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&RQVWLWXHQWV�RI�&RQFHUQ

6HOHQLXP

'HVFULSWLRQ

6HOHQLXP��6H��LV�D�VHPL�PHWDOOLF�WUDFH�HOHPHQW
ZKLFK�KDV�ELRFKHPLFDO�SURSHUWLHV�VLPLODU�WR
WKRVH�RI�VXOIXU���7KH�SXUH�HOHPHQW�PRVW�RIWHQ
DSSHDUV�DV�OXVWURXV�WULJRQDO�FU\VWDOV�RI�JUD\
VHOHQLXP���2WKHU�FRPPRQ�IRUPV�LQFOXGH�D�GDUN�
UHG�SRZGHU��WKH�JODVV\��GDUN�EURZQ�YLWUHRXV
VHOHQLXP��DQG�GHQVH�PRQRFOLQLF�FU\VWDOV�RI�UHG
VHOHQLXP��EXW�WKHVH�DUH�DOO�OHVV�VWDEOH�WKDQ�WKH
JUD\�YDULHW\�DQG�WHQG�WR�FRQYHUW�WR�LW�RYHU�WLPH��
7KH�PRVW�FRPPRQ�VHOHQLXP�FRPSRXQGV�LQ
QDWXUDO�ZDWHUV�DUH�VHOHQLRXV�DFLG��+

�
6H2

�
��DQG

VHOHQLF�DFLG��+
�
6H2

�
���ZKLFK�FRUUHVSRQG�

UHVSHFWLYHO\��WR�WKH�VDOWV�VHOHQLWH��6H����DQG
VHOHQDWH��6H������&HUWDLQ�PHWDO�DQG�RUJDQLF
VHOHQLGHV��6H²���DUH�DOVR�FRPPRQ�LQ�VRPH
HQYLURQPHQWV��VXFK�DV�ERWWRP�VHGLPHQWV�

2FFXUUHQFH

6HOHQLXP�LV�ZLGHO\�GLVWULEXWHG�LQ�URFNV��VRLOV�
ZDWHU��DQG�OLYLQJ�RUJDQLVPV���,Q�WKH�:HVWHUQ
8QLWHG�6WDWHV��LW�LV�PRVW�FRPPRQ�LQ�8SSHU
&UHWDFHRXV�DQG�7HUWLDU\�PDULQH�VHGLPHQWDU\
URFNV��6HLOHU���������)LJXUH���VKRZV�WKH
GLVWULEXWLRQ�RI�WKHVH�IRUPDWLRQV�LQ�WKH�:HVWHUQ
8QLWHG�6WDWHV���0DQ\�JHRORJLF�IRUPDWLRQV�DUH
VHOHQLIHURXV�DQG�FDSDEOH�RI�FRQWULEXWLQJ�WR�WKH
PRELOH�IRUPV�RI�VHOHQLXP�LQ�VRLOV���6HOHQLXP�LV
KLJKO\�PRELOH�DQG�ELRORJLFDOO\�DYDLODEOH�LQ�DULG
UHJLRQV�KDYLQJ�DONDOLQH�VRLOV³FRQGLWLRQV�W\SLFDO
RI�WKH�:HVWHUQ�8QLWHG�6WDWHV���$�QXPEHU�RI
SODQWV��VXFK�DV�#UVTCICNWU��ORFR�ZHHG�DQG
PLONYHWFK���FDQ�FRQFHQWUDWH�VHOHQLXP�H[WUDFWHG
IURP�WKH�VRLO�LQWR�D�ELRORJLFDOO\�DYDLODEOH�IRUP�
ZKLFK�LV�WR[LF�WR�OLYHVWRFN�ZKHQ�HDWHQ��+HGOXQG
������

7KH�FRQFHQWUDWLRQ�RI�VHOHQLXP�LQ�ULYHUV�
VWUHDPV��ODNHV��DQG�ZHWODQG�DUHDV�LV�JUHDWO\�

LQFUHDVHG�E\�LUULJDWLRQ�GUDLQDJH�UHWXUQ�IORZ�LQ
FHUWDLQ�DUHDV�RI�WKH�:HVW���8SVWUHDP�IURP
LUULJDWHG�DUHDV�LQ�WKH�&RORUDGR�5LYHU�EDVLQ�
ZDWHUV�JHQHUDOO\�KDYH�VHOHQLXP�FRQFHQWUD�WLRQV
RI�OHVV�WKDQ����J�/��EXW�GRZQVWUHDP�IURP
LUULJDWHG�DUHDV��WKH�FRQFHQWUDWLRQ�H[FHHGV���
�J�/�LQ�SODFHV��PDLQO\�EDFNZDWHU�DUHDV���
'UDLQDJH�IURP�WKH�:HVWODQGV�,UULJDWLRQ�3URMHFW
LQ�&DOLIRUQLD�DYHUDJHG������J�6H�/�DQG�UDQJHG
IURP�����WR��������J�6H�/���6HOHQLXP�ZDV
IXUWKHU�FRQFHQWUDWHG�LQ�WKH�FROOHFWRU�GUDLQV�E\
HYDSRUDWLRQ�DQG�ELR�DFFXPXODWLRQ���/HYHOV�LQ
SODQWV�DQG�DQLPDOV�ZHUH�KLJK�HQRXJK�WR�NLOO
VRPH�DTXDWLF�ELUGV�DQG�ILVK�DQG�LPSDLU
UHSURGXFWLRQ�RI�RWKHUV����+HGOXQG�������

6HOHQLXP�FDQ�DOVR�EH�PRELOL]HG�RU�UHOHDVHG�IURP
WKH�VRLO�E\�D�FURS�IDOORZ�PDQDJHPHQW�V\VWHP��
6DOLQH�VHHSV�GHYHORSHG�LQ�ZKHDW�IDOORZ�DUHDV�RI
WKH�SODLQV�IURP�7H[DV�LQWR�&DQDGD�PD\�KDYH
KLJK�FRQFHQWUDWLRQV�RI�VHOHQLXP�DQG�PD\
FRQWDPLQDWH�ERWK�JURXQG�ZDWHU�DQG�VXUIDFH
UXQRII��+HGOXQG�������

$EQRUPDOO\�KLJK�PDVV�ORDGLQJ�RI�VHOHQLXP�LQWR
DTXDWLF�HQYLURQPHQWV�PRVW�W\SLFDOO\�UHVXOWV�IURP
WKH�GLVSRVDO�RI�FRDO�IO\�DVK��LUULJDWLRQ
ZDVWHZDWHU��RU�RLO�UHILQHU\�ZDVWH�ZDWHU���0LQLQJ
RI�VXOILGH�RUHV�LV�DOVR�D�FRPPRQ�VRXUFH�RI
DUWLILFLDOO\�PRELOL]HG�VHOHQLXP���,Q�SDUWLFXODU�
VHOHQLXP�LV�D�FRPPRQ�ZDVWH�SURGXFW�IURP
XUDQLXP��EHQWRQLWH��DQG�FRDO�PLQLQJ���6RLOV�
VXUIDFH�ZDWHUV��DQG�JURXQG�ZDWHUV�DURXQG�WKHVH
PLQLQJ�RSHUDWLRQV�FDQ�EHFRPH�FRQWDPLQDWHG��
&RQFHQWUDWLRQV�DV�KLJK�DV�������PJ�NJ�KDYH
EHHQ�UHSRUWHG�LQ�WKH�RYHUEXUGHQ�IURP�WKH
3RZGHU�5LYHU�GLVWULFW�LQ�:\RPLQJ���%HQWRQLWH
PLQHV�LQ�:\RPLQJ��0RQWDQD��DQG�6RXWK'DNRWD
DUH�DGGLWLRQDO�VHOHQLXP�VRXUFHV��DQG�LW�DOVR�PD\
EH�FRQFHQ�WUDWHG�LQ�FRDO�GHSRVLWV�DQG
FDUERQDFHRXV�
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)LJXUH������'LVWULEXWLRQ�RI�SRWHQWLDOO\�VHOHQLIHURXV�EHGURFN�LQ�WKH
:HVWHUQ�8QLWHG�6WDWHV��DGDSWHG�IURP�6HLOHU������



6HOHQLXP

���

VKDOHV���0LQLQJ�RSHUDWLRQV�FRPPRQO\�LQFUHDVH
WKH�HOHPHQW
V�PRELOLW\�DQG�VROXELOLW\����+HGOXQG
������

%DFNJURXQG�&RQFHQWUDWLRQV�³6HOHQLXP�KDV
DQ�DYHUDJH�FUXVWDO�DEXQGDQFH�RI������PJ�NJ�DQG
WKH�IROORZLQJ�DSSUR[LPDWH�EDFNJURXQG�OHYHOV�LQ
YDULRXV�PHGLD�

Medium

Background 
(mg/kg dw,
except as

noted)

Freshwater 0.1%0.4 µg/L

Freshwater sediments 0.2%2.0

Plants:
Freshwater algae
Freshwater macrophytes
Terrestrial plants

0.1%1.5
0.1%2.0

0.01%0.6

Invertebrates:
Aquatic
Terrestrial

0.4%4.5
0.1%2.5

Fish:
Liver
Other tissues

2%8
1%4

Reptiles/Amphibians:
Liver
Other tissues

2.9%3.6
1%3

Birds: Whole body
Muscle
Eggs
Liver
Feathers
Whole blood

<2
1%3
<5

<10 
1%4

0.1%0.4 mg/L

Mammals:  Whole body
Muscle
Liver
Hair
Milk
Whole blood

<1%4 
 <1

1%10
<1%3 

<0.05 mg/L
0.1%0.5 mg/L

6HH�WKH�VHSDUDWH�VHFWLRQV�IRU�HDFK�RI�WKHVH
PHGLD��EHORZ��IRU�IXUWKHU�GLVFXVVLRQ�RI�WKHVH
EDFNJURXQG�OHYHOV�

6XPPDU\�RI�(IIHFWV

%DVHG�RQ�WKH�NQRZQ�PDUJLQV�RI�VDIHW\�EHWZHHQ
QRUPDO�DQG�WR[LF�GLHWDU\�H[SRVXUHV��VHOHQLXP�LV
PRUH�SRLVRQRXV�WKDQ�HLWKHU�DUVHQLF�RU�PHUFXU\
�6RUHQVHQ���������+RZHYHU��VHOHQLXP�LV�DOVR�DQ
HVVHQWLDO�WUDFH�QXWULHQW�IRU�DQLPDOV��DQG�LW�VHUYHV
EHQHILFLDO�PHWDEROLF�IXQFWLRQV��$UWKXU�DQG
%HFNHWW���������7KXV��VHOHQLXP�GHILFLHQF\�DV�ZHOO
DV�WR[LFLW\�FDQ�FDXVH�DGYHUVH�HIIHFWV�IRU�ILVK�DQG
ZLOGOLIH��2OGILHOG�������&$67��������
,QWHUHVWLQJO\��ERWK�GHILFLHQF\�DQG�WR[LFLW\�FDXVH
VLPLODU�HIIHFWV���H�J���UHSURGXFWLYH�GHSUHVVLRQ�
DQHPLD��ZHLJKW�ORVV��DQG�LPPXQH�G\VIXQFWLRQ
�.ROOHU�DQG�([RQ���������7KH�NQRZQ�HIIHFWV�RI
VHOHQLXP�H[SRVXUH�WR�YDULRXV�FODVVHV�RI
RUJDQLVPV�DUH�VXPPDUL]HG�LQ�WDEOH����

2QH�RI�WKH�PRVW�LPSRUWDQW�IHDWXUHV�RI�VHOHQLXP
HFRWR[LFRORJ\�LV�WKH�YHU\�QDUURZ�PDUJLQ
EHWZHHQ�QXWULWLRQDOO\�RSWLPDO�DQG�SRWHQWLDOO\
WR[LF�GLHWDU\�H[SRVXUHV�IRU�YHUWHEUDWH�DQLPDOV
�:LOEHU�������15&���������1XWULWLRQDOO\�RSWLPDO
GLHWDU\�VHOHQLXP�H[SR�VXUH�LV�JHQHUDOO\�UHSRUWHG
DV����²����PJ�NJ����7KUHVKROGV�IRU�GLHWDU\
WR[LFLW\�LQ�DQLPDOV�DUH�JHQHUDOO\�UHSRUWHG�DV��²�
PJ�6H�NJ³RQO\�
��WR����WLPHV�WKH�QXWULWLRQDOO\�RSWLPDO�OHYHOV
�*LUOLQJ�������15&�������6RUHQVHQ������
(LVHQEHUJ���������7KXV��UHODWLYHO\�VPDOO
SHUWXUEDWLRQV�LQ�WKH�GLHWDU\�H[SRVXUH�RI
YHUWHEUDWH�DQLPDOV�DUH�SRWHQWLDOO\�KDUPIXO��
$FFRUGLQJ�WR�6SDOOKRO]���������H[WHQVLYH�VWXGLHV
ZLWK�UDWV�KDYH�IRXQG�WKH�WR[LFLW\�WKUHVKROG�IRU
GLHWDU\�VHOHQLWH�WR�EH�RQO\�
����WLPHV�DERYH�WKH�QXWULWLRQDOO\�RSWLPDO�GRVH��
+RZHYHU��RQO\�WKH�VWXGLHV�RI�UDWV�KDYH�LQFOXGHG
FRQWUROOHG�OLIHWLPH�H[SRVXUHV�DQG�HYDOXDWHG�VXFK
VHQVLWLYH�UHVSRQVH�YDULDEOHV�
DV�ORQJHYLW\�
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Table 32.&Summary of comprehensive biotic effects of selenium

Medium
No

effect1
Level of
concern2

Toxicity
threshold3 Comments/Explanation

Water (µg/L, total recoverable
Se)4

<1 1%2 >2 Peterson and Nebeker (1992)

Sediment (mg/kg dw) <1 1%4 >4 Van Derveer and Canton (1997),
SJVDP (1990), Lemly and Smith
(1987)

Diet (mg/kg, dw)        <2 2%3 >3 Lemly (1996a)

Waterbird eggs (mg/kg dw) <3 3%6 >6 No-effect level from Skorupa and
Ohlendorf (1991).  Toxicity
threshold from Skorupa (1998a)

Fish, whole-body (mg/kg dw):
Warm-water species
Cold-water species

<3
<2

3%4
2%4

>4
>4

Lemly (1996a)

     1Concentrations lower than this value produce no discernible adverse effects on fish or wildlife and are typical of
background concentrations in uncontaminated environments.
     2Concentrations in this range rarely produce discernible adverse effects but are elevated above typical background
concentrations.
     3Concentrations above this value appear to produce adverse effects on some fish and wildlife species.
     4See the "Water" section of this chapter for a discussion of the difference between total recoverable Se and dissolved
Se.

6HOHQLXP�LV�PXFK�OHVV�WR[LF�WR�PRVW�SODQWV�DQG
LQYHUWHEUDWH�DQLPDOV�WKDQ�WR�YHUWHEUDWH�DQLPDOV��
$PRQJ�YHUWHEUDWHV��UHSURGXFWLYH�WR[LFLW\�LV�RQH
RI�WKH�PRVW�VHQVLWLYH�HQGSRLQWV��
KRZHYHU��HJJ�OD\LQJ�YHUWHEUDWHV�VXFK�DV�ELUGV
DQG�ILVK�VHHP�WR�KDYH�VXEVWDQWLDOO\�ORZHU
WKUHVKROGV�IRU�UHSURGXFWLYH�WR[LFLW\�WKDQ
SODFHQWDO�YHUWHEUDWHV��PDPPDOV��

$�JHQHUDO�HFRWR[LFRORJLFDO�UXOH�RI�WKXPE�IRU
VHOHQLXP�LV�WKDW�WKUHVKROGV�IRU�DGYHUVH�HIIHFWV�LQ
YHUWHEUDWH�DQLPDOV�EHJLQ�DW�FRQFHQWUDWLRQV�OHVV
WKDQ�RQH�RUGHU�RI�PDJQLWXGH�DERYH�QRUPDO
�/HPO\�����E��(LVHQEHUJ�������2KOHQGRUI�HW�DO�
������6DO\L�HW�DO����������:KHQ�HQYLURQPHQWDO�
GLHWDU\��RU�WLVVXH�FRQFHQ�WUDWLRQV�RI�VHOHQLXP�DUH
���WLPHV�QRUPDO�EDFNJURXQG�OHYHOV�RU�KLJKHU�
WR[LF�HIIHFWV�DUH�OLNHO\���,PPXQRWR[LF�HIIHFWV
KDYH�EHHQ�FRQFOXVLYHO\�GRFXPHQWHG�IRU�ELUGV
DQG�PDPPDOV�DW�WLVVXH�FRQFHQWUDWLRQV�RI
VHOHQLXP�OHVV�WKDQ�ILYH�WLPHV�QRUPDO
EDFNJURXQG�

�:KLWHOH\�������6FKDPEHU�HW�DO����������+RZ�
HYHU��WKHUH�DUH�QR�ZHOO�GRFXPHQWHG�FDVH�
VWXGLHV�RI�VHOHQLXP�PHGLDWHG�LPPXQRWR[LFLW\
DQG�DVVRFLDWHG�FRQVHTXHQFHV�DPRQJ�DQLPDOV�LQ
QDWXUH���

7KH�WKUHVKROG�RI�HFRWR[LFLW\�IRU�VHOHQLXP�LV
UHPDUNDEO\�VLPLODU�IRU�ILVK�DQG�ELUGV��/HPO\
����������E���WKH�WZR�FODVVHV�RI�DQLPDOV�PRVW
OLNHO\�WR�EH�DGYHUVHO\�DIIHFWHG�E\�FRQWDPLQD�WLRQ
IURP�DJULFXOWXUH�RU�LQGXVWU\���:LWK�WKH�H[FHSWLRQ
RI�KHSDWLF�WLVVXHV��DOO�ILVK�DQG�ZLOGOLIH�WLVVXHV
QRUPDOO\�DYHUDJH�DERXW���PJ�6H�NJ�RU�OHVV���$
FRQFHQWUDWLRQ�RI���²���PJ�6H�NJ�LQ�ZLOGOLIH
WLVVXHV�RU�GLHWV�LV�DERYH�
WKH�WKUHVKROG�RI�WR[LFLW\�IRU�VHQVLWLYH�DQG
PRGHUDWHO\�VHQVLWLYH�WD[D��DQG�DW�WKH�OHYHO�RI
��²����PJ�6H�NJ��FDWDVWURSKLF�LPSDFWV�DUH
KLJKO\�OLNHO\�

0HWDEROLF�VWUHVV�FDXVHG�E\�ZLQWHU�ZHDWKHU�FDQ
LQFUHDVH�WKH�VXVFHSWLELOLW\�RI�ELUGV��+HLQ]�DQG�
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)LW]JHUDOG�����E���PDPPDOV��*KRVK�HW�DO�
�������DQG�ILVK��6RUHQVHQ�������/HPO\�����F�
����E��WR�VHOHQLXP�SRLVRQLQJ���7R[LFLW\�GDWD
FROOHFWHG�XQGHU�EHQLJQ�FOLPDWLF�FRQGLWLRQV�PD\
WKHUHIRUH�XQGHUHVWLPDWH�VHQVLWLYLW\�WR�VHOHQLXP
SRLVRQLQJ�

6HOHQLXP�DFFXPXODWHV�LQ�DQG�GLVSHUVHV�IURP
DQLPDO�WLVVXHV�IDLUO\�UDSLGO\���6LJQLILFDQW�FKDQJHV
LQ�WLVVXH�VHOHQLXP�VWDWXV�FDQ�RFFXU�ZLWKLQ�GD\V�
ZHHNV��RU�PRQWKV�GHSHQGLQJ�RQ�WKH�UHVSRQVH
FULWHULRQ�RI�LQWHUHVW�DQG�WKH�WDUJHW�WLVVXH�EHLQJ
PRQLWRUHG��:LOEHU�������%HQQHWW�HW�DO�������
86):6�����D��+HLQ]�HW�DO��������+HLQ]�DQG
)LW]JHUDOG�����D��+HLQ]���������)XUWKHUPRUH�
WKH�RYHUW�V\PSWRPV�RI�HYHQ�QHDU�IDWDO�VHOHQLXP
SRLVRQLQJ�LQ�DGXOW�ELUGV�DQG�PDPPDOV�FDQ�EH
UHYHUVHG�TXLFNO\�LI�WKH�VRXUFH�RI�VHOHQLXP
H[SRVXUH�LV�HOLPLQDWHG��5XWD�DQG�+DLGHU������
+HLQ]�DQG�)LW]JHUDOG�����E����%\�FRQWUDVW�
HPEU\RQLF�GHIRUPLWLHV�FDXVHG�E\�VHOHQLXP
SRLVRQLQJ�DUH�QRW�UHYHUVLEOH��/HPO\�����E���QRU
DUH�VRPH�W\SHV�RI�WLVVXH�GDPDJH�LQ�DGXOW�DQLPDOV
�6RUHQVHQ�������

6WXG\�$SSURDFKHV

6HOHQLXP�WR[LFRORJ\�KDV�EHHQ�WKH�VXEMHFW�RI�DQ
H[WHQVLYH�ERG\�RI�VFLHQWLILF�OLWHUDWXUH���0RUH
WKDQ�������WLWOHV�ZHUH�VFUHHQHG�IRU�WKLV�JXLGDQFH
GRFXPHQW���7LWOHV�WKDW�ZHUH�PRVW�GLUHFWO\
UHOHYDQW�WR�HYDOXDWLQJ�KP�UKVW�HFR�WR[LFRORJ\�RI
VHOHQLXP�ZHUH�UHWULHYHG�DQG�UHYLHZHG���)LQDOO\�
WKH�UHWULHYHG�OLWHUDWXUH�ZDV�IXUWKHU�VFUHHQHG�WR
SURGXFH�D�´VKRUW�OLVWµ�RI�SDUWLFXODUO\�XVHIXO
UHSRUWV�IRU�HYDOXDWLQJ�1,:43�PHDVXUHPHQWV�RI
HQYLURQPHQWDO�VHOHQLXP�

3XEOLFDWLRQV�UHSRUWLQJ�ILHOG�PHDVXUHV�RI
H[SRVXUH�DQG�UHVSRQVH�ZHUH�DIIRUGHG�WKH
JUHDWHVW�ZHLJKW�LQ�IRUPXODWLQJ�WKH�JXLGHOLQHV
SUHVHQWHG�LQ�WKLV�FKDSWHU���0DFURFRVP�DQG
PHVRFRVP�VWXGLHV�ZHUH�JLYHQ�WKH�QH[W�KLJKHVW
SULRULW\���$PRQJ�WKH�UHPDLQLQJ�H[SHULPHQWDO
VWXGLHV�RI�FDSWLYH�ELRWD��WKRVH�WKDW�XWLOL]HG
VHOHQRPHWKLRQLQH��D�JRRG�VXUURJDWH�IRU�QDWXUDO�

IRRG�FKDLQ�VHOHQLXP��DQG�WKDW�WHVWHG�WKH�HIIHFWV
RI�GLHWDU\�H[SRVXUH�ZHUH�JLYHQ�KLJKHVW�SULRULW\��
([SHULPHQWDO�VWXGLHV�WKDW�H[SRVHG�YHUWHEUDWH
ELRWD��RWKHU�WKDQ�HJJV�RU�ODUYDH��WR
FRQWDPLQDWHG�ZDWHU��EXW�SURYLGHG�QR�IRRG�RU
RQO\�FOHDQ�IRRG��L�H���VWDQGDUG�DTXDWLF�WR[LFLW\
WHVWV���DUH�QRW�WUDQVIHUDEOH�WR�ILHOG�FRQGLWLRQV
DQG�WKHUHIRUH�ZHUH�QRW�UHYLHZHG�IRU�WKLV
GRFXPHQW��VHH�(3$�������0DLHU�HW�DO��������DQG
6-9'3������IRU�UHYLHZV�RI�VWXGLHV�RI�WKLV�W\SH���
$OVR��WR[LFLW\�VWXGLHV�RI�PDULQH�RUJDQLVPV�ZHUH
QRW�UHYLHZHG�IRU�WKLV�GRFXPHQW�

)LHOG�&DVHV

7R�WKH�H[WHQW�SRVVLEOH��LQWHUSUHWLYH�JXLGHOLQHV
VKRXOG�EH�EDVHG�HLWKHU�RQ�ILHOG�GDWD�RU�RQ
H[SHULPHQWDO�GDWD�WKDW�KDYH�EHHQ�ILHOG�YDOLGDWHG��
$W�OHDVW����LQFLGHQWV�RI�ILVK�RU�ZLOGOLIH�SRLVRQLQJ
E\�VHOHQLXP��VWXGLHG�LQ�WKH�ILHOG��KDYH�EHHQ
GRFXPHQWHG�LQ�WKH�WHFKQLFDO�OLWHUDWXUH���7KHVH
LQFLGHQWV�RFFXUUHG�LQ�1RUWK�&DUROLQD��7H[DV�
&RORUDGR��&DOLIRUQLD��:\RPLQJ��8WDK��DQG
6ZHGHQ���%ULHI�VXP�PDULHV�RI�HDFK�LQFLGHQW�DUH
SUHVHQWHG�EHORZ�


����$GNGYU�.CMG��0QTVJ�%CTQNKPC³7KLV�SRZHU�
SODQW�FRROLQJ�UHVHUYRLU�UHFHLYHG�UHWXUQ�IORZ
IURP�D�IO\�DVK�VHWWOLQJ�EDVLQ�IURP������WR�������
7KH�DVK�EDVLQ�HIIOXHQW�FRQWDLQHG�DERXW����²
�����J�6H�/���)RU�WKH�PDLQ�UHVHUYRLU��ZDWHU�
ERUQH�VHOHQLXP�ZDV�HOHYDWHG�WR�DERXW�����J�/
RQ�DYHUDJH���6HGLPHQWV�DYHUDJHG����PJ�NJ�
EHQWKLF�IRRG�FKDLQ�IDXQD�DYHUDJHG���²���PJ�
NJ��SODQNWRQ�DYHUDJHG����PJ�NJ��ILVK�PXVFOH
DYHUDJHG���²���PJ�NJ��DQG�ZKROH�ERG\
VHOHQLXP�FRQFHQWUDWLRQV�DYHUDJHG���²����PJ�
NJ��DSSUR[LPDWH�GU\�ZHLJKWV����*RQDGV�RI
IHPDOH�ILVK�FRQWDLQHG�DERXW���²����PJ�6H�NJ��
7KXV��WKH�VHOHQLXP�FRQFHQWUDWLRQV�ZHUH�DERXW
��²���ï�EDFNJURXQG�LQ�WKH�ZDWHU����²��ï
EDFNJURXQG�LQ�IRRG�FKDLQ�IORUD�DQG�IDXQD��DV
PXFK�DV����ï�QRUPDO�LQ�ILVK�ZKROH�ERGLHV��DQG
DERXW��²��ï�QRUPDO�LQ�IHPDOH�ILVK�JRQDGV���2I
���VSHFLHV�RI�ILVK�H[SRVHG�WR�WKHVH�FRQWDPLQDQW
FRQGLWLRQV�����ZHUH�H[WLUSDWHG����KDG�FHDVHG
UHSURGXFLQJ����ZDV�WHPSRUDULO\�H[WLUSDWHG�
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DQG���ZDV�XQDIIHFWHG���2QO\�FDUS��EODFN
EXOOKHDGV��DQG�PRVTXLWRILVK�ZHUH�SUHVHQW
WKURXJKRXW�WKH�VWXG\���)RU�PRVW�VSHFLHV�
WHUDWRJHQLF�HIIHFWV�DQG�RWKHU�RYHUW�DEQRUPDOLWLHV
ZHUH�REVHUYHG�LQ�DERXW���²
���SHUFHQW�RI�WKH�VDPSOHG�ILVK�

)ROORZ�XS�VDPSOLQJ�RI�ILVK�LQ���������\HDUV�DIWHU
VHOHQLXP�ORDGLQJ�WR�%HOHZV�/DNH�ZDV
VXEVWDQWLDOO\�UHGXFHG��IRXQG�ZKROH�ERG\
VHOHQLXP�FRQFHQWUDWLRQV�DYHUDJLQJ���²���PJ�
NJ��.�²��ï�QRUPDO��DVVRFLDWHG�ZLWK�VOLJKWO\
HOHYDWHG�IUHTXHQFLHV�RI�DEQRUPDOLWLHV���²
���SHUFHQW�YHUVXV�D�UHIHUHQFH�UDQJH�RI��²��SHU�
FHQW����)RU�FHQWUDUFKLGV��D�VWURQJ�H[SRVXUH�
UHVSRQVH�UHODWLRQVKLS�ZDV�HYLGHQW�EHWZHHQ
ZKROH�ERG\�VHOHQLXP�DQG�IUHTXHQF\�RI�RYHUW
DEQRUPDOLWLHV���7KH�(&���ZDV�URXJKO\�
���PJ�NJ�ZKROH�ERG\�6H��/HPO\�����D�E�
����E����,Q�DQ�DUP�RI�%HOHZV�/DNH�WKDW�LV�VHPL�
LVRODWHG�IURP�WKH�PDLQ�UHVHUYRLU��NQRZQ�DV�WKH
+LJKZD\�����DUP��VHOHQLXP�FRQWHQW�DYHUDJHG
�²���J�/�LQ�WKH�ZDWHU����²��ï�QRUPDO������²���
PJ�NJ�LQ�VHGLPHQWV���²��ï�QRUPDO����²�
PJ�NJ�LQ�EHQWKLF�LQYHUWHEUDWHV���²�ï�QRUPDO��
��²���PJ�NJ�LQ�ILVK�OLYHU���²�ï�QRUPDO���DQG
�²��PJ�NJ�LQ�ILVK�PXVFOH���²�ï�QRUPDO�
�6RUHQVHQ�HW�DO��������&XPELH�SHUV���FRPP�
FLWHG�LQ�*/6$%���������6RPH�ILVK�LQ�WKH
+LJKZD\�����DUP�VKRZHG�VXEOHWKDO�WR[LF�HIIHFWV
VXFK�DV�JHQHUDOL]HG�HGHPD�DQG�DEQRUPDO�RYDULDQ
WLVVXH�GDPDJH��6RUHQVHQ�HW�DO���������
1RQHWKHOHVV��DQ�RYHUWO\�QRUPDO�ILVK�IDXQD
SHUVLVWHG��/HPO\�����E��


����*[EQ�4GUGTXQKT��0QTVJ�%CTQNKPC³7KLV�ZDV
DQRWKHU�SRZHUSODQW�FRROLQJ�UHVHUYRLU��ZKLFK
UHFHLYHG�HIIOXHQW�IURP�WZR�IO\�DVK�SRQGV�WKDW
FRQWDLQHG�DERXW���²�����J�6H�/�LQ�WKHLU�ZDWHU��
$V�D�UHVXOW��WKH�ZDWHUERUQH�FRQFHQWUD�WLRQ�RI
VHOHQLXP�LQ�+\FR�5HVHUYRLU�ZDV�HOHYDWHG�WR
DERXW�����J�/�RQ�DYHUDJH���,Q�RWKHU�PHGLD�
VHOHQLXP�DYHUDJHG�DSSUR[L�PDWHO\��²��PJ�NJ
�GZ��LQ�VHGLPHQWV����²
���PJ�NJ�LQ�EHQWKLF�IRRG�FKDLQ�IDXQD���²
���PJ�NJ�LQ�SODQNWRQ����²���PJ�NJ�LQ�ILVK
PXVFOH��DQG���²���PJ�NJ�LQ�JRQDGV�RI�IHPDOH
ILVK���&RPSDUHG�WR�ORFDO�UHIHUHQFH�SRSXODWLRQV�
ILVK�PXVFOH�FRQWDLQHG�DERXW���ï�QRUPDO

VHOHQLXP�FRQFHQWUDWLRQV��DQG�IHPDOH�JRQDGV
FRQWDLQHG�DERXW���²��ï�QRUPDO���$V�D
FRQVHTXHQFH�RI�WKLV�H[SRVXUH��DGXOW�ILVK
GHQVLWLHV�GHFOLQHG�E\����²���SHUFHQW��DQG�ODUYDO
ILVK�GHQVLWLHV�GHFOLQHG�E\������SHUFHQW��:RRFN
DQG�6XPPHUV�������*LOOHVSLH�DQG�%DXPDQQ
������


����/CTVKP�.CMG��6GZCU³7KLV�UHVHUYRLU�UHFHLYHG
GLVFKDUJHV�GXULQJ�����²���IURP�IO\�DVK�SRQGV
WKDW�FRQWDLQHG�VHOHQLXP�FRQFHQWUDWLRQV�LQ�H[FHVV
RI��������J�/���7KH�ZDWHU�LQ�0DUWLQ�/DNH�ZDV
HOHYDWHG�WR�DERXW������J�6H�/�RQ�DYHUDJH��.�
�J�/�LQ�WKH�LPSDFW�DUHD"����2WKHU�VHOHQLXP
FRQFHQWUDWLRQV��GZ��DYHUDJHG�DERXW���PJ�NJ�LQ
VHGLPHQWV�����PJ�NJ�LQ�ILVK�PXVFOH��DQG���
PJ�NJ�LQ�JRQDGV�RI�IHPDOH�VXQILVK��.�ï�WKH
´QRUPDOµ�OHYHO�RI�+DPLOWRQ�DQG�:DGGHOO��������
7KLV�OHYHO�RI�H[SRVXUH�ZDV�LPSOLFDWHG�LQ�D�VHULHV
RI�ILVK�NLOOV�VRRQ�DIWHU�0DUWLQ�/DNH�UHFHLYHG�WKH
DVK�SRQG�HIIOXHQW��*DUUHWW�DQG�,QPDQ������
/HPO\�����D��6RUHQVHQ�������7H[DV�3DUNV�DQG
:LOGOLIH�'HSDUWPHQW���������%\�������ILVK
PXVFOH�WLVVXH�ZDV�GRZQ�WR��²���PJ�6H�NJ��EXW
VHOHQLXP�LQ�UHG�ZLQJHG�EODFNELUG�HJJV�ZDV�VWLOO
HOHYDWHG�WR����PJ�NJ���ï�WKDW�RI�D�ORFDO
UHIHUHQFH�SRSXODWLRQ����7ZR�EODFNELUG
IRRGV³JUDVV�KRSSHUV�DQG�PD\IOLHV³DYHUDJHG
����DQG����PJ�6H�NJ��UHVSHFWLYHO\���7KH�KDWFKLQJ
VXFFHVV�RI�0DUWLQ�/DNH�EODFNELUG�HJJV�ZDV�OHVV
WKDQ����SHUFHQW�WKDW�RI�D�ORFDO�UHIHUHQFH
SRSXODWLRQ���%DUQ�VZDOORZ�HJJV�DW�0DUWLQ�/DNH
DYHUDJHG�����PJ�6H�NJ�DQG�VKRZHG�QRUPDO
KDWFKDELOLW\�FRP�SDUHG�WR�D�ORFDO�UHIHUHQFH
SRSXODWLRQ��.LQJ�������.LQJ�
HW�DO��������


����5YGKV\GT�.CMG��%QNQTCFQ³7KLV�ODNH��DOVR
NQRZQ�DV�*DUQHW�0HVD�5HVHUYRLU��ZDV�EXLOW�LQ
�����IRU�UHFUHDWLRQDO�SXUSRVHV���6ZHLW]HU�/DNH�LV
VLWXDWHG�LQ�DQ�DUHD�RI�QDWXUDOO\�VHOHQLIHURXV
JHRORJLFDO�IRUPDWLRQV���,W�LV�XQFOHDU��KRZHYHU�
KRZ�PXFK�RI�WKH�FXPXODWLYH�VHOHQLXP�ORDGLQJ
LQWR�6ZHLW]HU�/DNH�FDPH�IURP�QDWXUDO�LQSXWV�DQG
KRZ�PXFK�ZDV�DUWLILFLDO���,QLWLDO������
V��ZDWHU
VDPSOLQJ�UHYHDOHG�PRUH�WKDQ������J�6H�/��
%LRWLF�VHOHQLXP�FRQWDPLQDWLRQ�UHDFKHG�



6HOHQLXP

���

DV�KLJK�DV�DERXW����PJ�NJ��GZ��LQ�EHQWKLF�IRRG�
FKDLQ�IDXQD�DQG����PJ�NJ�LQ�ILVK�OLYHUV���7KLV
OHYHO�RI�H[SRVXUH�FDXVHG�SURJUHVVLYH�PRUWDOLW\
RI�VWRFNHG�JDPH�ILVKHV���7KH�&RORUDGR�'LYLVLRQ
RI�:LOGOLIH�GHFLGHG�WR�VWRS�VWRFNLQJ�WKH�ODNH�LQ
�����EXW�ODWHU�GLG�UHVWRFN�LW�ZLWK�FDWILVK�LQ�������
,Q�WKH�ODWH�����
V��ZDWHU�VDPSOHV�IURP�WKH�ODNH
FRQWDLQHG�DERXW���²
����J�6H�/���)LVK�PXVFOH��FKDQQHO�FDWILVK�
DYHUDJHG�DERXW����PJ�NJ��DQG�ELUG�HJJV
DYHUDJHG�DERXW���PJ�6H�NJ���$W�WKLV�OHYHO�RI
H[SRVXUH��WKHUH�ZDV�QR�HYLGHQFH�RI�VXFFHVVIXO
UHSURGXFWLRQ�DPRQJ�WKH�FKDQQHO�FDWILVK��DQG�WKH
UHSURGXFWLYH�SHUIRUPDQFH�RI�ELUGV�DW�WKH�ODNH
ZDV�XQNQRZQ��KRZHYHU��ODUJH�SRSXOD�WLRQV�RI
JUHHQ�VXQILVK�DQG�FDUS��LQFOXGLQJ�YDULRXV�DJH
FODVVHV��ZHUH�SUHVHQW��/HPO\�����D��%XWOHU�HW�DO�
��������


����-GUVGTUQP�4GUGTXQKT��%CNKHQTPKC³7KLV
HYDSRUDWLRQ�DQG�VHHSDJH�EDVLQ�IRU�LUULJDWLRQ
GUDLQDJH�ZDWHU�LQ�&DOLIRUQLD
V�&HQWUDO�9DOOH\
UHFHLYHG�ZDWHU�FRQWDLQLQJ�DERXW������J�6H�/
RYHU�VHYHUDO�\HDUV���.HVWHUVRQ�ZDV�RSHUDWHG�DV�D
VHULHV�RI����VHSDUDWH�FHOOV�WKDW�FRQWDLQHG���²���
�J�6H�/�DQG�DYHUDJHG�DERXW������J�/���2WKHU
DYHUDJH�VHOHQLXP�FRQWHQWV�ZHUH�DERXW����PJ�NJ
LQ�VHGLPHQWV�����²����PJ�NJ�LQ�EHQWKLF�DQG
ZDWHU�FROXPQ�IRRG�FKDLQ�IDXQD������PJ�NJ�LQ
PRVTXLWRILVK��ZKROH�ERG\���DQG�DERXW���²��
PJ�NJ�LQ�ELUG�HJJV���7KHVH�FRQ�FHQWUDWLRQV�ZHUH
DERXW���²���ï�ORFDO�UHIHUHQFH�YDOXHV�LQ�IRRG�
FKDLQ�IDXQD�DQG��²��ï�ORFDO�UHIHUHQFH�YDOXHV�LQ
ELUG�HJJV���$W�WKLV�OHYHO�RI�H[SRVXUH��LW�LV
VXVSHFWHG�WKDW�VHYHUDO�VSHFLHV�RI�ILVK�ZHUH
H[WLUSDWHG�EHIRUH�DQ\�V\VWHPDWLF�ILHOG�VWXGLHV
EHJDQ��86%5��������*������7KH�EURRG�VL]H�RI
PRVTXLWRILVK�LQ�WKH�6DQ�/XLV�'UDLQ��WKH�VRXUFH
RI�.HVWHUVRQ·V�GUDLQZDWHU��ZDV�RQO\�����
IU\�EURRG��YHUVXV�D�ORFDO�UHIHUHQFH�YDOXH�RI�����
IU\�EURRG���7KH�LQFLGHQFH�RI�VWLOOERUQ�IU\�ZDV
DERXW���²���SHU�FHQW�FRPSDUHG�WR�D�ORFDO
UHIHUHQFH�YDOXH�RI�DERXW��²��SHUFHQW��
0RVTXLWRILVK�DUH�H[WUHPHO\�WROHUDQW�RI�VHOHQLXP
H[SRVXUH���
7KH�PRVTXLWRILVK�IURP�WKH�6DQ�/XLV�'UDLQ
FRQWDLQHG�ZKROH�ERG\�FRQFHQWUDWLRQV�RI�DERXW
����PJ�6H�NJ��RU�DERXW���ï�ORFDO�UHIHUHQFH
OHYHOV���$ERXW����SHUFHQW�RI�����QHVWV�RI�GXFNV

DQG�RWKHU�ZDWHUELUGV�DW�.HVWHUVRQ�FRQWDLQHG
RQH�RU�PRUH�GHDG�RU�GHIRUPHG�HPEU\RV���$ERXW
���SHUFHQW�RI�DOO�QHVWV�FRQWDLQHG�RQH�RU�PRUH
RYHUWO\�GHIRUPHG�HPEU\RV���)RXU�VSHFLHV�RI
ZDWHUELUGV��$PHULFDQ�DYRFHW��EODFN�QHFNHG�VWLOW�
HDUHG�JUHEH��DQG�$PHULFDQ�FRRW��H[SHULHQFHG
FRPSOHWH�UHSURGXFWLYH�IDLOXUH���([SRVXUH�
UHVSRQVH�GDWD�IRU�EODFN�QHFNHG�VWLOW�HJJV
UHYHDOHG�DQ�HJJZLVH�WKUHVKROG�IRU�HPEU\R�
WR[LFLW\�LQ�WKH�YLFLQLW\�RI����PJ�NJ���6RPH�DGXOW
ELUGV�DOVR�GLHG��DQG�PDQ\�RI�WKHVH�VKRZHG
DORSHFLD��ORVV�RI�IHDWKHUV���D�FODVVLF�V\PSWRP�RI
DFXWH�VHOHQLXP�SRLVRQLQJ��2KOHQGRUI�HW�DO�������
=DKP�������3UHVVHU�DQG�2KOHQGRUI������
2KOHQGRUI�HW�DO������D��2KOHQGRUI�������6-9'3
������6DLNL�DQG�2JOH�������


