DQG�%XFNOLQ��������&RSHSRGV�IURP�WKH�HDVW�DQG�ZHVW�FRDVWV�LGHQWLILHG�DV�$���$FDUWLXUD��
FODXVL�ZHUH�XQDEOH�WR�LQWHUEUHHG��&DUULOOR�HW�DO���������3DLQWHU���������&DVNH\���������DQG�$PEOHU�HW�DO��
�������UHIHUUHG�WR�$��FODXVL��EXW�WKH�VSHFLHV�LQ�WKH�6)(�PRUH�FORVHO\�UHVHPEOHV�$��KXGVRQLFD��%UDGIRUG�
�������:H�KDYH�H[DPLQHG�VHYHUDO�VSHFLPHQV�IURP�WKH�����������VDPSOHV��DOO�RI�ZKLFK�PDWFK�WKH�
GHVFULSWLRQ�RI�$��KXGVRQLFD�EXW�QRW�WKDW�RI�$��FODXVL��&ROOHFWLRQV�IURP�QHDUE\�7RPDOHV�%D\�FRQWDLQHG�
WKHVH�VSHFLHV�DV�ZHOO�DV�$���$FDUWLXUD��RPRULL��.LPPHUHU��������DQG�LW�LV�SRVVLEOH�WKDW�WKLV�VSHFLHV�KDV�
RFFXUUHG�LQ�6)(�DV�ZHOO��

$PEOHU�HW�DO���������UHSRUWHG�D�VHDVRQDO�F\FOH�LQ�ZKLFK�$��³FODXVL´�ZDV�YHU\�DEXQGDQW�LQ�ZLQWHU��DQG�$��
FDOLIRUQLHQVLV�LQ�VXPPHU��ZLWK�WRWDO�DEXQGDQFH�RI�$FDUWLD�VSS��UDWKHU�FRQVWDQW�WKURXJKRXW�WKH�\HDU��ZKLOH�
$��WRQVD�ZDV�XQFRPPRQ��,Q�FRQWUDVW��VDPSOHV�WDNHQ�LQ�����������VKRZHG�$��KXGVRQLFD�WR�EH�DEXQGDQW�
WKURXJKRXW�WKH�\HDU��ZLWK�$��FDOLIRUQLHQVLV�DQG�$��WRQVD�DOVR�SUHVHQW�DOO�\HDU�DQG�DEXQGDQW�DW�WLPHV�
�.LPPHUHU�HW�DO���������8QIRUWXQDWHO\�WKH�,(3�PRQLWRULQJ�SURJUDP�GRHV�QRW�GLVWLQJXLVK�DPRQJ�WKH�
VSHFLHV�SUHVHQW�RU�VDPSOH�WKHLU�HQWLUH�KDELWDW��VR�WKHUH�LV�QR�ZD\�QRZ�WR�GHWHUPLQH�ZKHQ�WKLV�FKDQJH�
KDSSHQHG�RU�ZK\��

$FDUWLHOOD�VXSHUILFLDOO\�UHVHPEOHV�$FDUWLD��EXW�LV�DFWXDOO\�D�YHU\�GLIIHUHQW�RUJDQLVP��,W�LV�PRVW�DEXQGDQW�LQ�
WKH�/6=�LQ�ODWH�VXPPHU�WR�IDOO�DQG�UDUH�DW�RWKHU�WLPHV�DQG�SODFHV��)LJ������0RUSKRORJLFDOO\�LW�LV�REYLRXVO\�
D�SUHGDWRU�EDVHG�RQ�WKH�VKDSH�RI�LWV�PRXWKSDUWV��7UDQWHU�DQG�$EUDKDP��������DQG�LWV�ORQJ�DQWHQQDH�
VXJJHVW�D�FDSDELOLW\�WR�GHWHFW�UDWKHU�ODUJH�RUJDQLVPV�IURP�D�GLVWDQFH��1RWKLQJ�LV�SXEOLVKHG�RQ�LWV�HFRORJ\��
EXW�H[SHULPHQWV�VKRZ�WKDW�LW�FRQVXPHV�RWKHU�FRSHSRGV��<RUN�HW�DO��LQ�UHYLVLRQ���

�
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Appendix 6.1: Additional Figures 

 

 

 

Fig A.6.1.1 �$YDLODEOH��1+�
��GDWD�IRU�DOO�':5�,(3���DQG�86*6��VWDWLRQV�LQ�6XLVXQ�%D\��':5�,(3�VWDWLRQV�'���'��DQG�'��KDYH�WKH�PRVW�

FRPSOHWH�UHFRUG�DQG�DUH�SUHVHQWHG�LQ�JUHDWHU�GHWDLO�LQ�)LJXUH�������
�KWWS���ZZZ�ZDWHU�FD�JRY�EGPD�PHWD�'LVFUHWH�GDWD�FIP�
�KWWS���VIED\�ZU�XVJV�JRY�DFFHVV�ZTGDWD��
�

Fig A.6.1.2 �$YDLODEOH��FKORURSK\OO�D��GDWD�IRU�DOO�':5�,(3��DQG�86*6�VWDWLRQV�LQ�6XLVXQ�%D\�
�



 

 

 

 

 

 

Fig A.6.1.3 �(IIOXHQW�1+�
��ORDGV�IURP�WKH�WZR�PDMRU�1+��

��GLVFKDUJHUV�WR�6XLVXQ�%D\��&&&6'�DQG�''6'��LQFOXGLQJ�WULDO�SHULRGV�RI�QLWULILFDWLRQ�DW�
&&&6'������������������������1LWULILFDWLRQ�SURFHVVHV�DW�)66'�UHGXFH�1+�

��ORDGV�WR�DSSUR[LPDWHO\����RI�WKH�RWKHU�WZR�GLVFKDUJHUV�DQG�DUH�
WKHUHIRUH�QRW�LQFOXGHG�KHUH���
�
�

Fig A.6.1.4 5DWLR�RI�1+�
��EHWZHHQ�HDFK�RI�WKH�WKUHH�NH\�VWDWLRQV�LQ�6XLVXQ�%D\��7KLV�DQDO\VLV�ZLOO�LQGLFDWH�VSDWLDO�YDULDELOLW\�RI�1+�

��FRQFHQWUDWLRQV�
LQ�6XLVXQ�%D\���'DWD�ZHUH�ILUVW�DJJUHJDWHG�LQWR�WKUHH�HUDV�����������������������DQG�������������DQG�WKHQ�DYHUDJHG�E\�PRQWK�ZLWKLQ�HDFK�HUD���
�
�
�
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Fig A.6.1.5 5DWLR�RI�&KO�D�EHWZHHQ�HDFK�RI�WKH�WKUHH�NH\�VWDWLRQV�LQ�6XLVXQ�%D\��7KLV�DQDO\VLV�ZLOO�LQGLFDWH�VSDWLDO�YDULDELOLW\�RI�FKO�D�FRQFHQWUDWLRQV�
LQ�6XLVXQ�%D\��$EUXSW�FKDQJHV�LQ�FKORURSK\OO�D�FRQFHQWUDWLRQV�EURXJKW�DERXW�E\�WKH�LQYDVLRQ�RI�WKH�&RUEXOD�DPXUHQVLV��FODP�LV�UHIOHFWHG�LQ�WKLV�
ILJXUH��'DWD�ZHUH�ILUVW�DJJUHJDWHG�LQWR�WKUHH�HUDV�����������������������DQG�������������DQG�WKHQ�DYHUDJHG�E\�PRQWK�ZLWKLQ�HDFK�HUD���
�
�
�

Fig A.6.1.6 (VWLPDWHV�RI��'HOWD�HIIOX[�1+�
��ORDGV�LQWR�6XLVXQ�%D\��SDQHO�D���'HOWD�IORZ�WKURXJK�6XLVXQ�%D\��SDQHO�E��DQG�FRQFHQWUDWLRQV�PHDVXUHG�LQ�

WKH�6DFUDPHQWR�DQG�6DQ�-RDTXLQ�5LYHUV�MXVW�SULRU�WR�HQWHULQJ�WKH�'HOWD��&RQWULEXWLRQV�IURP�WKH�6DFUDPHQWR�5LYHU�DUH�VKRZQ�LQ�UHG��DQG�WKRVH�IURP�WKH�
6DQ�-RDTXLQ�5LYHU�DUH�VKRZQ�LQ�EOXH��/RDGV�DUH�GRPLQDWHG�E\�WKH�6DFUDPHQWR�5LYHU��SDQHO�D���ZKLFK�LQFOXGHV�HIIOXHQW�IURP�6DFUDPHQWR�5HJLRQDO�
:DWHU�7UHDWPHQW�3ODQW��&DOFXODWLRQV�ZHUH�SHUIRUPHG�LQ�D�VLPLODU�PDQQHU�WR�WKRVH�XVHG�E\�-DVVE\�DQG�&ORHUQ��������WR�HVWLPDWH�RUJDQLF�PDWWHU�ORDGV�
WR�6XLVXQ�%D\��'HWDLOV�RI�FDOFXODWLRQV�RI�WKHVH�ORDGV�FDQ�EH�IRXQG�LQ�$SSHQGL[�������
�
�
�
�

b 

c 



Fig A.6.1.7  6HDVRQDO�DQG�ORQJ�WHUP�YDULDELOLW\�LQ�HIIOXHQW�1+�
��DQG�12�

B�ORDGV�IURP�WKH�WKUHH�PDMRU�GLVFKDUJHUV�WR�6XLVXQ�%D\��&&&6'��''6'�DQG�
)66'��DIWHU�WULDO�SHULRGV�RI�QLWULILFDWLRQ�DW�&&&6'�������������������������'DWD�ZDV�D�FRPELQDWLRQ�RI�VHOI�UHSRUWHG�HIIOXHQW�IORZ�DQG��HLWKHU�DFWXDO�
PHDVXUHG�FRQFHQWUDWLRQV��RU�DSSUR[LPDWH�HIIOXHQW�FRQFHQWUDWLRQV�IURP�WKH�OLWHUDWXUH��VHH�VHFWLRQ�������IRU�IXUWKHU�GHWDLV���1LWULILFDWLRQ�SURFHVVHV�DW�
)66'�UHGXFH�1+�

��ORDGV�WR�DSSUR[LPDWHO\����RI�WKH�RWKHU�WZR�GLVFKDUJHUV�DQG�DUH�WKHUHIRUH�QRW�LQFOXGHG�KHUH��/RDGV��NJ�1�G����ZHUH�ILUVW�DJJUHJDWHG�
LQWR�WZR�HUDV��ZKLFK�YDULHG�EDVHG�RQ�GDWD�DYDLODELOLW\�RI�WKH�LQGLYLGXDO�GLVFKDUJHU���DQG�WKHQ�DYHUDJHG�E\�PRQWK�ZLWKLQ�HDFK�HUD��SDQHOV��D�F�H�J��DQG�
L���/RQJ�WHUP�WUHQGV�ZHUH�FKDUDFWHUL]HG�E\�WKH�7KHLO�VORSH��NJ�G���\�����VHH�GHVFULSWLRQ�LQ�6HFWLRQ���������SDQHOV��E�G�I�K�DQG�M���%OXH�EDUV�LQGLFDWH��
VWDWLVWLFDOO\�VLJQLILFDQW�WUHQGV�ZLWK�S������DV�GHWHUPLQHG�E\�WKH�.HQGDOO�7DX�WHVW���
�
�
�
�
�
�
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Appendix 6.2: Estimating Delta Efflux Loads 
7KH�DSSURDFK�IRU�FDOFXODWLQJ�QXWULHQW�ORDGV�IURP�WKH�'HOWD�LQWR�6XLVXQ�%D\�ZDV�DGDSWHG�IURP�DQ�DSSURDFK�
XVHG�E\�-DVVE\�DQG�&ORHUQ���������:H�TXDQWLILHG�ORDGV�SDVW�5LR�9LVWD��UHSUHVHQWLQJ�IORZ�RULJLQDWLQJ�LQ�
WKH�6DFUDPHQWR�5LYHU��4ULR��DQG�ORDGV�SDVW�7ZLWFKHOO�,VODQG��UHSUHVHQWLQJ�IORZ�RULJLQDWLQJ�LQ�WKH�6DQ�
-RDTXLQ�5LYHU��4ZHVW���DQG�FRPELQHG�WKHVH�WR�HVWLPDWH�WRWDO�ORDG�RQ�D�PRQWKO\�DYHUDJH�EDVLV�

/RDG� �4ZHVW&ZHVW���4ULR&ULR�

Flow: 

)ORZ�YDOXHV�ZHUH�WDNHQ�IURP�':5�'$<)/2:�UHFRUGV��%RWK�4ZHVW�DQG�4ULR�DUH�FDOFXODWHG�YDOXHV��XVLQJ�
DFWXDO�PHDVXUHG�IORZV�DW�JDJHV�WKURXJKRXW�WKH�'HOWD��)ORZ�YDOXHV�ZHUH�DYDLODEOH�GDLO\��DQG�ZH�WRRN�D�
PRQWKO\�DYHUDJH�WR�FDOFXODWH�PRQWKO\�DYHUDJH�ORDGV��

4ZHVW��

4:(67� �46-5���&605��402.(���40,6&���4;*(2���4(;32576���40,6'9���������4*&'���435(&��

4ULR�

45,2� �46$&���4<2/2���4;*(2���������4*&'���435(&��

 

Concentration: 

':5�,(3�DQG�86*6�FRQGXFW�PRQWKO\�ZDWHU�TXDOLW\�PRQLWRULQJ�LQ�WKH�'HOWD��DQG�ZH�FRPELQHG�WKHVH�
FRQFHQWUDWLRQV�ZLWK�PRQWKO\�DYHUDJHG�IORZ�WR�SURGXFH�PRQWKO\�DYHUDJHG�HVWLPDWHV�RI�ORDG��6WDWLRQV�XVHG�
IRU�&ZHVW�DQG�&ULR�YDULHG�WKURXJKRXW�WKH�SHULRG�RI�����������EHFDXVH�RI�FKDQJHV�LQ�VWDWLRQ�RSHUDWLRQ�
�7DEOH�$�������%HWZHHQ������DQG�������':5�,(3�VWDWLRQ�'���ZDV�XVHG�IRU�&ULR�DQG�':5�,(3�VWDWLRQ�
'���ZDV�XVHG�WR�UHSUHVHQW�IRU�&ZHVW��8QIRUWXQDWHO\��PRQLWRULQJ�DW�ERWK�RI�WKHVH�VWDWLRQV�FHDVHG�LQ�������
DQG�ZH�ZHUH�IRUFHG�WR�VXEVWLWXWH�XVLQJ�VWDWLRQV�ZKRVH�PRQLWRULQJ�FRQWLQXHG�SDVW�������:H�SHUIRUPHG�
PXOWLYDULDWH�OLQHDU�UHJUHVVLRQV�RI�'���DQG�'���GDWD�IURP�����������DJDLQVW�GDWD�IURP�QHDUE\�VWDWLRQV�
IURP�WKH�VDPH�SHULRG�LQ�RUGHU�WR�GHYHORS�WKH�VXEVWLWXWLRQV�WKDW�ZRXOG�EH�XVHG�SRVW��������6WDUWLQJ�LQ�
������ZH�PDGH�VLQJOH�VWDWLRQ�VXEVWLWXWLRQV�IRU�ERWK�&ZHVW�DQG�&ULR��$W�WKLV�WLPH��QXWULHQW�PRQLWRULQJ�
LQWHQVLILHG�DW�':5�,(3�VWDWLRQ�'���DQG�EHJDQ�DW�86*6�VWDWLRQ������ZKLFK�LV�QHDUO\�FROORFDWHG�ZLWK�
':5�,(3�'����'HWDLOV�RQ�VWDWLRQV�VXEVWLWXWLRQV�FDQ�EH�IRXQG�LQ�WKH�WDEOH�EHORZ��/RFDWLRQV�RI�VWDWLRQV�
UHODWLYH�WR�4ZHVW�DQG�4ULR��DV�ZHOO�DV�UHODWLYH�WR�HDFK�RWKHU��FDQ�EH�IRXQG�LQ�)LJXUH�$�����

 

Uncertainty: 

$OWKRXJK�WKH�PHWKRG�XVHG�WR�HVWLPDWH�'HOWD�HIIOX[�ORDGV�ZDV�WKH�VDPH�DV�ZDV�SUHYLRXV�XVHG�E\�-DVVE\�
DQG�&ORHUQ��������WR�HVWLPDWH�RUJDQLF�PDWWHU�ORDGV�WR�6XLVXQ�%D\��WKHUH�LV�VRPH�XQFHUWDLQW\�DVVRFLDWHG�
ZLWK�WKH�FRQVWLWXHQW�GDWD�VHWV�XVHG�LQ�WKLV�FDOFXODWLRQ��4ZHVW�DQG�4ULR�DUH�ERWK�FDOFXODWHG�YDOXHV��QRW�GLUHFWO\�
PHDVXUHG�E\�IORZ�JDJHV��$OWKRXJK�WKH�IRUPXOD�XVHG�WR�FDOFXODWH�WKHVH�WHUPV�LV�IUHTXHQWO\�UHYLHZHG�DQG�



UHYLVHG�E\�':5��DV�UHFHQWO\�DV��������D�FDOFXODWHG�YDOXH�ZLOO�QHYHU�EH�DV�DFFXUDWH�DV�RQH�WKDW�LV�
PHDVXUHG��7KH�':5�,(3�DQG�86*6�VWDWLRQV�XVHG�DUH�QRW�FRQWLQXRXV�RYHU�WKH�HQWLUH�SHULRG������������
7KHUH�DUH�VWDWLRQV�ZLWK�FRQWLQXRXV�GDWD�IURP������������'���DQG�'�����ZKLFK�DUH�DOVR�QHDUO\�FROORFDWHG�
ZLWK�'$<)/2:�ORFDWLRQV�RI�4ZHVW�DQG�4ULR��KRZHYHU�ERWK�RI�WKHVH�VWDWLRQV�ZHUH�GURSSHG�LQ�������$�
86*6�VWDWLRQ�������WKDW�LV�QHDUO\�LGHQWLFDO�WR�WKH�ORFDWLRQ�RI�VWDWLRQ�'���EHJDQ�PRQLWRULQJ�IRU�QXWULHQWV�LQ�
������EXW�WKHUH�ZHUH�JDSV�LQ�WKH�UHFRUG�IURP������������DW�WKH�IRUPHU�VWDWLRQ�'����DQG�IURP�����������
�DW�WKH�IRUPHU�VWDWLRQ�'�����0XOWLYDULDWH�OLQHDU�UHJUHVVLRQV�IURP�QHDUE\�VWDWLRQV�ILOOHG�WKHVH�JDSV�ZLWK�
YDU\LQJ�OHYHOV�RI�DFFXUDF\��VHH�U��YDOXHV�LQ�7DEOH�$���������EXW�WKLV�VWDWLRQ�VXEVWLWXWLRQ�LQWURGXFHV�
DGGLWLRQDO�XQFHUWDLQW\�LQWR�WKHVH�HVWLPDWHV��$GGLWLRQDOO\��DOO�RI�WKHVH�VWDWLRQV�DUH�ORFDWHG���NP�WR���NP�
XSVWUHDP�IURP�WKH�PRXWK�RI�6XLVXQ�%D\��DQG�LW�LV�SRVVLEOH�IRU�QXWULHQW�ORDGV�WR�FKDQJH�DORQJ�WKLV�GLVWDQFH�
GXH�WR�WUDQVIRUPDWLRQ�RU�ORVV��7R�H[SORUH�WKH�VHQVLWLYLW\�RI�ORDG�HVWLPDWHV�WR�VWDWLRQ�ORFDWLRQ��ZH�
FDOFXODWHG�ORDGV�XVLQJ�ERWK�WKHVH�XSVWUHDP�VWDWLRQV��'���'����DQG�RQH�FORVHU�WR�WKH�PRXWK�RI�6XLVXQ�%D\�
�'���IRU�D�SHULRG�ZKHQ�GDWD�ZHUH�DYDLODEOH�DW�ERWK�VLWHV��������������2Q�DYHUDJH��1+�

��ORDG�HVWLPDWHV�
GHFUHDVH�E\�a�����DSSUR[LPDWHO\�����NJ�G�1��DQG�12�

��ORDG�HVWLPDWHV�LQFUHDVH�E\�a�����DSSUR[LPDWHO\�
����NJ�G�1��EHWZHHQ�WKHVH�WZR�ORFDWLRQV��EXW�',1�DQG�',3�ORDGV�DUH�YLUWXDOO\�XQFKDQJHG��:KLOH�1+�

��

WUDQVIRUPDWLRQV�DORQJ�WKLV�GLVWDQFH�DUH�PRUH�VLJQLILFDQW�GXULQJ�ZDUPHU�VXPPHU�PRQWKV��GLUHFW�327:�
1+�

��ORDGV�WR�6XLVXQ�%D\�DOUHDG\�GRPLQDWHG�RYHU�'HOWD�HIIOX[�ORDGV�GXULQJ�WKHVH�WLPHV��7KHUHIRUH��ZKLOH�
RXU�H[DFW�HVWLPDWHV�IRUPV�RI�1�H[SRUWHG�IURP�WKH�'HOWD�WR�6XLVXQ�%D\�DUH�VRPHZKDW�VHQVLWLYH�WR�VWDWLRQ�
ORFDWLRQV�XVHG�LQ�FDOFXODWLRQV��RXU�RYHUDOO�FRQFOXVLRQV��DV�ZHOO�DV�RYHUDOO�',1�DQG�',3�HVWLPDWHV��DUH�
UHDVRQDEOH��,Q�VSLWH�RI�GDWD�JDSV��WKH�HVWLPDWHV�PDGH�KHUH�DUH�EHOLHYHG�WR�EH�UHOLDEOH�DV�RUGHU�RI�PDJQLWXGH�
DSSUR[LPDWLRQV�DQG�IXUWKHU�PRGHOLQJ�HIIRUWV�LQ�WKH�'HOWD�FRXOG�KHOS�UHILQH�WKHVH�HVWLPDWHV�IXUWKHU���

�

References:  

-DVVE\��$�'���DQG�&ORHUQ��-�(���������2UJDQLF�PDWWHU�VRXUFHV�DQG�UHKDELOLWDWLRQ�RI�WKH�6DFUDPHQWR�6DQ�
-RDTXLQ�'HOWD��&DOLIRUQLD��86$���$TXDWLF�&RQVHUYDWLRQ��0DULQH�DQG�)UHVKZDWHU�(FRV\VWHPV��������±
�����

  



 

Tables and Figures:  

� &ZHVW� &ULR�
���������� 1+�� '���� '����

12��12�� '���� '����
���������� 1+�� 0.311 ∗ 𝐷26 + 0.235 ∗ 𝐷28𝐴 + 0.320 ∗ 𝐷4 − 0.001�

U�� ������
0.165 ∗ 𝐶3 + 0.551 ∗ 𝐷4 + 0.022�
U�� ������

12��12�� 0.5305 ∗ 𝐷26 + 0.1613 ∗ 𝐷28𝐴 + 0.3812 ∗ 𝐷4 − 0.020�
U�� ������

0.200 ∗ 𝐶3 + 0.809 ∗ 𝐷4 − 0.023�
U�� ������

���������� 1+�� '���
U�� ������

86*6������

12��12�� '���
U�� ������

86*6������

Table A.6.2.1 ':5�,(3�DQG�86*6�ZDWHU�TXDOLW\�PRQLWRULQJ�VWDWLRQV�XVHG�LQ�FRPELQDWLRQ�ZLWK�':5�'$<)/2:�YDOXHV�𝑄 �
DQG�  𝑄 �WR�DSSUR[LPDWH�'HOWD�ORDGV��$IWHU�������ZKHQ�ERWK�VWDWLRQ�'���DQG�'���ZHUH�GURSSHG��WKHUH�ZHUH�JDSV�LQ�WKH�UHFRUG�
WKDW�ZHUH�ILOOHG�E\�PXOWLYDULDWH�OLQHDU�UHJUHVVLRQ�IURP�QHDUE\�VWDWLRQV�ZKRVH�PRQLWRULQJ�FRQWLQXHG�SDVW�������WKH�UHVXOWLQJ�OLQHDU�
HTXDWLRQ�DQG�U��YDOXHV�DUH�VKRZQ�KHUH����
�6WDWLRQV�XVHG�E\�-DVVE\�DQG�&ORHUQ���������
�5HJUHVVLRQ�DJDLQVW�'���QRW�SRVVLEOH�EHFDXVH�GDWD�IURP�WKHVH�WZR�VWDWLRQV�QHYHU�FRH[LVWHG�
�
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�

Figure A.6.2.1�/RFDWLRQ�':5�'$<)/2:�JDJHV��LQGLFDWHG�E\�SXUSOH�WULDQJOHV���7KH�YDOXHV�XVHG�LQ�RXU�HVWLPDWLRQ��4ZHVW�DQG�
4ULR��DUH�FDOFXODWHG�DFFRUGLQJ�WR�WKH�IROORZLQJ�IRUPXODV�DQG�JLYH�DSSUR[LPDWLRQ�RI�IORZ�SDVW�WKH�SRLQWV�LQGLFDWHG�DERYH��
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Figure A.6.2.2�/RFDWLRQ�RI�':5�,(3�DQG�86*6�ZDWHU�TXDOLW\�VWDWLRQV�XVHG�LQ�'HOWD�ORDGV�
HVWLPDWH��DV�ZHOO�DV�ORFDWLRQ�RI�IORZ�HVWLPDWHV���
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Fig A.6.2.3 &RPSDULVRQV�RI�'HOWD�HIIOX[�ORDG�HVWLPDWHV�ZKHQ�VWDWLRQV�'���'���DUH�XVHG�LQ�FDOFXODWLRQV��WKRVH�
XVHG�LQ�-DVVE\�DQG�&ORHUQ�������DQG�LQ�WKLV�UHSRUW��YV��ZKHQ�VWDWLRQ�'��LV�XVHG��FORVHU�WR�WKH�PRXWK�RI�6XLVXQ�
%D\���:KLOH�RQ�DYHUDJH��WKH�1+�

��ORDG�GHFUHDVHV�E\�������DSSUR[LPDWHO\�����NJ�G�1��DQG�WKH�12�
��ORDG�LQFUHDVHV�

E\�������DSSUR[LPDWHO\�����NJ�G�1��EHWZHHQ�WKHVH�WZR�ORFDWLRQV��',1�ORDGV�ZHUH�YLUWXDOO\�XQFKDQJHG�1RWH�WKH�
GLIIHUHQW�VFDOHV�RQ�WKH�\�D[LV��

Annual average: 
4000 kg/d N 
3100 kg/d N 

Annual average: 
16700 kg/d N 
17600 kg/d N 

Annual average: 
20800 kg/d N 
20700 kg/d N 

Annual average: 
3100 kg/d N 
3000 kg/d N 



�

Appendix 6.3: Estimating Stormwater Loads 
2XU�DSSURDFK�WR�FDOFXODWLQJ�VWRUPZDWHU�ORDGV�LV�WKH�IROORZLQJ��

𝐿𝑜𝑎𝑑 = 𝑃 ∗ 𝑅𝐶 ∗ 𝐴 ∗ 𝐶�

ZKHUH��

3� �SUHFLSLWDWLRQ��
5&� �UXQRII�FRHIILFLHQW�
$� �DUHD�RI�ZDWHUVKHG��
&� �FRQFHQWUDWLRQ�RI�1+��RU�12��

 

Precipitation: 

:H�XVHG�PRQWKO\�YDOXHV�RI�SUHFLSLWDWLRQ�IRU�WKH�HQWLUH�%D\�$UHD�DYHUDJHG�RYHU�WKH�SHULRG�����������
�DYDLODEOH�IURP�WKH�:HVWHUQ�5HJLRQDO�&OLPDWH�&HQWHU���7DEOH����������

�

Runoff Coefficients: 

:H�FDOFXODWHG�D�VLQJOH�ZHLJKWHG�DYHUDJH�UXQRII�FRHIILFLHQW�IRU�HDFK�RI�WKH�WZR�ZDWHUVKHGV�WKDW�GUDLQ�LQWR�
6XLVXQ�%D\��)LJXUH�$���������:H�FDOFXODWHG�WKH���RI�HDFK�ZDWHUVKHG�LQ�HDFK�ODQG�XVH�ELQ��DJULFXOWXUH��
FRPPHUFLDO��LQGXVWULDO��RSHQ��UHVLGHQWLDO��WUDQVSRUWDWLRQ�DQG�ZDWHU��)LJXUH�$������DQG�WKHQ�PXOWLSOLHG�E\�D�
ODQG�XVH�VSHFLILF�UXQRII�FRHIILFLHQW��/HQW�DQG�0F.HH��������7DEOH�$��������LQ�WKH�IROORZLQJ�ZD\��

𝑅𝐶 = % 𝑅𝐶 +  % 𝑅𝐶 +  % 𝑅𝐶 +⋯�

:H�XVHG�D�ORZ�DQG�KLJK�HVWLPDWH�RI�UXQRII�FRHIILFLHQWV�ERXQG�WKH�XQFHUWDLQW\�RI�RXU�HVWLPDWHV���

�

Area: 

&RQFRUG�ZDWHUVKHG�KDG�D�WRWDO�DUHD�RI�����NP���DQG�)DLUILHOG�ZDWHUVKHG�KDG�D�WRWDO�DUHD�RI�����NP���

 

Concentration: 

,Q���������%D\�$UHD�ZDWHUVKHGV�ZHUH�PRQLWRUHG�IRU�QXWULHQWV�LQ�ERWK�WKH�ZHW�VHDVRQ�DQG�WKH�GU\�VHDVRQ�
�0F.HH�DQG�*OXFKRZVNL���������:H�XVHG�WKH�DYHUDJH�RI�WKHVH�GLIIHUHQW�VLWHV�DV�RXU�UHSUHVHQWDWLYH�
FRQFHQWUDWLRQV�LQ�RXU�FDOFXODWLRQV��7DEOH�$��������

�



References: 

/HQW��0�$��DQG�0F.HH��/�-���������'HYHORSPHQW�RI�UHJLRQDO�FRQWDPLQDQW�ORDG�HVWLPDWHV�IRU�6DQ�
)UDQFLVFR�%D\�$UHD�WULEXWDULHV�EDVHG�RQ�DQQXDO�VFDOH�5DLQIDOO�5XQRII�DQG�9ROXPH��

�
0F.HH��/�-���DQG�*OXFKRZVNL��'�&��������,PSURYHG�QXWULHQW�ORDG�HVWLPDWHV�IRU�ZDVWHZDWHU��

VWRUPZDWHU�DQG�DWPRVSKHULF�GHSRVLWLRQ�WR�6RXWK�6DQ�)UDQFLVFR�%D\��6RXWK�RI�WKH�%D\�%ULGJH���$�
:DWHUVKHG�3URJUDP�UHSRUW�SUHSDUHG�IRU�WKH�%D\�$UHD�&OHDQ�:DWHU�$JHQFLHV��%$&:$���6DQ�
)UDQFLVFR�(VWXDU\�,QVWLWXWH��2DNODQG�&$��
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������ ������ ������ ������ ������ ������ ������ ������ ������ ������ ������ ������
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�
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6XLVXQ�%D\�ZDWHUVKHG�WR�HVWLPDWH�DQ�XSSHU��DQG�ORZHU�ERXQG�UXQRII�FRHIILFLHQW�IRU�WKH�HQWLUH�ZDWHUVKHG�
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Figure A.6.3.1 /DQG�XVH�EUHDNGRZQ�IRU�WZR�ZDWHUVKHGV�WKDW�GUDLQ�LQ�6XLVXQ�%D\��)DLUILHOG��QRUWK��DQG�&RQFRUG��VRXWK��
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Appendix 6.4: 1-box model for Suisun Bay 
,Q�RUGHU�WR�HYDOXDWH�WKH�UROH�RI�6XLVXQ�%D\�LQ�WUDQVIRUPLQJ�LQFRPLQJ�1+��ORDGV��ZH�SHUIRUPHG�D���ER[�
PDVV�EDODQFH�XVLQJ�D�ZHOO�PL[HG�6XLVXQ�%D\�DV�WKH�FRQWURO�YROXPH��:H�ILUVW�SHUIRUPHG�D�VDOLQLW\�EDODQFH�
LQ�RUGHU�WR�TXDQWLI\�WLGDO�IORZV��DQG�WKHQ�SHUIRUPHG�D�1+��EDODQFH�WR�HYDOXDWH�WKH�UHVLGXDO�
WUDQVIRUPDWLRQ�ORVV�WHUP��'DWD�DQDO\VLV�ZLWK�WKH�ER[�PRGHO�IRFXVHG�RQ������������ZKHQ�GDWD�IURP�DOO�
ORDG�VRXUFHV�ZDV�PRVW�FHUWDLQ��DQG�DOVR�RQ�WKH�PRQWKV�$SULO�2FWREHU��ZKHQ�UHVLGHQFH�WLPH�LQ�6XLVXQ�%D\�
WHQGV�WR�EH�ORQJHVW�DQG�ZKHQ�SK\WRSODQNWRQ�EORRPV�KDYH�EHHQ�KLVWRULFDOO\�REVHUYHG��)RU�WKHVH�PRQWKV��
ZH�DVVXPHG�VWHDG\�VWDWH��(YDOXDWLRQ�RI�DVVXPSWLRQV�LV�LQFOXGHG�LQ�WKH�GHVFULSWLRQ�RI�HDFK�PRGHO����

(VWLPDWHV�RI�ORDGV�LQ�DQG�RXU�ZHUH�PDGH�XVLQJ�DGYHFWLYH�IORZ�HVWLPDWHV�IURP�':5�'$<)/2:��WLGDO�
IORZ�HVWLPDWHV�IURP�WKH�VDOLQLW\�EDODQFH�SHUIRUPHG�EHORZ��DQG�FRQFHQWUDWLRQ�PHDVXUHPHQWV�IURP�
':5�,(3�DQG�86*6�PRQLWRULQJ�VWDWLRQV��'$<)/2:�PHDVXUHPHQWV�ZHUH�H[WUDFWHG�IRU�WKH�H[DFW�GDWHV�
RI�':5�,(3�FRQFHQWUDWLRQ�PHDVXUHPHQWV��7KH�ORFDWLRQ�RI�WKH�IORZ�DQG�FRQFHQWUDWLRQV�PRQLWRULQJ�
VWDWLRQV�LV�VKRZQ�LQ�)LJXUH�$�������

Salinity Balance 

7R�VLPSOLI\�RXU���ER[�PRGHO��ZH�PDGH�WKH�IROORZLQJ�DVVXPSWLRQV��
�� 7UHDWHG�6XLVXQ�DV�D�ZHOO�PL[HG�FRQWURO�YROXPH�
�� 6WHDG\�VWDWH��
�� 7LGDO�GLVSHUVLRQ�RQ�XSVWUHDP�VLGH��H[FKDQJH�ZLWK�'���������FRQVLGHUHG�QHJOLJLEOH�

�
�
7KH�WHUPV�XVHG�LQ�RXU�PDVV�EDODQFH�ZHUH�WKH�IROORZLQJ��DQG�ZH�VROYHG�IRU�𝑄 ��

�� 𝑆 � �IORZ�ZHLJKWHG�DYHUDJH�RI�𝑆   and  𝑆 �
�� 𝑆 � �DYHUDJH�𝑆 , 𝑆 , 𝑆 ��
�� 𝑆 � �𝑆 �
�� 𝑄 � �𝑄 + 𝑄 ��
�� 𝑉 � �YROXPH�RI�6XLVXQ�%D\������H���/�

�

)XUWKHU�H[SODQDWLRQ�RI�WKH�WHUPV�DQG�VFKHPDWLF�IRU�WKH�VDOLQLW\�EDODQFH�DUH�JLYHQ�LQ�)LJ��$���������

(YDOXDWLRQ�RI�DVVXPSWLRQV�

$VVXPSWLRQ����PD\�LQWURGXFH�WKH�JUHDWHVW�DPRXQW�RI�XQFHUWDLQW\��VLQFH�6XLVXQ�%D\�LV�QRW�SDUWLFXODUO\�
ZHOO�PL[HG�ZLWK�UHVSHFW�WR�VDOLQLW\��)LJ��$���������,Q�IXWXUH�PRGHOLQJ�HIIRUWV��D�PXOWL�ER[�PRGHO��XVLQJ�
VPDOOHU�ZHOO�PL[HG�YROXPHV��FRXOG�LPSURYH�HVWLPDWHV�RI�4WLGH��:LWK�UHJDUGV�WR�$VVXPSWLRQ�����DOWKRXJK�
VDOLQLW\�LV�QRW�WUXO\�VWHDG\�VWDWH�GXULQJ�$SULO�2FWREHU��WKH�PRVW�UDSLG�FKDQJHV�LQ�VDOLQLW\�RFFXU�RXWVLGH�RI�
WKHVH�PRQWKV�DQG�LQFOXGLQJ�QRQ�VWHDGLQHVV�LQ�RXU�PRGHO�RQO\�FKDQJHG�WKH�ILQDO�N�YDOXHV�E\�OHVV�WKDQ�����
$VVXPSWLRQ����DSSHDUV�WR�EH�WKH�PRVW�YDOLG��6DOLQLW\�LQ�WKH�6DFUDPHQWR�DQG�6DQ�-RDTXLQ�ULYHUV�LV�
QHJOLJLEOH�DQG�FDQ�EH�FRQVLGHUHG�RXWVLGH�RI�WLGDO�LQIOXHQFH���



NH4 Balance 

:H�XVHG�WKH�UHVXOWLQJ�YDOXH�RI�𝑄 �LQ�D1+��PDVV�EDODQFH��ZKHUH�WKH�PDGH�WKH�IROORZLQJ�DVVXPSWLRQV��

�� 7UHDWHG�6XLVXQ�DV�D�ZHOO�PL[HG�FRQWURO�YROXPH�
�� 6WHDG\�VWDWH�
�� 7LGDO�GLVSHUVLRQ�RQ�XSVWUHDP�VLGH��H[FKDQJH�ZLWK�'���������FRQVLGHUHG�QHJOLJLEOH�
�� $VVXPH�ORDGLQJ�IURP�&&&6'�PL[HV�XQLIRUPO\�LQWR�6XLVXQ�%D\��

�

:H�XVHG�WKH�IROORZLQJ�WHUPV�RQ�RXU�PRGHO��DQG�VROYHG�IRU�𝑉 𝑘 𝐶 �WRWDO�ORVVHV�NJ�G����DQG�𝑘 ��ORVV�
UDWH��G�����

�� 𝐶  �IORZ�ZHLJKWHG�DYHUDJH�RI�𝐶 DQG�𝐶 �
�� 𝐶  �DYHUDJH�𝐶 ��𝐶 �  𝐶 ��
�� 𝐶 � �𝐶 �
�� 𝑄 � �𝑄 + 𝑄 ��
�� 𝑉 � �YROXPH�RI�6XLVXQ�%D\������H���/�
�� �̇�  ��̇� ���̇� �
�� 𝑄 �ZDV�VROYHG�IRU�XVLQJ�WKH�VDOLQLW\�EDODQFH�

 

)XUWKHU�H[SODQDWLRQ�RI�WKH�WHUPV�DQG�VFKHPDWLF�IRU�WKH�1+��EDODQFH�DUH�JLYHQ�LQ�)LJ��$���������

 