����6WNCTG�.CMG�$CUKP��%CNKHQTPKC³$ERXW�
���HYDSRUDWLRQ�DQG�VHHSDJH�SRQGV�IRU�LUULJDWLRQ
GUDLQDJH�ZDWHU�LQ�WKLV�EDVLQ�UHFHLYHG�ZDWHU
FRQWDLQLQJ�IURP����WR�!�������J�6H�/���7KH
´SRQGVµ�YDU\�LQ�VL]H�IURP����WR�
������DFUHV���,PSRXQGHG�ZDWHU�LQ�WKHVH�SRQGV
DYHUDJHG����²�������J�6H�/���6HGLPHQWV
DYHUDJHG����²���PJ�6H�NJ��EHQWKLF�DQG�ZDWHU�
FROXPQ�IRRG�FKDLQ�IDXQD�DYHUDJHG��²
����PJ�NJ��DQG�ELUG�HJJV�FRQWDLQHG�DERXW��²
����PJ�6H�NJ���([FHSW�IRU�LQWHUPLWWHQW
LQWURGXFWLRQV�RI�PRVTXLWRILVK��WKH�7XODUH
HYDSRUDWLRQ�SRQGV�ZHUH�QHYHU�LQKDELWHG�E\�ILVK��
,PSDLUPHQW�RI�DYLDQ�UHSURGXFWLRQ�ZDV
GRFXPHQWHG�DW�DERXW�KDOI�RI�WKH�HYDSRUDWLRQ
SRQGV���+LJKO\�HOHYDWHG�UDWHV�RI�HPEU\R
WHUDWRJHQHVLV�����SHUFHQW�YV������SHUFHQW�EDFN�
JURXQG��ZHUH�GRFXPHQWHG�IRU�SRQGV�ZLWK�DV
OLWWOH�DV�����J�/�ZDWHUERUQH�6H�DQG�����PJ�NJ
VHGLPHQW�6H���$W�DQ�LQGLYLGXDO�OHYHO�RI�DQDO\VLV�
HPEU\RV�RI�EODFN�QHFNHG�VWLOWV�WKDW�ZHUH
H[SRVHG�KP�QXQ�WR�DERXW���²���PJ�6H�NJ�
�.��ï�QRUPDO��DQG�VXUYLYHG�DW�OHDVW���GD\V�
LQWR�LQFXEDWLRQ�KDG�DERXW�D����SHUFHQW
SUREDELOLW\�RI�RYHUW�WHUDWRJHQHVLV���'DWD�DW�WKH
SRSXODWLRQ�OHYHO�RI�DQDO\VLV�VXJJHVWHG�WKDW�WKH
WKUHVKROG�IRU�KDWFKDELOLW\�GHSUHVVLRQ�LQ�VWLOW�HJJV
�RQO\�D�SRUWLRQ�RI�ZKLFK�LV�FDXVHG�E\�RYHUW
WHUDWR�JHQHVLV��FRUUHVSRQGV�WR�D�JHRPHWULF�PHDQ
YDOXH�RI�!��PJ�6H�NJ���²�ï�QRUPDO���
3UHGLFWLYH�UHJUHVVLRQ�HTXDWLRQV�IRU�WKH�SRQGV
UHYHDOHG�WKDW�SRQGV�DYHUDJLQJ�!�����J�6H�/�LQ
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ZDWHU�RU�!����PJ�6H�NJ�LQ�WKH�IRRG�FKDLQ�ZRXOG
EH�VXIILFLHQWO\�FRQWDPLQDWHG�IRU�DYHUDJH
ELRDFFXPXODWLRQ�RI�!��PJ�6H�NJ�LQ�HDUHG�JUHEH
HJJV��WKH�PRVW�SURILFLHQW�DYLDQ�ELRDFFXPXODWRUV
RI�VHOHQLXP����$�VWDWLVWLFDO�ULVN�DQDO\VLV�RI����
QHVWV�UHYHDOHG�WKDW�EODFN�QHFNHG�VWLOW�KHQV�WKDW
KDG�ODLG�D�VDPSOH�HJJ�FRQWDLQLQJ�DV�OLWWOH�DV
���²����PJ�6H�NJ��WKH�ILUVW�TXDUWLOH�DERYH
EDFNJURXQG��KDG�QHDUO\�
D�IRXUIROG�JUHDWHU�ULVN�WKDQ�QRUPDO�RI�SURGXFLQJ
DQ�LQYLDEOH�VLEOLQJ�HJJ���%DVHG�RQ�D�ZDWHU�WR�HJJ
UHJUHVVLRQ�HTXDWLRQ�IRU�VWLOWV�DW�WKH�7XODUH�SRQGV
�T ��������RQO\����²����J�6H�/�LQ�ZDWHU�ZRXOG
UHVXOW�LQ����²����PJ�6H�NJ�LQ�HJJV���0RUH�UHFHQW
DQDO\VHV�RI�WKH�VWLOW�GDWD�UHYHDOHG�WKDW�WKH
HPEU\RWR[LFLW\�WKUHVKROG�RFFXUV�DW���PJ�6H�NJ
LQ�HJJV�DQG�WKDW������J�6H�/�LQ�ZDWHU�LV
VXIILFLHQW�WR�FUHDWH�VXFK�D�FRQFHQWUDWLRQ�LQ�HJJV
�6NRUXSD�����D����([SRVXUH�UHVSRQVH�GDWD�IRU
DYLDQ�WHUDWR�JHQHVLV�LQ�WKH�7XODUH�%DVLQ�VXJJHVW
WKDW�VWLOWV�DUH�QRW�WKH�PRVW�VHQVLWLYH�DYLDQ
VSHFLHV�IRU�6H�FDXVHG�UHSURGXFWLYH�LPSDLUPHQW��
'XFNV�DUH�QHDUO\�WZLFH�DV�VHQVLWLYH�DV�VWLOWV�WR
HPEU\RQLF�VHOHQLXP�H[SRVXUH��.���SHUFHQW
SUREDELOLW\�RI�RYHUW�WHUDWRJHQHVLV�DW����PJ
6H�NJ�LQ�GXFN�HJJV��FRPSDUHG�WR����PJ�6H�NJ
LQ�VWLOW�HJJV��6NRUXSD�����E���EXW�VPDOO�VDPSOH
VL]HV�RI�GXFN�QHVWV�LQ�WKH�7XODUH�%DVLQ
SUHFOXGHG�DQ\�VWDWLVWLFDO�ULVN�DQDO\VLV�RI�HJJ
YLDELOLW\��L�H���RYHUDOO�HPEU\RWR[LFLW\����$PRQJ
DGXOW�VWLOWV��H[SRVXUH�GHSHQGHQW�ORVV�RI�ERG\
ZHLJKW�ZDV�GRFXPHQWHG��KRZHYHU��QR�IDWDO
SRLVRQLQJ�RI�DGXOWV�RU�DORSHFLD�ZDV�GRFXPHQWHG
IRU�DQ\�VSHFLHV�RI�ELUG��)XMLL�������6-9'3������
6NRUXSD�DQG�2KOHQGRUI�������&+�0�+LOO�HW�DO�
������2KOHQGRUI�HW�DO��������&+�0�+LOO�������


����%JGXTQP�1KN�%QORCP[�4GHKPGT[�0GCT
4KEJOQPF��%CNKHQTPKC³7KH�UHILQHU\�GLVFKDUJHV
SURFHVV�ZDVWHZDWHU�WR�D�IORZ�WKURXJK�PDUVK�IRU
SUHWUHDWPHQW�SULRU�WR�XOWLPDWH�GLVFKDUJH�LQWR
6DQ�)UDQFLVFR�%D\���7KH�ZDVWHZDWHU�HIIOXHQW
FRQWDLQHG�DERXW���²����J�6H�/��DQG�ZDWHU�LQ
WKH�PDUVK�DYHUDJHG����²������J�6H�/���6HGLPHQW
GDWD�DUH�QRW�DYDLODEOH�IRU�WKH�PDUVK���)RRG�FKDLQ
RUJDQLVPV�FRQWDLQHG�DERXW���²
���PJ�6H�NJ��RU�DERXW���ï�QRUPDO�OHYHOV���

5DQGRPO\�VDPSOHG�HJJV�RI�EODFN�QHFNHG�VWLOWV
QHVWLQJ�DW�WKH�PDUVK�DYHUDJHG���²���PJ�6H�NJ
��²��ï�QRUPDO����$ERXW����SHUFHQW�RI�VWLOW�QHVWV
FRQWDLQHG�DW�OHDVW�RQH�LQYLDEOH�HJJ��YHUVXV��
SHUFHQW�LQ�6DQ�-RDTXLQ�9DOOH\�QHVWV�FRQILUPHG
WR�KDYH�KDG�QRUPDO�EDFNJURXQG�H[SRVXUH�WR
VHOHQLXP���7KDW�GLIIHUHQFH�ZDV�VWDWLVWLFDOO\
VLJQLILFDQW���1RQUDQGRPO\�VDPSOHG�LQYLDEOH�HJJV
RI�VWLOWV��DYRFHWV��PDOODUGV��DQG�FRRWV�FRQWDLQHG
DERXW���²���PJ�6H�NJ���(PEU\R�WHUDWRJHQHVLV
ZDV�GRFX�PHQWHG�IRU�PDOODUGV��FRRWV��DQG
SRVVLEO\�VWLOWV��&+�0�+LOO�������������0HGOLQ
���������


����4CUOWU�.GG�.CMG�CPF�)QQUG�.CMG�
9[QOKPI³�7KHVH�ODNHV��ZLWKLQ�WKH�.HQGULFN
5HFODPDWLRQ�3URMHFW�QHDU�&DVSHU��UHFHLYHG
VHOHQLIHURXV�LUULJDWLRQ�GUDLQDJH�ZDWHU���7KH
PHGLDQ�GLV�VROYHG�VHOHQLXP�FRQFHQWUDWLRQV�ZHUH
����J��/�LQ�5DVPXV�/HH�/DNH�DQG�����J�/�LQ
*RRVH�/DNH���$W�5DVPXV�/HH�/DNH��DYHUDJH
VHOHQLXP�FRQWHQWV�ZHUH�DERXW��²��PJ�NJ�LQ
VHGLPHQWV�����PJ�NJ�LQ�SRQGZHHG����²���
PJ�NJ�LQ�EHQWKLF�DQG�ZDWHU�FROXPQ�IRRG�FKDLQ
IDXQD��DQG��²���PJ�6H�NJ�LQ�ELUG�HJJV���$W
*RRVH�/DNH��WKH�DYHUDJHV�ZHUH���²���PJ�NJ�LQ
VHGLPHQWV�����PJ�NJ�LQ�SRQGZHHG�����PJ�NJ�LQ
EHQWKLF�DQG�ZDWHU�FROXPQ�IRRG�FKDLQ�IDXQD�
DQG���²����PJ�NJ�LQ�ELUG�HJJV���6HOHQLXP�LQ�WKH
IRRG�FKDLQ�DW�WKHVH�ODNHV�ZDV�HOHYDWHG�WR�DERXW
�²��ï�ORFDO�UHIHUHQFH�VDPSOHV�DQG�DERXW��²��ï
LQ�ELUG�HJJV���$W�WKHVH�OHYHOV�RI�H[SRVXUH��UDWHV
RI�HPEU\R�WHUDWRJHQHVLV�LQ�JHHVH��DYRFHWV��DQG
JUHEHV�ZHUH���²���SHUFHQW���1HDUO\����SHUFHQW�RI�
����PRQLWRUHG�QHVWV�FRQWDLQHG�DW�OHDVW�RQH
LQYLDEOH�HJJ��DQG���SHUFHQW�RI�����QHVWV
FRQWDLQHG�DW�OHDVW�RQH�GHIRUPHG�HPEU\R���(JJ
YLDELOLW\��KDWFKDELOLW\��UDQJHG�IURP������WR�
�����SHUFHQW�LQ�DOO�VSHFLHV�PRQLWRUHG�RYHU�DOO
\HDUV�RI�VWXG\��FRPSDUHG�WR�QRUPDO�KDWFKDELOLW\
IRU�WKHVH�VSHFLHV�RI�!���SHUFHQW����3RRU�SRVW�
KDWFK�VXUYLYRUVKLS�RI�DYLDQ�KDWFKOLQJV�ZDV�DOVR
VXVSHFWHG��6HH�HW�DO������������

����1WTC[�0CVKQPCN�9KNFNKHG�4GHWIG�
094��
7VCJ³:DWHUIRZO�SRQGV�DW�WKH�UHIXJH�UHFHLYHG
VHOHQLIHURXV�LUULJDWLRQ�GUDLQDJH�ZDWHU�YLD�VHHSDJH
RI�VKDOORZ�JURXQGZDWHU�IURP�XSJUDGLHQW�
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DJULFXOWXUDO�ILHOGV�DQG�IURP�IORRGLQJ�RQ�QDWXUDO
GUDLQDJHV���7KH�VKDOORZ�JURXQG�ZDWHU�QHDU
2XUD\�1:5�VKRZHG�PXFK�VSDWLDO�YDULDWLRQ�LQ
VHOHQLXP�FRQWHQW�EXW�JHQHUDOO\�DYHUDJHG���²���
�J�/���:DWHU�LQ�HDFK�RI�WKH�DIIHFWHG�SRQGV�
1RUWK�DQG�6RXWK�5RDGVLGH�3RQGV��DYHUDJHG
DERXW�����J�6H�/���7KHVH�WZR�SRQGV�DUH
K\GURORJLFDOO\�FRQQHFWHG���6HGL�PHQW�IURP
1RUWK�5RDGVLGH�3RQG�DYHUDJHG����PJ�6H�NJ��
6HGLPHQW�ZDV�QRW�VDPSOHG�IURP�6RXWK
5RDGVLGH�3RQG���%DVHG�RQ�SRROHG�GDWD�IRU�ERWK
SRQGV��VHOHQLXP�DYHUDJHG���²���PJ�NJ�LQ
DTXDWLF�SODQWV��DERXW����PJ�NJ�LQ�EHQWKLF�DQG
ZDWHU�FROXPQ�IRRG�FKDLQ�IDXQD��DERXW���²��
PJ�NJ�LQ�ILVK��ZKROH�ERG\���DQG�DERXW��²��
PJ�NJ�LQ�ELUG�HJJV���7KHVH�FRQFHQWUDWLRQV�ZHUH
DERXW���²��ï�QRUPDO�LQ�SODQWV����ï�QRUPDO�LQ
IRRG�FKDLQ�IDXQD����²��ï�QRUPDO�LQ�ILVK��DQG
�²��ï�QRUPDO�LQ�ELUG�HJJV���$W�WKHVH�H[SRVXUH
OHYHOV��PRUH�WKDQ����SHUFHQW�RI�DOO�FRRW�HJJV
ZHUH�LQYLDEOH��DQG�GHIRUPHG�HPEU\RV�ZHUH
IRXQG�LQ�DERXW����SHUFHQW�RI�WKH�QHVWV��
5HSURGXFWLYH�SHUIRUPDQFH�ZDV�YHU\�SRRU�LQ
VPDOO�VDPSOHV�RI�JUHEH�DQG�GXFN�QHVWV��DQG
GHIRUPHG�HPEU\RV�ZHUH�IRXQG�LQ�QHVWV�RI
PDOODUGV�DQG�UHGKHDG�GXFNV���$�UDQGRPO\
FROOHFWHG�HJJ�IURP�D�UHGKHDG�QHVW�WKDW�FRQWDLQHG
DOO�GHDG�RU�GHIRUPHG�HPEU\RV�FRQWDLQHG�DERXW
���PJ�6H�NJ����ï�QRUPDO��

)RUW\�IRXU�ZLQJ�FOLSSHG�JDPH�IDUP�PDOODUGV
ZHUH�UHOHDVHG�WR�WKH�URDGVLGH�SRQGV�WR�PRQLWRU
WKH�G\QDPLFV�RI�WLVVXH�VHOHQLXP�DQG�DGXOW
VXUYLYRUVKLS���$W�WKH�WLPH�RI�UHOHDVH��WKHVH�ELUGV
DYHUDJHG�����PJ�6H�NJ�LQ�WKHLU�OLYHUV���$IWHU��
ZHHN��OLYHU�VHOHQLXP�DYHUDJHG����PJ�NJ����ï
QRUPDO���DIWHU���ZHHNV�WKH�ODVW�VXUYLYLQJ�PDOODUG
GLHG��DQG�LWV�OLYHU�ZDV�IRXQG�WR�FRQWDLQ�����PJ
6H�NJ���%UHDVW�PXVFOH�DYHUDJHG�DERXW���PJ
6H�NJ�DW�UHOHDVH�DQG�LQFUHDVHG�WR����PJ�NJ�LQ
WKH�ODVW�VXUYLYLQJ�ELUG���0RVW�RI�WKH�UHOHDVHG
PDOODUGV�KDG�GLHG�E\�WKH�HQG�RI�WKH�VHFRQG
ZHHN��DW�ZKLFK�WLPH�WKHLU�OLYHUV�DYHUDJHG�DERXW
��²���PJ�6H�NJ��.��ï�QRUPDO��DQG�EUHDVW
PXVFOH�KDG��²��PJ�6H�NJ���²��ï�QRUPDO���
:LWKLQ���ZHHNV��WKH�UHOHDVHG�PDOODUGV�KDG�ORVW
DERXW����SHUFHQW�RI�WKHLU�ERG\�PDVV��6WHSKHQV
HW�DO���������D�ILQGLQJ�FRQVLVWHQW�ZLWK�VHOHQLXP�

LQGXFHG�FDFKH[LD��$OEHUV�HW�DO��������*UHHQ�DQG
$OEHUV��������


�����+ORGTKCN�8CNNG[�QH�5QWVJGTP�%CNKHQTPKC³
&RORUDGR�5LYHU�ZDWHU�DYHUDJLQJ��²���J�6H�/�
LV�GLYHUWHG�LQWR�WKH�YDOOH\�IRU�LUULJDWLRQ��DQG
LUULJDWLRQ�ZDVWHZDWHU�DYHUDJLQJ��²����J�6H�/
�HYDSRUDWLYH�FRQFHQWUDWLRQ��LV�GLVFKDUJHG�WR�WKH
6DOWRQ�6HD��D���������DFUH�WHUPLQDO�VLQN���
,PSRXQGHG�ZDWHU�DW�WKH�6DOWRQ�6HD�DYHUDJHV
DERXW������J�6H�/���ï�QRUPDO�IRU�VDOLQH�VLQNV��
DQG�VHGLPHQWV�FRQWDLQ����²����PJ�6H�NJ���$OJDH
DYHUDJHG�����PJ�6H�NJ���ï�QRUPDO���RWKHU�IRRG�
FKDLQ�RUJDQLVPV�DYHUDJHG��²���PJ�6H�NJ���²�ï
QRUPDO���DQG�DYLDQ�HJJV�DYHUDJHG��²��PJ�6H�NJ
��²�ï�QRUPDO����$�PRQLWRUHG�SRSXODWLRQ�RI
EODFN�QHFNHG�VWLOWV��ZKLFK�DYHUDJHG���PJ�6H�NJ
LQ�WKHLU�HJJV��H[KLELWHG�D�VOLJKW�GHSUHVVLRQ�����
SHUFHQW��LQ�UHSURGXFWLYH�SHUIRUPDQFH���7KDW
GHJUHH�RI�LPSDLUPHQW�ZDV�FRQVLVWHQW�ZLWK
NQRZQ�H[SRVXUH�UHVSRQVH�FXUYHV�IRU�VWLOWV�LQ
QDWXUH�DQG�KDV�WHQWDWLYHO\�EHHQ�DWWULEXWHG�WR
VHOHQLXP�WR[LFLW\���$W�VXFK�D�VPDOO�HIIHFW�OHYHO�
KRZHYHU��ODUJHU�VDPSOH�VL]HV�RI�PRQLWRUHG�QHVWV
ZLOO�XOWLPDWHO\�EH�UHTXLUHG�WR�FRQFOXVLYHO\
HYDOXDWH�SUHOLPLQDU\�ILQGLQJV��6HWPLUH�HW�DO�
������:HVWFRW�HW�DO������D��6HWPLUH�HW�DO�������
%HQQHWW�������

%HFDXVH�VWLOW�HJJV�FROOHFWHG�GXULQJ�%HQQHWW·V
�������VWXG\�FDPH�IURP�QXPHURXV�ORFDWLRQV�
RQO\�D�IHZ�RI�ZKLFK�FRQVWLWXWHG�6DOWRQ�6HD
´VKRUHOLQHµ�VLWHV��LW�LV�QRW�SUHFLVHO\�NQRZQ�ZKDW
FRQFHQWUDWLRQ�RI�VHOHQLXP�LQ�ZDWHU�FDQ�EH
DVVRFLDWHG�ZLWK�WKLV�FDVH�VWXG\���,W�LV��KRZHYHU�
KLJKO\�SUREDEOH�WKDW�WKH�ELUGV�LQ�WKLV�VWXG\�ZHUH
SUHGRPLQDQWO\�XVLQJ�ZHWODQGV�ZLWK�VHOHQLXP
FRQFHQWUDWLRQV�LQ�ZDWHU�LQ�WKH�UDQJH�RI�����
�J�/�


�����5GNGPKVG�6TGCVGF�.CMGU�KP�5YGFGP³(OHYHQ
ODNHV�ZHUH�WUHDWHG�ZLWK�VHOHQLWH�LQ�DQ�DWWHPSW�WR
PLWLJDWH�KLJK�OHYHOV�RI�PHUFXU\�LQ�HGLEOH�ILVK
�/LQGTYLVW�HW�DO��������3DXOVVRQ�DQG�/XQGEHUJK
��������,Q�IDFW��WKH�VHOHQLWH�ZDV�KLJKO\�VXFFHVV�
IXO�LQ�ORZHULQJ�WKH�ELRDFFX�PXODWLRQ�RI�PHUFXU\
LQ�WKH�ILVK��EXW�LW�DOVR�KDG�VRPH�GHWULPHQWDO
HIIHFWV�RI�LWV�RZQ��/LQGTYLVW�HW�DO��������0HLOL
��������7UHDWPHQWV�FRQVLVWHG�RI�D�OHDFKDEOH
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UXEEHU�PDWUL[�FRQWDLQLQJ�VRGLXP�VHOHQLWH
VXVSHQGHG�LQ�D�VDFN��²��P�EHORZ�WKH�ODNH
VXUIDFH�IRU���\HDUV���7KH�VHOHQLXP�IUHH�UXEEHU
VNHOHWRQV��UHPDLQLQJ�DIWHU�FRQWLQXRXV�OHDFKLQJ
RI�VRGLXP�VHOHQLWH��ZHUH�UHPRYHG��DQG
UHSODFHG"��DW�LQWHUYDOV�RI�VHYHUDO�PRQWKV��
'XULQJ�WKH�ILUVW�\HDU�RI�WUHDWPHQWV��EHJLQQLQJ
LQ�6HSWHPEHU��������WKH�GRVHV�ZHUH�FDOLEUDWHG
IRU�D�WDUJHW�ODNH�FRQFHQWUDWLRQ�RI��²���J�6H�/
�ODNHV�LQLWLDOO\�FRQWDLQHG�DERXW������J�6H�/���
2Q�DYHUDJH��WKH�WDUJHW�FRQFHQWUDWLRQ�ZDV
DFKLHYHG�DW�PRVW�RI�WKH�ODNHV��DOWKRXJK
VHOHQLXP�OHYHOV�DV�KLJK�DV���²����J�/�ZHUH
PHDVXUHG�ZLWKLQ�����P�RI�WKH�OHDFK�VDFNV��
)RXU�ODNHV�QHYHU�H[FHHGHG�DERXW������J�/
DYHUDJH�ZDWHUERUQH�6H���%HFDXVH�PLWLJDWLRQ�RI
PHUFXU\�UHVLGXHV�ZDV�DV�SURQRXQFHG�LQ�WKH
IRXU�ORZHU�VHOHQLXP�ODNHV�DV�LQ�WKH�WDUJHW
FRQFHQWUDWLRQ���²���J�/��ODNHV��WKH�GRVLQJ�ZDV
DGMXVWHG�LQ�WKH�VHFRQG�\HDU�RI�WUHDWPHQW�IRU�D
WDUJHW�ODNH�FRQFHQ�WUDWLRQ�RI��²���J�6H�/�

3ULRU�WR�WUHDWPHQW��SLNH�PXVFOH�FRQFHQWUDWLRQV
RI�VHOHQLXP�DYHUDJHG����²����PJ�NJ������PJ�
NJ�JUDQG�PHDQ��LQ�WKH����ODNHV���$IWHU�WKH�ILUVW
\HDU�RI�WUHDWPHQW��PXVFOH�FRQFHQWUDWLRQV
DYHUDJHG����²����PJ�6H�NJ������PJ�NJ�JUDQG
PHDQ���DQG�DIWHU���\HDUV�WUHDWPHQW��WKH\
DYHUDJHG����²����PJ�6H�NJ������PJ�NJ�JUDQG
PHDQ����7KHUH�ZDV�QR�HYLGHQFH�RI�FDWDVWURSKLF
GHFOLQHV�RI�SLNH�SRSXODWLRQV�LQ�DQ\�RI�WKH�ODNHV��
0XVFOH�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�SHUFK�IU\
DYHUDJHG����²����PJ�NJ�SULRU�WR�WUHDWPHQW�DQG
�²���PJ�NJ�DIWHU���\HDU���%\�WKH�HQG�RI�WKH
VHFRQG�\HDU�RI�WUHDWPHQW��UHVHDUFKHUV�ZHUH
XQDEOH�WR�ILQG�DQ\�SHUFK�IU\�LQ�IRXU�RI�WKH�ODNHV
DQG�KDG�D�VXEVWDQWLDOO\�UHGXFHG�FDWFK�IURP�D
ILIWK�ODNH���$PRQJ�WKHVH�ILYH�ODNHV�
FRQFHQWUDWLRQV�LQ�SHUFK�PXVFOH�KDG�DYHUDJHG
���²���PJ�6H�NJ�����PJ�NJ�JUDQG�PHDQ��DW
WKH���\HDU�VDPSOLQJ�SRLQW��E\�FRPSDULVRQ�
DPRQJ�WKH�RWKHU�VL[�ODNHV��FRQFHQWUDWLRQV�LQ
SHUFK�PXVFOH�KDG�DYHUDJHG�RQO\��²���PJ
6H�NJ�����PJ�NJ�JUDQG�PHDQ����$W�WKH�HQG�RI
��\HDUV��SHUFK�PXVFOH�FRQ�FHQWUDWLRQV�LQ�WKH�VL[
ODNHV�WKDW�VWLOO�KDG�UHSURGXFWLYHO\�YLDEOH�SHUFK
SRSXODWLRQV�DYHUDJHG����²���PJ�6H�NJ����
PJ�NJ�JUDQG�PHDQ��

3DXOVVRQ�DQG�/XQGEHUJK��������S�������FRQ�
FOXGHG�WKDW��´7KHUH�VHHPV�WR�EH�D�GHSHQGHQFH
EHWZHHQ�WKH�VHOHQLXP�FRQFHQWUDWLRQ�LQ�ILVK�WLVVXH
DQG�D�PD[LPXP�FRQFHQWUDWLRQ�LQ�ODNH�ZDWHU
EHLQJ�OHVV�WDQN�>VLF@����J�/�µ��$OWKRXJK�WKH
ODQJXDJH�RI�WKH�UHSRUW�ZDV�FRQIXVLQJ��WKH�DXWKRUV
VHHPHG�WR�EH�VXJJHVWLQJ�WKDW����J�/�ZDWHUERUQH
6H�ZDV�D�WKUHVKROG�SRLQW�IRU�DYRLGDQFH�RI
H[FHVVLYH�WLVVXH�VHOHQLXP�LQ�SHUFK���/LQGTYLVW�HW
DO���������S�������PRUH�FOHDUO\�VWDWHG��´,W�LV
LPSRUWDQW�QRW�WR�GRVH�VR�WKDW�6H�FRQFHQWUDWLRQV
LQ�ZDWHU�ULVH�DERYH�DERXW���WR����J�6H�/�µ��7KH\
DOVR�FRQFOXGHG�WKDW�WKH�REVHUYHG�UHSURGXFWLYH
IDLOXUHV�LQ�SHUFK�ZHUH�GXH�WR�´������WKH�VHOHQLXP
WUHDWPHQW�DQG�QRW�WR�DQ\�RI�WKH�RWKHU�IDFWRUV����
��µ��0RUH�UHFHQWO\��0HLOL���������DV�ZHOO�DV
1XXWLQHQ�DQG�.XNNRQHQ���������FRQFOXGHG�WKDW
WKH�VHOHQLXP�WUHDWPHQWV�FDXVHG�DGYHUVH�HIIHFWV
RQ�ILVK�SRSXODWLRQV���)RU�H[DPSOH��0HLOL�������
QRWHG�WKH�FRUUHODWLRQ�EHWZHHQ�VHOHQLXP�GRVLQJ�
HOHYDWHG�WLVVXH�VHOHQLXP��DQG�GLVDSSHDUDQFH�RI
SHUFK�IU\�DQG�FRQFOXGHG��´������KLJK�6H�OHYHOV�FDQ
EH�OLQNHG�WR�KLJK�GRVHV��DQG�IXUWKHUPRUH�WR�IDWDO
HFRORJLFDO�FRQVHTXHQFHV���7KH�UHVXOWV�VXJJHVW
WKDW�D�VHOHQLXP�FRQFHQWUDWLRQ�RI�RQO\����J�/�FDQ
VHULRXVO\�GDPDJH�ILVK�SRSXODWLRQV�µ

7DEOH�����UHSUHVHQWV�D�FROOHFWLRQ�RI�WKH
OKPKOWO�HVWLPDWHV�IRU�UHDO�ZRUOG��KP�UKVW��VQZKE
GZRQUWTGU�WKDW�KDYH�EHHQ�GRFXPHQWHG�IRU�QDWXUDO
SRSXODWLRQV�RI�ILVKHV�DQG�ELUGV���7KHVH�YDOXHV�GR
QRW�QHFHVVDULO\�FRUUHVSRQG�ZLWK�WUXH�WKUHVKROG
SRLQWV��H�J���(&��
V��IRU�WR[LFLW\�EHFDXVH��LQ�VRPH
FDVHV��H[SRVXUH�OHYHOV�DUH�FOHDUO\�DERYH�WKUHVKROG
UHJLRQV���7KH\�GR��KRZHYHU��SURYLGH�ILHOG�
YDOLGDWHG�FHLOLQJV�IRU�WKH�H[SRVXUH�LQWHUYDOV
ZLWKLQ�ZKLFK�WUXH�WKUHVKROG�SRLQWV�RFFXU���2YHU
WLPH��WKH�SUR�JUHVVLYH�DFFXPXODWLRQ�RI�GDWD�IURP
ILHOG�FDVHV�KDV�ORZHUHG�WKHVH�FHLOLQJV�VR�WKDW
PRVW�RI�WKH�YDOXHV�DUH�QRZ�RQO\��²��ï�QRUPDO
EDFN�JURXQG�FRQFHQWUDWLRQV�IRU�VHOHQLXP���'DWD
IURP�ILHOG�FDVHV�DOVR�UHYHDO�WKDW�VHOHQLXP
H[SRVXUHV�LQ�WKH�UDQJH�RI���²��ï�QRUPDO�OHYHOV
DUH�DOPRVW�FHUWDLQ�WR�FDXVH�ZLGHVSUHDG�UGXGTG
DGYHUVH�ELRORJLFDO�HIIHFWV��
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Table 33.&Summary from field cases of minimum selenium contamination having
adverse effects on natural fish and wildlife populations

Matrix
Minimum toxic
concentrations Response variable Study site

Water, µg/L 2%10
2.0

2.6%5
2.6%18

3%4
7.5%17.5

Avian reproduction
Fish reproduction
Fish population collapse
Avian reproduction
Fish sublethal effects
Avian reproduction

Salton Sea, CA
Sweden (five different lakes)
Martin Lake, TX
Tulare Basin, CA
Belews Lake, NC, Hwy 158 Arm
Chevron Marsh, CA

Sediment, mg/kg dw 0.9
1%3
<3
3%5

Avian reproduction
Avian reproduction
Fish sublethal effects
Fish survival and
   reproduction

Tulare Basin, CA
Salton Sea, CA
Belews Lake, NC, Hwy 158 Arm
Hyco Res., NC

Food chain fauna, mg/kg
dw

2.9
4%8

3.1 (pileworms)

Avian reproduction
Fish sublethal effects
Avian reproduction

Tulare Basin, CA
Belews Lake, NC, Hwy 158 Arm
Salton Sea, CA

Fish muscle, mg/kg dw 7%9
<(10%20)

6.9%36 (means),
23 grand mean

Sublethal effects
Teratogenesis
Reproductive failure

Belews Lake, NC, Hwy 158 Arm
Belews Lake, NC
Sweden (five different lakes)

Fish whole body, mg/kg dw 10%20 Teratogenesis Belews Lake, NC

Fish gonads, mg/kg dw 17 Population collapse Martin Lake, TX

Fish liver, mg/kg dw 25%30 Sublethal effects Belews Lake, NC, Hwy 158 Arm

Bird liver, mg/kg dw 40%50 Adult mortality Ouray NWR, UT

Bird muscle, mg/kg dw 4%8 Adult mortality Ouray NWR, UT

Bird egg, mg/kg dw 4.2%9.7
6 (mean)

10
11 (mean)

Hatchability
Hatchability
Hatchability
Hatchability

Tulare Basin, CA
Salton Sea, CA
Kesterson, CA
Martin Lake, TX

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\

:DWHU

6HOHQLXP�FRPPRQO\�RFFXUV�DV�D�PL[WXUH�RI
VHYHUDO�FKHPLFDO�VSHFLHV�LQ�QDWXUDO�ZDWHUV�
DOWKRXJK�WZR�LQRUJDQLF�FKHPLFDO�VSHFLHV�
VHOHQLWH�DQG�VHOHQDWH��DUH�XVXDOO\�WKH
SUHGRPLQDQW�IRUPV��0DVVFKHOH\Q�DQG�3DWULFN
��������

1RUPDO�EDFNJURXQG�FRQFHQWUDWLRQV�RI�VHOHQLXP
LQ�XQFRQWDPLQDWHG�IUHVKZDWHU�HFRV\VWHPV�KDYH
EHHQ�HVWLPDWHG��LQ��J�/��DV�������:LOEHU�������
���²�����/HPO\�����E��������/LOOHER�HW�DO��������
DQG����²�����DYHUDJH�������0DLHU�DQG�.QLJKW
��������(YHQ�LQ�&DOLIRUQLD���D�6WDWH�KHDYLO\
LQIOXHQFHG�E\�DJULFXOWXUDO�PRELOL�]DWLRQ�RI
VHOHQLXP��WKH�PHGLDQ�FRQFHQWUDWLRQ�LQ����
VWUHDPV�ZDV������J�/��:HVWFRW�HW�DO������E����$
VXUYH\�RI�LQODQG�VDOLQH�ODNHV�LQ�2UHJRQ�
&DOLIRUQLD��1HYDGD��DQG�8WDK�\LHOGHG�
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D�JHRPHWULF�PHDQ�FRQFHQWUDWLRQ�IRU�VHOHQLXP�RI
�����J�/��:HVWFRW�HW�DO������D����,QODQG�VDOLQH
ODNHV�RI�WKH�ZHVWHUQ�8QLWHG�6WDWHV�DUH�VXEMHFW�WR
SURQRXQFHG�HYDSRUDWLYH�FRQFHQ�WUDWLRQ�RI
GLVVROYHG�FRQVWLWXHQWV�DQG�WKXV�DUH�OLNHO\�WR�KDYH
WKH�KLJKHVW�QDWXUDO�FRQFHQWUD�WLRQV�RI�VHOHQLXP��
%HKUD�HW�DO���������FRQVLGHUHG����J�/�VHOHQLXP
LQ�UXQQLQJ�ZDWHUV�LQ�6ZLW]HUODQG�WR�EH�´KLJKHU
WKDQ�FRQFHQWUDWLRQV�LQ�PRGHUDWHO\�SROOXWHG
ZDWHUV�µ

$Q�LPSRUWDQW�IDFWRU�FRQIRXQGLQJ�LQWHUSUH�
WDWLRQ�RI�ILHOG�GDWD�IRU�ZDWHUERUQH�VHOHQLXP�LV
WKH�GLIIHUHQWLDO�SDUWLWLRQLQJ�RI�VHOHQLXP�PDVV
ORDGV�EHWZHHQ�WKH�ZDWHU�FROXPQ�DQG�RWKHU
FRPSDUWPHQWV�RI�DQ�DTXDWLF�HFRV\VWHP��
3DUWLWLRQLQJ�UDWLRV�FDQ�EH�VWURQJO\�LQIOXHQFHG�E\
WKH�RYHUDOO�ELRWLF�SURGXFWLYLW\�RI�D�ZDWHU�ERG\��
,Q�KLJKO\�SURGXFWLYH�ZDWHUV��OHVV�GLVVROYHG
VHOHQLXP�LV�OHIW�LQ�WKH�ZDWHU�FROXPQ�HYHQ�WKRXJK
IRRG�FKDLQ�H[SRVXUH�RI�ILVK�DQG�ZLOGOLIH�PD\�EH
VXEVWDQWLDO���7KHUHIRUH��ORZ�ZDWHUERUQH
VHOHQLXP�FRQFHQWUDWLRQV�FDQ�LQGLFDWH�HLWKHU�ORZ
PDVV�ORDGLQJ��ORZ�ULVN��RU�KLJK�ELRWLF�XSWDNH
�KLJK�ULVN����7KLV�LQWHU�SUHWLYH�SUREOHP�FDQ�EH
SDUWLDOO\�DPHOLRUDWHG�E\�PHDVXULQJ�WRWDO
UHFRYHUDEOH�VHOHQLXP��L�H���XQILOWHUHG�VDPSOHV�
UDWKHU�WKDQ�GLVVROYHG�VHOHQLXP��ILOWHUHG�VDPSOHV�
�6NRUXSD�DQG�2KOHQGRUI���������7RWDO
UHFRYHUDEOH�VHOHQLXP�LQFOXGHV�VXVSHQGHG�GHWULWDO
SDUWLFXODWH�PDWWHU��D�IXQFWLRQ�RI�ELRWLF�XSWDNH�
DQG�WKXV�PRUH�DFFXUDWHO\�UHIOHFWV�WKH�WRWDO�PDVV
ORDG�RI�VHOHQLXP�IOX[LQJ�WKURXJK�D�ZDWHU
FROXPQ�

(VWLPDWHV�RI�QRUPDO�DCEMITQWPF�FRQFHQWUDWLRQV
IRU�ZDWHUERUQH�VHOHQLXP�DUH�XQOLNHO\�WR�GLIIHU
VLJQLILFDQWO\�UHJDUGOHVV�RI�ZKHWKHU�RQH�PHDVXUHV
GLVVROYHG�RU�WRWDO�UHFRYHUDEOH�VHOHQLXP���)RU
FRQWDPLQDWHG�ZDWHUV��KRZHYHU��WKH�GLIIHUHQFHV
EHWZHHQ�WKHVH�WZR�PHDVXUHV�LQFUHDVH�ZLWK�WKH
GHJUHH�RI�HXWURSKLFDWLRQ���)RU�HXWURSKLF�
VKDOORZ�ZDWHUV��VXFK�DV�HYDSRUDWLRQ�SRQGV��WKH
GLIIHUHQFHV�FDQ�EH�SURQRXQFHG���)RU�RQH
HYDSRUDWLRQ�SRQG�LQ�&DOLIRUQLD��D�VSOLW�VDPSOH
\LHOGHG����J�/�GLVVROYHG�6H�EXW�����J�/�WRWDO
UHFRYHUDEOH�6H�

�)XMLL���������7KH�KLJKHU�YDOXH�ZDV�PXFK�PRUH
FRQVLVWHQW�ZLWK�WKH�!���PJ�6H�NJ�IRXQG�LQ�ELUG
HJJV�DW�WKH�SRQG��6NRUXSD�DQG�2KOHQGRUI��������
7KUHVKROG�YDOXHV�SUHVHQWHG�EHORZ�EDVHG�RQ
WR[LFLW\�WHVWV�RU�GULQNLQJ�ZDWHU�H[SRVXUH�UHIHU�WR
GLVVROYHG�VHOHQLXP��ZKHUHDV�WKRVH�EDVHG�RQ�ILHOG
VDPSOLQJ�IRU�ELRDFFXPX�ODWLYH�ULVN�UHIHU�WR�WRWDO
UHFRYHUDEOH�VHOHQLXP��WKHVH�WZR�W\SHV�RI�YDOXHV
VKRXOG�QRW�EH�HTXDWHG�WR�HDFK�RWKHU���0DQ\�RI
WKH�WRWDO�UHFRYHUDEOH�VHOHQLXP�YDOXHV�ZRXOG�EH
ORZHU�LI�H[SUHVVHG�RQ�D�GLVVROYHG�EDVLV��H�J��
3HWHUVRQ�DQG�1HEHNHU���������7R�DVVHVV�ELRWLF
ULVN�IRU�VHOHQLXP�WR[LFLW\��XQILOWHUHG�VDPSOHV�RI
ZDWHU�VKRXOG�EH�DQDO\]HG�IRU�ERWK�SDUWLFXODWH�DQG
GLVVROYHG�VHOHQLXP��(5*��������WKLV�LV�UHIHUUHG
WR�DV�´WRWDO�UHFRYHUDEOHµ�VHOHQLXP�LQ�WKLV
GRFXPHQW�DQG�LV�URXJKO\�HTXLYDOHQW�WR�(3$·V
´DFLG�VROXEOHµ�VHOHQLXP�

:DWHUERUQH�VHOHQLXP��RGT�UG��LV�QRW�YHU\�WR[LF�WR
ILVK�DQG�ZLOGOLIH���:KHQ�ZDWHU�LV�WKH�RQO\
H[SRVXUH�URXWH��H�J���VWDQGDUG�DTXDWLF�WR[LFLW\
WHVW���WR[LF�WKUHVKROGV�IRU�VHOHQLXP�DUH�JHQHUDOO\
!�������J�/��.������ï�QRUPDO��IRU�DGXOW�ILVK��
6-9'3���������0DLHU�HW�DO����������DQG�(3$
�������SURYLGH�JRRG�UHYLHZV�RI�DTXDWLF�WR[LFLW\
WHVW�UHVXOWV�IRU�ILVK�DQG�ZLOGOLIH�SRSXODWLRQV��
&KURQLF�WR[LFLW\�LQ�H[SHULPHQWDO�DQLPDOV�DQG
OLYHVWRFN�KDV�EHHQ�REVHUYHG�ZKHQ�GULQNLQJ�ZDWHU
H[FHHGV��������J�6H�/��15&���������'ULQNLQJ
ZDWHU�FRQWDLQLQJ��������J�/�VHOHQRPHWKLRQLQH
DSSHDUHG�WR�VXSSUHVV�FHUWDLQ�DVSHFWV�RI�WKH
PDOODUG�LPPXQH�UHVSRQVH��)DLUEURWKHU�DQG
)RZOHV���������$�IDPLO\�RI�8WH�,QGLDQV�LQ
&RORUDGR�VXIIHUHG�KDLU�ORVV��QDXVHD��DQG�IDWLJXH
DIWHU�GULQNLQJ�ZHOO�ZDWHU�WKDW�FRQWDLQHG��������J
6H�/��$QRQ\PRXV���������(JJV�DQG�ODUYDH�RI
ERWK�ILVK�DQG�DPSKLELDQV�PD\�EH�WKH�PRVW
VHQVLWLYH�YHUWHEUDWH�OLIH�VWDJHV�WR�ZDWHUERUQH
VHOHQLXP�RGT�UG���7R[LFLW\�WHVWLQJ�UHYHDOHG�WKDW�WKH
/&���IRU�HJJV�RI�WKH�QDUURZ�PRXWKHG�WRDG�ZDV
RQO\�����J�6H�/���5DLQERZ�WURXW�VDF�IU\�DUH
DGYHUVHO\�DIIHFWHG�E\�DERXW���²�����J�/
ZDWHUERUQH�6H��%LUJH�HW�DO����������+DPLOWRQ�DQG
:LHGPH\HU��������UHSRUWHG�WKDW�����J�/
ZDWHUERUQH�6H��LQRUJDQLF�PL[WXUH��
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Summary:  Effects of selenium
in water

Interpretive guidance

Waterborne
selenium

concentration
(µg/L)

True background, freshwater
   environments

0.1%0.4
(typically <0.2)

Approximate background,
   California streams (maximum
   probably not natural)

<0.2%73
(median = 0.4)

Approximate background,
   Western inland saline lakes
   (maximum probably not
   natural)

<0.2%490
(geometric

mean = 0.6)

Validated LOAEL’s for fish
   and wildlife via bioaccumu-
   lation

1%3  

10× normal background
   averages

<2%6  

Toxicity-test LOAEL for fish
   and amphibian eggs/larvae
   (waterborne exposure only)

50%100

Experimental LOAEL for 
   drinking water (mallards)

2,000 (seleno-
methionine)

Validated LOAEL for drinking
   water (humans)

9,000
(inorganic)

ZDV�VXIILFLHQW�WR�UHGXFH�WKH����GD\�VXUYLYDO�RI
ODUYDO�FKLQRRN�VDOPRQ��H[SRVHG�DV�H\HG�HJJV�DQG
DV�ODUYDH��

0XFK�ORZHU�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�ZDWHU
FDQ�EH�ELRDFFXPXODWHG�WR�WR[LF�OHYHOV�LQ�ILVK�DQG
ZLOGOLIH�YLD�GLHWDU\�H[SRVXUH�WR�WKH�DTXDWLF�IRRG
FKDLQ���)LHOG�FDVHV�RI�VHOHQLXP�SRLVRQLQJ�LQ�ILVK
DQG�ELUGV�KDYH�EHHQ�GRFX�PHQWHG�IRU�ZDWHUV
DYHUDJLQJ�DV�OLWWOH�DV��²
����J�6H�/��VHH��)LHOG�&DVHV��VHFWLRQ���
1,:43�GDWD�IURP����VWXG\�DUHDV�LQ�
���ZHVWHUQ�6WDWHV�LOOXVWUDWH�WKH�HIIHFW�RI
ELRDFFXPXODWLRQ�RQ�ELUG�HJJV���2XW�RI�
���VWXG\�DUHDV�ZKHUH�WKH���WK�SHUFHQWLOH�YDOXH
IRU�VHOHQLXP�LQ�VXUIDFH�ZDWHUV�ZDV����J�/�RU
OHVV��QRQH����SHUFHQW��KDG�D���WK�SHUFHQWLOH�YDOXH
IRU�VHOHQLXP�LQ�ELUG�HJJV�WKDW�H[FHHGHG�WKH
HPEU\RWR[LF�WKUHVKROG���2XW�RI�QLQH�VWXG\�DUHDV
ZKHUH�WKH���WK�SHUFHQWLOH�IRU�VXUIDFH�ZDWHUV�ZDV
�²����J�6H�/��WKUHH�����SHUFHQW��KDG���WK
SHUFHQWLOH�YDOXHV�IRU�ELUG�HJJV�DERYH�WKH
HPEU\RWR[LF�WKUHVKROG���2I�WKH�IRXU�VWXG\�DUHDV
ZKHUH�WKH���WK�SHUFHQWLOH�IRU�VXUIDFH�ZDWHUV�ZDV
!����J�6H�/��DOO������SHUFHQW��KDG���WK
SHUFHQWLOH�YDOXHV�IRU�ELUG�HJJV�DERYH�WKH
HPEU\RWR[LF�WKUHVKROG��6HLOHU�DQG�6NRUXSD
������

%OXHJLOO�ILVK�UHVLGLQJ�IRU�����GD\V�LQ�RXWGRRU
H[SHULPHQWDO�VWUHDPV�VXSSOHPHQWHG�ZLWK�
�����J�6H�/�SURGXFHG�ODUYDH�ZLWK�HOHYDWHG
IUHTXHQFLHV�RI�HGHPD��ORUGRVLV��DQG
KHPRUUKDJLQJ��+HUPDQXW]�HW�DO����������:LWK
UHIHUHQFH�WR�ODUYDO�HGHPD��WKH������J�/�FRQ�
FHQWUDWLRQ�ZDV�DERXW�WKH�(&����DQG�D�����J�/
WUHDWPHQW�ZDV�DERXW�WKH�(&�����6HYHQ�RWKHU
UHFHQW�UHSRUWV�WKDW�HVWLPDWH�ZDWHUERUQH
WKUHVKROGV�IRU�IRRG�FKDLQ�PHGLDWHG�WR[LFLW\�WR
ILVK�DQG�ZLOGOLIH�DUH�VXPPDUL]HG�LQ�0DLHU�DQG
.QLJKW����������$OO�WKH�UHSRUWV�FRQFOXGH�WKDW�WKH
WKUHVKROG�LV�DERXW����J�/�RU�OHVV��HYHQ�WKRXJK
QR�WZR�RI�WKHP�KDG�XVHG�WKH�VDPH�FRPELQDWLRQ
RI�ILHOG�GDWD��FOLQLFDO�GDWD��DQG�SUHGLFWLYH
PRGHOLQJ�

,Q�&DOLIRUQLD��KXPDQ�KHDOWK�DGYLVRULHV�KDYH
EHHQ�LVVXHG�IRU�ORFDOLWLHV�ZKHUH�HGLEOH�WLVVXHV�LQ
ILVK�RU�ZLOGOLIH�FRQWDLQHG�!����PJ�6H�NJ�RQ�D
ZHW�ZHLJKW�EDVLV��)DQ�HW�DO����������7KRVH

DGYLVRULHV�UHFRPPHQGHG�]HUR�FRQVXPSWLRQ�RI
VXFK�WLVVXHV�E\�SUHJQDQW�ZRPDQ�DQG�FKLOGUHQ
�����\HDUV�ROG����,Q�������.DLVHU�HW�DO��������
FROOHFWHG�WURXW�WKDW�KDG�EHHQ�VWRFNHG���\HDUV
HDUOLHU�LQ�D�:\RPLQJ�ODNH�FRQWDLQLQJ�DERXW�
���J�/�ZDWHUERUQH�6H���7KH�ILOOHWV��ZLWK�VNLQ�
WKDW�.DLVHU�HW�DO���������KDUYHVWHG�FRQWDLQHG
DERXW���PJ�6H�NJ��ZHW�ZHLJKW����

7KH�VSHFLDWLRQ�RI�ZDWHUERUQH�VHOHQLXP�FDQ
VXEVWDQWLDOO\�DIIHFW�WKH�SRWHQWLDO�IRU�ELRDFFX�
PXODWLRQ�LQ�ILVK�DQG�ZLOGOLIH�WLVVXHV��DW�OHDVW�DW
UHODWLYHO\�KLJK�ZDWHUERUQH�FRQFHQWUDWLRQV��
:DWHUERUQH�VHOHQLWH��FRDO�IO\�DVK�HIIOXHQW�DQG�
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RLO�UHILQHU\�ZDVWHZDWHU��LV�PRUH�UHDGLO\�ELR�
DFFXPXODWHG�WKDQ�ZDWHUERUQH�VHOHQDWH��LUULJDWLRQ
ZDVWHZDWHU���H�J���%HVVHU�HW�DO����������)RU
H[DPSOH��LQ�&DOLIRUQLD��RLO�UHILQHU\�ZDVWHZDWHU
FRQWDLQLQJ���²����J�6H�/�SURGXFHG�WKH�VDPH
WLVVXH�FRQFHQWUDWLRQV�RI�VHOHQLXP�DV�LUULJDWLRQ
ZDVWHZDWHU�FRQWDLQLQJ������J�6H�/���%RWK
VRXUFHV�RI�ZDWHU�SURGXFHG�ZDWHU�ERDWPHQ��D
W\SH�RI�LQVHFW��DYHUDJLQJ�DERXW����PJ�6H�NJ
���ï�QRUPDO��DQG�EODFN�QHFNHG�VWLOW�HJJV
DYHUDJLQJ�DERXW����PJ�6H�NJ����ï�QRUPDO�
�6-9'3�������&+�0�+LOO��������������
7KUHVKROGV�IRU�WR[LFLW\��KRZHYHU��KDYH�EHHQ
REVHUYHG�LQ�WKH��²���J�/�UDQJH�IRU�ERWK
VHOHQDWH��DQG�VHOHQLWH�GRPLQDWHG�ZDWHUV��
3RVVLEO\��DW�WKHVH�ORZHU�FRQFHQWUDWLRQV��VHOHQDWH
UHGXFHV�UHDGLO\�WR�WKH�PRUH�UDSLGO\�PHWDEROL]HG
VHOHQLWH��EXW�KLJKHU�FRQFHQWUD�WLRQV�RI�VHOHQDWH
PD\�RYHUZKHOP�WKH�UHGXFWLRQ�SDWKZD\V�

%RWWRP�6HGLPHQW

&XUUHQWO\��WKHUH�LV�OLWWOH�HPSLULFDO�EDVLV�IRU
DVVHVVLQJ�ILVK�DQG�ZLOGOLIH�ULVN�DV�D�IXQFWLRQ�RI
VHGLPHQW�FRQFHQWUDWLRQV�RI�VHOHQLXP���2QO\�RQH
VWXG\�KDV�PDWFKHG�VHGLPHQW�FRQFHQWUD�WLRQV�RI
VHOHQLXP�ZLWK�FRQFHQWUDWLRQV�LQ�D�EHQWKLF
LQYHUWHEUDWH�IURP�WKH�VDPH�VHGLPHQW³�DQ
REYLRXV�ILUVW�VWHS�IRU�GHYHORSLQJ�HPSLULFDOO\
EDVHG�ULVN�WKUHVKROGV��(5*���������2QH�SRVW
KRF�FRPSDULVRQ�RI�PHDQV�IRU�XQPDWFKHG
VDPSOHV�VKRZHG�D�SRRU�FRUUHODWLRQ�EHWZHHQ
VHOHQLXP�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�DQG
EHQWKLF�LQYHUWHEUDWHV�
�9DQ�'HUYHHU�������

6HGLPHQWV�SUHVHQW�IRUPLGDEOH�PHWKRGRORJLFDO
DQG�VWDWLVWLFDO�REVWDFOHV�IRU�GDWD�LQWHUSUHWDWLRQ��
0HWKRGRORJLFDOO\��WKH�GHSWK�WR�ZKLFK�D
VHGLPHQW�VDPSOH�LV�FROOHFWHG�ZLOO�VWURQJO\
LQIOXHQFH�WKH�UHVXOWV���(YHQ�ZKHQ�VDPSOLQJ
GHSWK�LV�VWDQGDUGL]HG�EHWZHHQ�VWXGLHV��UHVXOWV
ZLOO�YDU\�GHSHQGLQJ�RQ�ZKHWKHU�WKH�DQDO\VLV�LV
SHUIRUPHG�RQ�ZKROH�EHG�VDPSOHV�RU�VRPH�VL]H�
IUDFWLRQ�VXEVDPSOH��SDUWLFOH�IUDFWLRQV�������
PP�DQG������PP�DUH�IUHTXHQWO\�XVHG���
3UHFLVHO\�ZKLFK�VDPSOLQJ�PHWKRG�D�SDUWLFXODU
VWXG\�HPSOR\HG�LV�QRW�DOZD\V�FOHDU�LQ�WKH
OLWHUDWXUH��6-9'3���������)XUWKHUPRUH��WKHUH�LV
DQ�LPPHQVH�DPRXQW�RI�VSDWLDO�YDULDELOLW\�LQ

PHDVXUHV�RI�VHGLPHQW�VHOHQLXP���6DPSOHV
FROOHFWHG�RQO\�D�IHZ�PHWHUV�DSDUW�FDQ�\LHOG
VXEVWDQWLDOO\�GLIIHUHQW�UHVXOWV��H�J���&KLOFRWW�HW�DO�
������6HWPLUH�HW�DO��������:X�HW�DO����������7KXV�
LQ�FRPSDULVRQ�WR�ZDWHU�RU�ELRWLF�WLVVXHV��PDQ\
PRUH�VDPSOHV�RI�VHGLPHQW�DUH�UHTXLUHG�WR
DGHTXDWHO\�FKDUDFWHUL]H�VHOHQLXP�FRQWHQW���7KLV
VWDWLVWLFDO�REVWDFOH�UHTXLUHV�FDUHIXO�FRQVLGHUDWLRQ
ZKHQ�GHVLJQLQJ�D�SODQ�IRU�VHGLPHQW�VDPSOLQJ��
5DUHO\�ZLOO�D�VLPSOH�UDQGRP�VDPSOLQJ�GHVLJQ�EH
DGHTXDWH�

%HFDXVH�RI�WKH�KLJK�YDULDQFH�DQG�JHQHUDOO\
LQDGHTXDWH�VDPSOLQJ�GHVLJQV�RI�PDQ\�H[LVWLQJ
VWXGLHV��WKH�PD[LPXP�VHGLPHQW�YDOXHV�UHSRUWHG
IRU�VHOHQLXP�PD\�KDYH�PRUH�LQWHU�SUHWLYH�YDOXH
WKDQ�WKH�PHDQV���$V�D�JHQHUDO�UXOH��DQ\WLPH�WKH
PD[LPXP�VHOHQLXP�FRQ�FHQWUDWLRQ�LQ�VHGLPHQWV
H[FHHGV���PJ�NJ��IXUWKHU�LQYHVWLJDWLRQ�LV�VWURQJO\
ZDUUDQWHG��*/6$%���������7R�WKH�H[WHQW
SRVVLEOH��WKH�JXLGHOLQHV�SURYLGHG�KHUH�DUH�EDVHG
RQ�VDPSOHV�QR�GHHSHU�WKDQ�WKH�XSSHU���LQFKHV�RI
VHGLPHQW�DQG�RQ�FKHPLFDO�DQDO\VHV�RI�ZKROH�EHG
VDPSOHV�

,Q�D�VHOHQLXP�GHILFLHQW�ODQGVFDSH��)LQODQG��
VHGLPHQWV�RI�ODNHV�XVXDOO\�FRQWDLQHG������PJ
6H�NJ��W\SLFDOO\�����²�����PJ�NJ��0DNHOD�HW�DO�
��������7KH�DYHUDJH�FRQFHQWUDWLRQV�RI�VHOHQLXP
IRU�VHGLPHQWV�LQ�VHOHQLXP�QRUPDO�HQYLURQ�PHQWV
DUH�XVXDOO\������PJ�NJ��0DLHU�DQG�.QLJKW��������
7KH���WK�SHUFHQWLOH�YDOXH�IRU�IUHVKZDWHU
VHGLPHQWV�LQ�7H[DV�ZDV�����PJ�NJ��'DYLV�������
EXW�WKH�SURSRUWLRQ�RI�FRQWDPL�QDWHG�VLWHV
LQFOXGHG�LQ�WKLV�VWDWHZLGH�VXUYH\�LV�XQNQRZQ��
6-9'3��������HVWLPDWHG�QRUPDO�EDFNJURXQG
YDOXHV�WR�DYHUDJH�DV�PXFK�DV�DERXW�����PJ�6H�NJ
LQ�WKH�VHGLPHQWV�RI�D�QDWXUDOO\�VHOHQLIHURXV
UHJLRQ�RI�&DOLIRUQLD���0DUWLQ�DQG�+DUWPDQ�������
UHSRUWHG�PHDQ�VHGLPHQW�FRQFHQWUDWLRQV�IRU
VHOHQLXP�RI�
�����DQG������PJ�NJ�LQ�SRWKROH�DQG�ULYHULQH
ZHWODQGV�ORFDWHG�SULPDULO\�LQ�1RUWK�DQG�6RXWK
'DNRWD��WZR�UHODWLYHO\�VHOHQLIHURXV�6WDWHV����$W���
8�6��'HSDUWPHQW�RI�WKH�,QWHULRU�VWXG\�VLWHV�LQ�WKH
:HVWHUQ�8QLWHG�6WDWHV��PHGLDQ�VHOHQLXP
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Summary:  Effects of selenium
in sediment

Interpretive guidance

Sediment Se
concentration

(mg/kg)

Selenium-deficient environments <0.1

Approximate background,
   Se-normal freshwater
   environments

0.2%2.0
(typically <1.0)

Approximate background, Texas
   freshwater environments

<1.9 (90th
percentile)

Maximum zero-response
   (NOAEL) boundary for birds
   nesting at shallow terminal
   ponds (population basis)

0.4 

Minimum total-response (EC100
   boundary for birds nesting at
   shallow terminal ponds
   (population basis)

1.0 

EC10 for fish and birds in a
   variety of freshwater aquatic
   systems (population basis)

2.5 

EC100 for fish and birds in a
   variety of freshwater aquatic
   systems (population basis)

>4.0  

10× normal background
   averages

3%5 

Various regulatory clean-up
   criteria for soils

3%10

FRQFHQWUDWLRQV�ZHUH�����DQG�����PJ�NJ�
UHVSHFWLYHO\��LQ�ILQH�DQG�FRDUVH�VHGLPHQW
IUDFWLRQV��3UHVVHU�������

%DVHG�RQ�D�UHYLHZ�RI����HFOHFWLF�VWXGLHV��
9DQ�'HUYHHU�DQG�&DQWRQ��������FRQFOXGHG�WKDW
VHGLPHQWDU\�VHOHQLXP�LV�D�UHOLDEOH�SUHGLFWRU�RI
DGYHUVH�ELRORJLFDO�HIIHFWV�DQG�WKDW�D�SUHOLPLQDU\
WR[LF�WKUHVKROG�H[LVWHG�DW�DERXW�����PJ�6H�NJ
�WKH���WK�SHUFHQWLOH�IRU�HIIHFWV����7KH\�DOVR
QRWHG�WKDW��LQ�WKH�OLWHUDWXUH�WKH\�UHYLHZHG�
DGYHUVH�HIIHFWV�ZHUH�DOZD\V�REVHUYHG�DW
VHOHQLXP�FRQFHQWUDWLRQV�JUHDWHU�WKDQ�����PJ��NJ
LQ�VHGLPHQWV���)RU�D�VHW�RI�
���LQGHSHQGHQW�HYDSRUDWLRQ�SRQGV�LQ�WKH�7XODUH
/DNH�%DVLQ�RI�&DOLIRUQLD��6NRUXSD�HW�DO���XQSXE�
GDWD��IRXQG�WKDW�PHDQ�FRQFHQWUDWLRQV�RI
VHOHQLXP�LQ�SRQG�VHGLPHQWV�FRUUHODWHG
UHDVRQDEO\�ZHOO�ZLWK�PHDQ�FRQFHQWUDWLRQV�RI
VHOHQLXP�LQ�WKH�HJJV�RI�EODFN�QHFNHG�VWLOWV
QHVWLQJ�DW�WKH�SRQGV��T� �������0 ����R��������
$OO�SRQGV�WKDW�DYHUDJHG�$��PJ�6H�NJ�LQ
VHGLPHQWV�\LHOGHG�VWLOW�HJJV�DYHUDJLQJ�!��PJ
6H�NJ��WKH�HPEU\R�WR[LFLW\�WKUHVKROG����$OO
SRQGV�WKDW�DYHUDJHG������PJ�6H�NJ�LQ
VHGLPHQWV�\LHOGHG�VWLOW�HJJV�DYHUDJLQJ����PJ
6H�NJ���%DVHG�RQ�WKH�UHODWLRQVKLS�EHWZHHQ
VHGLPHQWV�DQG�VWLOW�HJJV��HJJV�ZRXOG�EH�H[SHFWHG
WR�H[FHHG�DQ�DYHUDJH�RI����PJ�6H�NJ��.��
SHUFHQW�ULVN�OHYHO�IRU�DYLDQ�SRSXODWLRQV��L�H���KLJK
ULVN��ZKHQ�VHGLPHQWV�H[FHHGHG�
����PJ�6H�NJ���$�VXUYH\�RI�ILVK�LQ�&DOLIRUQLD·V
6DQ�-RDTXLQ�5LYHU�V\VWHP�IRXQG�HOHYDWHG
FRQFHQWUDWLRQV�RI�ZKROH�ERG\�VHOHQLXP��!�
PJ�NJ��LQ�PRVW�PRVTXLWRILVK�DW�VLWHV�FRQWDLQLQJ
���²����PJ�6H�NJ�LQ�VHGLPHQWV���$W�VLWHV�KDYLQJ
������PJ�6H�NJ�LQ�VHGLPHQWV��VHOHQLXP
FRQFHQWUDWLRQV�LQ�PRVTXLWRILVK�ZHUH�JHQHUDOO\�DW
EDFNJURXQG�OHYHOV�����PJ�NJ���86):6�����E��

6RLO

7KH�SUHVHQFH�RI�VHOHQLXP�LQ�JHRORJLF�IRUPD�
WLRQV�GRHV�QRW�PHDQ�LW�LV�SUHVHQW�LQ�WR[LF
DPRXQWV�LQ�WKH�VRLOV�GHULYHG�IURP�WKHVH�VWUDWD��
7KH�VROXELOLW\�RI�VHOHQLXP�LQ�VRLOV�GHSHQGV�RQ
S+��PRLVWXUH��R[LGDWLRQ�UHGXFWLRQ�FRQGLWLRQV��

DQG�WKH�GHJUHH�RI�DHUDWLRQ���,Q�DUHDV�ZKHUH�
DQQXDO�SUHFLSLWDWLRQ�H[FHHGV����LQFKHV�DQG�WKHUH
LV�GHHS�SHUFRODWLRQ��VHOHQLXP�LV�VORZO\�OHDFKHG
DQG�GRHV�QRW�EHFRPH�FRQFHQWUDWHG�LQ�WKH�VRLO��
+RZHYHU��JURXQG�ZDWHU�LQ�VXFK�DUHDV�PD\�EH
FRQWDPLQDWHG�IURP�OHDFKHG�VHOHQLXP��:KHUH
UDLQIDOO�LV�OHVV�WKDQ����LQFKHV�DQG�ZKHUH�WKH�VRLO�LV
DONDOLQH�DQG�JHQHUDOO\�ZHOO�DHUDWHG��DV�LQ�PXFK�RI
WKH�:HVWHUQ�8QLWHG�6WDWHV���VHOHQLXP�LQ�WKH�VRLO
PD\�EH�PRELOL]HG�LQ�LWV�R[LGL]HG��UHDGLO\�VROXEOH�
VHOHQDWH�IRUP�DQG�PD\�EH�FRQFHQWUDWHG�QHDU�WKH
VXUIDFH��+HGOXQG�������
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7KH�DPRXQW�RI�VHOHQLXP�LQ�WKH�VRLO�LV�QRW�D
UHOLDEOH�LQGLFDWRU�RI�KRZ�PXFK�LV�DYDLODEOH�WR
SODQWV�RU�KRZ�PXFK�FDQ�EH�OHDFKHG�E\�GHHS
SHUFRODWLRQ���,Q�PRLVW��DFLGLF��DQG�UHGXFLQJ�VRLOV�
VHOHQLXP�LV�SUHVHQW�DV�LQVROXEOH�VHOHQLGHV�
HOHPHQWDO�VHOHQLXP��RU�LQVROXEOH�S\ULWLF�VHOHQLGHV
DQG�QRW�DYDLODEOH�WR�SODQWV���8QGHU�GU\��DONDOLQH
FRQGLWLRQV�LQ�VHOHQLIHURXV�VRLOV��PLFURRUJDQLVPV
SURGXFH�VHOHQDWHV�DQG�RUJDQLF�VHOHQLXP
FRPSOH[HV�ZKLFK�DUH�YHU\�VROXEOH���([FHVV
SUHFLSLWDWLRQ�RU�LUULJDWLRQ�ZDWHU�GUDLQLQJ�WKHVH
VRLOV�ZRXOG�OHDFK�VROXEOH�VHOHQLWHV�DQG�VHOHQDWHV
DQG�DOVR�FDUU\�GLVVROYHG�DQG�VXVSHQGHG�RUJDQLF
IRUPV�RI�VHOHQLXP��+HGOXQG�������

9DULRXV�UHJXODWRU\�FOHDQ�XS�FULWHULD�IRU�VHOHQLXP
LQ�VRLOV�W\SLFDOO\�UDQJH�IURP�DERXW
��WR����PJ�NJ��%H\HU���������

%LRWLF�(IIHFWV

,QWHUSUHWDWLRQ�RI�ILHOG�GDWD�IRU�ELRWD�FDQ�EH
FRQIRXQGHG�E\�D�VDPSOLQJ�ELDV�WKDW�IDYRUV
´VXUYLYRUV�µ��0RVW�ELRORJLFDO�VDPSOLQJ
WHFKQLTXHV�DUH�GHVLJQHG�WR�VDPSOH�OLYH�ELRWD���,Q
FRQWDPLQDWHG�HQYLURQPHQWV��OLYH�ELRWD�UHSUHVHQW
´VXUYLYRUVµ�DQG�DUH�SRWHQWLDOO\�ELDVHG�VXEVHWV�RI
WKH�VWXG\�SRSXODWLRQV�ZLWK�UHJDUG�WR�VHOHQLXP
H[SRVXUH�DQG�RU�VHQVLWLYLW\�

3ODQWV

5GNGPKWO�%QPEGPVTCVKPI
8GIGVCVKQP�³'LIIHUHQW�SODQW�VSHFLHV�KDYH
ZLGHO\�YDU\LQJ�DELOLWLHV�WR�WDNH�VHOHQLXP�IURP
WKH�VRLO��DFFXPXODWH�LW��DQG�WROHUDWH�LW���&RPPRQ
W\SHV�RI�VHOHQLXP�FRQFHQWUDWLQJ�YHJHWDWLRQ
LQFOXGH�#UVTCICNWU��ORFR�ZHHG�DQG
PLONYHWFK³���VSHFLHV���/CEJCGTCPVJGTC
�WKLVWOH���*CRNQRCRRWU��JROGHQZHHG���DQG
5VCPNG[C��PXVWDUG����7KHVH�SODQW�VSHFLHV�KDYH�DQ
H[WUDRUGLQDU\�DELOLW\�WR�DFFXPXODWH�VHOHQLXP�DQG
FDQ�DFKLHYH�VHOHQLXP�FRQFHQWUDWLRQV�RI
KXQGUHGV�RU�HYHQ�WKRXVDQGV�RI�PLOOLJUDPV�SHU
NLORJUDP��GU\�ZHLJKW�

3ULPDU\�SURGXFHUV�DUH�WKH�IRXQGDWLRQ�IRU�PRVW
IRRG�FKDLQV�VXSSRUWLQJ�ILVK�DQG�ZLOGOLIH
SRSXODWLRQV���,Q�DTXDWLF�HFRV\VWHPV��DOJDH�VHUYH
DV�WKH�SULPDU\�VRXUFH�RI�HQHUJ\�DVVLPLODWLRQ�DQG
DV�WKH�EDVH�RI�PRVW�DTXDWLF�IRRG�FKDLQV��2JOH�HW
DO����������$TXDWLF�PDFURSK\WHV�DUH�LPSRUWDQW�LQ
FKHPLFDO�F\FOLQJ�DQG�DV�D�PDMRU�LQSXW�VRXUFH�IRU
GHWULWDO�IRRG�FKDLQV�

)LODPHQWRXV�DOJDH�LQ�&DOLIRUQLD·V�6DQ�-RDTXLQ
5LYHU�V\VWHP�FRQWDLQHG����²����PJ�6H�NJ�DW�VLWHV
ZLWK�������J�/�ZDWHUERUQH�6H��86):6�����E�
6DLNL�HW�DO����������$OJDH�LQ�DQ�XQFRQ�WDPLQDWHG
6DQ�-RDTXLQ�9DOOH\�IUHVKZDWHU�PDUVK�DYHUDJHG
�����PJ�6H�NJ��6DLNL�DQG�/RZH�������6FKXOHU�HW
DO����������%DFNJURXQG�FRQFHQWUDWLRQV�RI
VHOHQLXP�LQ�DTXDWLF�PDFUR�SK\WHV�XVXDOO\�DYHUDJH
�����PJ�NJ��0DLHU�DQG�.QLJKW���������$TXDWLF
PDFURSK\WHV�LQ�DQ�XQFRQWDPLQDWHG�6DQ�-RDTXLQ
9DOOH\�IUHVKZDWHU�PDUVK�DYHUDJHG������PJ�6H�NJ
�6DLNL�DQG�/RZH�������+RWKHP�DQG�2KOHQGRUI
������6FKXOHU�HW�DO����������7HUUHVWULDO�SODQWV�RQ
QRQVHOHQLIHURXV�VRLOV�XVXDOO\�DYHUDJH�������PJ
6H�NJ��*LUOLQJ���������7KH�WZR�GRPLQDQW
KHUEDFHRXV�SODQWV�FROOHFWHG�IURP�D�QRUPDO�
VHOHQLXP�������PJ�6H�NJ�VRLO��UHIHUHQFH�VLWH�LQ
WKH�6DQ�-RDTXLQ�9DOOH\�DYHUDJHG�����DQG�����PJ
6H�NJ��:X�HW�DO����������2Q�VHOHQLIHURXV�VRLOV�
QRQ�DFFXPXODWRU�SODQWV�PD\�FRQWDLQ��²����PJ
6H�NJ��DQG�VHOHQLXP�DFFXPXODWRU�SODQWV�FRQWDLQ
HYHQ�KLJKHU�FRQFHQWUDWLRQV��*LUOLQJ���������

1R�VWXGLHV�LQ�WKH�OLWHUDWXUH�UHSRUW�VHOHQLXP
WR[LFLW\�WKUHVKROGV�IRU�SODQWV�EDVHG�RQ�H[SRVXUH
LQ�QDWXUH��L�H���EDVHG�RQ�ILHOG�GDWD����,Q�VWDQGDUG
WR[LFLW\�WHVWV��VXEOHWKDO�HIIHFWV�RI�VHOHQLXP
H[SRVXUH�DUH�LQLWLDOO\�REVHUYHG�IRU�JUHHQ�DOJDH�DW
ZDWHUERUQH�FRQFHQWUDWLRQV�RI�
����J�/��VHOHQDWH��DQG�����J�/��VHOHQLWH���9RFNH
HW�DO��������)RH�DQG�.QLJKW���������*URZWK�RI
WKH�JUHHQ�DOJD�5GNGPCUVTWO�ECRTKEQTPWVWO�ZDV
VLJQLILFDQWO\�UHGXFHG�DW�WLVVXH�FRQFHQWUDWLRQV�RI��
PJ�6H�NJ��:LOOLDPV�HW�DO���������
%LRDFFXPXODWLRQ�RI�VHOHQDWH��EXW�QRW�VHOHQLWH�RU
VHOHQRPHWKLRQLQH��E\�DOJDH�LV�VWURQJO\�LQIOXHQFHG
E\�ZDWHUERUQH�VXOIDWH�FRQFHQWUDWLRQV��H�J��
.LIIQH\�DQG�.QLJKW�������:LOOLDPV�HW�DO���������
7KH�����J�/�WKUHVKROG�IRU�VXEOHWKDO�HIIHFWV�RI
ZDWHUERUQH�VHOHQDWH�RFFXUUHG�LQ�ERWK�KLJK�
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Summary:  Effects of selenium
on plants

Interpretive guidance

Plant Se
concentration

(mg/kg)

Background, freshwater algae 0.1%1.5 (typically
<0.5)

Background, freshwater
macrophytes

0.1%2.0 (typically
<1.5)

Background, terrestrial plants
on nonseleniferous soil

<0.01%0.6
(typically <0.25)

Experimental LOAEL for
sublethal effects (growth),
algal tissue

4.0

Experimental LOAEL for
sublethal effects (growth),
macrophyte (lettuce) tissue

250

Experimental LOAEL for lethal
effects, macrophyte (lettuce)
tissue

800

Waterborne Se
exposure (µg/L)

Toxicity-test LOAEL for sub-
lethal effects on green algae

10%300 selenate
75 selenite

Toxicity-test LOAEL for sub-
lethal effects on blue-green
algae

100 seleno-       
methionine

3,000 selenate
3,000 selenite 

Toxicity-test LOAEL for
sublethal effects on a
macrophyte (lettuce)

   200 selenate
3,000 selenite 

Irrigation water standard to
protect crop plants

#50 total

VXOIDWH�DQG�ORZ�VXOIDWH�ZDWHUV���DOJDO�WLVVXH
DFFXPXODWHG���PJ�6H�NJ�LQ�KLJK�VXOIDWH�ZDWHUV
DQG����PJ�6H�NJ�LQ�ORZ�VXOIDWH�ZDWHUV��:LOOLDPV
HW�DO����������%OXH�JUHHQ�DOJDH�DUH�JHQHUDOO\�OHVV
VHQVLWLYH�WKDQ�JUHHQ�DOJDH�WR�VHOHQLXP�H[SRVXUH
�0DLHU�HW�DO��������.LIIQH\�DQG�.QLJKW�������
DQG�HYHQ�DPRQJ�JUHHQ�DOJDH�WKHUH�DUH�H[WUHPH
VSHFLHV�GLIIHUHQFHV�LQ�VHQVLWLYLW\���6XEOHWKDO
WKUHVKROGV�LQ�JUHHQ�DOJDH�KDYH�UDQJHG�IURP���
WR�
�����J�/�ZDWHUERUQH�6H��9RFNH�HW�DO�������
(3$���������7R[LFLW\�SURILOHV�IRU�DTXDWLF
PDFURSK\WHV�DUH�QRW�NQRZQ��EXW�WKH�VXEOHWKDO
WR[LFLW\�WKUHVKROGV�IRU�DTXD�FXOWXUHG�OHWWXFH
ZHUH������J�/�ZDWHUERUQH�VHOHQDWH�DQG�
�������J�/�ZDWHUERUQH�VHOHQLWH���)RU�ERWK
VHOHQLWH�DQG�VHOHQDWH�H[SRVXUH��WKH�WKUHVKROG
WLVVXH�FRQFHQWUDWLRQ�IRU�OHWKDO�HIIHFWV�ZDV�
����PJ�6H�NJ��%HUU\�DQG�6DYDJH��������
$SSDUHQWO\��LUULJDWLRQ�ZDWHU�ZLWK�#����J�/�WRWDO
6H�LV�FRQVLGHUHG�E\�DJURQRPLVWV�WR�EH�SURWHFWLYH
RI�DOO�FURS�SODQWV��H�J���(LVOHU�������

7KH�TXDOLW\�RI�KDELWDW�IRU�ILVK�DQG�ZLOGOLIH�LV
FORVHO\�OLQNHG�WR�SDUWLFXODU�SODQW�FRPPXQLWLHV��
7KHUHIRUH��VHOHQLXP�FRQWDPLQDWLRQ�FRXOG
LPSDFW�ILVK�DQG�ZLOGOLIH�SRSXODWLRQV�LQGLUHFWO\�LI
SODQW�FRPPXQLWLHV�DUH�DOWHUHG�E\�LWV�WR[LF
HIIHFWV���+RZHYHU��WKHUH�DUH�QR�GRFXPHQWHG
ILHOG�FDVHV�RI�WKLV�W\SH�RI�LQGLUHFW�HIIHFW�RQ�ILVK
DQG�ZLOGOLIH�SRSXODWLRQV���$GGLWLRQDOO\��EHFDXVH
RI�WKH�DEVHQFH�RI�WKUHVKROG�GDWD�IRU�HFRORJLFDOO\
LPSRUWDQW�HQGSRLQWV�LQ�QDWXUH��QR�UHJXODWRU\
YDOXHV�KDYH�EHHQ�HVWDEOLVKHG�IRU�DTXDWLF�WR[LFLW\
RI�VHOHQLXP�WR�SODQWV��(3$���������)RU�DOO
SUDFWLFDO�SXUSRVHV�UHJDUGLQJ�SURWHFWLRQ�RI�ILVK
DQG�ZLOGOLIH�SRSXODWLRQV��WKH�GLUHFW�WR[LF�HIIHFWV
RI�FRQVXPLQJ�VHOHQLXP�FRQWDPLQDWHG�SODQWV�DUH
DSSDUHQWO\�PRUH�LPSRUWDQW�WKDQ�LQGLUHFW
HFRORJLFDO�HIIHFWV�IURP�FKDQJHV�LQ�SODQW
FRPPXQLWLHV���)LVK�DQG�ZLOGOLIH�ULVN�WKUHVKROGV
IRU�GLHWDU\�H[SRVXUH�WR�VHOHQLXP�DUH�DGGUHVVHG
LQ�WKH�VXPPDULHV�IRU�YHUWHEUDWH�DQLPDOV
SUHVHQWHG�EHORZ�

,QYHUWHEUDWHV

,QYHUWHEUDWH�SRSXODWLRQV�DUH�LPSRUWDQW�VRXUFHV
RI�IRRG�IRU�PRVW�VSHFLHV�RI�ILVK�DQG�ZLOGOLIH��
0DQ\�VSHFLHV�RI�ILVK�DQG�ZLOGOLIH�UHTXLUH�KLJK�
SURWHLQ�GLHWV�IRU�RSWLPDO�UHSURGXFWLRQ��DQG�WKH
LQYHUWHEUDWH�FRPSRQHQW�RI�WKH�GLHW�LV�RIWHQ�WKH�
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SULQFLSDO�VRXUFH�RI�SURWHLQ���&RQVHTXHQWO\�
VHOHQLXP�LQGXFHG�DOWHUDWLRQV�RI�LQYHUWHEUDWH
GHQVLW\�RU�FRPPXQLW\�VWUXFWXUH�FRXOG�KDYH
LQGLUHFW�HFRORJLFDO�LPSDFWV�RQ�ILVK�DQG�ZLOGOLIH
SRSXODWLRQV�

)RU�DTXDWLF�LQYHUWHEUDWHV��0DLHU�DQG�.QLJKW
�������UHSRUW�D�UDQJH�RI����²����PJ�6H�NJ�DV�WKH
QDWLRQDO�EDFNJURXQG�FRQFHQWUDWLRQV���,Q�DQ�6H�
QRUPDO�DTXDWLF�HFRV\VWHP�LQ�&RORUDGR��%LUNQHU
�������UHSRUWHG�DYHUDJH�LQYHUWHEUDWH
FRQFHQWUDWLRQV�RI����²����PJ�6H�NJ���$W�DQ
XQFRQWDPLQDWHG�6DQ�-RDTXLQ�9DOOH\�ZHWODQG�
LQYHUWHEUDWHV�DYHUDJHG����²����PJ�NJ��6DLNL�DQG
/RZH�������+RWKHP�DQG�2KOHQGRUI������
6FKXOHU�HW�DO����������6PDOO�H[SHULPHQWDO
IUHVKZDWHU�SRQGV�VHUYLQJ�DV�FRQWURO�PDFUR�
FRVPV��ZDWHUERUQH�6H�������J�/��FRQWDLQHG
LQYHUWHEUDWH�WD[D�ZLWK�VHOHQLXP�FRQFHQWUD�WLRQV
DYHUDJLQJ����²����PJ�NJ��&UDQH�HW�DO����������,Q
WKH�6DQ�-RDTXLQ�5LYHU�V\VWHP��PLGJHV�DQG
DPSKLSRGV�DYHUDJHG����²����PJ�6H�NJ��DQG
FUD\ILVK�DYHUDJHG����²����PJ�6H�NJ�DW�VLWHV�ZLWK
#�����J�/�ZDWHUERUQH�6H��6DLNL�HW�DO����������$W
6H�QRUPDO�VLWHV�RI�WKH�ORZHU�&RORUDGR�5LYHU
V\VWHP��FUD\ILVK�FRQWDLQHG����²����PJ�6H�NJ
DQG�XVXDOO\�DYHUDJHG�#����PJ�NJ��:HOVK�DQG
0DXJKDQ�������

)RU�WHUUHVWULDO�LQYHUWHEUDWHV��JUDVVKRSSHUV�DQG
PDQWLGV��DW�WZR�UHIHUHQFH�VLWHV�QHDU�WKH�IRUPHU
.HVWHUVRQ�5HVHUYRLU��:X�HW�DO���������UHSRUWHG
DYHUDJH�FRQFHQWUDWLRQV�RI������PJ�6H�NJ��
*UDVVKRSSHUV�DQG�EHHWOHV�FROOHFWHG�DW�UHI�HUHQFH
DJURIRUHVWU\�SODQWDWLRQV�LQ�WKH�
6DQ�-RDTXLQ�9DOOH\�FRQWDLQHG����²����PJ�6H�NJ
�6-9'3�������������

1R�VWXGLHV�ZHUH�IRXQG�LQ�WKH�OLWHUDWXUH�WKDW
UHSRUW�VHOHQLXP�WR[LFLW\�WKUHVKROGV�IRU
LQYHUWHEUDWHV�EDVHG�RQ�H[SRVXUH�LQ�QDWXUH��L�H��
EDVHG�RQ�ILHOG�GDWD����,W�KDV�EHHQ�HVWDEOLVKHG�WKDW
WLVVXH�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�ILHOG�
FROOHFWHG�DTXDWLF�LQYHUWHEUDWHV�DUH�VWURQJO\
UHODWHG�WR�ZDWHUERUQH�FRQFHQWUDWLRQV�RI
VHOHQLXP��%LUNQHU�������:LOEHU�������/LOOHER
HW�DO����������&UD\ILVK�FDJHG�LQ�WKH�DVK�SLW�GUDLQ
RI�D�:LVFRQVLQ�SRZHU�SODQW�ELRDFFXPXODWHG���
PJ�6H�NJ�LQ�WKH�KHSDWR�SDQFUHDV�DQG�KDG�

VLJQLILFDQWO\�DOWHUHG�UHVSLUDWLRQ�UDWHV��WKH�DVK�SLW
HIIOXHQW�DOVR�KDG�KLJK�FRQFHQWUDWLRQV�RI
FKURPLXP��LURQ��DQG�]LQF��0DJQXVRQ�HW�DO���������
1R�PDMRU�HIIHFWV�RQ�EHQWKLF�PDFURLQYHUWHEUDWH
FRPPXQLWLHV�ZHUH�GHWHFWHG�LQ�H[SHULPHQWDO
IUHVKZDWHU�SRQGV�WUHDWHG�ZLWK��������DQG�����J�/
LQRUJDQLF�6H��������UDWLR�VHOHQDWH�WR�VHOHQLWH�
�&UDQH�HW�DO����������$EXQGDQFH�GDWD�IRU�PLGJH
ODUYDH��KRZHYHU��DUH�VXJJHVWLYH�HQRXJK�WR
ZDUUDQW�IXUWKHU�VWXG\�DW�GRVHV�DERYH����J�/
ZDWHUERUQH�6H���,Q�VWDQGDUG�ODERUDWRU\�WR[LFLW\
WHVWV�����J�/�ZDWHUERUQH�VHOHQRPHWKLRQLQH�ZDV
DFXWHO\�WR[LF�WR�DQ�DPSKLSRG���0DQ\�IDFWRUV
LQIOXHQFH�WR[LFLW\�WHVW�UHVXOWV��LQFOXGLQJ�ZDWHU
FKHPLVWU\��VSHFLHV�WHVWHG��DQG�OLIH�VWDJH�WHVWHG�
EXW�WKH�ORZHVW�ZDWHUERUQH�WKUHVKROGV�IRU�DFXWH
WR[LFLW\�DUH�DSSUR[LPDWHO\������J�/�VHOHQLWH�DQG
�����J�/�VHOHQDWH��(3$�������0DLHU�HW�DO�������
,QJHUVROO�HW�DO����������/RZHVW�WKUHVKROGV�IRU
FKURQLF�WR[LFLW\�RFFXU�DW�DSSUR[LPDWHO\���²���
�J�/�IRU�VHOHQLWH�RU�VHOHQDWH�DQG�SHUKDSV�DW�����
�J�/�ZDWHUERUQH�VHOHQRPHWKLRQLQH��-RKQVWRQ
������(3$�������%R\XP�DQG�%URRNV������
,QJHUVROO�HW�DO��������

([SHULPHQWDO�VWXGLHV�RI�GLHWDU\�WR[LFLW\�DUH�UDUH��
$PSKLSRGV�VKRZHG�QR�DGYHUVH�HIIHFWV�IURP
GLHWDU\�H[SRVXUHV�WR�DOJDH�FRQWDLQLQJ�DV�PXFK�DV
����PJ�6H�NJ��)RH�DQG�.QLJKW���������'LHWDU\
H[SRVXUH�RI�ODUYDO�PLGJHV�WR�DOJDH�FRQWDLQLQJ
$����PJ�6H�NJ�VLJQLILFDQWO\�LQKLELWHG�JURZWK��
7KH�LQKLELWHG�ODUYDH�FRQWDLQHG�$����PJ�6H�NJ�LQ
WKHLU�WLVVXHV��0DOFKRZ�HW�DO����������$ODLPR�HW�DO�
�������H[SRVHG�PLGJH�ODUYDH�WR�GLHWV�EDVHG�RQ
QDWXUDOO\�FRQWDPLQDWHG�ZLGJHRQ�JUDVV��4WRRKC�
GHWULWDO�VXEVWUDWHV�IURP�HYDSRUDWLRQ�SRQGV�LQ�WKH
7XODUH�%DVLQ��&DOLIRUQLD���$ODLPR�HW�DO�·V�
���GD\�HJJ�WR�SUHSXSDWLRQ�IHHGLQJ�VWXG\
SURGXFHG�UHVXOWV�YHU\�VLPLODU�WR�WKRVH�RI
0DOFKRZ�HW�DO�����������'HWULWDO�VXEVWUDWHV
FRQWDLQLQJ�DV�OLWWOH�DV�DERXW���PJ�6H�NJ
VLJQLILFDQWO\�LQKLELWHG�WKH�JURZWK�RI�PLGJH�ODUYDH
HYHQ�WKRXJK�WKH�DVVRFLDWHG�VHOHQLXP
FRQFHQWUDWLRQV�LQ�ODUYDO�WLVVXH�ZHUH�LQ�VRPH�FDVHV
���PJ�NJ��$ODLPR�HW�DO����������7LVVXH
FRQFHQWUDWLRQV�RI����DQG����PJ�6H�NJ�LQ�
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Summary:  Effects of selenium on
invertebrates

Interpretive guidance

Invertebrate Se
concentration

(mg/kg)

Background, aquatic
invertebrates

0.4%4.5 
(typically <2.0)

Background, terrestrial
invertebrates

<0.1%2.5 
(typically <1.5)

Experimental LOAEL for
sublethal effects (growth),
midge larvae and amphipod
tissue concentrations

2.5%15

Experimental LOAEL for
sublethal effects (respiration
rate) in crayfish

30 (hepato-
pancreas)

Experimental LOAEL for repro-
ductive effects, amphipod
tissue concentration

32

Dietary Se
exposure (mg/kg)

Experimental LOAEL for
sublethal effects (growth) in
midge larvae

2.1

Experimental NOAEL for acute
toxicity in amphipods

300

Waterborne Se
exposure (µg/L)

No clear community-level
effects on benthic macro-
invertebrates, outdoor
macrocosm studies 

25 (inorganic
mixture)

Altered protozoan species
diversity

20%160 (selenite)

Toxicity-test LOAEL’s for acute
toxicity, in midge larvae and
amphipods

4.0 (seleno-      
methionine)

200 (selenite)  
500 (selenate) 

Toxicity-test LOAEL for
sublethal (growth) effects on
protozoans

3.0 (selenite)

Toxicity-test LOAEL’s for
chronic toxicity in midge
larvae and amphipods

<0.5(?) (seleno-    
methionine)

25%100 (selenite)
25%100 (selenate)

Experimental LOAEL for
drinking water toxicity in
house flies

4,000 (selenite)

DPSKLSRGV�ZHUH�DVVRFLDWHG�ZLWK�UHGXFHG�JURZWK
DQG�UHSURGXFWLRQ��UHVSHFWLYHO\��,QJHUVROO�HW�DO�
������

7KHUH�LV�DOPRVW�QR�VHOHQLXP�WR[LFLW\�GDWD
IRU�WHUUHVWULDO�LQYHUWHEUDWHV���$SKLGV�DUH
UHSRUWHGO\�VHQVLWLYH�WR�VHOHQLXP��DQG�VSLGHUV�DQG
PLWHV�KDYH�EHHQ�FRQWUROOHG�E\�FRPPHUFLDO
VHOHQLXP�LQVHFWLFLGHV��7UHOHDVH���������6LPPRQV
HW�DO���������UHSRUWHG�WKDW�VHOHQLWH�LQ�WKH
GULQNLQJ�ZDWHU�RI�KRXVH�IOLHV���������J�/�
FDXVHG����SHUFHQW�PRUWDOLW\�DIWHU����GD\V��

$PRQJ�PLFURLQYHUWHEUDWHV��VXFK�DV�SURWR�
]RDQV��DQ�H[WUHPHO\�ZLGH�UDQJH�RI�WR[LFLW\�WHVW
UHVXOWV�KDV�EHHQ�UHSRUWHG��6DQGHUV�DQG�*LOPRXU
��������7R[LF�WKUHVKROGV�LQ�VRPH�WD[D�DUH�DV
KLJK�DV���������J�/�VHOHQLWH�DQG�LQ�RWKHU�WD[D
DUH�DV�ORZ�DV����J�/�VHOHQLWH��LQKLELWHG�JURZWK
RI�D�KHWHURWURSKLF�IODJHOODWH����,Q�PLFURFRVP
VWXGLHV��SURWR]RDQ�GLYHUVLW\��EXW�QRW�WRWDO
ELRPDVV��ZDV�DIIHFWHG�E\����GD\�H[SRVXUHV�WR
��²�����J�/�VHOHQLWH�

7KH�ILHOG�DSSOLFDELOLW\�RI�JXLGHOLQHV�JHQHUDWHG�E\
WR[LFLW\�WHVWV�RU�FRQWUROOHG�IHHGLQJ�WULDOV�LV�KLJKO\
XQFHUWDLQ���3RSXODWLRQV�RI�EULQH�VKULPS�LQ
QDWXUH�H[KLELW�VXEVWDQWLDO�YDULDELOLW\�LQ�UHVLVWDQFH
WR�VHOHQLXP�WR[LFLW\��)UHHPDQ�HW�DO����������6XFK
ILQGLQJV�VXJJHVW�D�SRWHQWLDO�LQ�QDWXUH�IRU�UDSLG
VHOHFWLRQ�RI�SRSXODWLRQV�WKDW�DUH�PRUH�UHVLVWDQW
WKDQ�WKRVH�XVHG�LQ�WHVWV���2Q�WKH�RWKHU�KDQG�
WHVWV�WKDW�UHSOLFDWH�GUDLQZDWHU�LRQLF�FKHPLVWU\
DQG�WKH�SUHVHQFH�RI�PXOWLSOH�WUDFH�HOHPHQWV
VXJJHVW�WKDW�WR[LFLW\�WKUHVKROGV�LQ�QDWXUH�PD\�EH
ORZHU�WKDQ�LQ�VWDQGDUG�IUHVKZDWHU�VLQJOH�HOHPHQW
WR[LFLW\�WHVWV��'Z\HU�HW�DO��������1DGG\�HW�DO�
�����������

7KHUH�DUH�QR�GRFXPHQWHG�ILHOG�FDVHV�RI�ILVK�DQG
ZLOGOLIH�SRSXODWLRQV�EHLQJ�DIIHFWHG�DGYHUVHO\�E\
VHOHQLXP�LQGXFHG�DOWHUDWLRQV�RI�LQYHUWHEUDWH
GHQVLW\�RU�FRPPXQLW\�VWUXFWXUH���$V�QRWHG
DERYH�IRU�SODQWV��WKH�GLUHFW�WR[LF�HIIHFWV�RI
FRQVXPLQJ�VHOHQLXP�FRQWDPLQDWHG�LQYHUWHEUDWHV
DUH�DSSDUHQWO\�PRUH�LPSRUWDQW�WKDQ�DQ\�LQGLUHFW
HFRORJLFDO�HIIHFWV���)LVK�DQG�ZLOGOLIH�ULVN
WKUHVKROGV�IRU�GLHWDU\�H[SRVXUH�WR�VHOHQLXP�DUH
DGGUHVVHG�LQ�WKH�VXPPDULHV�IRU�YHUWHEUDWH
DQLPDOV�SUHVHQWHG�EHORZ�
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)LVK

1DWLRQDO�DQG�JOREDO�PRQLWRULQJ�SURJUDPV�KDYH
UHYHDOHG�WKDW�PRVW�VSHFLHV�RI�ILVK�DYHUDJH�OHVV
WKDQ���PJ�6H�NJ�RQ�D�ZKROH�ERG\�EDVLV��H�J��
:DOVK�HW�DO��������6FKPLWW�DQG�%UXPEDXJK
������-HQNLQV���������7KHVH�VXUYH\V�LQFOXGH�GDWD
IURP�ERWK�FRQWDPLQDWHG�DQG�XQFRQWDPLQDWHG
VLWHV�DQG�WKHUHIRUH�LQFOXGH�PD[LPXP�YDOXHV�WKDW
GR�QRW�UHSUH�VHQW�WUXH�´EDFNJURXQG�µ��)RU
FRPSDULVRQ��/HPO\������E��UHFHQWO\�UHSRUWHG
ZKROH�ERG\�FRQFHQWUDWLRQV�RI�VHOHQLXP�IRU
PRUH�WKDQ�
���VSHFLHV�RI�ILVK�VDPSOHG�DW�WZR�FRQILUPHG�6H�
QRUPDO��ZDWHUERUQH�6H�#���J�/��/HPO\�����E�
ODNHV�LQ�1RUWK�&DUROLQD���:LWK�IHZ�H[FHSWLRQV�
WKH�VSHFLHV�DYHUDJHV�ZHUH�EHORZ�
��PJ�6H�NJ���$W�VHYHUDO�YHULILHG�6H�QRUPDO�VLWHV
LQ�WKH�6DQ�-RDTXLQ�5LYHU�V\VWHP�RI�&DOLIRUQLD�
6DLNL��������DQG�6DLNL�HW�DO���������DOVR�IRXQG
WKDW�PRVTXLWRILVK��FDUS��EOXHJLOO��DQG�ODUJHPRXWK
EDVV�DYHUDJHG����PJ�NJ�ZKROH�ERG\�6H��
6XQILVK�VDPSOHG�DW�FRQILUPHG�6H�QRUPDO�VLWHV�LQ
WKH�ORZHU�&RORUDGR�5LYHU�V\VWHP�DYHUDJHG
���²����PJ�NJ�ZKROH�ERG\�6H��:HOVK�DQG
0DXJKDQ���������&RQWUROOHG�GLHWDU\�H[SRVXUHV
DV�KLJK�DV���PJ�6H�NJ�LQ�H[SHULPHQWDO�VWXGLHV
FRQVLVWHQWO\�\LHOG�ZKROH�ERG\�VHOHQLXP
FRQFHQWUDWLRQV������PJ�NJ��H�J���2JOH�DQG
.QLJKW�������+DPLOWRQ�HW�DO��������86):6
����E��&OHYHODQG�HW�DO��������&R\OH�HW�DO�������
/RUHQW]HQ�HW�DO����������'LHWDU\�H[SRVXUHV�LQ�WKLV
UDQJH�ZRXOG�EH�W\SLFDO�RI�6H�QRUPDO
HQYLURQPHQWV��VHH�VXPPDU\�WDEOHV�IRU�SODQWV
DQG�LQYHUWHEUDWHV�DERYH����%DFNJURXQG
FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�VNHOHWDO�PXVFOH�
JRQDGV��DQG�HJJV�DOVR�WHQG�WR�DYHUDJH��²�
PJ�NJ�RU�OHVV��H�J���%DXPDQQ�DQG�*LOOHVSLH
������&RXJKODQ�DQG�9HOWH�������&UDQH�HW�DO�
������+HUPDQXW]�HW�DO��������+DPLOWRQ�DQG
:DGGHOO���������%DFN�JURXQG�FRQFHQWUDWLRQV�IRU
KHSDWLF�VHOHQLXP�KDYH�EHHQ�UHSRUWHG�WR�UDQJH
IURP���WR���PJ��NJ�EXW�DUH�XVXDOO\����PJ�NJ
�6RUHQVHQ�������86):6�����E��+HUPDQXW]�HW
DO��������/RUHQW]HQ�HW�DO����������

/HPO\������D������D��SURYLGHG�H[FHOOHQW�UHYLHZV
RI�VHOHQLXP�WR[LFLW\�WKUHVKROGV�IRU�ILVK���%DVHG�

RQ�WKDW�UHYLHZ��/HPO\�FRQFOXGHG�WKDW�WKH�PRVW
SUHFLVH�ZD\�WR�DVVHVV�ULVNV�DVVRFLDWHG�ZLWK
H[SRVXUH�RI�ILVK�WR�VHOHQLXP�LV�WR�PHDVXUH
VHOHQLXP�OHYHOV�LQ�JUDYLG�RYDULHV���0RUH�UHFHQWO\�
+DPLOWRQ�DQG�:DGGHOO��������UHYLHZHG�WKH
´JRQDG�HJJµ�OLWHUDWXUH�DQG�FRQFOXGHG�WKDW�ILVK
JRQDGV�DQG�HJJV�QRUPDOO\�DYHUDJH��²��PJ�6H�NJ
DQG�WKDW���²���PJ�NJ�ZDV�WKH�FXUUHQW�/2$(/
IRU�ZDUP�ZDWHU�ILVK����7KLV�/2$(/��KRZHYHU�
GRHV�QRW�LQGLFDWH�WKH�VTWG�WKUHVKROG�IRU�DGYHUVH
HIIHFWV�EHFDXVH�LW�ZDV�DVVRFLDWHG�ZLWK�DW�OHDVW
��²���SHUFHQW�UHSURGXFWLYH�LPSDLUPHQW
�+HUPDQXW]�HW�DO����������7KH�ORZHVW
FRQFHQWUDWLRQ�RI�VHOHQLXP�LQ�JRQDGV�DQG�HJJV
UHSRUWHG�IRU�D�FDVH�RI�VQVCN�UHSURGXFWLYH�IDLOXUH
LQ�ILVK��,&�����LV���²
���PJ�NJ��&UDQH�HW�DO����������&RQVLGHULQJ
VHOHQLXP�FRQFHQWUDWLRQV�LQ�ELUG�HJJV��+HLQ]�
HW�DO���������IRXQG�WKDW�WKH�UDWLR�EHWZHHQ�WKH
WKUHVKROG�RI�WRWDO�UHSURGXFWLYH�IDLOXUH��,&����
DQG�WKH�WKUHVKROG�IRU�UHSURGXFWLYH�LPSDLUPHQW
�.,&����ZDV�DERXW��²����WR������6HH�WHUDWR�
JHQHVLV�UHVSRQVH�WDEOH�IRU�EODFN�QHFNHG�VWLOWV
SUHVHQWHG�EHORZ����6LQFH�EDFNJURXQG�OHYHOV�RI
VHOHQLXP�LQ�HJJV�DUH�VLPLODU�IRU�ELUGV�DQG�ILVK
�+DPLOWRQ�DQG�:DGGHOO�������6NRUXSD�DQG
2KOHQGRUI��������DQG�H[SRVXUH�UHVSRQVH�FXUYHV
IRU�HPEU\R�WHUDWRJHQHVLV�DUH�EURDGO\�VLPLODU
�/HPO\�����E��S��������´,W�WKHUHIRUH�DSSHDUV�WKDW
WKH�WHUDWRJHQLF�HIIHFWV�RI�VHOHQLXP�LQ�QDWXUDO
SRSXODWLRQV�RI�ILVK�DQG�DTXDWLF�ELUGV�DUH
HVVHQWLDOO\�WKH�VDPH�µ���LW�VHHPV�OLNHO\�WKDW�WKH
,&����WR�,&���UDWLR���²���ï��LV�DOVR�VLPLODU�DQG
WKDW�WKH�WKUHVKROG�UHJLRQ�IRU�UHSURGXFWLYH�IDLOXUH
LQ�UGPUKVKXG�VSHFLHV�RI�ILVK�H[WHQGV�DV�ORZ�DV��²��
PJ�6H�NJ�LQ�JRQDGV�DQG�HJJV���&UDQH�HW�DO�·V
�������VWXG\�LV�FRQVLVWHQW�ZLWK�WKLV�FRQ�FOXVLRQ
EHFDXVH�SHUFK�DYHUDJLQJ�DERXW���PJ�6H�NJ�LQ
JRQDGV�KDG�VOLJKWO\�ORZHU�UHSUR�GXFWLYH�RXWSXW
WKDQ�FRQWUROV���$V�LV�RIWHQ�WKH�FDVH��WKRXJK�
&UDQH�HW�DO�·V�VWXG\�GLG�QRW�KDYH�WKH�VWDWLVWLFDO
SRZHU�WR�FRQFOXVLYHO\�WHVW�IRU�WKH�SUHVHQFH�RI�D
WUXH�WKUHVKROG�HIIHFW�

)RU�EOXHJLOO��D�VHQVLWLYH�VSHFLHV��&R\OH�HW�DO�
�������GLGQ·W�ILQG�VWDWLVWLFDOO\�VLJQLILFDQW
UHSURGXFWLYH�LPSDLUPHQW�XQWLO�WKH�JRQDGV�DQG
HJJV�KDG�DFFXPXODWHG�DERXW����PJ�6H�NJ��
%HFDXVH�FRQWUROV�LQ�&R\OH�HW�DO�·V�VWXG\�H[KLELWHG�
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RQO\����SHUFHQW�UHSURGXFWLYH�VXFFHVV��WKH�VWXG\
GLG�QRW�KDYH�WKH�VWDWLVWLFDO�SRZHU�WR�GHWHFW
DQ\WKLQJ�EXW�FDWDVWURSKLF�UHSURGXFWLYH
LPSDLUPHQW���,I�LW�LV�DVVXPHG�WKDW�&R\OH�HW�DO�·V
WUHDWPHQW�JURXS�RI�EOXHJLOO�WKDW�KDG����PJ
6H�NJ�LQ�JRQDGV�DQG�HJJV�ZDV�UHODWLYHO\�FORVH�WR
WKH�,&����WKUHVKROG�SRLQW��WKHQ�WKH�SURMHFWHG
,&����EDVHG�RQ�D��²
����UDWLR��ZRXOG�EH���²���PJ�6H�NJ�

$W�OHDVW�WZR�VWXGLHV�KDYH�UHODWHG�OHYHOV�RI���²��
PJ�NJ�GLHWDU\�VHOHQLXP��RUJDQLF��WR�WRWDO
UHSURGXFWLYH�IDLOXUH��:RRFN�HW�DO��������&R\OH�HW
DO����������6LQFH�VHOHQLXP�FRQFHQWUD�WLRQV�LQ
JRQDG�DQG�HJJ�WLVVXHV�DUH�SURSRU�WLRQDO�WR
GLHWDU\�H[SRVXUH��WKLV�VXJJHVWV�WKDW�WKH�WKUHVKROG
GLHWDU\�H[SRVXUH�WR�RUJDQLF�VHOHQLXP
�SUHGRPLQDQWO\�VHOHQRPHWKLRQLQH�DQG
VHOHQRF\VWHLQH��IRU�UHSURGXFWLYH�LPSDLU�PHQW
�DVVXPLQJ�RQO\�SDUHQWDO�H[SRVXUH��LV�QR�KLJKHU
WKDQ�DERXW����PJ�NJ����²���GLYLGHG�E\��²������
5HVXOWV�IURP�:RRFN�HW�DO���������DUH�FRQVLVWHQW
ZLWK�WKLV�HVWLPDWH���,Q�:RRFN�HW�DO�·V�VWXG\��D
GLHW�RI����PJ�6H�NJ��RUJDQLF��UHVXOWHG�LQ�DQ
´DSSDUHQWµ���SHUFHQW�UHSURGXFWLYH�GHSUHVVLRQ��
7KXV��ZKHQ�DGXOW�IHPDOH�ILVK�RI�VHQVLWLYH�VSHFLHV
DUH�H[SRVHG�WR�GLHWDU\�6H�$�DSSUR[LPDWHO\���
PJ�NJ��WKH\�DUH�OLNHO\�WR�SURGXFH�HJJV�WKDW
FRQWDLQ�HQRXJK�VHOHQLXP�WR�LPSDLU�VXUYLYDO�RI�DW
OHDVW�VRPH�RIIVSULQJ��HYHQ�LI�WKH�RIIVSULQJ
WKHPVHOYHV�DUH�QHYHU�H[SRVHG�WR�HOHYDWHG�GLHWDU\
VHOHQLXP���&RQYHUVHO\��VWXGLHV�RI�RIIVSULQJ�IURP
XQFRQWDPLQDWHG�HJJV�VXJJHVW�WKDW�ODUYDO�ILVK�DUH
YHU\�VHQVLWLYH�WR�GLUHFW�GLHWDU\�VHOHQLXP���'LHWDU\
H[SRVXUHV�DV�ORZ�DV��²��PJ�6H�NJ��RUJDQLF�
KDYH�EHHQ�GHPRQVWUDWHG�WR�LPSDLU�QRUPDO
MXYHQLOH�VXUYLYDO�DQG�RU�GHYHORSPHQW�LQ
VDOPRQLGV��+DPLOWRQ�HW�DO��������DQG
FHQWUDUFKLGV��&OHYHODQG�HW�DO��������/HPO\
����F����,Q�D�PRUH�UHFHQW�VWXG\��ODUYDO�UD]RUEDFN
VXFNHUV�IHG�ILHOG�FROOHFWHG�VHOHQLIHURXV
LQYHUWHEUDWHV�IURP�WKH�*UHHQ�5LYHU�V\VWHP�LQ
8WDK�DFFXPXODWHG�ZKROH�ERG\�VHOHQLXP
FRQFHQWUDWLRQV�!��PJ�NJ��L�H���!�ï�WKH�WR[LFLW\
WKUHVKROG��LQ�WZR�RXW�RI�IRXU�WULDOV��DOWKRXJK�WKH
LQYHUWHEUDWH�IRRG�VXSSO\�FRQWDLQHG�WRWDO�6H�RI
RQO\����²����PJ�NJ��+DPLOWRQ�HW�DO��������

,Q�WKH�VWXG\�E\�&R\OH�HW�DO����������ZKROH�ERG\
VHOHQLXP�YDOXHV�RI�DERXW���²���PJ�NJ�ZHUH
DVVRFLDWHG�ZLWK�FRPSOHWH�UHSURGXFWLYH�IDLOXUH�LQ
EOXHJLOO���&UDQH�HW�DO���������GLG�QRW�UHSRUW�ZKROH�
ERG\�UHVLGXHV�EXW�GLG�UHSRUW�PXVFOH
FRQFHQWUDWLRQV�DVVRFLDWHG�ZLWK�WRWDO�UHSUR�
GXFWLYH�IDLOXUH�LQ�SHUFK���%DVHG�RQ�WKH�PXVFOH�WR�
ZKROH�ERG\�FRQYHUVLRQ�UHJUHVVLRQ�IRU�EOXHJLOO
SURYLGHG�E\�6DLNL�HW�DO����������ZKROH�ERG\
VHOHQLXP�LQ�WKH�SHUFK�SUHVXPDEO\�ZDV�DOVR�DERXW
��²���PJ�NJ���$JDLQ��XVLQJ�D�UDWLR�RI�DERXW
�²����WR�EDFN�FDOFXODWH�DQ�HVWLPDWH�RI�WKH
WKUHVKROG�UHJLRQ��WKH�UHSURGXFWLYH�HIIHFWV
WKUHVKROG�IRU�VHQVLWLYH�VSHFLHV�ZRXOG�EH�H[SHFWHG
DW�DERXW��²��PJ�NJ�ZKROH�ERG\�6H���7KDW�LV
URXJKO\�WKH�VDPH�DV�WKH�WKUHVKROG�UDQJH�RI
ZKROH�ERG\�YDOXHV�DVVRFLDWHG�ZLWK�LPSDLUHG
VXUYLYDO�DQG�RU�GHYHORSPHQW�RI�ODUYDO�ILVK
�+DPLOWRQ�DQG�:LHGPH\HU�������+DPLOWRQ�HW�DO�
������&OHYHODQG�HW�DO��������+DPLOWRQ���������

'DWD�RQ�KHSDWLF�FRQFHQWUDWLRQV�DVVRFLDWHG�ZLWK
H[SRVXUHV�RI�ILVK�WR�RUJDQLF�IRUPV�RI�VHOHQLXP
DUH�LQVXIILFLHQW�IRU�HVWLPDWLQJ�D�VHQVLWLYH�VSHFLHV
WKUHVKROG���/HPO\������D��VXJJHVWHG�D�ULVN
WKUHVKROG�RI����PJ�6H�NJ�EDVHG�RQ�H[SHULPHQWDO
UHVXOWV�WKDW�OLQNHG�VHOHQLWH�H[SRVXUH�WR
SHUWXUEDWLRQV�RI�EORRG�FKHPLVWU\���+RZHYHU��WKH
ILVK�FRPSRQHQW�RI�D�KD]DUG�DVVHVVPHQW�SURWRFRO
IRU�VHOHQLXP�SUHVHQWHG�E\�/HPO\������������E�
UHOLHV�RQ�GDWD�IRU�ILVK�HJJV�RU�ZKROH�ERG\
UHVLGXHV��DV�D�VXUURJDWH�IRU�HJJV��EXW�QRW�RQ�GDWD
IRU�KHSDWLF�WLVVXHV���$V�UHFRJQL]HG�E\�/HPO\��RQO\
D�ZHDN�EDVLV�H[LVWV�IRU�DVVHVVLQJ�HFRORJLFDO�ULVN�LQ
QDWXUH�EDVHG�RQ�KHSDWLF�VHOHQLXP�FRQFHQWUDWLRQV
DQG��WKHUHIRUH��WKH\�KDYH�OLWWOH�LQWHUSUHWLYH�YDOXH�

1R�VXEOHWKDO�HIIHFWV�KDYH�EHHQ�UHSRUWHG�IRU�DGXOW
RU�MXYHQLOH�ILVK�DW�OHYHOV�ORZHU�WKDQ�WKH
WKUHVKROGV�HVWLPDWHG�DERYH�IRU�UHSURGXFWLYH
HIIHFWV��H�J���/HPO\�����D������������D��E���
0RUWDOLW\�RI�DGXOW�ILVK��HYHQ�LQ�VHQVLWLYH�VSHFLHV�
RFFXUV�DW�H[SRVXUH�DQG�WLVVXH�WKUHVKROGV�PXFK
KLJKHU�WKDQ�WKRVH�WKDW�
SURGXFH�UHSURGXFWLYH�LPSDLUPHQW���)RU�H[DPSOH�
HYHQ�DPRQJ�ILQJHUOLQJ�EOXHJLOO��VRPH



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

Interpretive guidance

Dietary Se
exposure
(mg/kg)

Complete reproductive failure
   (IC100) in sensitive species
   (bluegill) 

30%35  (food-
chain Se or se-
lenomethionine)

Estimated true threshold range
   (.IC10) for reproductive failure
   in sensitive species (bluegill),
   parental exposure only

10 (food-chain
Se or seleno-
methionine)

Experimental LOAEL’s for repro
  ductive impairment via lethal
   larval dietary exposure
   (salmon, bluegill, razorback
   suckers)

3%8 (food-chain
Se or seleno-
methionine) 

Edible tissue Se
(mg/kg)

Health advisories recommend
   limited fish consumption by
   healthy adults and no
   consumption by children and
   pregnant women 

2 (wet weight
basis)

Complete ban on human con-
   sumption of fish recommended

5 (wet weight
basis)

Summary:  Effects of selenium
on fish

Interpretive guidance

Fish Se
concentration

(mg/kg)

Background, whole body <1%4
 (typically <2)

Background, skeletal muscle <1%4 
(typically <2)

Background, gonads/eggs <1%4 (typically
2%3)

Background, hepatic 2%8 
(typically <5)

Lowest validated concentration in 
   edible tissue (trout fillet)
    warranting human health
    advisory

2.0  

Outdoor macrocosm LOAEL for
   reproductive impairment
   (bluegill)

16%18 (gonad/
egg tissue)

Estimated true threshold range
   (.IC10) for reproductive
   impairment in sensitive species
   (perch, bluegill)

7%13 (gonad/egg
tissue)

Experimental LOAEL for total
   reproductive failure (bluegill)

15%20 (whole
body, parental)

Estimated true threshold range
   (.IC10) for reproductive
   impairment in sensitive species
   (perch, bluegill, salmon)

4%6 (whole body,
parental or
offspring)

VSHFLPHQV�VXUYLYHG�D����GD\�GLHWDU\�H[SRVXUH�RI
����PJ�6H�NJ��RUJDQLF���)LQOH\�������&R\OH�HW
DO��������

&RQVXPSWLRQ�DGYLVRULHV�WR�SURWHFW�KXPDQ
KHDOWK�ZHUH�LVVXHG�LQ�&DOLIRUQLD�ZKHQ�HGLEOH�ILVK
WLVVXH�ZDV�NQRZQ�WR�H[FHHG���PJ�6H�NJ�RQ�D
ZHW�ZHLJKW�EDVLV��)DQ�HW�DO��������6DLNL�
HW�DO����������:KHQ�HGLEOH�WLVVXHV�H[FHHG���PJ
6H�NJ�RQ�D�ZHW�ZHLJKW�EDVLV��KHDOWK�SUR�
IHVVLRQDOV�DGYLVH�DJDLQVW�DQ\�KXPDQ
FRQVXPSWLRQ��$���)DQ��SHUV��FRPP���FLWHG�LQ
7H[DV�3DUNV�DQG�:LOGOLIH�'HSDUWPHQW�������

$PSKLELDQV�DQG�5HSWLOHV

%XOOIURJV�FROOHFWHG�IURP�UHIHUHQFH�DJURIRUHVWU\
SODQWDWLRQV�LQ�WKH�6DQ�-RDTXLQ�9DOOH\�FRQ�WDLQHG
���²����PJ�NJ�ZKROH�ERG\�6H��&')*��������
)URJ�DQG�WRDG�OLYHUV�IURP�UHIHUHQFH�VLWHV�LQ�WKH
VDPH�DUHD�FRQWDLQHG����²����PJ�6H�NJ��%U\QH�HW
DO��������2KOHQGRUI�HW�DO������E����,Q�OL]DUGV�DQG
VQDNHV�IURP�WKHVH�DUHDV��ZKROH�ERG\�VHOHQLXP
DYHUDJHG����²����PJ�NJ��DQG�WKHVH�YDOXHV
SUREDEO\�UHSUH�VHQW�QRUPDO�EDFNJURXQG
FRQFHQWUDWLRQV�HYHQ�WKRXJK�VRPH�RI�WKH�VQDNHV
ZHUH�FROOHFWHG�DW�VLWHV�ZKHUH�VHOHQLXP�
FRQWDPLQDWHG�ZDWHU�LV�XVHG�WR�LUULJDWH�WUHHV
�&')*���������:DWHU�VQDNHV�IURP�)ORULGD�DOVR
FRQWDLQHG�DERXW��²��PJ�NJ�ZKROH�ERG\�6H
�:LQJHU�HW�DO����������/LYHUV�RI�JRSKHU�VQDNHV
IURP�UHIHUHQFH�VLWHV�QHDU�.HVWHUVRQ�5HVHUYRLU
FRQWDLQHG�DERXW��²
��PJ�6H�NJ��2KOHQGRUI�HW�DO������E����3LQH�VQDNH
KDWFKOLQJV�IURP�WKH�1HZ�-HUVH\�SLQH�EDUUHQV�
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Summary:  Effects of selenium on
amphibians and reptiles

Interpretive guidance

Biomass Se
concentration

(mg/kg)

Background, whole body 0.7%3 
(typically <2)

Background, eggs 1%3

Background, hepatic 2.9%3.6

Presumptive reproductive
   impairment threshold

$10 (eggs)

Presumptive adverse effects
   threshold on a whole body
   basis (10× normal)

$20 
(whole body)

Waterborne Se
concentration

(µg/L)

Lowest toxicity-test LC50 for
   amphibian eggs/larvae

90

UHJLRQ�DYHUDJHG�����PJ�6H�NJ�LQ�VNLQOHVV�ZKROH�
ERG\�VDPSOHV��VNLQV�DYHUDJHG�����PJ�NJ�
�%XUJHU���������7KHVH�KDWFKOLQJV�DUH�SUREDEO\
JRRG�LQGLFDWRUV�RI�QRUPDO�VHOHQLXP�OHYHOV�LQ
VQDNH�HJJV���$PHULFDQ�DOOLJDWRU�HJJV�IURP
)ORULGD�FRQWDLQHG�DERXW����²����PJ�6H�NJ
�+HLQ]�HW�DO����������%RWK�WKH�SLQH�VQDNH
KDWFKOLQJV�DQG�WKH�DOOLJDWRU�HJJV�VXJJHVW�WKDW
QRUPDO�EDFNJURXQG�FRQFHQWUD�WLRQV�RI�6H�LQ
DPSKLELDQ�DQG�UHSWLOH�HJJV�DUH�WKH�VDPH�DV�LQ
ILVK�DQG�ELUG�HJJV��L�H���W\SLFDOO\�DYHUDJLQJ��²�
PJ�NJ���

$SSDUHQWO\��QR�ILHOG�GDWD�DUH�DYDLODEOH�IRU
DVVHVVLQJ�WR[LF�WKUHVKROGV�LQ�DPSKLELDQV�DQG
UHSWLOHV���([SHULPHQWDO�GDWD�DUH�OLPLWHG�WR
WR[LFLW\�WHVWV�WKDW�IRXQG�:GPQRWU��IURJ��ODUYDH
VHQVLWLYH�WR�!�������J�/�ZDWHUERUQH�VHOHQLWH
�%URZQH�DQG�'XPRQW�������DQG�IRXQG�DQ�/&��
RI�����J�/�ZDWHUERUQH�VHOHQLWH�IRU�HJJV�DQG
ODUYDH�RI�WKH�QDUURZ�PRXWKHG�WRDG��%LUJH�HW�DO�
������

%DVHG�RQ�KRZ�VLPLODU�WKH�WR[LF�WKUHVKROG�YDOXHV
DUH�IRU�ILVK�DQG�ELUG�HJJV��H�J���/HPO\������
����E���WZR�RWKHU�FODVVHV�RI�HJJ�OD\LQJ
YHUWHEUDWHV��LW�LV�SUREDEO\�VDIH�WR�DVVXPH�IRU
DPSKLELDQV�DQG�UHSWLOHV�WKDW�����UHSURGXFWLYH
LPSDLUPHQW�LV�DPRQJ�WKH�PRVW�VHQVLWLYH
UHVSRQVH�YDULDEOHV�DQG�����SRSXODWLRQV
SURGXFLQJ�HJJV�ZLWK�$���PJ�6H�NJ�DUH
UHSURGXFWLYHO\�LPSDLUHG���$QRWKHU�SURYLVLRQDO
LQWHUSUHWLYH�JXLGHOLQH�WKDW�VHHPV�MXVWLILHG��EDVHG
RQ�H[LVWLQJ�NQRZOHGJH�IRU�DOO�RWKHU�WD[D�RI
YHUWHEUDWHV��LV�WKDW�ZKROH�ERG\�FRQFHQWUD�WLRQV
DW�RU�DERYH���ï�QRUPDO�EDFNJURXQG��RU�$��
PJ�NJ��DUH�SUREDEO\�WR[LF�WR�SRSXODWLRQV�RI
VHQVLWLYH�VSHFLHV�

%LUGV

%LUGV�DUH�UDUHO\�DQDO\]HG�IRU�FRQWDPLQDQW
FRQFHQWUDWLRQV�RQ�D�ZKROH�ERG\�RU�FDUFDVV
EDVLV���2QH�QDWLRQDO�PRQLWRULQJ�SURJUDP��
KRZHYHU��DQDO\]HG�VHOHQLXP�FRQFHQWUDWLRQV�LQ�
VWDUOLQJ�FDUFDVVHV��IHDWKHUV��OHJV�IHHW��EHDNV�
�UHPRYHG����6WDUOLQJ�FDUFDVVHV�XVXDOO\�DYHUDJHG
OHVV�WKDQ���PJ�6H�NJ��:KLWH�HW�DO���������

6HOHQLXP�H[SRVXUH�LQ�ELUGV�LV�PRUH�W\SLFDOO\
PHDVXUHG�LQ�VSHFLILF�WLVVXHV���PXVFOH��OLYHU�
NLGQH\��HJJV��IHDWKHUV��RU�EORRG�SODVPD���1RUPDO
FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�PXVFOH�DUH�DERXW
�²��PJ�NJ��H�J���:KLWH�HW�DO���������2KOHQGRUI�HW
DO��������%DUQXP���������/LYHU�DQG�NLGQH\�WLVVXH
XVXDOO\�FRQWDLQ�FRPSDUDEOH�FRQFHQWUDWLRQV�RI
VHOHQLXP��2KOHQGRUI�HW�DO������D��+HLQ]������
DQG�ZLOO�EH�UHIHUUHG�WR�LQ�DJJUHJDWH�DV�KHSDWLF
WLVVXH���5HIHUHQFH�LQWHU�TXDUWLOH�UDQJHV�IRU
VHOHQLXP�LQ�DYLDQ�KHS�
DWLF�WLVVXH��LQ�PJ�NJ��YDU\�IURP����²����
�����PHGLDQ��LQ�UDOOLGV��PRVWO\�$PHULFDQ�FRRWV��
WR����²���������PHGLDQ��LQ�DQDWLGV��GDEEOLQJ
GXFNV���WR����²���������PHGLDQ��LQ�UHFXUYLUR�VWULGV
�VWLOWV�DQG�DYRFHWV���6NRUXSD�HW�DO�����������7KHVH
WKUHH�WD[D�UHSUHVHQW�KHUELYRURXV��RPQLYRURXV�
DQG�FDUQLYRURXV��LQYHUWHEUDWH�SUH\��JURXSV�RI
ELUGV�DQG�WKHUHIRUH�VKRXOG�UHSUHVHQW�WKH�IXOO
UDQJH�RI�QRUPDO�EDFNJURXQG�FRQFHQWUDWLRQV��
%LUG�HJJV�FROOHFWHG�IURP�6H�QRUPDO�VWXG\�DUHDV
XVXDOO\�DYHUDJH�#��PJ�6H�NJ��JUDQG�PHGLDQ
DFURVV�DOO�WD[D�RI�����PJ��NJ���DQG�WKH�PD[LPXPV
DUH�XVXDOO\����PJ�6H�NJ��6NRUXSD�DQG
2KOHQGRUI�������2KOHQGRUI�HW�DO����������7KH
VHOHQLXP�FRQWHQW�
RI�IHDWKHUV�LV�XVXDOO\��²��PJ�NJ��3DUULVK�HW�DO��
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Ducks

Egg Se range: 
ducks

(mg/kg)

Observed probability of
overt embryo teratogenesis

(%)

00%10
11%20
21%30
31%40
41%50
51%60
61%70
71%80

  0.0
  3.2
  8.7
40.0

Insufficient data
Insufficient data
Insufficient data

100.0  

     Notes:  The field-measured background rate of
overt embryo teratogenesis for Se-normal duck popu-
lations in Montana (i.e., representative eggs contained
<5 mg Se/kg) was approximately 0.3 percent based on
a monitored sample of >3,000 eggs (calculated from
data in Dubois 1988).  Only eggs that were both
randomly sampled in the field and randomly selected
for chemical analysis are included above.  Observed
probabilities are for true teratogenesis only, not for all
types of abnormalities.  Total N=138 eggs, mostly
from the San Joaquin Valley of California.

������%XUJHU�HW�DO������D��%XUJHU�DQG�*RFKIHOG
����D�E��%XUJHU�DQG�*RFKIHOG�������%XUJHU�
HW�DO��������EXW�PD\�EH����PJ�NJ�LQ�DUHDV�RI
VHOHQLXP�SRRU�VRLO��%XUJHU�HW�DO���������
+RZHYHU��WKH�SUHVHQFH�RI�PHUFXU\�KDV�WKH�HIIHFW
RI�GLUHFWLQJ�PRUH�VHOHQLXP�FRQWHQW�LQWR�WKH
IHDWKHUV��DQG�VR�IHDWKHUV�PD\�UHDFK
FRQFHQWUDWLRQV�RI��²��PJ�6H�NJ�LQ�HQYLURQ�
PHQWV�FRQWDLQLQJ�HOHYDWHG�PHUFXU\�OHYHOV
�*/6$%�������%XUJHU�HW�DO������E����$YLDQ
ZKROH�EORRG�QRUPDOO\�FRQWDLQV�DERXW����²
����PJ�6H�NJ�RQ�D�ZHW�ZHLJKW�EDVLV��H�J���,KQDW
������+HLQ]�HW�DO��������86%5�������

+HLQ]��������SURYLGHV�DQ�H[FHOOHQW�UHFHQW�UHYLHZ
RI�VHOHQLXP�WR[LFLW\�WKUHVKROGV�IRU�ELUGV���+H
IRXQG�WKDW�UHSURGXFWLYH�LPSDLUPHQW�LV�RQH�RI
WKH�PRVW�VHQVLWLYH�UHVSRQVH�YDULDEOHV�DQG�HJJV
DUH�WKH�PRVW�UHOLDEOH�WLVVXHV�IRU�LQWHUSUHWLYH
SXUSRVHV���8QOLNH�PRVW�VDPSOLQJ�WHFKQLTXHV�
HJJ�VWXGLHV�HDVLO\�DYRLG�D�VDPSOLQJ�ELDV�WKDW
IDYRUV�VXUYLYRUV���%LUG�HJJV�DUH�VDPSOHG�ZLWKRXW
UHJDUG�IRU�WKH�VWDWXV�RI�WKH�HPEU\R�LQVLGH�WKH
HJJ���/LYH�DQG�GHDG�HPEU\RV�KDYH�HTXDO
SUREDELOLWLHV�RI�EHLQJ�VDPSOHG���7KHUHIRUH�
DFFXUDWH�SRSXODWLRQ�OHYHO�H[SRVXUH�DVVHVVPHQWV
DQG�XQELDVHG�H[SRVXUH�UHVSRQVH�FXUYHV�FDQ�EH
REWDLQHG�IURP�ILHOG�VDPSOHV�RI�HJJV��
5HSURGXFWLYH�LPSDLUPHQW�LV�JHQHUDOO\�D�PRUH
VHQVLWLYH�UHVSRQVH�YDULDEOH�WKDQ�DGXOW�PRUWDOLW\�
KP�QXQ�H[SRVXUH�WR�VHOHQLXP�LV�GLVFUHWH�DQG
HDVLO\�PHDVXUHG��DQG�ELUGV
�VHQVLWLYLW\�WR
VHOHQLXP�LV�HTXDO�WR�RU�JUHDWHU�WKDQ�WKDW�RI�RWKHU
WD[D���&RQVHTXHQWO\��ELUG�HJJV�FRQVWLWXWH�RQH�RI
WKH�EHVW�ELRWLF�PDWULFHV�IRU�ULVN�LPSDFW
LQWHUSUHWDWLRQ��2KOHQGRUI�HW�DO��������+HLQ]�HW
DO��������������6NRUXSD�DQG�2KOHQGRUI������
&+�0�+LOO�HW�DO��������2KOHQGRUI�HW�DO�������
6NRUXSD�������6HLOHU�DQG�6NRUXSD�������+HLQ]
������6NRUXSD�����D��

%DVHG�RQ�D�UHYLHZ�RI�H[SHULPHQWDO�DQG�ILHOG
GDWD��+HLQ]��������HVWLPDWHG�WKDW�WKH
HPEU\RWR[LF�WKUHVKROG�IRU�VHOHQLXP�LQ�ELUG�HJJV
LV�DERXW����PJ�NJ���6HYHUDO�WD[D�VSHFLILF
H[SRVXUH�UHVSRQVH�SURILOHV�IRU�DYLDQ�HPEU\RV
KDYH�EHHQ�GHULYHG�IURP�ILHOG�VDPSOLQJ�GXULQJ
WKH�ODVW�GHFDGH��6NRUXSD�HW�DO���XQSXE��GDWD�
6NRUXSD�HW�DO��������6NRUXSD�����D����%DVHG�RQ
WKRVH�SURILOHV��SUHVHQWHG�EHORZ���ELUG�VSHFLHV
GLIIHU�VXEVWDQWLDOO\�LQ�HPEU\R�VHQVLWLYLW\�WR
VHOHQLXP�H[SRVXUH���7KH�YDULDWLRQ�VHHPV�WR�KDYH

PRUH�WR�GR�ZLWK�VDOLQLW\�WROHUDQFH�WKDQ�ZLWK
SK\ORJHQ\���6SHFLHV�RI�ELUGV�WKDW�SUHIHU
DWKDODVVRKDOLQH��QRQPDULQH�VDOLQH��ZHWODQGV
SURGXFH�HPEU\RV�WKDW�DUH�PRUH�WROHUDQW�RI
VHOHQLXP�WKDQ�FORVHO\�UHODWHG�VSHFLHV�WKDW�IDYRU
IUHVKZDWHU�ZHWODQGV���)RU�H[DPSOH��HPEU\RV�RI
$PHULFDQ�DYRFHWV�WROHUDWH�VHOHQLXP�EHWWHU�WKDQ
GR�WKRVH�RI�EODFN�QHFNHG�VWLOWV��DQG�VQRZ\�SORYHU
HPEU\RV�DUH�PRUH�WROHUDQW�WKDQ�WKRVH�RI�NLOOGHHU��
$�SRVVLELOLW\�WKDW�GHVHUYHV�VRPH�DWWHQWLRQ�LV�WKDW
GLIIHUHQFHV�LQ�HPEU\RQLF�VHOHQLXP�WROHUDQFH�PD\
EH�D�FRQVHTXHQFH�RI�QDWXUDO�VHOHFWLRQ�IRU
WROHUDQFH�WR�VXOIDWH�VDOLQLW\���:KDWHYHU�LV�FDXVLQJ
WKH�LQWHUVSHFLILF�YDULDWLRQ��RQFH�LGHQWLILHG��LW
ZRXOG�KDYH�WUHPHQGRXV�LQWHUSUHWLYH�LPSOLFDWLRQV��

:LWK�WKH�SRVVLEOH�H[FHSWLRQ�RI�FLQQDPRQ�WHDO�
GDEEOLQJ�GXFNV�DSSHDU�WR�EH�DPRQJ�WKH�PRVW
VHQVLWLYH�VSHFLHV�RI�ZDWHUELUGV���$�UHFHQW
VWDWLVWLFDO�DQDO\VLV�RI�WKH�WHUDWRJHQHVLV�GDWD�IRU
GXFNV�UHYHDOHG�WKDW�WKH�,&���ZDV����PJ�6H�NJ
HJJ��6NRUXSD�����E����)LHOG�FROOHFWHG�WHUDWR�
JHQHVLV�UHVSRQVH�GDWD�IRU�GXFN�HPEU\RV�DUH
GLVWULEXWHG�DV�IROORZV�
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Egg Se
range:  stilts

(mg/kg)

Observed probability of overt
embryo teratogenesis

(%)

61%80
81%100

101%120

71.4
100.0
100.0

     Notes:  The field-measured background rate of
overt embryo teratogenesis for Se-normal stilt and
avocet populations (recurvirostrids) in the San Joaquin
Valley of California was approximately 0.15 percent
based on a monitored sample of >3,000 eggs
(Skorupa et al., unpub. data).  Only eggs that were
both randomly sampled in the field and randomly
selected for chemical analysis are included above. 
Observed probabilities are for true teratogenesis only,
not for all types of abnormalities.  Total N=547 eggs,
mostly from the San Joaquin Valley of California.

Stilts&Teratogenesis

Egg Se
range:  stilts

(mg/kg)

Observed probability of overt
embryo teratogenesis

(%)

00%10
11%20
21%40
41%60

0.4
1.3
5.0

24.4

)RU�LQGLYLGXDO�GXFN�HJJV�FRQWDLQLQJ�DV�OLWWOH�DV
��²���PJ�NJ��WKH�REVHUYHG�SUREDELOLW\�RI
WHUDWRJHQHVLV�LV�ORZ�LQ�DEVROXWH�WHUPV�EXW�LV
QHYHUWKHOHVV���ï�EDFNJURXQG���7KH�DERYH
QXPEHUV�DUH�LQGLYLGXDO�OHYHO�GDWD��EXW�WKH\
VXSSRUW�WKH�SRSXODWLRQ�OHYHO�DQDO\VLV�RI�6NRUXSD
DQG�2KOHQGRUI����������)RU�LQWHU�SUHWLYH
SXUSRVHV��KRZHYHU��LW�LV�YHU\�LPSRU�WDQW�WR
GLVWLQJXLVK�EHWZHHQ�LQGLYLGXDO�OHYHO�DQG
SRSXODWLRQ�OHYHO�JXLGHOLQHV���3RSXODWLRQ�OHYHO
WKUHVKROGV�DUH�XVXDOO\�ORZHU�WKDQ�LQGLYLGXDO�OHYHO
WKUHVKROGV�EHFDXVH�WKH\�DUH�EDVHG�RQ�SRSXODWLRQ
DYHUDJHV�HYHQ�WKRXJK�LW�LV�DFWXDOO\�WKH�PD[LPXP
YDOXHV�WKDW�GHWHU�PLQH�ZKHQ�D�SRSXODWLRQ
FURVVHV�WKH�WR[LFLW\�WKUHVKROG��L�H���WKH�SRLQW�DW
ZKLFK�MXVW�D�IHZ�KHQV�LQ�WKH�SRSXODWLRQ�VKRZ�D
WR[LF�UHVSRQVH����4XLWH�RIWHQ��RQO\�SRSXODWLRQ
OHYHOV�RI�VHOHQLXP�H[SRVXUH��PHDQV�DQG
VWDQGDUG�HUURUV��DUH�UHSRUWHG�LQ�WKH�OLWHUDWXUH�
DQG�WKDW�LV�ZK\�6NRUXSD�DQG�2KOHQGRUI�������
ZHUH�OLPLWHG�WR�D�SRSXODWLRQ�OHYHO�DQDO\VLV�RI
SXEOLVKHG�ILHOG�GDWD���7KH�UHVSRQVH�SURILOHV
SURYLGHG�KHUH�DUH�JXLGHV�IRU�LQGLYLGXDO�OHYHO�ULVN
LQWHUSUHWDWLRQ��WKH�OHYHO�WKDW�LV�PRVW�XVHIXO�EXW
UHTXLUHV�IDU�PRUH�HIIRUW�WR�FRQ�VWUXFW�ILHOG�
YDOLGDWHG�SURILOHV����7HUDWRJHQHVLV�LV�QRW�DV
VHQVLWLYH�D�UHVSRQVH�YDULDEOH�DV�HJJ�KDWFKDELOLW\�
EXW�GXH�WR�KLJK�UDWHV�RI�QHVW�SDUDVLWLVP�DPRQJ
WKH�GXFN�SRSXODWLRQV�VDPSOHG��LW�ZDV�QRW
SRVVLEOH�WR�FRQVWUXFW�D�UHVSRQVH�SURILOH�EDVHG
RQ�KDWFKDELOLW\�

%ODFN�QHFNHG�VWLOWV�DUH�QRW�DV�VHQVLWLYH�WR
VHOHQLXP�SRLVRQLQJ�DV�GXFNV�EXW�DUH�VWLOO
PRGHUDWHO\�VHQVLWLYH���)LHOG�FROOHFWHG
WHUDWRJHQHVLV�UHVSRQVH�GDWD�IRU�VWLOW�HPEU\RV�DUH
GLVWULEXWHG�DV�IROORZV��

7KH�UHVSRQVH�SURILOH�DERYH�LV�QRW�GLUHFWO\
FRPSDUDEOH�WR�WKH�HPEU\RWR[LFLW\�FXUYH�IRU�VWLOWV
SUHVHQWHG�E\�2KOHQGRUI�HW�DO���������
ILJXUH����EHFDXVH�WKHLU�FXUYH�ZDV�QRW�UHVWULFWHG�WR
WUXH�WHUDWRJHQHVLV��LUUHYHUVLEOH�VWUXFWXUDO
GHIRUPLWLHV��EXW�LQFOXGHG�DOO�IRUPV�RI�HPEU\R
LPSDLUPHQW��LQFOXGLQJ�UHYHUVLEOH�SDWKRORJLHV���
0RUH�LPSRUWDQWO\��2KOHQGRUI�HW�DO�·V�GDWD�VHW
LQFOXGHG�VRPH�VDPSOHV�WKDW�ZHUH�QRQ��UDQGRPO\
VHOHFWHG�IRU�FKHPLFDO�DQDO\VLV�VSHFLILFDOO\�EHFDXVH
WKH�VDPSOHV�FRQWDLQHG�DEQRUPDO�HPEU\RV��+�0�
2KOHQGRUI�DQG�
5�/��+RWKHP��SHUV��FRPP�����,QFOXVLRQ�RI�VRPH
QRQUDQGRP�GDWD�SRLQWV�VWDWLVWLFDOO\�ELDVHV�WKH�
UHVSRQVH�FXUYH�XSZDUG���:LWKLQ�HDFK�H[SRVXUH
FDWHJRU\��HJJV�ZLWK�DEQRUPDO�HPEU\RV�KDG�
D�KLJKHU�SUREDELOLW\�RI�EHLQJ�VDPSOHG��L�H��
VHOHFWHG�IRU�FKHPLFDO�DQDO\VLV��WKDQ�XQLP�SDLUHG
HJJV�DQG��WKHUHIRUH��WKH�IUHTXHQF\�RI�UHVSRQVH�DW
HDFK�H[SRVXUH�LQWHUYDO�LV�RYHUHVWLPDWHG��
&RPSDULQJ�WKH�GXFN�GDWD�WR�WKDW�IRU�VWLOWV��QRWLFH
WKDW�WKH�LQFLGHQFH�RI�WHUDWRJHQHVLV�LQ�GXFNV
VKRZV�D�VXEVWDQWLYH�LQFUHDVH�DW�D�GLVWLQFWO\�ORZHU
WKUHVKROG�
�.���PJ�NJ�YHUVXV�.���PJ�NJ����

)LHOG�FROOHFWHG�FOXWFK�YLDELOLW\�GDWD�IRU�VWLOWV�DUH
GLVWULEXWHG�DV�IROORZV�



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

Stilts&clutch viability

Egg Se range: 
stilts (mg/kg)

Observed probability of
impaired clutch (%)

0%5
6-15

16-30
31-50
51-70
71-90

91-110

8.7 (background)
18.9
26.9
33.7
65.4

100.0
100.0

     Notes:  These data represent the percentage fo
hens within each exposure interval that were
reproductively impaired; a henwise response rate
based on whole-clutch viability (4-egg clutches).  The
background rate is a function of normal infertility. 
Total N-410 full-term, monitored, and chemically
characterized clutches, mostly from the San Joaquin
Valley of California.

Avocets&teratogenesis

Egg Se range: 
avocets (mg/kg)

Observed probability
of overt embryo

teratogenesis (%)

00%40
41%60
61%80

81%100 
101%120   

0.0
3.8
7.1
9.1

50.0

     Notes:  The field-measured background rate of
overt embryo teratogenesis for Se-normal stilt and
avocet populations (recurvirostrids) in the San Joaquin
Valley of California was approximately 0.15 percent
based a monitored sample of >3,000 eggs (Skorupa et
al., unpub. data).  Only eggs that were both randomly
sampled in the field and randomly selected for
chemical analysis are included above.  Observed
probabilities are for true teratogenesis only, not for all
types of abnormalities.  Total N=542 eggs, mostly from
the San Joaquin Valley of California.

7KH�KHQZLVH�� FOXWFKZLVH��UHVSRQVH�SURILOH
SUHVHQWHG�DERYH�SURYLGHV�LQGLYLGXDO�OHYHO
LQWHUSUHWLYH�JXLGDQFH�WKDW�LQFRUSRUDWHV�DOO�IRUPV
RI�HPEU\R�LPSDLUPHQW��QRW�MXVW�WHUDWR�JHQHVLV��
2KOHQGRUI�HW�DO���������ILJXUH����DOVR�SUHVHQWHG�D
FOXWFKZLVH�UHVSRQVH�SURILOH�IRU�VWLOWV��EXW�LW�LV
ELDVHG�XSZDUG�GXH�WR�WKH�LQFOXVLRQ�RI�VRPH
VDPSOHV�QRQUDQGRPO\�VHOHFWHG�IRU�FKHPLFDO
DQDO\VLV���)RU�H[DPSOH��2KOHQGRUI�HW�DO�·V
FOXWFKZLVH�UHVSRQVH�FXUYH�VXJJHVWV�WKDW���
SHUFHQW�RI�VWLOW�KHQV�LQ�WKH���²���PJ�6H�NJ�HJJ
H[SRVXUH�FDWHJRU\�ZLOO�EH�UHSURGXFWLYHO\
LPSDLUHG�DV�RSSRVHG�WR�DQ�HVWLPDWH�RI���
SHUFHQW��ZKLFK�LV�EHORZ�2KOHQGRUI�HW�DO�·V�ORZHU
���SHUFHQW�FRQILGHQFH�ERXQGDU\��EDVHG�RQ
VWULFWO\�UDQGRP�VDPSOHV���6NRUXSD������D��KDV
UHFHQWO\�SURYLGHG�D�GHWDLOHG�VWDWLVWLFDO�DQDO\VLV�RI
WKH�7XODUH�%DVLQ�VWLOW�GDWD�DQG�VKRZQ�WKDW�WKH
,&���IRU�WHUDWRJHQHVLV�LV����PJ�6H�NJ�HJJ�DQG
WKDW�WKH�WKUHVKROG�SRLQW�IRU�KDWFKDELOLW\�HIIHFWV
LV��²��PJ�6H�NJ�HJJ�

$V�D�ILQDO�VSHFLHV�VSHFLILF�H[DPSOH��$PHULFDQ
DYRFHWV�DUH�YHU\�WROHUDQW�WR�VHOHQLXP�SRLVRQLQJ�
HYHQ�FRPSDUHG�WR�WKH�FORVHO\�UHODWHG�VWLOWV���)LHOG
WHUDWRJHQHVLV�UHVSRQVH�GDWD�IRU�DYRFHW�HPEU\RV
EUHDN�GRZQ�DV�IROORZV�

7KH�,&���IRU�HPEU\R�WHUDWRJHQHVLV�LQ�DYRFHWV�LV
����PJ�6H�NJ�HJJ��RU�DERXW���²��ï�QRUPDO
EDFNJURXQG��6NRUXSD�����D����7KDW�LV�URXJKO\
IRXU�WLPHV�WKH�YDOXH�IRU�GXFNV�DQG�DERXW�WZLFH
WKH�YDOXH�IRU�VWLOWV���(YHQ�WKH�,&���IRU�DYRFHWV�
���PJ�6H�NJ�HJJ��LV�YHU\�KLJK��6NRUXSD�����D���
,QWHUHVWLQJO\��*RRGVHOO���������VWXG\LQJ
$XVWUDOLDQ�YDULHWLHV�RI�DYRFHWV�DQG�VWLOWV��IRXQG�D
VLPLODU�GHJUHH�RI�GLIIHUHQFHV�LQ�WKHVH�ELUGV

WROHUDQFH�IRU�VDOLQLW\���5HG�QHFNHG�DYRFHW�FKLFNV
ZHUH�IDU�PRUH�VDOLQLW\�WROHUDQW
WKDQ�EODFN�ZLQJHG�VWLOW�FKLFNV�LQ�WKH�VDPH�DUHDV��
$V�QRWHG�LQ�6NRUXSD���������VHOHQLXP�WROHUDQFH
DQG�VDOLQLW\�WROHUDQFH�DUH�FORVHO\�UHODWHG���7KH
SUHGRPLQDQW�VDOW�DW�PDQ\�VDOLQH�VLQN�ZHWODQGV�LV
VRGLXP�VXOIDWH��DQG�WKH�ELRFKHPLVWU\�RI�VHOHQLXP
LV�YHU\�VLPLODU�WR�WKDW�RI�VXOIXU���7KXV��DQ\
PHFKDQLVP�WKDW�KDV�HYROYHG�WR�FRSH�ZLWK�WKH
HIIHFWV�RI�VXOIDWH�VDOLQLW\�LV�OLNHO\�WR�EH�HTXDOO\
HIIHFWLYH�DJDLQVW�VHOHQLXP���7KH�$XVWUDOLDQ
DYRFHWV�DQG�VWLOWV�DUH�FORVH�HFRORJLFDO�HTXLYDOHQWV
WR�WKH�1RUWK�$PHULFDQ�VSHFLHV����-RKQVJDUG
>����@�FRQVLGHUV�EODFN�ZLQJHG�DQG�EODFN�QHFNHG
VWLOWV�WR�EH�WKH�VDPH�VSHFLHV��
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Avocets&clutch viability

Egg Se range: 
avocets (mg/kg)

Observed probability of
impaired clutch (%)

00%20
21%40
41%60
61%80

81%100

13.5 (background)
14.6
11.8
33.3
50.0

     Notes:  These data represent the percentage of
hens within each exposure interval that were
reproductively impaired; a henwise response rate
based on whole-clutch viability (4-egg clutches).  The
background rate is a function of normal infertility. 
Total N=230 full-term, monitored, and chemically
characterized clutches, mostly from the San Joaquin
Valley of California.

)LHOG�FROOHFWHG�FOXWFK�YLDELOLW\�GDWD�IRU�DYRFHWV
DUH�GLVWULEXWHG�DV�IROORZV�

:KHUHDV����SHUFHQW�RI�VWLOW�KHQV�DUH�UHSUR�
GXFWLYHO\�LPSDLUHG�ZKHQ�HJJV�FRQWDLQ����PJ
6H�NJ��DYRFHW�HJJV�KDYH�WR�FRQWDLQ����PJ�NJ
IRU����SHUFHQW�RI�WKH�KHQV�WR�EH�UHSURGXFWLYHO\
LPSDLUHG�

$W�+HLQ]·V��������UHFRPPHQGHG�WKUHVKROG
FRQFHQWUDWLRQ�RI����PJ�6H�NJ�LQ�DYLDQ�HJJV�
WKUHVKROG�SURSRUWLRQV��.���SHUFHQW��RI�GXFN
DQG�VWLOW�KHQV�ZRXOG�LQGHHG�H[KLELW�UHSUR�
GXFWLYH�VHOHQRVLV���3UREDEO\��WKRXJK��QR�DYRFHW
KHQV�ZRXOG�VKRZ�DQ\�VXFK�HIIHFW���0RUH�OLPLWHG
VHWV�RI�ILHOG�UHVSRQVH�GDWD�IRU�VQRZ\�SORYHUV
DQG�NLOOGHHU��6NRUXSD�HW�DO���XQSXE��GDWD��VXJJHVW
SURILOHV�WKDW�DUH�YHU\�VLPLODU�WR�WKRVH�IRU�DYRFHWV
DQG�VWLOWV��UHVSHF�WLYHO\���,Q�DGGLWLRQ�WR�WKH
GLIIHUHQFHV�EHWZHHQ�VSHFLHV�LQ�WKHLU�UHVSRQVHV�WR
HTXDO�KP�QXQ�H[SRVXUHV��RWKHU�GLIIHUHQFHV�DUH
UHODWHG�WR�GLHWDU\�KDELWV���7KUHH�H[SHULPHQWDO
VWXGLHV�RI�IOHVK�HDWLQJ�ELUGV�KDYH�IRXQG�WKDW�OHVV
VHOHQLXP�ZDV�WUDQVIHUUHG�IURP�WKH�KHQ·V�GLHW�WR
WKH�HJJ�WKDQ�LV�W\SLFDO�RI�SODQW��DQG�LQYHUWHEUDWH�
HDWLQJ�VSHFLHV�RI�ELUGV��6PLWK�
HW�DO��������EODFN�FURZQHG�QLJKW�KHURQV�
:LHPH\HU�DQG�+RIIPDQ�������VFUHHFK�RZOV��DQG
86%5�������$PHULFDQ�NHVWUHOV����%DVHG�RQ
:LHPH\HU�DQG�+RIIPDQ·V�VFUHHFK�RZO�VWXG\��WKH�

RQO\�RQH�ZLWK�VWUDLJKWIRUZDUG�UHSUR�GXFWLYH
SHUIRUPDQFH�GDWD��JHQHUDO�LQWHUSUHWLYH�JXLGHOLQHV
EDVHG�RQ�KP�QXQ�H[SRVXUH�DUH�SUREDEO\�DSSOLFDEOH
WR�HPEU\RV�RI�IOHVK�HDWLQJ�ELUGV��EXW�JUHDWHU
HQYLURQPHQWDO�H[SRVXUH�RI�WKH�KHQV�LV�SUREDEO\
UHTXLUHG�IRU�WKHP�WR�SURGXFH�HJJV�WKDW�DWWDLQ
WKUHVKROG�FRQFHQWUD�WLRQV���%DVHG�RQ
H[SHULPHQWDO�VWXGLHV�ZLWK�FKLFNHQV�DQG�TXDLO��VHH
+HLQ]��������HPEU\RV�RI�XSODQG�JDOOLQDFHRXV
JDPH�ELUGV�PD\�EH�PRUH�VHQVLWLYH�WKDQ�GXFN
HPEU\RV���6WXG\LQJ�ZKLWH�IDFHG�LELV�DW�&DUVRQ
/DNH��1HYDGD��+HQQ\�DQG�+HUURQ�������
UHSRUWHG�WKDW�QHVWV�LQ�ZKLFK�WKH�HJJV�FRQWDLQHG
!��PJ�6H�NJ�ZHUH����SHUFHQW�OHVV�SURGXFWLYH
WKDQ�QHVWV�WKDW�KDG�HJJV�FRQWDLQLQJ����PJ
6H�NJ���7KDW·V�DERXW�WKH�PDJQLWXGH�RI�HIIHFW�WKDW
ZRXOG�EH�H[SHFWHG�
DW�WKDW�H[SRVXUH�OHYHO���²��PJ�NJ��IRU�D
PRGHUDWHO\�VHQVLWLYH�VSHFLHV��OLNH�VWLOWV���EXW�
WKH�VPDOO�VDPSOH�RI�!��PJ�NJ�HJJV�DQG�WKH
FRQIRXQGLQJ�SUHVHQFH�RI�KLJK�''(�DQG�RU
PHUFXU\�OHYHOV�LQ�VRPH�HJJV�PDGH�+HQQ\�DQG
+HUURQ·V��������VWXG\�LQFRQFOXVLYH�ZLWK�UHJDUG
WR�VHOHQLXP�

,Q�ELUGV��UHSURGXFWLYH�LPSDLUPHQW�FDQ�UHVXOW
IURP�GLHWV�FRQWDLQLQJ�DV�OLWWOH�DV�DERXW��²��PJ
6H�NJ��:LOEHU�������0DUWLQ�������+HLQ]��������
1RQEUHHGLQJ�DGXOW�ELUGV�FDQ�WROHUDWH�KLJKHU
OHYHOV�RI�VHOHQLXP��EXW�VWLOO�LW�LV�UHFRPPHQGHG
WKDW�WKHLU�GLHWDU\�H[SRVXUH�QRW�H[FHHG���²
���PJ�6H�NJ��+HLQ]�������+HLQ]�DQG�)LW]JHUDOG
����E����7KHVH�GLHWDU\�WKUHVKROGV�KDYH�EHHQ
HVWLPDWHG�SULPDULO\�IURP�IHHGLQJ�WULDOV�ZLWK
VHOHQRPHWKLRQLQH���:KHQ�VHOHQLXP�LV�DGGHG�WR
DUWLILFLDO�GLHWV�DV�SXULILHG�VHOHQR�PHWKLRQLQH��LWV
WR[LFLW\�DQG�ELRDYDLODELOLW\�DUH�YLUWXDOO\�LGHQWLFDO
WR�WKRVH�RI�QDWXUDOO\�LQFRU�SRUDWHG�VHOHQLXP�LQ
KLJK�VHOHQLXP�ZKHDW��+HLQ]�HW�DO��������DQG�LQ
FRQWDPLQDWHG�VPDOO�PDPPDOV�WKDW�ZHUH�FROOHFWHG
RQ�WKH�VLWH�RI�WKH�IRUPHU�.HVWHUVRQ�5HVHUYRLU
DQG�IHG�WR�FDSWLYH�$PHULFDQ�NHVWUHOV��86%5
��������6NRUXSD�DQG�2KOHQGRUI���������KRZHYHU�
SUHVHQWHG�GDWD�VXJJHVWLQJ�WKDW�SHUKDSV�QDWXUDOO\
LQFRUSRUDWHG�VHOHQLXP�LQ�KLJKO\�FKLWLQRXV�VSHFLHV
RU�OLIH�VWDJHV�RI�LQYHUWHEUDWHV�PLJKW�EH�OHVV�ELR�
DYDLODEOH�WKDQ�SXULILHG�VHOHQRPHWKLRQLQH�DGGHG
WR�DUWLILFLDO�GLHWV���$V�ZDV�IRXQG�LQ�WKH�UHVXOWV�IRU�
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ILVK��WKH�ORZHVW�OHYHOV�RI�GLHWDU\�VHOHQLXP�WKDW
ZHUH�IDWDO�WR�HLWKHU�MXYHQLOH�RU�DGXOW�ELUGV
RFFXUUHG�LQ�WUHDWPHQWV�WKDW�FRLQFLGHG�ZLWK
ZLQWHU�PHWDEROLF�VWUHVV��7XOO\�DQG�)UDQNH������
+HLQ]�������

'HWHUPLQDWLRQV�RI�VHOHQLXP�FRQFHQWUDWLRQV�LQ
DYLDQ�KHSDWLF�WLVVXHV�SURYLGH�D�YHU\�OLPLWHG�EDVLV
IRU�LQWHUSUHWDWLRQ���$OWKRXJK�KHSDWLF
FRQFHQWUDWLRQV�DUH�DOZD\V�HOHYDWHG�LQ�SRSX�
ODWLRQV�RI�ELUGV�H[SRVHG�WR�WR[LF�OHYHOV�RI
VHOHQLXP��H�J���86):6�����D��+HLQ]��������WKH\
DUH�VRPHWLPHV�YHU\�HOHYDWHG�LQ�SRSX�ODWLRQV
LQKDELWLQJ�6H�QRUPDO�HQYLURQPHQWV��H�J���5RZH
HW�DO��������5LQHOOD�DQG�6FKXOHU���������,Q�WKH
ODWWHU�FDVHV��DYLDQ�HJJV�FRQWDLQ�EDFN�JURXQG
FRQFHQWUDWLRQV�RI�VHOHQLXP��FRQVLVWHQW�ZLWK
HQYLURQPHQWDO�FRQGLWLRQV��HYHQ�WKRXJK�WKH
KHSDWLF�FRQFHQWUDWLRQV�DUH�HOHYDWHG���7KH
FRQYHUVH�VLWXDWLRQ��EDFNJURXQG�KHSDWLF
FRQFHQWUDWLRQV�FRPELQHG�ZLWK�HOHYDWHG�HJJ
FRQFHQWUDWLRQV��KDV�QHYHU�EHHQ�UHFRUGHG���+HLQ]
DQG�+RIIPDQ��������UHSRUWHG�WKDW�VLPXOWDQHRXV
GLHWDU\�H[SRVXUH�WR�RUJDQLF�PHUFXU\�DQG�RUJDQLF
VHOHQLXP�LQFUHDVHG�WKH�KHSDWLF�FRQFHQWUDWLRQV�RI
VHOHQLXP�LQ�FDSWLYH�PDOODUGV�E\�!��ï�WKH�OHYHO
IURP�VHOHQLXP�RQO\�GLHWV���3HUKDSV�WKH
FRQIXVLQJ�ILHOG�FDVHV�LQ�ZKLFK�ORZ
HQYLURQPHQWDO��DQG�HJJ��OHYHOV�RI�VHOHQLXP�DUH
DFFRPSDQLHG�E\�HOHYDWHG�KHSDWLF�OHYHOV�ZRXOG�EH
H[SODLQHG�E\�HOHYDWHG�H[SRVXUHV�WR�PHUFXU\���,Q
QRUPDO�PHUFXU\�HQYLURQPHQWV��LW�DSSHDUV�WKDW
KHSDWLF�FRQ�FHQWUDWLRQV�$���PJ�6H�NJ�DUH
KLJKO\�OLNHO\�WR�EH�DVVRFLDWHG�ZLWK�UHSURGXFWLYH
LPSDLUPHQW��86):6�����D��6NRUXSD�HW�DO�
��������7KH�
���PJ�6H�NJ�OHYHO�PD\�PDUN�WKH�DSSUR[LPDWH
WKUHVKROG�IRU�WR[LFLW\�LQ�\RXQJ�DQG�DGXOW�ELUGV
�+HLQ]���������,Q�DQ\�HQYLURQPHQW��KHSDWLF
FRQFHQWUDWLRQV�#���PJ�6H�NJ�LQGLFDWH�QRUPDO
�VDIH��VHOHQLXP�H[SRVXUH���,Q�VXPPDU\��KHSDWLF
FRQFHQWUDWLRQV�RI�VHOHQLXP�DUH�PRUH�UHOLDEOH�IRU
GHOLQHDWLQJ�SRSXODWLRQV�WKDW�DUH�PQV�VXIIHULQJ
IURP�VHOHQLXP�WR[LFLW\�WKDQ�WKH\�DUH�IRU
LGHQWLI\LQJ�SRLVRQHG�SRSXODWLRQV���(OHYDWHG
OHYHOV�RI�KHSDWLF�VHOHQLXP�VKRXOG�QRW�EH
LQWHUSUHWHG�DV�DQ\WKLQJ�PRUH�WKDQ�DQ�LQGLFDWLRQ
WKDW�IXUWKHU�VWXG\�LV�ZDUUDQWHG�

)LHOG�GDWD�KDYH�QRW�EHHQ�FROOHFWHG�WKDW�UHOLDEO\
UHODWH�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�DYLDQ�PXVFOH
�XVXDOO\�EUHDVW�PXVFOH��WR�WR[LF�HIIHFWV���$Q
LPSRUWDQW�IDFWRU�WKDW�PLJKW�FRQIRXQG�VXFK
DWWHPSWV�LV�WKH�IDFW�WKDW�PXVFOH�WLVVXH�DFFXPX�
ODWHV�DQG�GLVSRVHV�RI�FRQWDPLQDQWV�PRUH�VORZO\
WKDQ�RWKHU�WLVVXHV�GR��+HLQ]��������DQG�VR
VDPSOHV�DUH�OHVV�OLNHO\�WKDQ�RWKHU�WLVVXHV�WR�VKRZ
WKH�HIIHFWV�RI�UHFHQW�GLHWDU\�H[SRVXUH���,Q
H[SHULPHQWDO�VWXGLHV��FRQFHQWUDWLRQV�$���PJ
6H�NJ�LQ�EUHDVW�PXVFOH�RI�DGXOW�PDOODUGV�ZHUH
VXIILFLHQW�WR�FDXVH�GHDWK��86):6�����D����%UHDVW
PXVFOH�LV�PRVW�IUHTXHQWO\�VDPSOHG�LQ�WKH�ILHOG�WR
SURYLGH�LQWHUSUHWLYH�GDWD�IRU�DVVHVVLQJ�KXPDQ
KHDOWK�KD]DUGV��H�J���%DUQXP��������
&RQFHQWUDWLRQV�WKDW�ZDUUDQW�KHDOWK�DGYLVRULHV
DQG�FRQVXPSWLYH�EDQV�DUH�WKH�VDPH�DV
VXPPDUL]HG�DERYH�IRU�HGLEOH�ILVK�WLVVXHV�

)HDWKHUV�DQG�EORRG�DUH�LPSRUWDQW�VDPSOH�WLVVXHV
EHFDXVH�WKH\�DUH�WKH�RQO\�RQHV�WKDW�FDQ�EH
FROOHFWHG�ZLWKRXW�VDFULILFLQJ�WKH�DQLPDOV�EHLQJ
VDPSOHG���7KHUHIRUH��WKHVH�DUH�WKH�SULPDU\�DYLDQ
DQDO\WLFDO�PDWULFHV�DYDLODEOH�IRU�DVVHVVLQJ�WKH
VHOHQLXP�VWDWXV�RI�HQGDQJHUHG�VSHFLHV���'HVSLWH
WKLV�LPSRUWDQW�UROH��QR�VXEVWDQWLYH�LQWHUSUHWLYH
EDVLV�KDV�EHHQ�GHYHORSHG�IRU�HLWKHU�WLVVXH���)RU
H[DPSOH��QR�VWXG\�KDV�\HW�HVWDEOLVKHG�WKUHVKROG
FRQFHQ�WUDWLRQV�RI�VHOHQLXP�LQ�IHDWKHUV�RU�EORRG
WKDW�FDQ�EH�UHOLDEO\�DVVRFLDWHG�ZLWK�UHSURGXFWLYH
LPSDLUPHQW���([SHULPHQWDO�VWXGLHV�IRXQG�WKDW
VHOHQLXP�SRLVRQHG�FDSWLYH�PDOODUGV�KDG��²
���PJ�6H�NJ�ZHW�ZHLJKW�EDVLV�LQ�WKHLU�EORRG��RU
LQ�WKH�EORRG�RI�WUHDWPHQW�JURXS�VXUYLYRUV
H[SRVHG�WR�WKH�VDPH�GLHW���+HLQ]���������,Q
$PHULFDQ�NHVWUHOV��EORRG�FRQWDLQLQJ�$��PJ
6H�NJ��ZHW�ZHLJKW��UHVXOWHG�IURP�D�GLHW�RI�
$��PJ�6H�NJ��86%5������³D�OHYHO�WKDW�FRXOG
FDXVH�UHSURGXFWLYH�LPSDLUPHQW�LQ�VHQVLWLYH
VSHFLHV�RI�ELUGV��H�J���/HPO\�����������E����$
IROORZ�XS�VWXG\�RI�FDSWLYH�NHVWUHOV�VXJJHVWHG�DQ
DGYHUVH�HIIHFWV�WKUHVKROG�EHWZHHQ�����DQG�����PJ
6H�NJ�ZZ�LQ�EORRG��EDVHG�RQ�IHUWLOLW\�DQG�ERG\
FRQGLWLRQ�DV�WKH�UHVSRQVH�YDULDEOHV��86%5������
*DU\�6DQWROR��&+�0�+LOO��SHUV��FRPP��WR�-�
6NRUXSD��86):6����$V�D�JHQHUDO�LQWHUSUHWLYH
JXLGH��DQ\�VHOHQLXP�FRQFHQWUDWLRQ�
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Summary:  Effects of selenium on birds

Interpretive guidance

Bird Se
concentration

(mg/kg)

Background, whole body Typically < 2

Background, muscle 1%3

Background, eggs Mean <3
(typically
1.5%2.5)

Maximum <5

Background, hepatic
(median values)1

3.3 (herbivore)
7.5 (omnivore)
8.2 (carnivore)

Background, feathers 1%4 (typically
1%2) 

Background, blood 0.1%0.4 (wet
weight basis)

Embryo teratogenesis
threshold (.IC10), wild
ducks (sensitive taxon)

23 (in ovo)

Embryo viability (=egg
hatchability) threshold,
captive mallards

10 (in ovo)

Embryo teratogenesis
threshold (.IC10),
American avocets (tolerant
taxon)

74 (in ovo)

Embryo viability (=egg
hatchability) threshold,
American avocets

61%80 (in ovo)

Hepatic threshold for
juvenile and adult toxicity

30 (liver)

Muscle threshold for juvenile
and adult toxicity

.20 (breast
muscle)

Provisional feather threshold
warranting further study

5 (breast
feathers)

Provisional blood threshold
warranting further study

1 (whole blood)
(wet weight

basis)

Interpretive guidance

Dietary Se
exposure
(mg/kg)

Reproductive impairment
   threshold

3%8

Toxicity threshold for
nonbreeding birds exposed
to winter-stress

10%15

Edible tissue
Se (mg/kg)

Health advisories recommend
limited consumption by
healthy adults and no con-
sumption by children and
pregnant women

2 (wet weight
basis)

Complete ban on human
consumption recommended

5 (wet weight
basis)

     1 Background hepatic concentration is typically <10
but can be much higher in Hg-contaminated environ-
ments with normal Se.