(YDOXDWLRQ�RI�$VVXPSWLRQV�

1+��FRQFHQWUDWLRQV�DW�'���'��DQG�'��DSSHDU�VLPLODU��VXSSRUWLQJ�DVVXPSWLRQ�����)LJ��$���������+RZHYHU��
WKLV�PLJKW�EH�PDVNLQJ�WKH�LQIOXHQFH�RI�PXOWLSOH�1+��VRXUFHV�LQWR�6XLVXQ�%D\��:H�K\SRWKHVL]H�WKDW�1+��
FRQFHQWUDWLRQV�DFWXDOO\�GHFUHDVH�VHDZDUG�IURP�WKH�'HOWD�GXH�WR�WUDQVIRUPDWLRQV�ORVVHV��EXW�WKDW�&&&6'�
RXWIDOO�MXVW�SULRU�WR�'��HOHYDWHV�FRQFHQWUDWLRQV�WR�OHYHOV�VLPLODU�WR�WKRVH�IURP�'HOWD�HIIOX[��:KLOH�WKH�
UHVXOW�FRUURERUDWHV�RXU�DVVXPSWLRQ�RI�ZHOO�PL[HG�6XLVXQ��DGGLWLRQDO�PRGHOLQJ�RQ�D�ILQHU�VSDWLDO�VFDOH�
ZRXOG�OLNHO\�UHYHDO�FRQFHQWUDWLRQ�JUDGLHQWV�QRW�FDSWXUHG�E\�FXUUHQW�PRQLWRULQJ��5HJDUGLQJ�DVVXPSWLRQ�����
VXPPHUWLPH�1+��FRQFHQWUDWLRQV�DUH�OHVV�YDULDEOH�WKDQ�WKH\�DUH�DW�RWKHU�WLPHV�RI�WKH�\HDU��2Q�DYHUDJH��
FRQFHQWUDWLRQV�EHWZHHQ�$SULO�DQG�2FWREHU�YDU\�E\�D�IDFWRU�RI�URXJKO\����ZKLOH�FRQFHQWUDWLRQV�RQ�WKH�
HQWLUH�\HDU�YDU\�E\�D�IDFWRU�RI����$VVXPSWLRQ����KDV�WKH�SRWHQWLDO�WR��LI�DQ\WKLQJ��XQGHUHVWLPDWH�WKH�
ORDGLQJ�RI�1+��LQWR�6XLVXQ�%D\��,I�ZH�LQFOXGHG�D�WLGDO�GLVSHUVLRQ�WHUP�RQ�WKH�XSVWUHDP�HQG��WKLV�ZRXOG�
EULQJ�KLJK�1+��ZDWHUV�IURP�WKH�6DFUDPHQWR�DQG�6DQ�-RDTXLQ�ULYHUV�DQG�ZRXOG�RQO\�LQFUHDVH�WKH�
PDJQLWXGH�RI�REVHUYHG�ORVVHV�LQ�6XLVXQ�%D\��/DVWO\��DVVXPSWLRQ����PD\�EH�RYHUHVWLPDWLQJ�WKH�PDJQLWXGH�
RI�1+��ORDGV�IURP�&&&6'��,Q�RUGHU�WR�HYDOXDWH�WKH�LPSRUWDQFH�RI�WKLV�DVVXPSWLRQ��ZH�SHUIRUPHG�RXU�
FDOFXODWLRQV�DVVXPLQJ����������������DQG�����RI�&&&6'�SOXPH�PL[LQJ�LQ�6XLVXQ�%D\�SULRU�WR�
DGYHFWLRQ�GRZQVWUHDP��VHH�)LJXUH�����

/RDGV�LQ�H[FHHGHG�ORDGV�RXW�IRU�DOO�PRQWKV�DQDO\]HG��)LJXUH�$�������2Q�DYHUDJH������RI�ORDGV�LQ�DUH�
WUDQVIRUPHG�RU�ORVW�SULRU�WR�IORZ�RXW�RI�6XLVXQ�%D\��HLWKHU�E\�DGYHFWLRQ�RU�WLGDO�IORZ��



 

Results 

/RDGV�LQ�H[FHHGHG�ORDGV�RXW�IRU�DOO�PRQWKV�DQDO\]HG��)LJXUH�$���������2Q�DYHUDJH������RI�ORDGV�LQ�DUH�
WUDQVIRUPHG�RU�ORVW�SULRU�WR�IORZ�RXW�RI�6XLVXQ�%D\��HLWKHU�E\�DGYHFWLRQ�RU�WLGDO�IORZ���)LJXUH��������)LUVW�
RUGHU�ORVV�UDWHV�ZHUH�HVWLPDWHG�DW���������G����HYHQ�ZKHQ�VRPH�RI�&&&6'�HIIOXHQW�LV�FRQVLGHUHG�ORVW�
GRZQVWUHDP�WR�DGYHFWLRQ�SULRU�WR�PL[LQJ�LQWR�6XLVXQ�%D\��)LJXUH�$����������

�

:H�SHUIRUPHG�VHQVLWLYLW\�DQDO\VHV�LQ�RUGHU�WR�HYDOXDWH�WKH�YDOLGLW\�RI�VRPH�RI�RXU�NH\�DVVXPSWLRQV��)LUVW��
EDVHG�RQ�VPDOO�YDULDWLRQ�RI�1+��FRQFHQWUDWLRQV�LQ�$SULO�2FWREHU��)LJXUH�$���������ZH�DVVXPHG�VWHDG\�
VWDWH�FRQGLWLRQV��$V�D�FRPSDULVRQ��ZH�GLG�D�QRQ�VWHDG\�PRGHO�DQG�RXU�UHVXOWLQJ�YDOXHV�IRU�N�YDU\�E\�OHVV�
WKDQ�����LQGLFDWLQJ�WKDW�RXU�VWHDG\�VWDWH�DVVXPSWLRQ�LV�YDOLG��6HFRQGO\��WKH�PRVW�XQFHUWDLQ�WHUP�LQ�RXU�
PDVV�EDODQFH�LV�WKH�WLGDO�IORZ��ZKLFK�ZH�FDOFXODWHG�XVLQJ�D�VDOLQLW\�EDODQFH�WKDW�LWVHOI�FRQWDLQHG�
VLPSOLI\LQJ�DVVXPSWLRQ��:H�SHUIRUPHG�D�VHQVLWLYLW\�DQDO\VLV�LQ�RUGHU�WR�HYDOXDWH�WKH�HIIHFW�RI�WKLV�
SDUDPHWHU�RQ�RXU�RYHUDOO�UHVXOWV��:H�IRXQG�WKDW�LI�RXU�YDOXH�IRU�WLGDO�IORZ�ZDV�RII�E\�D�IDFWRU�RI����WKH�
FRQWULEXWLRQ�RI�WUDQVIRUPDWLRQV�ORVVHV�WR�WKH�RYHUDOO�IDWH�RI�1+��GURSSHG�IURP�����WR������ZKLFK�ZRXOG�
VWLOO�EH�D�VLJQLILFDQW�FRQWULEXWLRQ���

�

$GGLWLRQDO�GLVFXVVLRQ�RI�UHVXOWV�DUH�VXPPDUL]HG�LQ�WKH�PDLQ�ERG\�RI�WKH�UHSRUW��6HFWLRQ��������

�

�

�

�

�



�

Figure A.6.4.1�/RFDWLRQ�RI�':5�,(3�DQG�86*6�PRQLWRULQJ�VWDWLRQV��XVHG�DV�FRQFHQWUDWLRQ�WHUPV��DQG�':5�'$<)/2:�
VWDWLRQV��XVHG�DV�IORZ�WHUPV��LQ���ER[�PRGHO�IRU�6XLVXQ�%D\��7LGDO�IORZV�ZHUH�HVWLPDWHG�IURP�D�VDOLQLW\�EDODQFH��)LJ��$����������

�

 

Figure A.6.4.2�6DOLQLW\�PDVV�EDODQFH�VFKHPDWLF�XVHG�WR�DSSUR[LPDWH�WKH�PDJQLWXGH�RI�𝑄 ���

�� 𝑆 � �IORZ�ZHLJKWHG�DYHUDJH�RI�𝑆   and  𝑆 �
�� 𝑆 � �DYHUDJH�𝑆 , 𝑆 , 𝑆 ��
�� 𝑆 � �𝑆 �
�� 𝑄 � �𝑄 + 𝑄 ��
�� 𝑉 � �YROXPH�RI�6XLVXQ�%D\������H���/�

�



 

Figure A.6.4.3 7LPHV�VHULHV�RI�VDOLQLW\�DW�ORFDWLRQV�XVHG�LQ�PDVV�EDODQFH��2QO\�$SULO�2FWREHU�ZHUH�FRQVLGHUHG�IRU�WKH�PRGH���
𝑆   LV�WKH�IORZ�ZHLJKWHG�DYHUDJH�RI�VDOLQLW\�DW�':5�,(3�'����6DQ�-RDTXLQ�5LYHU�GRPLQDWHG��DQG�86*6������6DFUDPHQWR�
5LYHU�GRPLQDWHG���𝑆   LV�VDOLQLW\�DW�':5�,(3�'���DQG�𝑆   LV�WKH�DYHUDJH�RI�VDOLQLW\�DW�':5�,(3�'���'��DQG�'���7KLV�ILJXUH�
VKRZV�WKDW�6XLVXQ�%D\�LV�QRW�SDUWLFXODUO\�ZHOO�PL[HG�ZLWK�UHVSHFW�WR�VDOLQLW\�DQG��PDNLQJ�D�ZHOO�PL[HG�DVVXPSWLRQ�PD\�LQWURGXFH�
XQFHUWDLQW\��𝑆 �ZDV�QHJOLJLEOH�DQG�WKHUHIRUH�ZH�QHJOHFWHG�WLGDO�GLVSHUVLRQ�RQ�WKH�XSVWUHDP�HQG�RI�6XLVXQ�%D\�

�

�

 

Figure A.6.4.4�6DOLQLW\�PDVV�EDODQFH�VFKHPDWLF�XVHG�WR�DSSUR[LPDWH�WKH�PDJQLWXGH�RI�1+��ORVVHV�LQ�6XLVXQ�%D\��

�� 𝐶  �IORZ�ZHLJKWHG�DYHUDJH�RI�𝐶 DQG�𝐶 �
�� 𝐶  �DYHUDJH�𝐶 ��𝐶 �  𝐶 ��
�� 𝐶 � �𝐶 �
�� 𝑄 � �𝑄 + 𝑄 ��
�� 𝑉 � �YROXPH�RI�6XLVXQ�%D\������H���/�
�� �̇�  ��̇� ���̇� �
�� 𝑄 �ZDV�VROYHG�IRU�XVLQJ�WKH�VDOLQLW\�EDODQFH�

�



 

Figure A.6.4.5�1+��FRQFHQWUDWLRQV�DW�ORFDWLRQV�XVHG�LQ�PDVV�EDODQFH��𝐶   LV�WKH�IORZ�ZHLJKWHG�DYHUDJH�RI�1+��DW�':5�,(3�
'����6DQ�-RDTXLQ�5LYHU�GRPLQDWHG��DQG�86*6������6DFUDPHQWR�5LYHU�GRPLQDWHG���𝐶   LV�1+��DW�':5�,(3�'���DQG�𝐶   LV�WKH�
DYHUDJH�RI�1+��DW�':5�,(3�'���'��DQG�'���1+��LV�UHDVRQDEO\�ZHOO�PL[HG�ZLWK�UHVSHFW�WR�VDOLQLW\��,Q�RXU�FDOFXODWLRQ��ZH�
QHJOHFWHG�XSVWUHDP�GLVSHUVLRQ�LQ�6XLVXQ�%D\��VHH�)LJXUH�$���������KRZHYHU�JLYHQ�WKH�KLJK�FRQFHQWUDWLRQV�RI�1+��LQ�WKH�ULYHUV��LI�
DQ\WKLQJ�WKLV�RPLVVLRQ�XQGHUHVWLPDWHV�1+��ORDGV�WR�6XLVXQ�%D\�DQG�WKHUHIRUH�XQGHUHVWLPDWHV�WKH�PDJQLWXGH�RI�1+��ORVVHV��

�

�

Figure A.6.4.6�'LIIHUHQFHV�EHWZHHQ�1+��ORDGV�LQWR�6XLVXQ�%D\��LQFOXGLQJ�DGYHFWLYH�ORDGV��WLGDO�GRZQVWUHDP�WLGDO�ORDGV�DQG�
GLVFKDUJHU�ORDGV�DVVXPLQJ�YDULRXV�DPRXQWV�RI�&&&6'�HIIOXHQW�PL[LQJ��JUHHQ�OLQH��DQG�1+��ORDGV�RXW�RI�6XLVXQ�%D\��LQFOXGLQJ�
DGYHFWLYH�ORDGV�DQG�GRZQVWUHDP�WLGDO�ORDGV���7KH�GLIIHUHQFH�EHWZHHQ�ORDGV�LQ�DQG�ORDGV�LV�DQ�HVWLPDWH�RI�WKH�PDJQLWXGH�RI�1+��
ORVVHV�LQ�6XLVXQ�%D\��NJ�G�����(YHQ�ZKHQ�RQO\�����RI�&&&6'�SOXPH�ZDV�DOORZHG�WR�PL[�LQWR�6XLVXQ�%D\�SULRU�WR�DGYHFWLQJ�
GRZQVWUHDP��ORDGV�LQ�DOZD\V�H[FHHGHG�ORDGV�RXW�E\�DV�PXFK�DV�����WLPHV��)LUVW�RUGHU�ORVV�UDWHV�DUH�SUHVHQWHG�LQ�)LJ��$���������
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Fig A.6.4.7  (VWLPDWHG�ILUVW�RUGHU�ORVV�UDWHV�IRU�1+��LQ�6XLVXQ�%D\�GXULQJ�ORZ�IORZ�SHULRGV�LQ�6XLVXQ�%D\���/RVV�UDWHV�ZHUH�DSSUR[LPDWHG�E\�D���ER[�
PDVV�EDODQFH�WKDW�FRQVLGHUHG�DGYHFWLYH�ORDGV�LQ��GRZQVWUHDP�WLGDO�ORDGV�LQ��GLVFKDUJHU�ORDGV�LQ��DGYHFWLYH�ORDGV�RXW�DQG�GRZQVWUHDP�WLGDO�ORDGV�RXW�RI�
6XLVXQ�%D\��'XH�WR�WKH�ORFDWLRQ�RI�&&&6'�GLVFKDUJH��LW�LV�OLNHO\�WKDW�VRPH�RI�WKH�HIIOXHQW�SOXPH�PD\�EH�DGYHFWHG�GRZQVWUHDP�SULRU�WR�PL[LQJ�LQWR�
6XLVXQ�%D\��VR�WKH�PRGHO�ZDV�UXQ�DVVXPLQJ�D�UDQJH�RI�&&&6'�HIIOXHQW�PL[LQJ�LQWR�6XLVXQ�%D\���
�
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