WKDW�H[FHHGV�DERXW���PJ�6H�NJ�LQ�IHDWKHUV�RU�
��PJ�6H�NJ�LQ�EORRG��ZHW�ZHLJKW��ZLOO�PHDQ�WKDW
IXUWKHU�VWXG\�LV�ZDUUDQWHG�

0DPPDOV

%DVHG�RQ�WKH�ORZHVW�ZKROH�ERG\�VHOHQLXP�YDOXHV
UHSRUWHG�E\�&ODUN��������IRU�.HVWHUVRQ
5HVHUYRLU��DQG�WKH�GLHW�WR�ZKROH�ERG\�WUDQVIHU
YDOXHV�UHSRUWHG�E\�2KOHQGRUI�DQG�6DQWROR
��������QRUPDO�ZKROH�ERG\�VHOHQLXP�FRQ�
FHQWUDWLRQV�LQ�VPDOO�PDPPDOV�DUH�SUREDEO\�
���PJ�NJ���)RU�H[DPSOH��NDQJDURR�UDWV��OLWWOH
EURZQ�P\RWLV�EDWV��DQG�%UD]LOLDQ�IUHHWDLO�
EDWV�IURP�DJURIRUHVWU\�SODQWDWLRQV�LQ�WKH�
6DQ�-RDTXLQ�9DOOH\�KDG�D�PHGLDQ�ZKROH�ERG\
VHOHQLXP�FRQFHQWUDWLRQ�RI�DERXW�����PJ�NJ
�&')*��������

1RUPDO�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�PXVFOH�DUH
W\SLFDOO\����PJ�NJ�LQ�EDWV��6FKURHGHU�HW�DO�
�������SURQJKRUQ�DQWHORSH��5DLVEHFN�HW�DO��������
JRSKHUV��YROHV��GHHU�PLFH��KRXVH�PLFH��UDEELWV�
KDUHV��&')*��������DQG�PDFDTXH�PRQNH\V
�+DZNHV�HW�DO����������7KH�GDWD�IRU�ZLOG�VSHFLHV
RI�PDPPDOV�DJUHH�ZLWK�GDWD�IURP�PDQ\�VSHFLHV
RI�GRPHVWLF�PDPPDOV��-HQNLQV�������

1RUPDO�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�OLYHUV�RI
PDPPDOV�FKDUDFWHULVWLF�RI�DTXDWLF�KDELWDWV��VXFK
DV�PXVNUDWV�DQG�UDFFRRQV��UDQJH�IURP�DERXW���WR�
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���PJ�NJ�DQG�W\SLFDOO\�DYHUDJH�#��PJ�NJ
�6FKURHGHU�HW�DO��������&ODUN�������&ODUN�HW�DO�
��������6LPLODU�UHVXOWV�KDYH�EHHQ�UHSRUWHG�IRU
WHUUHVWULDO�SUHGDWRUV�WKDW�PD\�VHDVRQDOO\�IRFXV
WKHLU�KXQWLQJ�LQ�DTXDWLF�KDELWDWV��VXFK�DV�IR[HV
DQG�FR\RWHV��H�J���3DYHJOLR�DQG�&OLIWRQ�������
DQG�IRU�DQ�DVVRUWPHQW�RI�VPDOO�WHUUHVWULDO
PDPPDOV�WUDSSHG�LQ�WKH�YLFLQLW\�RI�DQ�6H�
QRUPDO�
6DQ�-RDTXLQ�9DOOH\�ZHWODQG��&ODUN��������
$QRWKHU�JURXS�RI�VPDOO�PDPPDOV�FROOHFWHG�QHDU
DJURIRUHVWU\�SODQWDWLRQV�DYHUDJHG����PJ�6H�NJ
LQ�WKHLU�OLYHUV��H[FHSW�DW�SODQWDWLRQV�XVLQJ�KLJK�
VHOHQLXP�ZDWHU�IRU�LUULJDWLRQ��&')*�������

6HOHQLXP�LQ�ZKROH�EORRG�QRUPDOO\�DYHUDJHV�����
PJ�/�LQ�GRPHVWLF�PDPPDOV��-HQNLQV�������DQG
LQ�UDFFRRQV��SURQJKRUQ�DQWHORSH��DQG�FR\RWHV
�3DYHJOLR�DQG�&OLIWRQ�������&ODUN�HW�DO�������
6FKDPEHU�HW�DO����������/HVV�WKDQ�
����PJ�/�LQ�ZKROH�EORRG�LV�FRQVLGHUHG
GHILFLHQW��DQG�GHILFLHQF\�VHHPV�WR�EH�PRUH
FRPPRQ�WKDQ�H[FHVVLYH�H[SRVXUH�DPRQJ�ZLOG
XQJXODWHV�VXFK�DV�GHHU��H�J���2OLYHU�HW�DO�������
+HLQ�HW�DO����������+XPDQ�ZKROH�EORRG�QRUPDOO\
FRQWDLQV����²����PJ�/��863+6�������

'DWD�IRU�D�ZLGH�UDQJH�RI�PDPPDOLDQ�VSHFLHV
VXJJHVW�WKDW�WKH�QRUPDO�FRQFHQWUDWLRQ�RI
VHOHQLXP�LQ�LQGLYLGXDO�VDPSOHV�RI�KDLU�LV�OHVV
WKDQ���PJ�NJ���3RSXODWLRQ�DYHUDJHV�QRUPDOO\
UDQJH�IURP�DERXW�����WR�����PJ�6H�NJ��LQFOXGLQJ
WKRVH�IRU�KXPDQ�SRSXODWLRQV��+XFNDEHH�HW�DO�
������3DYHJOLR�DQG�&OLIWRQ�������&ODUN�HW�DO�
������863+6�������

2QH�VWXG\�UHSRUWHG�DQ�DYHUDJH�FRQFHQWUDWLRQ�RI
������PJ�6H�/�LQ�WKH�PLON�RI�D�FRQWURO�JURXS�RI
QXUVLQJ�PDFDTXH�PRQNH\V��+DZNHV�HW�DO���������
0RVW�KHUGV�RI�GDLU\�FRZV�DOVR�DYHUDJH�������PJ
6H�/�LQ�PLON��-HQNLQV�������

&ODUN�HW�DO���������UHSRUWHG�WKDW�WKH�IHFHV�RI
UDFFRRQV�DYHUDJHG�DERXW���PJ�6H�NJ�DW�DQ�

6H�QRUPDO�ZHWODQG�LQ�WKH�6DQ�-RDTXLQ�9DOOH\
RI�&DOLIRUQLD�

7KHUH�KDYH�EHHQ�QR�ZHOO�GRFXPHQWHG�FDVHV�RI
ZLGHVSUHDG�VHOHQRVLV�DPRQJ�ZLOG�PDPPDOV
FRPSDUDEOH�WR�WKH�PXOWLSOH�H[DPSOHV�DYDLODEOH
IRU�ILVK�DQG�ELUGV��6NRUXSD�����D����3RLVRQLQJ�LQ
QDWXUH�KDV�EHHQ�UHSRUWHG�IRU�PDPPDOV�EXW�KDV
EHHQ�ODUJHO\�UHVWULFWHG�WR�IUHH�UDQJH�GRPHVWLF
OLYHVWRFN��SULPDULO\�KRUVHV��FRZV��DQG�VKHHS��H�J��
5RVHQIHOG�DQG�%HDWK�������2OVRQ�������5DLVEHFN
HW�DO����������$V�LV�WKH�FDVH�IRU�ILVK�DQG�ELUGV�
\RXQJ�DQLPDOV�DUH�JHQHUDOO\�PRUH�VHQVLWLYH
�7KRPSVRQ�HW�DO���������

7KH�ORZHVW�GLHWDU\�WKUHVKROG�IRU�PDPPDOLDQ
WR[LFLW\�UHSRUWHG�LQ�WKH�OLWHUDWXUH�LV�����PJ�6H�NJ
�QDWXUDO�VHOHQLXP��GU\�IHHG�EDVLV���VXEOHWKDO
HIIHFWV�ZHUH�QRWHG�LQ�UDWV�IROORZLQJ�OLIHWLPH
H[SRVXUH�DW�WKDW�OHYHO��(LVOHU���������$W���PJ�NJ
LQ�WKH�OLIHWLPH�GLHW��ORQJHYLW\�ZDV�UHGXFHG��(LVOHU
��������$OVR�DW���PJ�NJ��KLJK�6H�ZKHDW���2OVRQ
�������UHSRUWHG�UHSURGXFWLYH�VHOHQRVLV�LQ�UDWV��
6XEOHWKDO�HIIHFWV�ZHUH�REVHUYHG�LQ�GRJV�H[SRVHG
WR�DERXW���PJ�NJ��KLJK�VHOHQLXP�FRUQ���5KLDQ
DQG�0R[RQ���������0RVW�GRPHVWLF�DQLPDOV
H[KLELW�VLJQV�RI�WR[LFLW\�RQ�GLHWV�FRQWDLQLQJ�$�²�
PJ�NJ��QDWXUDO�VHOHQLXP���15&�������(LVOHU
������2OVRQ���������3URQJKRUQ�DQWHORSH�VKRZHG
VRPH�V\PSWRPV�RI�LPPXQRWR[LFLW\�RQ�D�GLHW�RI
��²���PJ�6H�NJ��KLJK�VHOHQLXP�KD\���EXW�ZHUH
RYHUWO\�KHDOWK\�DQG�PRUH�WROHUDQW�WR�GLHWDU\
VHOHQLXP�WKDQ�ZRXOG�EH�H[SHFWHG�EDVHG�RQ
YHWHULQDU\�VWDQGDUGV�GHYHORSHG�IRU�GRPHVWLF
XQJXODWHV��6FKDPEHU�HW�DO��������5DLVEHFN�HW�DO�
��������0DFDTXH�PRQNH\V�JLYHQ�LQWUDYHQRXV
GRVHV�HTXLYDOHQW�WR�DERXW����PJ��NJ��GU\�IHHG
EDVLV��GLHWDU\�VHOHQRPHWKLRQLQH�VKRZHG�REYLRXV
WR[LF�HIIHFWV��+DZNHV�HW�DO����������7KH�PLQLPXP
ORQJ�WHUP�GLHWDU\�H[SRVXUH�IRXQG�
WR�SURGXFH�VXEOHWKDO�WR[LF�HIIHFWV�LQ�KXPDQV�LV
����PJ�NJ��QDWXUDO�VHOHQLXP��YGV�YGKIJV�
�863+6�������

6HYHUDO�VWXGLHV�VXPPDUL]HG�E\�+DZNHV�HW�DO�
�������VXJJHVW�WKDW�PDPPDOLDQ�WHUDWRJHQLF�
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HIIHFWV�RFFXU�RQO\�ZKHQ�PDWHUQDO�GLHWDU\
H[SRVXUH�LV�KLJK�HQRXJK�WR�DGYHUVHO\�DIIHFW�WKH
PRWKHU���8QGHU�VXFK�FLUFXPVWDQFHV�LW�LV�QRW
FOHDU�ZKHWKHU�WKH�WHUDWRJHQHVLV�LV�D�GLUHFW�HIIHFW
RI�IHWDO�VHOHQLXP�H[SRVXUH�RU�D�FRQVHTXHQFH�RI
PDWHUQDO�SRLVRQLQJ��)HUP�
HW�DO����������

2WKHUV�KDYH�UHSRUWHG�QRQWHUDWRJHQLF�UHSUR�
GXFWLYH�GHSUHVVLRQ�DV�WKH�SULQFLSDO�HIIHFW�RI
FKURQLF�VHOHQRVLV�LQ�PDPPDOV��HYHQ�ZKHQ
PDWHUQDO�VHOHQRVLV�LV�QRW�DSSDUHQW��H�J���-DPHV�HW
DO����������&ODUN�HW�DO���������UHSRUWHG�WKDW��IRU
UDFFRRQV��KDLU�VHOHQLXP�ZDV�RQH�RI�WKH�EHVW
LQGLFDWRUV�RI�WKH�H[WHQW�RI�H[SRVXUH�WR�VHOHQLXP�
DQG�-DPHV�HW�DO���������SUHVHQWHG�JXLGHOLQHV�IRU
LQWHUSUHWLQJ�ULVN�RI�VHOHQLXP�LQGXFHG
UHSURGXFWLYH�GHSUHVVLRQ�EDVHG�RQ�KDLU�VHOHQLXP��
/HVV�WKDQ���PJ�NJ�ZDV�FRQVLGHUHG�QRQWR[LF�
�²���PJ�NJ�ERUGHUOLQH�WR[LF��DQG�!���PJ�NJ
KDLU�VHOHQLXP�ZDV�FRQVLGHUHG�D�WR[LF�H[SRVXUH��
6DPSOHV�RI�KDLU�ZLWK�PRUH�WKDQ�DERXW����PJ
6H�NJ�IURP�QDWXUDO�SRSX�ODWLRQV�RI�SURQJKRUQ
DQWHORSH��FR\RWHV��PHDGRZ�YROHV��PXOH�GHHU�
VKUHZV��DQG�UDFFRRQV�KDYH�EHHQ�UHSRUWHG�IURP
&DOLIRUQLD��,GDKR��1RUWK�&DUROLQD��DQG�:\RPLQJ
�+XFNDEHH�HW�DO��������3DYHJOLR�DQG�&OLIWRQ
������&ODUN�HW�DO����������$�FKURQLFDOO\�SRLVRQHG
KXPDQ�SRSXODWLRQ�DYHUDJHG����PJ�6H�NJ�LQ�KDLU
�863+6�������

%DVHG�RQ�ZKROH�EORRG��WR[LFRORJLFDOO\�VLJQL�
ILFDQW�WKUHVKROGV�IRU�ODQG�PDPPDOV�DUH�JHQHUDOO\
FLWHG�DV�DERXW��²��PJ�6H�/�IRU�FKURQLF
VHOHQRVLV��H�J���5RVHQIHOG�DQG�%HDWK������
(GZDUGV�HW�DO����������5DLVEHFN�HW�DO��������
GRFXPHQWHG�IRXU�UHFHQW�FDVHV�RI�RYHUW�HTXLQH
VHOHQRVLV�LQ�:\RPLQJ�DQG�UHSRUWHG�EORRG�YDOXHV
RI������������������DQG�����PJ�6H�/���3URQJKRUQ
DQWHORSH�IHG�KLJK�VHOHQLXP�KD\�H[KLELWHG
LPPXQH�V\VWHP�GLVRUGHUV�DQG�KDG�EORRG
VHOHQLXP�YDOXHV�RI����²����PJ�/��.�²�ï
QRUPDO���6FKDPEHU�HW�DO����������5DFFRRQV�DW
.HVWHUVRQ�5HVHUYRLU�KDG�DV�
PXFK�DV�����PJ�6H�/�LQ�WKHLU�EORRG��DYHUDJH�

����PJ�/��ZLWKRXW�RYHUW�VLJQV�RI�VHOHQRVLV
�DPRQJ�´VXUYLYRUVµ���DOWKRXJK�IRXU�RI�HLJKW
VSHFLPHQV�KDG�GHIRUPHG�OLYHU�FHOOV���$�EORRG
OHYHO�RI���PJ�6H�/�ZDV�IRXQG�LQ�FDSWLYH�VHD�OLRQV
WKDW�KDG�GLHG�DIWHU�HDWLQJ�KLJK�VHOHQLXP�
ILVK��(GZDUGV�HW�DO����������$�FKURQLFDOO\
SRLVRQHG�KXPDQ�SRSXODWLRQ�KDG�EORRG�VHOHQLXP
DYHUDJLQJ�����PJ�/��863+6�������

*HQHUDO�JXLGHOLQHV�IRU�LQWHUSUHWLQJ�FRQFHQ�
WUDWLRQV�RI�OLYHU�VHOHQLXP�KDYH�EHHQ�GHYHORSHG
SULPDULO\�WKURXJK�YHWHULQDU\�VWXGLHV���)RU
H[DPSOH��(GZDUGV�HW�DO���������FLWH�D�WR[L�
FRORJLFDO�WKUHVKROG�UDQJH�RI�DERXW���²���PJ��NJ
IRU�OLYHU�VHOHQLXP�LQ�GRPHVWLF�OLYHVWRFN��EDVHG�RQ
D�YHWHULQDU\�KDQGERRN��2VZHLOHU�HW�DO���������
5DLVEHFN�HW�DO���������FLWHG�D�PRUH�FRQVHUYDWLYH
WR[LF�WKUHVKROG�RI�DERXW����PJ�6H�NJ�LQ�WKH�OLYHU
EXW�QRWHG�WKDW�IHHGLQJ�WULDOV�ZLWK�SURQJKRUQ
DQWHORSH�VKRZ�WKDW�WKH�FULWHULRQ�PD\�QRW�EH
UHOLDEOH���%XHFKQHU���������KRZHYHU��KDG�DOUHDG\
UHSRUWHG�WKDW�SURQJ�KRUQ�DQWHORSH�DUH�QRWDEO\
WROHUDQW�RI�WR[LF�IRUDJH���7KLV�UDLVHV�WKH�TXHVWLRQ
RI�ZKHWKHU�WKH�GLDJQRVWLF�FULWHULRQ�LV�EURDGO\
LQDSSOLFDEOH�RU�ZKHWKHU�SURQJKRUQ�DQWHORSH�DUH�D
SDUWLFXODUO\�LQVHQVLWLYH�WD[RQ���0RUH�UHFHQWO\�
2·7RROH�
DQG�5DLVEHFN��������UHSRUWHG�IRU�FDWWOH�DQG
KRUVHV�WKDW�KHSDWLF�VHOHQLXP�FRQFHQWUDWLRQV
H[FHHGLQJ���PJ�NJ�ZHW�ZHLJKW��a����PJ�NJ�GU\
ZHLJKW���FRPELQHG�ZLWK�RWKHU�W\SLFDO�FOLQLFDO
V\PSWRPV��ZDV�D�VXIILFLHQW�EDVLV�IRU�
D�ILUP�GLDJQRVLV�RI�VHOHQLXP�SRLVRQLQJ��
,QWHUSUHWLYH�FULWHULD�IRU�KHSDWLF�WLVVXHV�DUH�QRW
ZHOO�VXSSRUWHG��DQG�DV�VXJJHVWHG�DERYH�IRU�ELUGV�
WKH�SULPDU\�LQWHUSUHWLYH�YDOXH�RI�KHSDWLF
PHDVXUHV�PD\�EH�WR�LGHQWLI\�6H�QRUPDO�SRSX�
ODWLRQV�RI�PDPPDOV�UDWKHU�WKDQ�WR�LGHQWLI\
SRLVRQHG�SRSXODWLRQV�

3UHVXPDEO\�WKH�JXLGHOLQHV�XVHG�IRU�KXPDQ�KHDOWK
DGYLVRULHV�UHJDUGLQJ�FRQVXPSWLRQ�RI�ILVK�DQG
ELUGV��VHH�DERYH��VKRXOG�DOVR�DSSO\�WR�HGLEOH
WLVVXHV�RI�PDPPDOV���7KHVH�FDOO�IRU�WDUJHWHG
UHVWULFWLRQV�DW���PJ�NJ��ZZ��DQG�D�FRPSOHWH
FRQVXPSWLYH�EDQ�DW���PJ�NJ��ZZ����



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

Summary:  Effects of selenium
on mammals

Interpretive guidance

Mammal Se
concentration 

(mg/kg dw,
except as noted)

Background, whole body <1%4 (typically <2,
mean)

Background, muscle <1

Background, liver (aquatic
habitat mammals)

1%10 (typically <5,
mean)

Background, blood 0.1%0.5 mg/L
(typically 0.2%0.3,

mean)

Deficient, blood <0.1 mg/L

Background, hair <1%3 (typically
0.5%1.5, mean)

Background, milk <0.05 mg/L

Background, feces <2

Reproductive depression
threshold, hair

>10 

Overt equine selenosis
threshold, blood

1 mg/L

Human chronic selenosis
threshold, blood

3 mg/L

Acute lethal toxicity
LOAEL, sea lions, blood

5 mg/L

Veterinary toxicological
handbook threshold,
domestic livestock, liver

45%60

Dietary Se expo-
sure (mg/kg dw,
except as noted)

Sublethal effects
threshold, lifetime
exposure of rats

1.4

Chronic selenosis
threshold, humans

1.9 (ww)

Reduced longevity
threshold, lifetime
exposure, rats

3

LOAEL for reproductive
selenosis, in rats

3

Overt toxicity thresholds,
domestic livestock

3%5

Sublethal effects LOAEL,
   dogs

7

Interpretive guidance
Edible tissue Se 

(mg/kg ww) 
Health advisories

recommend limited con-
sumption by healthy
adults and no con-
sumption by children or
pregnant women

$2

Complete ban on human
consumption
recommended

$5

%LRDFFXPXODWLRQ

7R[LFLW\�YDULHV�IRU�GLIIHUHQW�IRUPV�RI�VHOHQLXP�
DQLPDO�VSHFLHV��GXUDWLRQ�RI�H[SRVXUH��PHWKRG�RI
XSWDNH��DQG�RWKHU�IDFWRUV���,Q�ZHWODQG�DUHDV��
ELRDFFXPXODWLRQ�LQFUHDVHV�WKH�OHYHOV�RI�VHOHQLXP
LQ�WKH�IRRG�FKDLQ���6HOHQLXP�LV�WDNHQ�XS�E\
DTXDWLF�ELRWD��LQFOXGLQJ�SK\WRSODQNWRQ�
]RRSODQNWRQ��DQG�LQVHFWV��ZKLFK�FRQWULEXWH�
WR�WKH�GLHW�RI�KLJKHU�IRUPV�RI�ZLOGOLIH���,Q
SDUWLFXODU��VHOHQLXP�DFFXPXODWLRQ�LQ�WKH�IRRG
FKDLQ�KDV�FDXVHG�WKH�GHDWKV�RI�PDQ\�ILVK�DQG
DTXDWLF�ELUGV��\RXQJ�DQG�ROG��DQG�KDV�OHG�WR
UHSURGXFWLYH�IDLOXUH�DQG�GHIRUPHG�RIIVSULQJ
�6NRUXSD�����D��

6HOHQLWH�DQG�VHOHQDWH��WKH�PRVW�FRPPRQ�DTXHRXV
IRUPV�RI�VHOHQLXP��DUH�ELRWUDQV�IRUPHG�LQWR
RUJDQLF�FKHPLFDO�VSHFLHV�DIWHU�XSWDNH�E\�SULPDU\
SURGXFHUV�VXFK�DV�DOJDH��2JOH�HW�DO���������
6SHFLDWLRQ�RI�GLVVROYHG�VHOHQLXP�LQ�ZDWHU
VWURQJO\�LQIOXHQFHV�KRZ�PXFK�DTXDWLF�ORDGLQJ�LV
UHTXLUHG�WR�ELR�DFFXPXODWH�GDQJHURXV
FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�WKH�IRRG�FKDLQ��EXW
ZDWHUERUQH�VSHFLDWLRQ�GRHV�QRW�DSSHDU�WR
LQIOXHQFH�WKH�XQLW�WR[LFLW\�RI�IRRG�FKDLQ
LQFRUSRUDWHG�VHOHQLXP��86):6�����E��%HVVHU�HW
DO����������$IWHU�VHOHQLXP�EHFRPHV�LQFRUSRUDWHG
LQ�WKH�IRRG�FKDLQ��DSSDUHQWO\�WKH�LVVXH�RI
FKHPLFDO�VSHFLDWLRQ�LV�QRW�DQ�LPSRUWDQW
LQWHUSUHWLYH�IDFWRU���7R[LFRORJLFDOO\��IRRG�FKDLQ
VHOHQLXP�LQ�QDWXUH�VHHPV�WR�EH�IDLUO\�XQLIRUP�
ZLWK�D�WR[LFLW\�SURILOH�YHU\�VLPLODU�WR�WKDW�RI
VHOHQRPHWKLRQLQH��H�J���:RRFN�HW�DO�������
+DPLOWRQ�HW�DO��������+HLQ]���������7KLV�LV�D
SDUWLFXODUO\�XVHIXO�LQWHUSUHWLYH�FRQVLGHUDWLRQ
VLQFH�GLHWDU\�H[SRVXUH�LV�WKH�SULPDU\�H[SRVXUH
SDWKZD\�IRU�ILVK�DQG�ZLOGOLIH�SRSXODWLRQV���
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U.S. Environmental Protection Agency
Standards and Criteria

[See Appendix II for explanation of terms. 
Sources:  EPA 1995; Federal Register

57(246):60911]

Status EPA priority pollutant

Drinking water MCL 50 µg/L

Freshwater criteria 20 µg/L for acute exposur
e

  5 µg/L for chronic
exposure

1/1,000,000 cancer
risk

10 µg/L (water and
organisms)

'LHWDU\�SODQW�VHOHQLXP�LV�UHDGLO\�DEVRUEHG�E\
DQLPDOV���0RVW�RI�WKH�VHOHQLXP����²���SHUFHQW�
LV�TXLFNO\�PHWDEROL]HG�DQG�HOLPLQDWHG��EXW�
WKH�UHPDLQLQJ�VHOHQLXP�EHFRPHV�ERXQG�RU
LQFRUSRUDWHG�LQWR�EORRG�DQG�WLVVXH�DQG�LV�RQO\
VORZO\�HOLPLQDWHG��2OVRQ����������6HOHQLXP�HDVLO\
HQWHUV�PHWDEROLF�SDWKZD\V�DQG�WKHUH�IRUH�LV
KLJKO\�ELRDFFXPXODWLYH���7KH�KLJK�SUR�SHQVLW\
IRU�ELRWLF�XSWDNH�RI�VHOHQLXP�LV�DW�OHDVW�SDUWLDOO\
H[SODLQHG�E\�LWV�ELRFKHPLFDO�VLPLODULW\�WR�VXOIXU�

,QWHUDFWLRQV

,QWHUDFWLRQV�EHWZHHQ�VHOHQLXP�DQG�PHUFXU\
KDYH�EHHQ�H[WHQVLYHO\�GRFXPHQWHG��&XYLQ�
$UDODU�DQG�)XUQHVV�������6RUHQVHQ�������
DOWKRXJK�PDQ\�FRQIOLFWLQJ�UHVXOWV�KDYH�EHHQ
UHSRUWHG���'HSHQGLQJ�RQ�WKH�H[DFW�FKHPLFDO
VSHFLDWLRQ�RI�WKH�WZR�HOHPHQWV��DQG�RWKHU
IDFWRUV��WKH�WR[LFLW\�RI�VHOHQLXP�FDQ�EH
LQFUHDVHG��UHGXFHG��RU�XQDIIHFWHG�E\�WKH
SUHVHQFH�RI�PHUFXU\���)HZ�6H�+J�LQWHUDFWLRQ
VWXGLHV�KDYH�H[DPLQHG�FRPELQHG�GLHWDU\
H[SRVXUH�WR�PHWK\O�PHUFXU\�DQG�VHOHQR�
PHWKLRQLQH�LQ�ILVK�RU�ZLOGOLIH��HYHQ�WKRXJK�WKHVH
IRUPV�RI�PHUFXU\�DQG�VHOHQLXP�DUH�WKH�RQHV
PRVW�OLNHO\�WR�EH�FRPELQHG�LQ�D�QDWXUDO�GLHW���$
UHFHQW�VWXG\�XVLQJ�FDSWLYH�PDOODUGV�IRXQG
FRQIOLFWLQJ�DQWDJRQLVWLF�DQG�V\QHUJLVWLF�6H�+J
LQWHUDFWLRQV�ZLWK�UHIHUHQFH�WR�DGXOW�WR[LFLW\�DQG
UHSURGXFWLYH�LPSDLUPHQW���L�H���VHOHQLXP�DQG
PHUFXU\�WRJHWKHU�DUH�OHVV�OLNHO\�WR�SRLVRQ�DGXOW
ELUGV�WKDQ�HLWKHU�HOHPHQW�VHSDUDWHO\�EXW�PRUH
OLNHO\�WR�LPSDLU�UHSUR�GXFWLRQ��+HLQ]�DQG
+RIIPDQ�������

'LHWDU\�SURWHLQ��ERURQ��DUVHQLF��DQG�PHWKLRQLQH
FRQFHQWUDWLRQV�DUH�RWKHU�IDFWRUV�FOLQLFDOO\
GHPRQVWUDWHG�WR�DOWHU�WKH�WR[LFLW\�RI�VHOHQLXP�WR
ZLOGOLIH��+RIIPDQ�HW�DO������������D�E��6WDQOH\�HW
DO����������+RZHYHU��WKH�GRVH�FRPELQDWLRQV�RI
WKHVH�IDFWRUV�WKDW�DOWHUHG�VHOHQLXP�WR[LFLW\�LQ�WKH
ODERUDWRU\�ZRXOG�UDUHO\�EH�IRXQG�LQ�QDWXUH��
6WDQOH\�HW�DO���������UHFHQWO\�UHSRUWHG�D�ODFN�RI
LQWHUDFWLRQ�HIIHFWV�EHWZHHQ�VHOHQLXP�DQG�ERURQ
DGGHG�WR�WKH�GLHWV�RI�FDSWLYH�PDOODUGV�

7KH�VWURQJ�H[SRVXUH�UHVSRQVH�UHODWLRQVKLSV
GRFXPHQWHG�IRU�VHOHQLXP�LQ�ILHOG�FROOHFWHG�ELUG
HJJV�DQG�ILVK�VXJJHVW�WKDW�LQWHUDFWLRQV�ZLWK�RWKHU
HOHPHQWV�UDUHO\�DIIHFW�VHOHQLXP�WR[LFLW\�LQ�WKH
ILHOG��2KOHQGRUI�HW�DO��������6NRUXSD�DQG
2KOHQGRUI�������/HPO\�����E��2KOHQGRUI�HW�DO�
������6NRUXSD�����D����$�PXOWLYDULDWH�VWDWLVWLFDO
DQDO\VLV�RI�FKHPLFDO�GDWD�IRU�ELUG�HJJV�IURP
&DOLIRUQLD·V�
6DQ�-RDTXLQ�9DOOH\��6NRUXSD�����E�
GHPRQVWUDWHG�D�VWURQJ�FRUUHODWLRQ�EHWZHHQ
HPEU\R�GHIRUPLW\�DQG�KP�QXQ�VHOHQLXP
FRQFHQWUDWLRQ��ZKLFK�ZDV�XQDIIHFWHG�E\�RWKHU
SRWHQWLDOO\�LQWHUDFWLYH�FKHPLFDO�FRQVWLWXHQWV
SUHVHQW�LQ�WKH�HJJV���7KHUH�LV��KRZHYHU��VXE�
VWDQWLDO�LQGLYLGXDO�DQG�WD[RQRPLF�YDULDELOLW\�LQ
VHQVLWLYLW\�WR�VHOHQLXP�SRLVRQLQJ��(3$������
6-9'3�������86):6�����D��E��6RUHQVHQ������
/HPO\�����E��

,Q�VRPH�FDVHV��OHYHOV�RI�H[SRVXUH�WR�VHOHQLXP
WKDW�ZRXOGQ·W�EH�GLUHFWO\�WR[LF�PD\�LQFUHDVH
VXVFHSWLELOLW\�WR�RWKHUZLVH�EHQLJQ�SDWKRJHQV�GXH
WR�D�VHOHQLXP�LQGXFHG�LPPXQH�G\V�IXQFWLRQ
�)DLUEURWKHU�DQG�)RZOHV�������:KLWHOH\�DQG�<XLOO
������6FKDPEHU�HW�DO��������

5HJXODWRU\�6WDQGDUGV
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)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\�6WDWH�DJHQFLHV�
FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\���6HH�$SSHQGL[�,
IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\�RIILFLDOV�LQ�WKH���
:HVWHUQ�6WDWHV�

([LVWLQJ�/LWHUDWXUH�5HYLHZV

2YHU�WKH�ODVW�WZR�GHFDGHV��PDQ\�SXEOLFDWLRQV
KDYH�VXUYH\HG�WKH�OLWHUDWXUH�SHUWDLQLQJ�WR�WKH
HIIHFWV�RI�VHOHQLXP�H[SRVXUH�RQ�ILVK�DQG�ZLOGOLIH
SRSXODWLRQV���6RPH�RI�WKHVH�UHYLHZV�DUH�OLVWHG
KHUH�

$GDPV�DQG�-RKQVRQ
�������
*/6$%�����
%URRNV�����
(LVOHU�����
/HPO\�����D
/HPO\�DQG�6PLWK�����
(3$�����
/LOOHER�HW�DO������
8&�&RPPLWWHH�����
'X%RZ\�����
2KOHQGRUI�����
%H\HU�����
+RGVRQ�����
6-9'3�����
86):6�����D�E
6NRUXSD�DQG�2KOHQGRUI
�������
6RUHQVHQ�����
3HWHUVRQ�DQG�1HEHNHU
�������

&+�0�+LOO�HW�DO������
(PDQV�HW�DO������
/HPO\�����D
&$67�����
0DLHU�DQG�.QLJKW�����
/HPO\�����
$OEHUV�HW�DO������
+HLQ]�����
/HPO\�����D�E�F
*UHHQ�DQG�$OEHUV�����
2·7RROH�DQG�5DLVEHFN
�������
9DQ�'HUYHHU�DQG�&DQWRQ
�������
$GDPV�HW�DO������
+DPLOWRQ�����
/HPO\�����D�E
2·7RROH�DQG�5DLVEHFN
�������
6NRUXSD�����D

,Q�DGGLWLRQ��VRPH�XVHIXO�LQWHUSUHWLYH�JXLGDQFH�LV
IRXQG�LQ�WKH�PRUH�JHQHUDO�UHYLHZV�RI�VHOHQLXP
FKHPLVWU\�DQG�WR[LFRORJ\�E\�:LOEHU��������
0DLHU�HW�DO����������2JOH�HW�DO����������863+6
��������DQG�2OGILHOG����������7KH�FRUH�VFLHQWLILF
EDVLV�IRU�LQWHUSUHWLYH�JXLGDQFH�LV�FRQWDLQHG�LQ
WKHVH�UHIHUHQFHV���:KHUH�RWKHU�VRXUFHV�DUH�QRW
FLWHG�WR�VXSSRUW�VWDWHPHQWV�LQ�WKLV�FKDSWHU��WKH
SDSHUV�OLVWHG�DERYH�DUH�WKH�VRXUFH�V��RI
LQIRUPDWLRQ�

5HIHUHQFHV

$GDPV��:�-���DQG�+�(��-RKQVRQ����������6HOHQLXP���D
KD]DUG�DVVHVVPHQW�DQG�ZDWHU�TXDOLW\�FULWHULRQ
FDOFXODWLRQ���,Q���'�5��%UDQVRQ�DQG�.�/��'LFNVRQ�
HGV���#SWCVKE�VQZKEQNQI[�CPF�JC\CTF�CUUGUUOGPV��
$P��6RF��7HVWLQJ�0DWHULDOV��3KLODGHOSKLD�
3HQQV\OYDQLD���S�����²����

$GDPV��:�-���.�9��%UL[��.�$��&RWKHUQ��/�0��7HDU�
5�'��&DUGZHOO��$��)DLUEURWKHU��DQG�-�(��7ROO��
�������$VVHVVPHQW�RI�VHOHQLXP�IRRG�FKDLQ
WUDQVIHU�DQG�FULWLFDO�H[SRVXUH�IDFWRUV�IRU�DYLDQ
ZLOGOLIH�VSHFLHV���QHHG�IRU�VLWH�VSHFLILF�GDWD���,Q��
(�(��/LWWOH��$�-��'H/RQD\��DQG�%�0��*UHHQEHUJ�
HGV���'PXKTQPOGPVCN�VQZKEQNQI[�CPF�TKUM
CUUGUUOGPV��$P��6RF��7HVWLQJ�0DWHULDOV�
3KLODGHOSKLD��3HQQV\OYDQLD���$670�673�������Y�
���S�����²����

$ODLPR��-���5�6��2JOH��DQG�$�:��.QLJKW���������
6HOHQLXP�XSWDNH�E\�ODUYDO�%JKTQPQOWU�FGEQTWU
IURP�D�4WRRKC�OCTKVKOC�EDVHG�EHQWKLF�GHWULWDO
VXEVWUDWH���#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²�����

$OEHUV��3�+���'�(��*UHHQ��DQG�&�-��6DQGHUVRQ���������
'LDJQRVWLF�FULWHULD�IRU�VHOHQLXP�WR[LFRVLV�LQ
DTXDWLF�ELUGV���'LHWDU\�H[SRVXUH��WLVVXH
FRQFHQWUDWLRQV��DQG�PDFURVFRSLF�HIIHFWV���
,��9KNFN��&KU��������²����

$QRQ\PRXV����������6HOHQLXP�SRLVRQV�,QGLDQV���5EK�
0GYU�.VT���������

$UWKXU��-�5���DQG�*�-��%HFNHWW����������1HZ�PHWDEROLF
UROHV�IRU�VHOHQLXP���2TQE��0WVTKVKQP�5QE�
������²����

%DUQXP��'�$����������.QY�UGNGPKWO�KP�YCVGTHQYN
YKPVGTKPI�CV�-GTP�0CVKQPCN�9KNFNKHG�4GHWIG���
8�6��1DWO��%LRO��6XUYH\��)RUW�&ROOLQV��&RORUDGR��
5HV��,QIR��%XOO�����

%DXPDQQ��3�&���DQG�5�%��*LOOHVSLH����������6HOHQLXP
ELRDFFXPXODWLRQ�LQ�JRQDGV�RI�ODUJHPRXWK�EDVV
DQG�EOXHJLOO�IURP�WKUHH�SRZHU�SODQW�FRROLQJ
UHVHUYRLUV���'PXKTQP��6QZKEQN��%JGO�������²����
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%HKUD��5���*�3��*HQRQL��DQG�/��6LJJ����������4GXKUKQP
QH�VJG�5YKUU�QTFKPCPEG�HQT�YCUVGYCVGT�FKUEJCTIG�
5EKGPVKHKE�DCUKU�HQT�YCVGT�SWCNKV[�ETKVGTKC�HQT
OGVCNU�CPF�OGVCNNQKFU�KP�TWPPKPI�YCVGTU��
($:$*�6FKULIWHQUHLKH��6ZLVV�)HGHUDO�,QVWLWXWH
IRU�:DWHU�5HVRXUFHV�DQG�:DWHU�3ROOXWLRQ
&RQWURO��'XEHQGRUI��6ZLW]HUODQG���

%HQQHWW��-����������%LRORJLFDO�HIIHFWV�RI�VHOHQLXP�DQG
RWKHU�FRQWDPLQDQWV�DVVRFLDWHG�ZLWK�LUULJDWLRQ
GUDLQDJH�LQ�WKH�6DOWRQ�6HD�DUHD��&DOLIRUQLD�
����²�����5HSRUW�WR�1DWLRQDO�,UULJDWLRQ�:DWHU
4XDOLW\�3URJUDP���8�6��)LVK�DQG�:LOGOLIH�6HUYLFH�
&DUOVEDG��&DOLIRUQLD�

%HQQHWW��:�1���$�6��%URRNV��DQG�0�(��%RUDDV���������
6HOHQLXP�XSWDNH�DQG�WUDQVIHU�LQ�DQ�DTXDWLF�IRRG
FKDLQ�DQG�LWV�HIIHFWV�RQ�IDWKHDG�PLQQRZ�ODUYDH��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²����

%HUU\�:�/���DQG�:��6DYDJH����������7KH�GRVH
UHVSRQVH�FXUYH�RI�VHOHQLXP�LQ�SODQWV���,Q
2TQEGGFKPIU���5[ORQUKWO�QP�5GNGPKWO�KP�VJG
'PXKTQPOGPV���&DOLIRUQLD�$JULFXOWXUDO
7HFKQRORJ\�,QVWLWXWH��&DOLIRUQLD�6WDWH�8QLYHUVLW\�
)UHVQR��&DOLIRUQLD���S����²���

%HVVHU��-�0���7�-��&DQILHOG��DQG�7�:��/D3RLQW���������
%LRDFFXPXODWLRQ�RI�RUJDQLF�DQG�LQRUJDQLF
VHOHQLXP�LQ�D�ODERUDWRU\�IRRG�FKDLQ���'PXKTQP�
6QZKEQN��%JGO�������²���

%H\HU��:�1����������'XCNWCVKPI�UQKN�EQPVCOKPCVKQP���
8�6��)LVK�DQG�:LOGOLIH�6HUYLFH�%LRORJ\�5HSW�
�������²���

%LUJH��:�-���-�$��%ODFN��DQG�$�*��:HVWHUPDQ���������
(YDOXDWLRQ�RI�DTXDWLF�SROOXWDQWV�XVLQJ�ILVK�DQG
DPSKLELDQ�HJJV�DV�ELRDVVD\�RUJDQLVPV���,Q��
#PKOCNU�CU�OQPKVQTU�QH�GPXKTQPOGPVCN
RQNNWVCPVU���1DWLRQDO�$FDGHP\�RI�6FLHQFHV�
:DVKLQJWRQ���
S�����²����

%LUNQHU��-�+����������6HOHQLXP�LQ�DTXDWLF�RUJDQLVPV
IURP�VHOHQLIHURXV�KDELWDWV���3K�'��7KHVLV�
&RORUDGR�6WDWH�8QLYHUVLW\��)RUW�&ROOLQV�
&RORUDGR�

%R\XP��.�:���DQG�$�6��%URRNV����������7KH�HIIHFWV
RI�VHOHQLXP�LQ�ZDWHU�DQG�IRRG�RQ�&CRJPKC
SRSXODWLRQV���#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²����

%URRNV��$�6����������6HOHQLXP�LQ�WKH�HQYLURQPHQW���DQ
ROG�SUREOHP�ZLWK�QHZ�FRQFHUQV���&KDSWHU���LQ�
6JG�GHHGEVU�QH�VTCEG�GNGOGPVU�QP�CSWCVKE
GEQU[UVGOU���3URFHHGLQJV�IURP�D�:RUNVKRS�
0DUFK���²����������5DOHLJK��1RUWK�&DUROLQD��
&DUROLQD�3RZHU�DQG�/LJKW�&R���1HZ�+LOO��1RUWK
&DUROLQD�

%URZQH��&�/���DQG�-�1��'XPRQW����������7R[LFLW\�RI
VHOHQLXP�WR�GHYHORSLQJ�:GPQRWU�NCGXKU�HPEU\RV��
,��6QZKEQN��'PXKTQP��*GCNVJ������²����

%U\QH��$�5���/��.RVWD��DQG�3��6WHJQDU����������7KH
RFFXUUHQFH�RI�PHUFXU\�LQ�DPSKLELD���'PXKTQP�
.GVV�������²����

%XHFKQHU��+�.����������/LIH�KLVWRU\��HFRORJ\��DQG
UDQJH�XVH�RI�WKH�SURQJKRUQ�DQWHORSH�LQ�7UDQV�
3HFRV�7H[DV���#O��/KFN��0CV��������������

%XUJHU��-����������7UDFH�HOHPHQW�OHYHOV�LQ�SLQH�VQDNH
KDWFKOLQJV���WLVVXH�DQG�WHPSRUDO�GLIIHUHQFHV��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²����

%XUJHU��-���DQG�0��*RFKIHOG�������D���7UDFH�HOHPHQW
GLVWULEXWLRQ�LQ�JURZLQJ�IHDWKHUV���DGGLWLRQDO
H[FUHWLRQ�LQ�IHDWKHU�VKHDWKV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

%XUJHU��-���DQG�0��*RFKIHOG�������E���+HDY\�PHWDO
DQG�VHOHQLXP�FRQFHQWUDWLRQV�LQ�EODFN�VNLPPHUV
�4[PEJQRU�PKIGT����JHQGHU�GLIIHUHQFHV���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

%XUJHU��-���DQG�0��*RFKIHOG����������+HDY\�PHWDO�DQG
VHOHQLXP�OHYHOV�LQ�IHDWKHUV�RI�\RXQJ�HJUHWV�DQG
KHURQV�IURP�+RQJ�.RQJ�DQG�6]HFKXDQ��&KLQD��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²����

%XUJHU��-���.��3DUVRQV��7��%HQVRQ��7��6KXNOD�
'��5RWKVWHLQ��DQG�0��*RFKIHOG�������D���+HDY\
PHWDO�DQG�VHOHQLXP�OHYHOV�LQ�\RXQJ�FDWWOH�HJUHWV
IURP�QHVWLQJ�FRORQLHV�LQ�WKH�1RUWKHDVWHUQ�8QLWHG
6WDWHV��3XHUWR�5LFR��DQG�(J\SW���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

%XUJHU��-���,�&�7��1LVEHW��DQG�0��*RFKIHOG�������E��
0HWDO�OHYHOV�LQ�UHJURZQ�IHDWKHUV���DVVHVVPHQW�RI
FRQWDPLQDWLRQ�RQ�WKH�ZLQWHULQJ�DQG�EUHHGLQJ
JURXQGV�LQ�WKH�VDPH�LQGLYLGXDOV���,��6QZKEQN�
'PXKTQP��*GCNVJ�������²����
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%XUJHU��-���0��/DVND��DQG�0��*RFKIHOG����������0HWDO
FRQFHQWUDWLRQV�LQ�IHDWKHUV�RI�ELUGV�IURP�3DSXD
1HZ�*XLQHD�IRUHVWV���HYLGHQFH�RI�SROOXWLRQ��
'PXKTQP��6QZKEQN��%JGO���������²�����

%XUJHU��-���0��3RNUDV��5��&KDIHO��DQG�0��*RFKIHOG��
�������+HDY\�PHWDO�FRQFHQWUDWLRQV�LQ�IHDWKHUV�RI
FRPPRQ�ORRQV��)CXKC�KOOGT��LQ�WKH
1RUWKHDVWHUQ�8QLWHG�6WDWHV�DQG�GLIIHUHQFHV�LQ
PHUFXU\�OHYHOV���'PXKTQP��/QPKV��#UUGUU������²��

%XWOHU��'�/���5�3��.UXHJHU��%�&��2VPXQGVRQ�
$�/��7KRPSVRQ��DQG�6�.��0F&DOO���������
4GEQPPCKUUCPEG�KPXGUVKICVKQP�QH�YCVGT�SWCNKV[�
DQVVQO�UGFKOGPV��CPF�DKQVC�CUUQEKCVGF�YKVJ
KTTKICVKQP�FTCKPCIG�KP�VJG�)WPPKUQP�CPF
7PEQORCJITG�4KXGT�$CUKPU�CPF�CV�5YGKV\GT
.CMG��YGUV�EGPVTCN�%QNQTCFQ������ �����8�6�
*HRORJLFDO�6XUYH\�:DWHU�5HVRXUFHV�,QY��5HSW�
��²�����

&$67��&RXQFLO�IRU�$JULFXOWXUDO�6FLHQFH�DQG
7HFKQRORJ\�����������5LVN�DQG�EHQHILWV�RI
VHOHQLXP�LQ�DJULFXOWXUH���&RXQFLO�IRU�$JULFXOWXUDO
6FLHQFH�DQG�7HFKQRORJ\��$PHV��,RZD���,VVXH
3DSHU�1R����

&')*��&DOLIRUQLD�'HSDUWPHQW�RI�)LVK�DQG�*DPH���
�������5GNGPKWO�KP�YKNFNKHG�HTQO�CITQHQTGUVT[
RNCPVCVKQPU�KP�VJG�5CP�,QCSWKP�8CNNG[���(KPCN
4GRQTV�VQ�VJG�%CNKHQTPKC�&GRCTVOGPV�QH�9CVGT
4GUQWTEGU���&DOLI��'HSW��RI�)LVK�DQG�*DPH��%D\�
'HOWD�DQG�6SHFLDO�:DWHU�3URMHFWV�'LY���6WRFNWRQ�
&DOLIRUQLD��

&+�0�+LOO����������$KTF�WUG�CPF�TGRTQFWEVKQP�CV�VJG
4KEJOQPF�TGHKPGT[�YCVGT�GPJCPEGOGPV�YGVNCPF��
(KPCN�4GRQTV�VQ�%JGXTQP�4KEJOQPF�4GHKPGT[��
&+�0�+LOO��2DNODQG��&DOLIRUQLD�

��&+�0�+LOO����������5GNGPKWO�DKQCEEWOWNCVKQP
UVWF[�CV�%JGXTQP U�4KEJOQPF�TGHKPGT[�YCVGT
GPJCPEGOGPV�YGVNCPF���(KPCN�4GRQTV�VQ�%JGXTQP
4KEJOQPF�4GHKPGT[���&+�0�+LOO��2DNODQG�
&DOLIRUQLD�

&+�0�+LOO��+�7��+DUYH\�DQG�$VVRFLDWHV��DQG�
*�/��+RUQHU����������%WOWNCVKXG�KORCEVU�QH
CITKEWNVWTG�GXCRQTCVKQP�DCUKPU�QP�YKNFNKHG��
(KPCN�4GRQTV�VQ�VJG�%CNKHQTPKC�&GRCTVOGPV�QH
9CVGT�4GUQWTEGU���&+�0�+LOO��6DFUDPHQWR�
&DOLIRUQLD�

&KLOFRWW��-�(���&�$��(QRV��'�:��:HVWFRW��DQG�
$�/��7RWR����������5GFKOGPV�SWCNKV[�KP
GXCRQTCVKQP�DCUKPU�WUGF�HQT�VJG�FKURQUCN�QH
CITKEWNVWTCN�UWDUWTHCEG�FTCKPCIG�YCVGT�KP�VJG�5CP
,QCSWKP�8CNNG[��%CNKHQTPKC�������CPF�������
&DOLIRUQLD�5HJLRQDO�:DWHU�4XDOLW\�&RQWURO�%RDUG�
&HQWUDO�9DOOH\�5HJLRQ��6DFUDPHQWR��&DOLIRUQLD�

&ODUN��'�5���-U����������6HOHQLXP�DFFXPXODWLRQ�LQ
PDPPDOV�H[SRVHG�WR�FRQWDPLQDWHG�&DOLIRUQLD
LUULJDWLRQ�GUDLQZDWHU���5EK��6QVCN�'PXKTQP�
������²����

&ODUN��'�5���-U���3�$��2JDVDZDUD��*�-��6PLWK��DQG
+�0��2KOHQGRUI����������6HOHQLXP�DFFXPXODWLRQ
E\�UDFFRRQV�H[SRVHG�WR�LUULJDWLRQ�GUDLQZDWHU�DW
.HVWHUVRQ�1DWLRQDO�:LOGOLIH�5HIXJH��&DOLIRUQLD�
�������#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²������

&OHYHODQG��/���(�(��/LWWOH��'�5��%XFNOHU��DQG�
5�+��:LHGPH\HU����������7R[LFLW\�DQG
ELRDFFXPXODWLRQ�RI�ZDWHUERUQH�DQG�GLHWDU\
VHOHQLXP�LQ�MXYHQLOH�EOXHJLOO��.GRQOKU
OCETQEJKTWU����#SWCVKE�6QZKEQN��������²����

&RXJKODQ��'�-���DQG�-�6��9HOWH����������'LHWDU\�WR[LFLW\
RI�VHOHQLXP�FRQWDPLQDWHG�UHG�VKLQHUV�WR�VWULSHG
EDVV���6TCPU��#O��(KUJ��5QE���������²����

&R\OH��-�-���'�5��%XFNOHU��&�*��,QJHUVROO��-�)��)DLUFKLOG�
DQG�7�:��0D\����������(IIHFW�RI�GLHWDU\�VHOHQLXP
RQ�WKH�UHSURGXFWLYH�VXFFHVV�RI�EOXHJLOOV��.GRQOKU
OCETQEJKTWU����'PXKTQP��6QZKEQN��%JGO�
������²����

&UDQH��0���7��)ORZHU��'��+ROPHV��DQG�6��:DWVRQ��
�������7KH�WR[LFLW\�RI�VHOHQLXP�LQ�H[SHULPHQWDO
IUHVKZDWHU�SRQGV���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²����

�&XYLQ�$UDODU��0�/�$���DQG�5�:��)XUQHVV���������
0HUFXU\�DQG�VHOHQLXP�LQWHUDFWLRQ���D�UHYLHZ��
'EQVQZKEQN��'PXKTQP��5CHGV[�������²����

'DYLV��-�5����������#PCN[UKU�QH�HKUJ�MKNNU�CPF�CUUQEKCVGF
YCVGT�SWCNKV[�EQPFKVKQPU�KP�VJG�6TKPKV[�4KXGT�
6GZCU���+��4GXKGY�QH�JKUVQTKECN�FCVC������ ������
7H[DV�:DWHU�&RPP��5HSW��/3²��²�����$XVWLQ�
7H[DV�
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'XERLV��.����������%HQWRQ�/DNH�1DWLRQDO�:LOGOLIH
5HIXJH�FRQWDPLQDQW�VWXGLHV���$QQXDO�5HSRUW��
8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��+HOHQD��0RQWDQD�

'X%RZ\��3����������(IIHFWV�RI�GLHW�RQ�VHOHQLXP
ELRDFFXPXODWLRQ�LQ�PDUVK�ELUGV���,��9KNFN�
/CPCIG��������²����

'Z\HU��)�-���6�$��%XUFK��&�*��,QJHUVROO��DQG�
-�%��+XQQ����������7R[LFLW\�RI�WUDFH�HOHPHQW�DQG
VDOLQLW\�PL[WXUHV�WR�VWULSHG�EDVV��/QTQPG
UCZCVKNKU��DQG�&CRJPKC�OCIPC���'PXKTQP�
6QZKEQN��%JGO��������²����

(GZDUGV��:�&���'�/��:KLWHQDFN��-�:��$OH[DQGHU��DQG
0�$��6RODQJL����������6HOHQLXP�WR[LFRVLV�LQ�WKUHH
&DOLIRUQLD�VHD�OLRQV��<CNQRJWU�ECNKHQTPKCPWU���
8GV��*WO��6QZKEQN��������²����

(LVHQEHUJ��'�$����������6HOHQLXP�DGGLWLRQ�WR�IHHGV��
<QQVGEJPKEC�+PV���-XO\�$XJXVW����²���

(LVOHU��5����������5GNGPKWO�JC\CTFU�VQ�HKUJ��YKNFNKHG�
CPF�KPXGTVGDTCVGU���C�U[PQRVKE�TGXKGY���8�6��)LVK
DQG�:LOGOLIH�6HUYLFH��3DWX[HQW�:LOGOLIH�5HVHDUFK
&HQWHU��/DXUHO��0'���&RQWDPLQDQW�+D]DUG
5HYLHZV�5HSW����

(PDQV��+�-�%���(�-�9�'��3ODVVFKH��-�+��&DQWRQ��
3�&��2NNHUPDQ��DQG�3�0��6SDUHQEXUJ���������
9DOLGDWLRQ�RI�VRPH�H[WUDSRODWLRQ�PHWKRGV�XVHG
IRU�HIIHFW�DVVHVVPHQW���'PXKTQP��6QZKEQN��%JGO�
�������²�����

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
#ODKGPV�YCVGT�SWCNKV[�ETKVGTKC�HQT
UGNGPKWO �������2IILFH�RI�:DWHU�5HJXODWLRQV
DQG�6WDQGDUGV��
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�
:DVKLQJWRQ�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
'ULQNLQJ�ZDWHU�UHJXODWLRQV�DQG�KHDOWK�DGYLVRULHV��
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH
RI�:DWHU��:DVKLQJWRQ������S�

(5*��(DVWHUQ�5HVHDUFK�*URXS�����������5HSRUW�RQ
WKH�3HHU�&RQVXOWDWLRQ�:RUNVKRS�RQ�6HOHQLXP
$TXDWLF�7R[LFLW\�DQG�%LRDFFXPXODWLRQ���'UDIW
ILQDO�UHSRUW�WR�8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\��2IILFH�RI�:DWHU��:DVKLQJWRQ��'&�

)DLUEURWKHU��$���DQG�-��)RZOHV����������6XEFKURQLF
HIIHFWV�RI�VRGLXP�VHOHQLWH�DQG�VHOHQRPHWKLRQLQH
RQ�VHYHUDO�LPPXQH�IXQFWLRQV�LQ�PDOODUGV���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

)DQ��$�0���6�$��%RRN��5�5��1HXWUD��DQG�'�0�
(SVWHLQ����������6HOHQLXP�DQG�KXPDQ�KHDOWK
LPSOLFDWLRQV�LQ�&DOLIRUQLD·V�6DQ�-RDTXLQ�9DOOH\���,�
6QZKEQN��'PXKTQP��*GCNVJ�������²����

)HUP��9�+���'�3��+DQORQ��&�&��:LOOKLWH��:�1��&KR\�
DQG�6�$��%RRN����������(PEU\RWR[LFLW\�DQG�GRVH�
UHVSRQVH�UHODWLRQVKLSV�RI�VHOHQLXP�LQ�KDPVWHUV��
4GRTQF��6QZKEQN�������²����

)LQOH\��.�$����������2EVHUYDWLRQV�RI�EOXHJLOOV�IHG
VHOHQLXP�FRQWDPLQDWHG�*GZCIGPKC�Q\PSKV
FROOHFWHG�IURP�%HOHZV�/DNH��1RUWK�&DUROLQD��
$WNN��'PXKTQP��%QPVCO��6QZKEQN��������²����

)RH��&���DQG�$�:��.QLJKW����������6HOHQLXP
ELRDFFXPXODWLRQ��UHJXODWLRQ��DQG�WR[LFLW\�LQ�WKH
JUHHQ�DOJD��5GNGPCUVTWO�ECRTKEQTPWVWO��DQG
GLHWDU\�WR[LFLW\�RI�WKH�FRQWDPLQDWHG�DOJD�WR
&CRJPKC�OCIPC���,Q���2TQEGGFKPIU���5[ORQUKWO
QP�5GNGPKWO�KP�VJG�'PXKTQPOGPV���&DOLIRUQLD
$JULFXOWXUDO�7HFKQRORJ\�,QVWLWXWH��&DOLIRUQLD�6WDWH
8QLYHUVLW\��)UHVQR��&DOLIRUQLD���S����²���

)UHHPDQ��%�/���5�/��%HUQVWHLQ��DQG�6�7��%RZHQ���������
6HOHQLXP�WR[LFLW\�LQ�WZR�SRSXODWLRQVRI�#TVGOKC
HTCPEKUECPC���,Q���3��6RUJHORRV��'�$��%HQJVWRQ��
:��'HFOHLU��DQG�(��-DVSHUV��HGV���$UWHPLD�TGUGCTEJ
CPF�KVU�CRRNKECVKQPU���/QTRJQNQI[��IGPGVKEU��UVTCKP
EJCTCEVGTK\CVKQP��CPF�VQZKEQNQI[���8QLYHUVD�3UHVV�
:HWWHUHQ��%HOJLXP���S�����²�����

)XMLL��5����������9CVGT�SWCNKV[�CPF�UGFKOGPV�
EJGOKUVT[�FCVC�QH�FTCKP�YCVGT�CPF�GXCRQTCVKQP
HTQO�VJG�6WNCTG�.CMG�&TCKPCIG�&KUVTKEV��-KPIU
%QWPV[��%CNKHQTPKC��/CTEJ������VQ�/CTEJ�������
8�6��*HRORJLFDO�6XUYH\�2SHQ�)LOH�5HSW����²����

*DUUHWW��*�3���DQG�&�5��,QPDQ����������6HOHQLXP�
LQGXFHG�FKDQJHV�LQ�ILVK�SRSXODWLRQV�RI�D�KHDWHG
UHVHUYRLU���2TQE��#PP��%QPH��5QWVJGCUV��#UUQE�
(KUJ�9KNFN��#IGPEKGU�������²����

*LOOHVSLH��5�%���DQG�3�&��%DXPDQQ����������(IIHFWV�RI
KLJK�WLVVXH�FRQFHQWUDWLRQV�RI�VHOHQLXP�RQ
UHSURGXFWLRQ�E\�EOXHJLOOV���6TCPU��#O��(KUJ��5QE�
�������²����
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*LUOLQJ��&�$����������6HOHQLXP�LQ�DJULFXOWXUH�DQG�
WKH�HQYLURQPHQW���#ITKEWNV��'EQU[U��'PXKTQP�
�����²���

*KRVK��$���6��6DUNDU��$�.��3UDPDQLN��6��*KRVK��DQG
6��3DOFKRZGKXU\����������6HOHQLXP�WR[LFRVLV�LQ
JUD]LQJ�EXIIDORHV�DQG�LWV�UHODWLRQVKLS�ZLWK�VRLO
DQG�SODQWV�RI�:HVW�%HQJDO���+PFKCP�,��#PKO��5EK�
������²����

*/6$%��*UHDW�/DNHV�6FLHQFH�$GYLVRU\�%RDUG���
�������4GRQTV�QH�VJG�#SWCVKE�'EQU[UVGO
1DLGEVKXGU�%QOOKVVGG���,QWHUQDWLRQDO�-RLQW
&RPPLVVLRQ��*UHDW�/DNHV�5HJLRQDO�2IILFH�
:LQGVRU��2QWDULR��&DQDGD�

*RRGVHOO��-�7����������'LVWULEXWLRQ�RI�ZDWHUELUG
EURRGV�UHODWLYH�WR�ZHWODQG�VDOLQLW\�DQG�S+�LQ
VRXWK�ZHVWHUQ�$XVWUDOLD���#WUV��9KNFN��4GU�
������²����

*UHHQ��'�(���DQG�3�+��$OEHUV����������'LDJQRVWLF
FULWHULD�IRU�VHOHQLXP�WR[LFRVLV�LQ�DTXDWLF�ELUGV�
KLVWRORJLF�OHVLRQV���,��9KNFN��&KU��������²����

+DPLOWRQ��6�-����������6HOHQLXP�HIIHFWV�RQ
HQGDQJHUHG�ILVK�LQ�WKH�&RORUDGR�5LYHU�%DVLQ���
,Q���:�7��)UDQNHQEHUJHU��-U���DQG�5�$��(QJEHUJ�
HGV���'PXKTQPOGPVCN�EJGOKUVT[�QH�UGNGPKWO��
0DUFHO�'HNNHU��,QF���1HZ�<RUN���S�����²����

+DPLOWRQ��6�-���DQG�%��:DGGHOO����������6HOHQLXP�LQ
HJJV�DQG�PLOW�RI�UD]RUEDFN�VXFNHU��:[TCWEJGP
VGZCPWU��LQ�WKH�0LGGOH�*UHHQ�5LYHU��8WDK���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

+DPLOWRQ��6�-���DQG�5�+��:LHGPH\HU���������
&RQFHQWUDWLRQV�RI�ERURQ��PRO\EGHQXP��DQG
VHOHQLXP�LQ�FKLQRRN�VDOPRQ���6TCPU��#O��(KUJ�
5QE���������²����

+DPLOWRQ��6�-���.�-��%XKO��1�/��)DHUEHU��
5�+��:LHGPH\HU��DQG�)�$��%XOODUG���������
7R[LFLW\�RI�RUJDQLF�VHOHQLXP�LQ�WKH�GLHW�WR
FKLQRRN�VDOPRQ���'PXKTQP��6QZKEQN��%JGO��
�����²����

+DPLOWRQ��6�-���.�-��%XKO��)�$��%XOODUG��DQG�
6�)��0F'RQDOG����������(YDOXDWLRQ�RI�WR[LFLW\�WR
ODUYDO�UD]RUEDFN�VXFNHU�RI�VHOHQLXP�ODGHQ�IRRG
RUJDQLVPV�IRU�2XUD\�1:5�RQ�WKH�*UHHQ�5LYHU�
8WDK���)LQDO�5HSRUW�WR�5HFRYHU\�,PSOHPHQWDWLRQ
3URJUDP�IRU�(QGDQJHUHG�)LVK�6SHFLHV�LQ�WKH
8SSHU�&RORUDGR�5LYHU�%DVLQ���1DWLRQDO�%LRORJLFDO
6HUYLFH��<DQNWRQ��6RXWK�'DNRWD�

+DZNHV��:�&���&�&��:LOOKLWH��6�7��2PD\H��'�1��&R[�
:�1��&KR\��DQG�$�)��7DUDQWDO����������6HOHQLXP
NLQHWLFV��SODFHQWDO�WUDQVIHU��DQG�QHRQDWDO�H[SRVXUH
LQ�F\QRPROJXV�PDFDTXHV��/CECEC�HCUEKEWNCTKU���
6GTCVQNQI[�������²����

+HGOXQG��-�'����������&RQVHUYDWLRQ�SODQQLQJ�IRU
ZDWHU�TXDOLW\�FRQFHUQV��7R[LF�HOHPHQW³
VHOHQLXP���8�6��6RLO�&RQVHUYDWLRQ�6HUYLFH��:HVW
1DWLRQDO�7HFKQLFDO�&HQWHU��3RUWODQG��2UHJRQ��
7HFKQLFDO�1RWH��:DWHU�4XDOLW\�6HULHV�1R��:���

+HLQ��5�*���3�$��7DOFRWW��-�/��6PLWK��DQG�:�/��0\HUV��
�������%ORRG�VHOHQLXP�YDOXHV�RI�VHOHFWHG�ZLOGOLIH
SRSXODWLRQV�LQ�:DVKLQJWRQ���0QTVJYGUV�5EK�
������²����

+HLQ]��*�+����������5GNGPKWO�RQKUQPKPI�KP�DKTFU
+PHQTOCVKQP�HTQO�NCDQTCVQT[�UVWFKGU���8�6��)LVK
DQG�:LOGOLIH�6HUYLFH��3DWX[HQW�:LOGOLIH�5HVHDUFK
&HQWHU��/DXUHO��0DU\ODQG���5HV��,QI��%XOO����²���

+HLQ]��*�+����������6HOHQLXP�DFFXPXODWLRQ�DQG�ORVV
LQ�PDOODUG�HJJV���'PXKTQP��6QZKEQN��%JGO�
������²����

+HLQ]��*�+����������6HOHQLXP�LQ�ELUGV���,Q���
:�1��%H\HU��*�+��+HLQ]��DQG�$�:��5HGPRQ�
HGV���+PVGTRTGVKPI�GPXKTQPOGPVCN�EQPVCOKPCPVU
KP�CPKOCN�VKUUWGU���/HZLV�3XEOLVKHUV��%RFD�5DWRQ�
)ORULGD���S�����²����

+HLQ]��*�+���DQG�0�$��)LW]JHUDOG�������D��
5HSURGXFWLRQ�RI�PDOODUGV�IROORZLQJ�RYHUZLQWHU
H[SRVXUH�WR�VHOHQLXP���'PXKTQP��2QNNWV�
������²����

+HLQ]��*�+���DQG�0�$��)LW]JHUDOG�������E��
2YHUZLQWHU�VXUYLYDO�RI�PDOODUGV�IHG�VHOHQLXP��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN�������²���

+HLQ]��*�+���DQG�'�-��+RIIPDQ���������
0HWK\OPHUFXU\�FKORULGH�DQG�VHOHQRPHWKLRQLQH
LQWHUDFWLRQV�RQ�KHDOWK�DQG�UHSURGXFWLRQ�LQ
PDOODUGV���'PXKTQP��6QZKEQN��%JGO��������²����
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+HLQ]��*�+���'�-��+RIIPDQ��$�-��.U\QLWVN\��DQG
'�0�*��:HOOHU����������5HSURGXFWLRQ�LQ�PDOODUGV
IHG�VHOHQLXP���'PXKTQP��6QZKEQN��%JGO�
�����²����

+HLQ]��*�+���'�-��+RIIPDQ��DQG�/�*��*ROG���������
,PSDLUHG�UHSURGXFWLRQ�RI�PDOODUGV�IHG�DQ
RUJDQLF�IRUP�RI�VHOHQLXP���,��9KNFN��/CPCIG�
������²����

+HLQ]��*�+���*�:��3HQGOHWRQ��$�-��.U\QLWVN\��DQG
/�*��*ROG����������6HOHQLXP�DFFXPXODWLRQ�DQG
HOLPLQDWLRQ�LQ�PDOODUGV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

+HLQ]��*�+���+�)��3HUFLYDO��DQG�0�/��-HQQLQJV���������
&RQWDPLQDQWV�LQ�$PHULFDQ�DOOLJDWRU�HJJV�IURP
/DNH�$SRSND��/DNH�*ULIILQ��DQG�/DNH
2NHHFKREHH��)ORULGD���'PXKTQP��/QPKVQT��#UUGUU�
������²����

+HLQ]��*�+���'�-��+RIIPDQ��DQG�/�-��/H&DSWDLQ��
�������7R[LFLW\�RI�VHOHQR�.�PHWKLRQLQH��VHOHQR�
&.�PHWKLRQLQH��KLJK�VHOHQLXP�ZKHDW��DQG
VHOHQL]HG�\HDVW�WR�PDOODUG�GXFNOLQJV���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN�������²�����

+HQQ\��&�-���DQG�*�%��+HUURQ����������''(�
VHOHQLXP��PHUFXU\��DQG�ZKLWH�IDFHG�LELV
UHSURGXFWLRQ�DW�&DUVRQ�/DNH��1HYDGD���,��9KNFN�
/CPCIG���������²�����

+HUPDQXW]��5�2���.�1��$OOHQ��7�+��5RXVK��DQG�
6�)��+HGWNH����������6HOHQLXP�HIIHFWV�RQ�EOXHJLOOV
�.GRQOKU�OCETQEJKTWU��LQ�RXWGRRU�H[SHULPHQWDO
VWUHDPV�>DEV�@���,Q���'PXKTQPOGPVCN
EQPVCOKPCPVU�CPF�VJGKT�GHHGEVU�QP�DKQVC�QH�VJG
PQTVJGTP�)TGCV�2NCKPU���6\PSRVLXP��0DUFK
��²����������%LVPDUFN��1RUWK�'DNRWD���:LOGOLIH
6RFLHW\��1RUWK�'DNRWD�&KDSWHU��%LVPDUFN��1RUWK
'DNRWD�

+HUPDQXW]��5�2���.�1��$OOHQ��7�+��5RXVK��DQG�
6�)��+HGWNH����������(IIHFWV�RI�HOHYDWHG�VHOHQLXP
FRQFHQWUDWLRQV�RQ�EOXHJLOOV��.GRQOKU
OCETQEJKTWU��LQ�RXWGRRU�H[SHULPHQWDO�VWUHDPV��
'PXKTQP��6QZKEQN��%JGO��������²����

+RGVRQ��3�9����������,QGLFDWRUV�RI�HFRV\VWHP�KHDOWK
DW�WKH�VSHFLHV�OHYHO�DQG�WKH�H[DPSOH�RI�VHOHQLXP
HIIHFWV�RQ�ILVK���'PXKTQP��/QPKV��#UUGUU�
������²����

+RIIPDQ��'�-���&�-��6DQGHUVRQ��/�-��/H&DSWDLQ��
(��&URPDUWLH��DQG�*�:��3HQGOHWRQ���������
,QWHUDFWLYH�HIIHFWV�RI�ERURQ��VHOHQLXP��DQG�GLHWDU\
SURWHLQ�RQ�VXUYLYDO��JURZWK��DQG�SK\VLRORJ\�LQ
PDOODUG�GXFNOLQJV���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN���������²����

+RIIPDQ��'�-���&�-��6DQGHUVRQ��/�-��/H&DSWDLQ��
(��&URPDUWLH��DQG�*�:��3HQGOHWRQ�������D��
,QWHUDFWLYH�HIIHFWV�RI�DUVHQDWH��VHOHQLXP��DQG
GLHWDU\�SURWHLQ�RQ�VXUYLYDO��JURZWK��DQG
SK\VLRORJ\�LQ�PDOODUG�GXFNOLQJV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN�������²���

+RIIPDQ��'�-���&�-��6DQGHUVRQ��/�-��/H&DSWDLQ��
(��&URPDUWLH��DQG�*�:��3HQGOHWRQ�������E��
,QWHUDFWLYH�HIIHFWV�RI�VHOHQLXP��PHWKLRQLQH��DQG
GLHWDU\�SURWHLQ�RQ�VXUYLYDO��JURZWK��DQG
SK\VLRORJ\�LQ�PDOODUG�GXFNOLQJV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN���������²����

+RWKHP��5�/���DQG�+�0��2KOHQGRUI���������
&RQWDPLQDQWV�LQ�IRRGV�RI�DTXDWLF�ELUGV�DW
.HVWHUVRQ�5HVHUYRLU��&DOLIRUQLD���������#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

+XFNDEHH��-�:���)�2��&DUWDQ��DQG�*�6��.HQQLQJWRQ��
�������(QYLURQPHQWDO�LQIOXHQFH�RQ�WUDFH�HOHPHQWV
LQ�KDLU�RI����VSHFLHV�RI�PDPPDOV���$WRPLF
(QHUJ\�&RPPLVVLRQ��2DN�5LGJH��7HQQHVVHH��
2DN�5LGJH�1DWLRQDO�/DERUDWRU\�7HFKQLFDO�0DQXDO
�����

,KQDW��0����������1EEWTTGPEG�CPF�FKUVTKDWVKQP�QH
UGNGPKWO���&5&�3UHVV��,QF���%RFD�5DWRQ��)ORULGD�

,QJHUVROO��&�*���)�-��'Z\HU��DQG�7�:��0D\���������
7R[LFLW\�RI�LQRUJDQLF�DQG�RUJDQLF�VHOHQLXP�WR
&CRJPKC�OCIPC��&ODGRFHUD��DQG�%JKTQPQOWU
TKRCTKWU��'LSWHUD����'PXKTQP��6QZKEQN��%JGO�
������²�����

-DPHV��/�)���:�-��+DUWOH\��DQG�.�5��9DQ�.DPSHQ��
�������6\QGURPHV�RI�#UVTCICNWU�SRLVRQLQJ�LQ
OLYHVWRFN���,��#O��8GV��/GF��#UUQE���������²������

-HQNLQV��'�:����������$KQNQIKECN�OQPKVQTKPI�QH�VQZKE
VTCEG�OGVCNU���9ROXPH����6QZKE�VTCEG�OGVCNU�KP
RNCPVU�CPF�CPKOCNU�QH�VJG�YQTNF���3DUWV�,��,,��DQG
,,,���8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�
(QYLURQPHQWDO�0RQLWRULQJ�6\VWHPV�/DERUDWRU\�
/DV�9HJDV��1HYDGD���(3$²�����²��²����
(3$²�����²��²�����DQG�(3$²�����²��²����

-RKQVJDDUG��3�$����������6JG�RNQXGTU��UCPFRKRGTU��CPF
UPKRGU�QH�VJG�YQTNF���8QLYHUVLW\�RI�1HEUDVND
3UHVV��/LQFROQ��1HEUDVND�



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

-RKQVWRQ��3�$����������$FXWH�WR[LFLW\�RI�LQRUJDQLF
VHOHQLXP�WR�&CRJPKC�OCIPC��6WUDXV��DQG�WKH
HIIHFW�RI�VXE�DFXWH�H[SRVXUH�XSRQ�JURZWK�DQG
UHSURGXFWLRQ���#SWCV��6QZKEQN���������²����

.DLVHU��,�,���3�$��<RXQJ��DQG�-�'��-RKQVRQ���������
&KURQLF�H[SRVXUH�RI�WURXW�WR�ZDWHUV�ZLWK
QDWXUDOO\�KLJK�VHOHQLXP�OHYHOV���HIIHFWV�RQ
WUDQVIHU�51$�PHWK\ODWLRQ���,��(KUJ��4GU��$QCTF
%CP��������²����

.LIIQH\��3���DQG�$��.QLJKW����������7KH�WR[LFLW\�DQG
ELRDFFXPXODWLRQ�RI�VHOHQDWH��VHOHQLWH��DQG�VHOHQR�
.�PHWKLRQLQH�LQ�WKH�F\DQREDFWHULXP�#PCDCGPC
HNQU�CSWCG���#TEJ��'PXKTQP��%QPVCO��6QZKEQN��
������²����

.LQJ��.�$����������(OHYDWHG�VHOHQLXP�FRQFHQWUDWLRQV
DUH�GHWHFWHG�LQ�ZLOGOLIH�QHDU�D�SRZHU�SODQW��
4GUGCTEJ�+PHQTOCVKQP�$WNNGVKP���²�����8�6��)LVK
DQG�:LOGOLIH�6HUYLFH��)RUW�&ROOLQV��&RORUDGR�

.LQJ��.�$���7�:��&XVWHU��DQG�'�$��:HDYHU���������
5HSURGXFWLYH�VXFFHVV�RI�EDUQ�VZDOORZV�QHVWLQJ
QHDU�D�VHOHQLXP�FRQWDPLQDWHG�ODNH�LQ�(DVW�7H[DV�
86$���'PXKTQP��2QNNWV�������²���

.ROOHU��/�'���DQG�-�+��([RQ����������7KH�WZR�IDFHV�RI
VHOHQLXP³GHILFLHQF\�DQG�WR[LFLW\³DUH�VLPLODU�LQ
DQLPDOV�DQG�PDQ���%CP��,��8GV��4GU��������²����

/HPO\��$�'�������D���(FRORJLFDO�EDVLV�IRU�UHJXODWLQJ
DTXDWLF�HPLVVLRQV�IURP�WKH�SRZHU�LQGXVWU\���WKH
FDVH�ZLWK�VHOHQLXP��4GIWN��6QZKEQN��2JCTOCEQN�
�����²����

/HPO\��$�'�������E���7R[LFRORJ\�RI�VHOHQLXP�LQ�D
IUHVKZDWHU�UHVHUYRLU���LPSOLFDWLRQV�IRU
HQYLURQPHQWDO�KD]DUG�HYDOXDWLRQ�DQG�VDIHW\��
'EQVQZKEQN��'PXKTQP��5CHGV[�������²����

/HPO\��$�'�������D���*XLGHOLQHV�IRU�HYDOXDWLQJ
VHOHQLXP�GDWD�IURP�DTXDWLF�PRQLWRULQJ�DQG
DVVHVVPHQW�VWXGLHV���'PXKTQP��/QPKVQT��#UUGUU�
�����²����

/HPO\��$�'�������E���7HUDWRJHQLF�HIIHFWV�RI�VHOHQLXP
LQ�QDWXUDO�SRSXODWLRQV�RI�IUHVKZDWHU�ILVK��
'EQVQZKEQN��'PXKTQP��5CHGV[�������²����

/HPO\��$�'�������F���0HWDEROLF�VWUHVV�GXULQJ�ZLQWHU
LQFUHDVHV�WKH�WR[LFLW\�RI�VHOHQLXP�WR�ILVK��
#SWCVKE�6QZKEQN��������²����

/HPO\��$�'����������$�SURWRFRO�IRU�DTXDWLF�KD]DUG
DVVHVVPHQW�RI�VHOHQLXP���'EQVQZKEQN��'PXKTQP�
5CHGV[�������²����

/HPO\��$�'�������D���6HOHQLXP�LQ�DTXDWLF�RUJDQLVPV��
,Q���:�1��%H\HU��*�+��+HLQ]��DQG�$�:��5HGPRQ�
1RUZRRG��HGV���'PXKTQPOGPVCN�EQPVCOKPCPVU�KP
YKNFNKHG��+PVGTRTGVKPI�VKUUWG�EQPEGPVTCVKQPU���&5&
3UHVV��/HZLV�3XEOLVKHUV��%RFD�5DWRQ��)ORULGD���S�
��������

/HPO\��$�'�������E���$VVHVVLQJ�WKH�WR[LF�WKUHDW�RI
VHOHQLXP�WR�ILVK�DQG�DTXDWLF�ELUGV���'PXKTQP�
/QPKV��#UUGUU�������²���

/HPO\��$�'�������F���(YDOXDWLRQ�RI�WKH�KD]DUG
TXRWLHQW�PHWKRG�IRU�ULVN�DVVHVVPHQW�RI�VHOHQLXP��
'EQVQZKEQN��'PXKTQP��5CHGV[�������²����

/HPO\��$�'�������G���:LQWHU�VWUHVV�V\QGURPH���$Q
LPSRUWDQW�FRQVLGHUDWLRQ�IRU�KD]DUG�DVVHVVPHQW�RI
DTXDWLF�SROOXWDQWV���'EQVQZKEQN��'PXKTQP��5CHGV[
������²����

/HPO\��$�'�������D���3DWKRORJ\�RI�VHOHQLXP�SRLVRQLQJ
LQ�ILVK���,Q���:�7��)UDQNHQEHUJHU��-U���DQG�5�$�
(QJEHUJ��HGV���'PXKTQPOGPVCN�EJGOKUVT[�QH
UGNGPKWO���0DUFHO�'HNNHU��,QF���1HZ�<RUN���
S�����²����

/HPO\��$�'�������E���$�SRVLWLRQ�SDSHU�RQ�VHOHQLXP�LQ
HFRWR[LFRORJ\���$�SURFHGXUH�IRU�GHULYLQJ�VLWH�
VSHFLILF�ZDWHU�TXDOLW\�FULWHULD���'EQVQZKEQN�
'PXKTQP��5CHGV[�����²��

/HPO\��$�'���DQG�*�-��6PLWK����������#SWCVKE�E[ENKPI
QH�UGNGPKWO���KORNKECVKQPU�HQT�HKUJ�CPF�YKNFNKHG���
8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��:DVKLQJWRQ���)LVK
DQG�:LOGOLIH�/HDIOHW����

/LOOHER��+�3���6��6KDQHU��'��&DUOVRQ��1��5LFKDUG��DQG
3��'X%RZ\����������9CVGT�SWCNKV[�ETKVGTKC�HQT
UGNGPKWO�CPF�QVJGT�VTCEG�GNGOGPVU�HQT�RTQVGEVKQP
QH�CSWCVKE�NKHG�CPF�KVU�WUGU�KP�VJG�5CP�,QCSWKP
8CNNG[����&DOLIRUQLD�6WDWH�:DWHU�5HVRXUFHV
&RQWURO�%RDUG��6DFUDPHQWR��&DOLIRUQLD���6:5&%
2UGHU�
1R��:�4����²����7HFKQLFDO�&RPPLWWHH�5HSRUW�
$SSHQGL[�'�

/LQGTYLVW��2���.��-RKDQVVRQ��0��$DVWUXS��
$��$QGHUVVRQ��/��%ULQJPDUN��*��+RYVHQLXV��
/��+DNDQVRQ��$��,YHUIHOGW��0��0HLOL��DQG�
%��7LPP����������0HUFXU\�LQ�WKH�6ZHGLVK
HQYLURQPHQW���5HFHQW�UHVHDUFK�RQ�FDXVHV�
FRQVHTXHQFHV�DQG�FRUUHFWLYH�PHWKRGV���9CVGT�
#KT�5QKN�2QNNWV������²�����
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/RUHQW]HQ��0���$��0DDJH��DQG�.��-XOVKDPP���������
(IIHFWV�RI�GLHWDU\�VHOHQLWH�RU�VHOHQRPHWKLRQLQH�RQ
WLVVXH�VHOHQLXP�OHYHOV�RI�$WODQWLF�VDOPRQ��5CNOQ
UCNCT����#SWCEWNVWTG��������²����

0DJQXVRQ��-�0���$�0��)RUEHV��'�0��+DUUHOO��DQG�-�'�
6FKZDU]PHLHU����������5HVSRQVHV�RI�
VWUHDP�LQYHUWHEUDWHV�WR�DQ�DVK�SLW�HIIOXHQW���
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�
:LVFRQVLQ�3RZHU�3ODQW�,PSDFW�6WXG\��'XOXWK�
0LQQHVRWD���5HSW��(3$²�����²��²����

0DLHU��.�-���DQG�$�:��.QLJKW����������(FRWR[LFRORJ\
RI�VHOHQLXP�LQ�IUHVKZDWHU�V\VWHPV���4GX�
'PXKTQP��%QPVCO��6QZKEQN���������²���

0DLHU��.�-���&��)RH��5�6��2JOH��0�-��:LOOLDPV��
$�:��.QLJKW��3��.LIIQH\��DQG�/�$��0HOWRQ���������
7KH�G\QDPLFV�RI�VHOHQLXP�LQ�DTXDWLF�HFRV\VWHPV��
,Q���'�'��+HPSKLOO��HG���6TCEG�UWDUVCPEGU�KP
GPXKTQPOGPVCN�JGCNVJ���8QLYHUVLW\�RI�0LVVRXUL�
&ROXPELD��0LVVRXUL���S�����²����

0DNHOD��$��/���:��&��:DQJ��0��+DPDODLQHQ��
9��1DQWR��3��/DLKRQHQ��+��.RWLODLQHQ��
/��;��0HQJ��DQG�3��0DNHOD����������(QYLURQ�
PHQWDO�HIIHFWV�RI�QDWLRQZLGH�VHOHQLXP
IHUWLOL]DWLRQ�LQ�)LQODQG���$KQN��6TCEG�'NGO��4GU�
������²����

0DOFKRZ��'�(���$�:��.QLJKW��DQG�.�-��0DLHU���������
%LRDFFXPXODWLRQ�DQG�WR[LFLW\�RI�VHOHQLXP�LQ
%JKTQPQOWU�FGEQTWU�IHG�D�GLHW�RI�VHOHQLIHURXV
5GNGPCUVTWO�ECRTKEQTPWVWO���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

0DUWLQ��'�%���DQG�:�$��+DUWPDQ����������$UVHQLF�
FDGPLXP��OHDG��PHUFXU\��DQG�VHOHQLXP�LQ
VHGLPHQWV�RI�ULYHULQH�DQG�SRWKROH�ZHWODQGV�RI
WKH�1RUWK�&HQWUDO�8QLWHG�6WDWHV���,��#UUQE��1HH�
#PCN��%JGO���������²�����

0DUWLQ��3�)����������7KH�WR[LF�DQG�WHUDWRJHQLF�HIIHFWV
RI�VHOHQLXP�DQG�ERURQ�RQ�DYLDQ�UHSURGXFWLRQ��
0�6��7KHVLV��8QLYHUVLW\�RI�&DOLIRUQLD��'DYLV�
&DOLIRUQLD�

0DVVFKHOH\Q��3�+���DQG�:�+��3DWULFN���������
%LRJHRFKHPLFDO�SURFHVVHV�DIIHFWLQJ�VHOHQLXP
F\FOLQJ�LQ�ZHWODQGV���'PXKTQP��6QZKEQN��%JGO�
�������²�����

0HGOLQ��-�$����������&KHYURQ�PDUVK�DYLDQ�ULVN�VWXG\��
FRPPHQW�OHWWHU���8�6��)LVK�DQG�:LOGOLIH�6HUYLFH�
6DFUDPHQWR��&DOLIRUQLD����'HFHPEHU����������

0HLOL��0����������'UDPDWLF�HIIHFWV�RI�VHOHQLXP
DGGLWLRQ�WR�ODNHV�RQ�WKH�PHUFXU\�FRQFHQWUDWLRQV
DQG�WKH�VXUYLYDO�RI�ILVK���)RXUWK�,QWHUQDWLRQDO
&RQIHUHQFH�RQ�0HUFXU\�DV�D�*OREDO�3ROOXWDQW�
$XJXVW��²���������+DPEXUJ��*HUPDQ\���$EVWUDFW
ERRN��S�����

1DGG\��5�%���7�:��/D�3RLQW��DQG�6�-��.ODLQH���������
7R[LFLW\�RI�DUVHQLF��PRO\EGHQXP��DQG�VHOHQLXP
FRPELQDWLRQV�WR�%GTKQFCRJPKC�FWDKC���'PXKTQP�
6QZKEQN��%JGO��������²����

15&��1DWLRQDO�5HVHDUFK�&RXQFLO����������
4GEQOOGPFGF�FCKN[�CNNQYCPEGU���WK�HG��
1DWLRQDO�5HVHDUFK�&RXQFLO��)RRG�DQG�1XWULWLRQ
%RDUG��&RPPLWWHH�RQ�'LHWDU\�$OORZDQFHV��
1DWLRQDO�$FDGHP\�3UHVV��:DVKLQJWRQ�

15&��1DWLRQDO�5HVHDUFK�&RXQFLO�����������+TTKICVKQP�
KPFWEGF�YCVGT�SWCNKV[�RTQDNGOU���9JCV�ECP�DG
NGCTPGF�HTQO�VJG�5CP�,QCSWKP�8CNNG[�GZRGTKGPEG!��
1DWLRQDO�5HVHDUFK�&RXQFLO��&RPPLWWHH�RQ
,UULJDWLRQ�,QGXFHG�:DWHU�4XDOLW\�3UREOHPV��
1DWLRQDO�$FDGHP\�3UHVV��:DVKLQJWRQ�

1XXWLQHQ��6���DQG�-�9�.��.XNNRQHQ����������7KH
HIIHFW�RI�VHOHQLXP�DQG�RUJDQLF�PDWHULDO�LQ�ODNH
VHGLPHQWV�RQ�WKH�ELRDFFXPXODWLRQ�RI
PHWK\OPHUFXU\�E\�.WODTKEWNWU�XCTKGICVWU
�2OLJRFKDHWD����$KQIGQEJGOKUVT[�������²����

2JOH��5�6���DQG�$�:��.QLJKW����������(IIHFWV�RI
HOHYDWHG�IRRGERUQH�VHOHQLXP�RQ�JURZWK�DQG
UHSURGXFWLRQ�RI�WKH�IDWKHDG�PLQQRZ�
2KOGRJCNGU
RTQOGNCU����#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²����

2JOH��5�6���.�-��0DLHU��3��.LIIQH\��0�-��:LOOLDPV��
$��%UDVKHU��/�$��0HOWRQ��DQG�$�:��.QLJKW���������
%LRDFFXPXODWLRQ�RI�VHOHQLXP�LQ�DTXDWLF
HFRV\VWHPV���.CMG�4GUGTXQKT�/CPCIG�������²����

2KOHQGRUI��+�0����������%LRDFFXPXODWLRQ�DQG�HIIHFWV
RI�VHOHQLXP�LQ�ZLOGOLIH���,Q���/�:��-DFREV��HG��
5GNGPKWO�KP�CITKEWNVWTG�CPF�VJG�GPXKTQPOGPV���
$PHULFDQ�6RFLHW\�RI�$JURQRP\�DQG�6RLO�6FLHQFH
6RFLHW\�RI�$PHULFD��0DGLVRQ��:LVFRQVLQ���6SHFLDO
3XEOLFDWLRQ�����S�����²����

2KOHQGRUI��+�0���DQG�*�0��6DQWROR���������
.HVWHUVRQ�5HVHUYRLU�SDVW��SUHVHQW��DQG�
IXWXUH���DQ�HFRORJLFDO�ULVN�DVVHVVPHQW���,Q���
:�7��)UDQNHQEHUJHU��-U���DQG�6��%HQVRQ��HGV��
5GNGPKWO�KP�VJG�GPXKTQPOGPV���0DUFHO�'HNNHU�
,QF���1HZ�<RUN���S����²����
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2KOHQGRUI��+�0���5�/��+RWKHP��&�0��%XQFN��
7�:��$OGULFK��DQG�-�)��0RRUH���������
5HODWLRQVKLSV�EHWZHHQ�VHOHQLXP�FRQFHQWUDWLRQV
DQG�DYLDQ�UHSURGXFWLRQ���6TCPU��0��#O��9KNFN�
0CV��4GUQWTEG�%QPH��������²����

2KOHQGRUI��+�0���$�:��.LOQHVV��-�/��6LPPRQV��
5�.��6WURXG��'�-��+RIIPDQ��DQG�-�)��0RRUH��
����D���6HOHQLXP�WR[LFRVLV�LQ�ZLOG�DTXDWLF�ELUGV��
,��6QZKEQN��'PXKTQP��*GCNVJ������²���

2KOHQGRUI��+�0���5�/��+RWKHP��DQG�7�:��$OGULFK��
����E���%LRDFFXPXODWLRQ�RI�VHOHQLXP�E\�VQDNHV
DQG�IURJV�LQ�WKH�6DQ�-RDTXLQ�9DOOH\��&DOLIRUQLD��
%QRGKC������������²����

2KOHQGRUI��+�0���5�/��+RWKHP��&�0��%XQFN��DQG
.�&��0DURLV����������%LRDFFXPXODWLRQ�RI
VHOHQLXP�LQ�ELUGV�DW�.HVWHUVRQ�5HVHUYRLU�
&DOLIRUQLD���#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²����

2KOHQGRUI��+�0���-�3��6NRUXSD��0�.��6DLNL��DQG�
'�$��%DUQXP����������)RRG�FKDLQ�WUDQVIHU�RI
WUDFH�HOHPHQWV�WR�ZLOGOLIH���,Q���5�*��$OOHQ�DQG
&�0�8��1HDOH��HGV���/CPCIGOGPV�QH�KTTKICVKQP
CPF�FTCKPCIG�U[UVGOU���+PVGITCVGF�2GTURGEVKXGU��
$PHULFDQ�6RFLHW\�RI�&LYLO�(QJLQHHUV��1HZ�<RUN��
S�����²����

2OGILHOG��-�(����������5GNGPKWO���KVU�WUGU�KP
CITKEWNVWTG��PWVTKVKQP���JGCNVJ��CPF
GPXKTQPOGPV���6HOHQLXP�7HOOXULXP
'HYHORSPHQW�$VVRFLDWLRQ��,QF���'DULHQ�
&RQQHFWLFXW���6SHFLDO�3XEOLFDWLRQ�

2OLYHU��0�1���*��5RV�0F*DXUDQ��'��-HVVXS��
%��1RUPDQ��DQG�&��)UDQWL����������6HOHQLXP
FRQFHQWUDWLRQV�LQ�EORRG�RI�IUHH�UDQJLQJ�PXOH
GHHU�LQ�&DOLIRUQLD���6TCPU��9GUV��5GEV��9KNFN��5QE�
�����²���

2OVRQ��2�(����������6HOHQLXP�LQ�SODQWV�DV�D�FDXVH�RI
OLYHVWRFN�SRLVRQLQJ���,Q���5�)��.HHOHU�HW�DO���HGV��
'HHGEVU�QH�RQKUQP�RNCPVU�QP�NKXGUVQEM���$FDGHPLF
3UHVV��1HZ�<RUN���S�����²����

2OVRQ��2�(����������6HOHQLXP�WR[LFLW\�LQ�DQLPDOV�ZLWK
HPSKDVLV�RQ�PDQ���,��#O��%QNN��6QZKEQN�
����²���

2VZHLOHU��*�'���7�/��&DUVRQ��:�%��%XFN��DQG�
*�$��9DQ�*HOGHQ����������%NKPKECN�CPF
FKCIPQUVKE�XGVGTKPCT[�VQZKEQNQI[���G�HG��
.HQGDOO�+XQW��'XEXTXH��,RZD�

2·7RROH��'���DQG�0�)��5DLVEHFN���������
([SHULPHQWDOO\�LQGXFHG�VHOHQRVLV�RI�DGXOW�PDOODUG
GXFNV���&OLQLFDO�VLJQV��OHVLRQV��WR[LFRORJ\���8GV�
2CVJQN��������²����

2·7RROH��'���DQG�0�)��5DLVEHFN����������0DJLF
QXPEHUV��HOXVLYH�OHVLRQV���&RPSDUDWLYH�SDWKRORJ\
DQG�WR[LFRORJ\�RI�VHOHQRVLV�LQ�ZDWHUIRZO�DQG
PDPPDOLDQ�VSHFLHV���,Q���
:�7��)UDQNHQEHUJHU��-U���DQG�5�$��(QJEHUJ��HGV��
'PXKTQPOGPVCN�EJGOKUVT[�QH�UGNGPKWO���0DUFHO
'HNNHU�,QF���1HZ�<RUN���S�����²����

3DUULVK��-�5���'�7��5RJHUV��-U���DQG�)�3��:DUG���������
,GHQWLILFDWLRQ�RI�QDWDO�ORFDOHV�RI�SHUHJULQH�IDOFRQV
�(CNEQ�RGTGITKPWU��E\�WUDFH�HOHPHQW�DQDO\VLV�RI
IHDWKHUV���#WM��������²����

3DXOVVRQ��.���DQG�.��/XQGEHUJK����������7UHDWPHQW�RI
PHUFXU\�FRQWDPLQDWHG�ILVK�E\�VHOHQLXP�DGGLWLRQ��
9CVGT��#KT��5QKN�2QNNWV��������²����

3DYHJOLR��)�/���DQG�6�'��&OLIWRQ����������6HOHQLXP
DFFXPXODWLRQ�DQG�HFRORJ\�RI�WKH�6DQ�-RDTXLQ�NLW
IR[�LQ�WKH�.HVWHUVRQ�1DWLRQDO�:LOGOLIH�5HIXJH
DUHD���)LQDO�UHSRUW�WR�8�6��%XUHDX�RI�5HFODPDWLRQ��
8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��/RV�%DQRV�
&DOLIRUQLD�

3HWHUVRQ��-�$���DQG�$�9��1HEHNHU����������(VWLPDWLRQ
RI�ZDWHUERUQH�VHOHQLXP�FRQFHQWUDWLRQV�WKDW�DUH
WR[LFLW\�WKUHVKROGV�IRU�ZLOGOLIH���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

3UHVVHU��7�6����������6HOHQLXP�SHUVSHFWLYHV���0HPR�WR
7HFKQLFDO�$GYLVRU\�&RPPLWWHH�RQ�5H�XVH�RI�WKH
6DQ�/XLV�'UDLQ���8�6��*HRORJLFDO�6XUYH\��0HQOR
3DUN��&DOLIRUQLD����-DQXDU\�����������

3UHVVHU��7�6���DQG�+�0��2KOHQGRUI���������
%LRJHRFKHPLFDO�F\FOLQJ�RI�VHOHQLXP�LQ�WKH�
6DQ�-RDTXLQ�9DOOH\��&DOLIRUQLD��86$���'PXKTQP�
/CPCIG��������²����

5DLVEHFN��0�)���(�5��'DKO��'�$��6DQFKH]��
(�/��%HOGHQ��DQG�'��2·7RROH����������1DWXUDOO\
RFFXUULQJ�VHOHQRVLV�LQ�:\RPLQJ���,��8GV��&KCIP�
+PXGUV������²���

5DLVEHFN��0�)���'��2·7RROH��5�$��6FKDPEHU��
(�/��%HOGHQ��DQG�/�-��5RELQVRQ���������
7R[LFRORJLF�HYDOXDWLRQ�RI�D�KLJK�VHOHQLXP�KD\
GLHW�LQ�FDSWLYH�SURQJKRUQ�DQWHORSH��#PVKNQECTRC
COGTKECPC����,��9KNFN��&KU������²���
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���

5KLDQ��0���DQG�$�/��0R[RQ����������&KURQLF
VHOHQLXP�SRLVRQLQJ�LQ�GRJV�DQG�LWV�SUHYHQWLRQ�E\
DUVHQLF���,��2JCTOCEQN��'ZR��6JGT��������²����

5LQHOOD��)�$���DQG�&�$��6FKXOHU���������
4GEQPPCKUUCPEG�KPXGUVKICVKQP�QH�YCVGT�SWCNKV[�
DQVVQO�UGFKOGPV��CPF�DKQVC�CUUQEKCVGF�YKVJ
KTTKICVKQP�FTCKPCIG�KP�VJG�/CNJGWT�0CVKQPCN
9KNFNKHG�4GHWIG��*CTPG[�%QWPV[��1TGIQP�
���� �����8�6��*HRORJLFDO�6XUYH\�:DWHU�
5HVRXUFHV�,QY��5HSW����²�����

5RVHQIHOG��,���DQG�2�$��%HDWK����������3DWKRORJ\�RI
VHOHQLXP�SRLVRQLQJ���7PKX��9[QOKPI�#ITKEWNV�
'ZR��5VCVKQP�$WNN�������²�����

5RZH��7�*���0�6��/LFR��5�-��+DOORFN��$�6��0DHVW��DQG
5�-��+RIIPDQ����������2J[UKECN��EJGOKECN��CPF
DKQNQIKECN�FCVC�HQT�FGVCKNGF�UVWF[�QH�KTTKICVKQP
FTCKPCIG�KP�CPF�PGCT�5VKNNYCVGT��(GTPNG[��CPF
*WODQNFV�9KNFNKHG�/CPCIGOGPV�#TGCU�CPF
%CTUQP�.CMG��9GUV�EGPVTCN�0GXCFC������ �����
8�6��*HRORJLFDO�6XUYH\�2SHQ�)LOH�5HSW����²����

5XWD��'�$���DQG�6��+DLGHU����������$WWHPSWHG�PXUGHU
E\�VHOHQLXP�SRLVRQLQJ���$T��/GF��,������������
���²����

6DLNL��0�.����������6HOHQLXP�DQG�RWKHU�WUDFH�HOHPHQWV
LQ�ILVK�IURP�WKH�6DQ�-RDTXLQ�9DOOH\�DQG�6XLVXQ
%D\���������,Q���$�4��+RZDUG��HG���5GNGPKWO�CPF
CITKEWNVWTCN�FTCKPCIG���+ORNKECVKQPU�HQT�5CP
(TCPEKUEQ�$C[�CPF�VJG�%CNKHQTPKC�GPXKTQPOGPV��
7KH�%D\�,QVWLWXWH�RI�6DQ�)UDQFLVFR��6DXVDOLWR�
&DOLIRUQLD��� S����²���

6DLNL��0�.���DQG�7�3��/RZH����������6HOHQLXP�LQ
DTXDWLF�RUJDQLVPV�IURP�VXEVXUIDFH�DJULFXOWXUDO
GUDLQDJH�ZDWHU��6DQ�-RDTXLQ�9DOOH\��&DOLIRUQLD��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²����

6DLNL��0�.���DQG�5�6��2JOH����������(YLGHQFH�RI
LPSDLUHG�UHSURGXFWLRQ�E\�ZHVWHUQ�PRVTXLWRILVK
LQKDELWLQJ�VHOHQLIHURXV�DJULFXOWXUDO�GUDLQZDWHU��
6TCPU��#O��(KUJ��5QE���������²����

6DLNL��0�.���0�5��-HQQLQJV��DQG�6�-��+DPLOWRQ���������
3UHOLPLQDU\�DVVHVVPHQW�RI�WKH�HIIHFWV�RI
VHOHQLXP�LQ�DJULFXOWXUDO�GUDLQDJH�RQ�ILVK�LQ
WKH�6DQ�-RDTXLQ�9DOOH\���,Q���$��'LQDU�DQG�
'��=LOEHUPDQ��HGV���6JG�GEQPQOKEU�CPF
OCPCIGOGPV�QH�YCVGT�CPF�FTCKPCIG�KP
CITKEWNVWTG���.OXZHU�$FDGHPLF�3XEOLVKHUV�
%RVWRQ��0DVVDFKXVHWWV���S�����²����

6DLNL��0�.���0�5��-HQQLQJV��DQG�:�*��%UXPEDXJK��
�������%RURQ��PRO\EGHQXP��DQG�VHOHQLXP�LQ
DTXDWLF�IRRG�FKDLQV�IURP�WKH�ORZHU�6DQ�-RDTXLQ
5LYHU�DQG�LWV�WULEXWDULHV��&DOLIRUQLD���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

6DO\L��*���*��%DQKLGL��(��6]DER��6��*RQ\H��DQG�
)��5DW]����������$FXWH�VHOHQLXP�SRLVRQLQJ�LQ
EURLOHUV���/CI[CT�#NNCVQTXQUQM�.CRLC���������²���

6DQGHUV��5�:���DQG�&�&��*LOPRXU���������
$FFXPXODWLRQ�RI�VHOHQLXP�LQ�D�PRGHO�IUHVKZDWHU
PLFURELDO�IRRG�ZHE���#RRN��'PXKTQP��/KETQDKQN�
�������²�����

6FKDPEHU��5�$���(�/��%HOGHQ��DQG�0�)��5DLVEHFN��
�������,PPXQRWR[LFLW\�RI�FKURQLF�VHOHQLXP
H[SRVXUH���,Q���*�(��6FKXPDQ�DQG�*�)��9DQFH�
HGV���&GECFGU�NCVGT���#�VKOG�HQT�TGCUUGUUOGPV��
3URFHHGLQJV�RI�WKH���WK�$QQXDO�1DWLRQDO
0HHWLQJ��$PHULFDQ�6RFLHW\�RI�6XUIDFH�0LQLQJ�DQG
5HFODPDWLRQ��3ULQFHWRQ��:HVW�9LUJLQLD���
S�����²����

6FKPLWW��&�-���DQG�:�-��%UXPEDXJK����������1DWLRQDO
FRQWDPLQDQW�ELRPRQLWRULQJ�SURJUDP��
FRQFHQWUDWLRQV�RI�DUVHQLF��FDGPLXP��FRSSHU��OHDG�
PHUFXU\��VHOHQLXP��DQG�]LQF�LQ�
8�6��IUHVKZDWHU�ILVK������²�������#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

6FKURHGHU��+�$���'�9��)URVW��DQG�-�-��%DODVVD���������
(VVHQWLDO�WUDFH�PHWDOV�LQ�PDQ���VHOHQLXP���
,��%JTQP��&KU��������²����

6FKXOHU��&�$���5�*��$QWKRQ\��DQG�+�0��2KOHQGRUI��
�������6HOHQLXP�LQ�ZHWODQGV�DQG�ZDWHUIRZO�IRRGV
DW�.HVWHUVRQ�5HVHUYRLU��&DOLIRUQLD���������#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

6HH��5�%���'�/��1DIW]��'�$��3HWHUVRQ��-�*��&URFN��
-�$��(UGPDQ��5�&��6HYHUVRQ��3��5DPLUH]��-U���DQG
-�$��$UPVWURQJ����������&GVCKNGF�UVWF[�QH
UGNGPKWO�KP�UQKN��TGRTGUGPVCVKXG�RNCPVU��YCVGT�
DQVVQO�UGFKOGPV��CPF�DKQVC�KP�VJG�-GPFTKEM
4GENCOCVKQP�2TQLGEV�#TGC��9[QOKPI������ ����
8�6��*HRORJLFDO�6XUYH\�:DWHU�5HVRXUFHV�,QY�
5HSW����²�����

6HLOHU��5�/����������0HWKRGV�WR�LGHQWLI\�DUHDV
VXVFHSWLEOH�WR�LUULJDWLRQ�LQGXFHG�VHOHQLXP
FRQWDPLQDWLRQ�LQ�WKH�:HVWHUQ�8QLWHG�6WDWHV���8�6�
*HRORJLFDO�6XUYH\�)DFW�6KHHW�)6²���²����



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

6HLOHU��5�/���DQG�-�3��6NRUXSD����������,GHQWLILFDWLRQ
RI�DUHDV�DW�ULVN�IRU�VHOHQLXP�FRQWDPLQDWLRQ�LQ�WKH
:HVWHUQ�8QLWHG�6WDWHV���,Q���:�5��+RWFKNLVV���
-�6��'RZQH\��DQG�(�'��*XWHQWDJ��HGV���9CVGT
TGUQWTEGU�CV�TKUM���$PHULFDQ�,QVWLWXWH�RI
+\GURORJ\��0LQQHDSROLV��0LQQHVRWD�
S��//��²//���

6HWPLUH��-�*���-�&��:ROIH��DQG�5�.��6WURXG���������
4GEQPPCKUUCPEG�KPXGUVKICVKQP�QH�YCVGT�SWCNKV[�
DQVVQO�UGFKOGPV��CPF�DKQVC�CUUQEKCVGF�YKVJ
KTTKICVKQP�FTCKPCIG�KP�VJG�5CNVQP�5GC�CTGC�
%CNKHQTPKC������ �����8�6��*HRORJLFDO�6XUYH\
:DWHU�5HVRXUFHV�,QY��5HSW����²�����

6HWPLUH��-�*���5�$��6FKURHGHU��-�1��'HQVPRUH��
6�/��*RRGEUHG��'�-��$XGHW���DQG�:�5��5DGNH��
�������&GVCKNGF�UVWF[�QH�YCVGT�SWCNKV[��DQVVQO
UGFKOGPV��CPF�DKQVC�CUUQEKCVGF�YKVJ�KTTKICVKQP
FTCKPCIG�KP�VJG�5CNVQP�5GC�CTGC��%CNKHQTPKC�
���� ����8�6��*HRORJLFDO�6XUYH\�:DWHU�
5HVRXUFHV�,QY��5HSW����²�����

6LPPRQV��7�:���,�6��-DPDOO��DQG�5�$��/RFNVKLQ��
�������$FFXPXODWLRQ��GLVWULEXWLRQ��DQG�WR[LFLW\�RI
VHOHQLXP�LQ�WKH�DGXOW�KRXVH�IO\��/WUEC�FQOGUVKEC��
%QOR��$KQEJGO��2J[UKQN����&����²����

6-9'3��6DQ�-RDTXLQ�9DOOH\�'UDLQDJH�3URJUDP���
�������(KUJ�CPF�YKNFNKHG�TGUQWTEGU�CPF
CITKEWNVWTCN�FTCKPCIG�KP�VJG�5CP�,QCSWKP�8CNNG[�
%CNKHQTPKC���6DFUDPHQWR��&DOLIRUQLD��6DQ�-RDTXLQ
9DOOH\�'UDLQDJH�3URJUDP���9RO�����VHF������

6NRUXSD��-�3����������,PSDFWV�RI�VHOHQLXP�RQ�WKH
ELRORJLFDO�V\VWHPV�RI�WKH�6DOWRQ�6HD���,Q��
2TQEGGFKPIU�QH�VJG�5CNVQP�5GC�5[ORQUKWO�
-DQXDU\�����������,QGLDQ�:HOOV��&DOLIRUQLD��
6DOWRQ�6HD�$XWKRULW\��,PSHULDO��&DOLIRUQLD�

6NRUXSD��-�3����������$YLDQ�VHOHQRVLV�LQ�QDWXUH���D
SK\ORJHQHWLF�VXUSULVH�DQG�LWV�LPSOLFDWLRQV�IRU
HFRORJLFDO�ULVN�DVVHVVPHQW�����WK�$QQXDO
0HHWLQJ��6RFLHW\�IRU�(QYLURQPHQWDO�7R[LFRORJ\
DQG�&KHPLVWU\��:DVKLQJWRQ��'&��1RYHPEHU
��²�����������3RVWHU�����

6NRUXSD��-�3�������D���6HOHQLXP�SRLVRQLQJ�RI�ILVK�DQG
ZLOGOLIH�LQ�QDWXUH���/HVVRQV�IURP�WZHOYH�UHDO�
ZRUOG�H[DPSOHV���,Q���:�7��)UDQNHQEHUJHU��-U��
DQG�5�$��(QJEHUJ��HGV���'PXKTQPOGPVCN
EJGOKUVT[�QH�UGNGPKWO���0DUFHO�'HNNHU��,QF��
1HZ�<RUN���S����������

6NRUXSD��-�3�������E���5LVN�DVVHVVPHQW�IRU�WKH�ELRWD
GDWDEDVH�RI�WKH�1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\
3URJUDP���5HSRUW�WR�WKH�1DWLRQDO�,UULJDWLRQ�:DWHU
4XDOLW\�3URJUDP��1,:43����8�6��)LVK�DQG
:LOGOLIH�6HUYLFH��6DFUDPHQWR��&DOLIRUQLD�

6NRUXSD��-�3���DQG�+�0��2KOHQGRUI���������
&RQWDPLQDQWV�LQ�GUDLQDJH�ZDWHU�DQG�DYLDQ�ULVN
WKUHVKROGV���,Q���$��'LQDU�DQG�'��=LOEHUPDQ��HGV��
6JG�GEQPQOKEU�CPF�OCPCIGOGPV�QH�YCVGT�CPF
FTCKPCIG�KP�CITKEWNVWTG���.OXZHU�$FDGHPLF
3XEOLVKHUV��%RVWRQ��0DVVDFKXVHWWV���S�����²����

6NRUXSD��-�3���+�0��2KOHQGRUI��DQG�5�/��+RWKHP��
�������,QWHUSUHWLYH�JXLGHOLQHV�IRU�ILHOG�VWXGLHV�RI
VHOHQLXP�H[SRVHG�ZDWHUELUGV���8QSXEOLVKHG
PDQXVFULSW������S��SOXV�WDEOHV�DQG�ILJXUHV�

6NRUXSD��-�3���+�0��2KOHQGRUI��5�/��+RWKHP��
'�/��5RVWHU��5�*��6WHLQ��:�/��+RKPDQ��
'��:HOVK��&�0��0DUQ��6�-��'HWZLOHU��-��:LQFNHO��3�
5DPLUH]��-�$��$UPVWURQJ��DQG�3�-��/HRQDUG���������
&RPSDUDWLYH�HFRWR[LFRORJ\�RI�VHOHQLXP�IRU
EUHHGLQJ�VWLOWV�DQG�DYRFHWV�H[SRVHG�WR�LUULJDWLRQ
GUDLQ�ZDWHU���$EVWUDFW���$QQXDO�0HHWLQJ�RI�WKH
:LOGOLIH�6RFLHW\���:HVWHUQ�6HFWLRQ��)HEUXDU\
��²����������0RQWHUH\��&DOLIRUQLD�

6PLWK��*�-���*�+��+HLQ]��'�-��+RIIPDQ��-�:��6SDQQ�
DQG�$�-��.U\QLWVN\����������5HSURGXFWLRQ�LQ�EODFN�
FURZQHG�QLJKW�KHURQV�IHG�VHOHQLXP���.CMG�4GU�
/CPCIG�������²����

6RUHQVHQ��(�0�%����������6HOHQLXP�DFFXPXODWLRQ�
UHSURGXFWLYH�VWDWXV��DQG�KLVWRSDWKRORJLFDO
FKDQJHV�LQ�HQYLURQPHQWDOO\�H[SRVHG�UHGHDU
VXQILVK���#TEJ��6QZKEQN��������²����

6RUHQVHQ��(�0�%����������/GVCN�RQKUQPKPI�KP�HKUJ��
&5&�3UHVV��%RFD�5DWRQ��)ORULGD�

6RUHQVHQ��(�0�%���3�0��&XPELH��7�/��%DXHU��-�6��%HOO�
DQG�&�:��+DUODQ����������+LVWRSDWKRORJLFDO�
KHPDWRORJLFDO��FRQGLWLRQ�IDFWRU��DQG�RUJDQ�ZHLJKW
FKDQJHV�DVVRFLDWHG�ZLWK�VHOHQLXP�DFFXPXODWLRQ�LQ
ILVK�IURP�%HOHZV�/DNH��1RUWK�&DUROLQD���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

6SDOOKRO]��-�(����������2Q�WKH�QDWXUH�RI�VHOHQLXP
WR[LFLW\�DQG�FDUFLQRVWDWLF�DFWLYLW\���(TGG�4CFKECN
$KQN��/GF�������²���
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6WDQOH\��7�5���-U���-�:��6SDQQ��*�-��6PLWK��DQG�
5��5RVVFRH����������0DLQ�DQG�LQWHUDFWLYH�HIIHFWV
RI�DUVHQLF�DQG�VHOHQLXP�RQ�PDOODUG�UHSURGXFWLRQ
DQG�GXFNOLQJ�JURZWK�DQG�VXUYLYDO���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN���������²����

6WDQOH\��7�5���-U���*�-��6PLWK��'�-��+RIIPDQ��
*�+��+HLQ]��DQG�5��5RVVFRH����������(IIHFWV�RI
ERURQ�DQG�VHOHQLXP�RQ�PDOODUG�UHSURGXFWLRQ
DQG�GXFNOLQJ�JURZWK�DQG�VXUYLYDO���'PXKTQP�
6QZKEQN��%JGO���������²�����

6WHSKHQV��'�:���%��:DGGHOO��/�$��3HOW]��DQG�
-�%��0LOOHU����������&GVCKNGF�UVWF[�QH�UGNGPKWO
CPF�UGNGEVGF�GNGOGPVU�KP�YCVGT��DQVVQO�UGFKOGPV�
CPF�DKQVC�CUUQEKCVGF�YKVJ�KTTKICVKQP�FTCKPCIG�KP
VJG�/KFFNG�)TGGP�4KXGT�$CUKP��7VCJ������ �����
8�6��*HRORJLFDO�6XUYH\�:DWHU�5HVRXUFHV�,QY�
5HSW����²�����

7H[DV�3DUNV�DQG�:LOGOLIH�'HSDUWPHQW����������&TCHV
KPVGTKO�TGRQTV���5GNGPKWO�KP�HKUJ�VKUUWGU�HTQO
/CTVKP�.CMG��6GZCU������ �������7H[DV�3DUNV
DQG�:LOGOLIH�'HSDUWPHQW��$XVWLQ��7H[DV�

7KRPSVRQ��/�-���-�2��+DOO��DQG�*�/��0HHUGLQN��
�������7R[LF�HIIHFWV�RI�WUDFH�HOHPHQW�H[FHVV��
8GV��%NKP��0��#O��(QQF�#PKO��2TCE�������²����

7UHOHDVH��6�)����������6HOHQLXP�LQ�VRLOV��SODQWV��DQG
DQLPDOV���5QKN�5EK��������²����

7XOO\��:�&���DQG�.�:��)UDQNH����������$�QHZ
WR[LFDQW�RFFXUULQJ�QDWXUDOO\�LQ�FHUWDLQ�VDPSOHV�RI
SODQW�IRRGVWXIIV���9,���$�VWXG\�RI�WKH�HIIHFW�RI
DIIHFWHG�JUDLQV�RQ�JURZLQJ�FKLFNV���2QWNV��5EK�
������²����

8&�&RPPLWWHH����������7KH�HYDOXDWLRQ�RI�ZDWHU
TXDOLW\�FULWHULD�IRU�VHOHQLXP��ERURQ��DQG
PRO\EGHQXP�LQ�WKH�6DQ�-RDTXLQ�5LYHU�%DVLQ��
8QLYHUVLW\�RI�&DOLIRUQLD�&RPPLWWHH�RQ�
6DQ�-RDTXLQ�5LYHU�:DWHU�4XDOLW\�2EMHFWLYHV��
'UDLQDJH��6DOLQLW\��DQG�7R[LF�&RQVWLWXHQW�6HULHV
5HSRUW�1R������6SRQVRUHG�E\�8&�6DOLQLW\�
'UDLQDJH�7DVN�)RUFH�DQG�8&�:DWHU�5HVRXUFHV
&HQWHU��'DYLV��&DOLIRUQLD�

86%5��8�6��%XUHDX�RI�5HFODPDWLRQ����������
-GUVGTUQP�2TQITCO���(KPCN�'PXKTQPOGPVCN
+ORCEV�5VCVGOGPV��8QN��++��%JCRVGT����5GEVKQP�)�
(KUJGTKGU���8�6��%XUHDX�RI�5HFODPDWLRQ��0LG�
3DFLILF�5HJLRQ��6DFUDPHQWR��&DOLIRUQLD�

86%5��8�6��%XUHDX�RI�5HFODPDWLRQ����������
5HSURGXFWLYH�HIIHFWV�RI�GLHWDU\�VHOHQLXP�RQ
FDSWLYH�$PHULFDQ�NHVWUHOV��(CNEQ�URCTXGTKWU���
86%5��.HVWHUVRQ�3URJUDP��0LG�3DFLILF�5HJLRQ�
6DFUDPHQWR��&DOLIRUQLD�

86%5��8�6��%XUHDX�RI�5HFODPDWLRQ�����������*GCNVJ
CPF�DQF[�EQPFKVKQP�QH�ECRVKXG�MGUVTGNU�CPF
UGNGEVGF�YKNFNKHG�WUKPI�-GUVGTUQP�4GUGTXQKT���8�6�
%XUHDX�RI�5HFODPDWLRQ��0LG�3DFLILF�5HJLRQ�
6DFUDPHQWR��&DOLIRUQLD��

86):6��8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��������D��
'HHGEVU�QH�KTTKICVKQP�FTCKPYCVGT�EQPVCOKPCPVU�QP
YKNFNKHG���(KPCN�4GRQTV�VQ�VJG�5CP�,QCSWKP�8CNNG[
&TCKPCIG�2TQITCO���8�6��)LVK�DQG�:LOGOLIH
6HUYLFH��3DWX[HQW�:LOGOLIH�5HVHDUFK�&HQWHU�
/DXUHO��0DU\ODQG�

86):6��8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��������E��
#ITKEWNVWTCN�KTTKICVKQP�FTCKPYCVGT�UVWFKGU���(KPCN
4GRQTV�VQ�VJG�5CP�,QCSWKP�8CNNG[�&TCKPCIG
2TQITCO���8�6��)LVK�DQG�:LOGOLIH�6HUYLFH�
1DWLRQDO�)LVKHULHV�&RQWDPLQDQW�5HVHDUFK�&HQWHU�
&ROXPELD��0LVVRXUL�

863+6��8�6��3XEOLF�+HDOWK�6HUYLFH����������
6QZKEQNQIKECN�RTQHKNG�HQT�UGNGPKWO���$JHQF\�IRU
7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\��
8�6��3XEOLF�+HDOWK�6HUYLFH��$WODQWD��*HRUJLD�

9DQ�'HUYHHU��:�'����������5HFHQW�DQG�IXWXUH�VWXGLHV
RI�VHOHQLXP�LQ�WKH�ORZHU�$UNDQVDV�5LYHU�EDVLQ�
&RORUDGR���,Q���2TQEGGFKPIU�QH�C�(QTWO�QP
5GNGPKWO�'EQVQZKEQNQI[��$SULO�����������9DLO�
&RORUDGR���6SRQVRUHG�E\�WKH�FLWLHV�RI�&RORUDGR
6SULQJV�DQG�3XHEOR��&RORUDGR�

9DQ�'HUYHHU��:�'���DQG�6��&DQWRQ����������6HOHQLXP
VHGLPHQW�WR[LFLW\�WKUHVKROGV�DQG�GHULYDWLRQ�RI
ZDWHU�TXDOLW\�FULWHULD�IRU�IUHVKZDWHU�ELRWD�RI
ZHVWHUQ�VWUHDPV���'PXKTQP��6QZKEQN��%JGO�
�������²�����

9RFNH��5�:���.�/��6HDUV��-�-��2·7RROH��DQG�
5�%��:LOGPDQ����������*URZWK�UHVSRQVHV�RI
VHOHFWHG�IUHVKZDWHU�DOJDH�WR�WUDFH�HOHPHQWV�DQG
VFUXEEHU�DVK�VOXUU\�JHQHUDWHG�E\�FRDO�ILUHG�SRZHU
SODQWV���9CVGT�4GU�������²����

:DOVK��'�)���%�/��%HUJHU��DQG�-�5��%HDQ���������
0HUFXU\��DUVHQLF��OHDG��FDGPLXP��DQG�VHOHQLXP
UHVLGXHV�LQ�ILVK������²�����1DWLRQDO�3HVWLFLGH
0RQLWRULQJ�3URJUDP���2GUV��/QPKVQT��,������²���



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

:HOOV��)�&���*�$��-DFNVRQ��DQG�:�-��5RJHUV���������
4GEQPPCKUUCPEG�KPXGUVKICVKQP�QH�YCVGT�SWCNKV[�
DQVVQO�UGFKOGPV��CPF�DKQVC�CUUQEKCVGF�YKVJ
KTTKICVKQP�FTCKPCIG�KP�VJG�NQYGT�4KQ�)TCPFG
8CNNG[�CPF�.CIWPC�#VCUEQUC�0CVKQPCN�9KNFNKHG
4GHWIG��6GZCU������ �����8�6��*HRORJLFDO�6XUYH\
:DWHU�5HVRXUFHV�,QY��5HSW����²�����

:HOVK��'���DQG�2�(��0DXJKDQ����������&RQFHQWUD�
WLRQV�RI�VHOHQLXP�LQ�ELRWD��VHGLPHQWV��DQG�ZDWHU
DW�&LEROD�1DWLRQDO�:LOGOLIH�5HIXJH���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

:HVWFRW��'�:���&�$��(QRV��-�(��&KLOFRWW��DQG�
.�.��%HOGHQ�������D���9CVGT�CPF�UGFKOGPV
SWCNKV[�UWTXG[�QH�UGNGEVGF�KPNCPF�UCNKPG�NCMGU��
&DOLIRUQLD�5HJLRQDO�:DWHU�4XDOLW\�&RQWURO
%RDUG��&HQWUDO�9DOOH\�5HJLRQ��6DFUDPHQWR�
&DOLIRUQLD�

:HVWFRW��'�:���%�-��*UHZHOO��DQG�-�(��&KLOFRWW��
����E���6TCEG�GNGOGPV�EQPEGPVTCVKQPU�KP�UGNGEVGF
UVTGCOU�KP�%CNKHQTPKC���#�U[PQRVKE�UWTXG[��
&DOLIRUQLD�5HJLRQDO�:DWHU�4XDOLW\�&RQWURO
%RDUG��&HQWUDO�9DOOH\�5HJLRQ��6DFUDPHQWR�
&DOLIRUQLD�

:KLWH��'�+���-�5��%HDQ��DQG�-�5��/RQJFRUH���������
1DWLRQZLGH�UHVLGXHV�RI�PHUFXU\��OHDG��FDGPLXP�
DUVHQLF��DQG�VHOHQLXP�LQ�VWDUOLQJV���������2GUV�
/QPKVQT��,�������²���

:KLWH��-�5���3�6��+RIPDQQ��'��+DPPRQG��DQG�
6��%DXPJDUWQHU����������5GNGPKWO�XGTKHKECVKQP
UVWF[��������(KPCN�4GRQTV�VQ�%CNKHQTPKC�5VCVG
9CVGT�4GUQWTEGU�%QPVTQN�$QCTF���&DOLIRUQLD
'HSDUWPHQW�RI�)LVK�DQG�*DPH��%D\�'HOWD
3URMHFW�DQG�:DWHU�3ROOXWLRQ�&RQWURO�/DERUDWRU\�
6DFUDPHQWR��&DOLIRUQLD�

:KLWHOH\��3�/����������(IIHFWV�RI�HQYLURQPHQWDO
FRQWDPLQDQWV��SDUWLFXODUO\�VHOHQLXP��RQ
ZDWHUIRZO�GLVHDVH�DQG�LPPXQLW\���0�6��7KHVLV�
8QLYHUVLW\�RI�:LVFRQVLQ��0DGLVRQ��:LVFRQVLQ�

:KLWHOH\��3�/���DQG�7�0��<XLOO����������,QWHUDFWLRQV�RI
HQYLURQPHQWDO�FRQWDPLQDQWV�DQG�LQIHFWLRXV
GLVHDVH�LQ�DYLDQ�VSHFLHV���,Q���%�'��%HOO�HW�DO���HGV��
#EVC�::�%QPITGUUWU�+PVGTPCVKQPCNKU
1TPKVJQNQIKEK��%JTKUVEJWTEJ��0GY�<GCNCPF�����
&GEGODGT��������2UQLWKRORJLFDO�&RQJUHVV�7UXVW
%RDUG��:HOOLQJWRQ��1HZ�=HDODQG���9RO�����
S������²�����

:LHPH\HU��6�1���DQG�'�-��+RIIPDQ���������
5HSURGXFWLRQ�LQ�HDVWHUQ�VFUHHFK�RZOV�IHG
VHOHQLXP���,��9KNFN��/CPCIG��������²����

:LOEHU��&�*����������7R[LFRORJ\�RI�VHOHQLXP���$
UHYLHZ���%NKP��6QZKEQN��������²�����

:LOOLDPV��0�-���5�6��2JOH��$�:��.QLJKW��DQG�
5�*��%XUDX����������(IIHFWV�RI�VXOIDWH�RQ�VHOHQDWH
XSWDNH�DQG�WR[LFLW\�LQ�WKH�JUHHQ�DOJD�5GNGPCUVTWO
ECRTKEQTPWVWO���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²����

:LQJHU��3�9���&��6LHFNPDQ��7�:��0D\��DQG�
:�:��-RKQVRQ���������5HVLGXHV�RI�RUJDQRFKORULQH
LQVHFWLFLGHV��SRO\FKORULQDWHG�ELSKHQ\OV��DQG�KHDY\
PHWDOV�LQ�ELRWD�IURP�WKH�$SDODFKLFROD�5LYHU�
)ORULGD���������,��#UUQE��1HH��#PCN��%JGO�
������²����

:RRFN��6�(���DQG�3�%��6XPPHUV��-U����������6HOHQLXP
PRQLWRULQJ�LQ�+\FR�5HVHUYRLU��1&��ZDWHUV
�����²������DQG�ELRWD������²��������&KDSWHU��
LQ���6JG�GHHGEVU�QH�VTCEG�GNGOGPVU�QP�CSWCVKE
GEQU[UVGOU����3URFHHGLQJV�IURP�D�:RUNVKRS�
0DUFK���²����������5DOHLJK��1RUWK�&DUROLQD��
&DUROLQD�3RZHU�DQG�/LJKW�&R���1HZ�+LOO��1RUWK
&DUROLQD�

:RRFN��6�(���:�5��*DUUHWW��:�7��%U\VRQ��
:�(��3DUWLQ��DQG�5�:��6PLWK����������5HODWLYH
DYDLODELOLW\�WR�EOXHJLOO�RI�LQJHVWHG�VHOHQLXP�IRUPV
IURP�ILHOG�VRXUFH�DQG�SUHSDUHG�GLHWV���,Q��
$EVWUDFWV�%RRN���VJ�#PPWCN�/GGVKPI�QH�5QEKGV[
HQT�'PXKTQPOGPVCN�6QZKEQNQI[�CPF�%JGOKUVT[�
$UOLQJWRQ��9LUJLQLD��S������

:RRFN��6�(���:�5��*DUUHWW��:�(��3DUWLQ��DQG�
:�7��%U\VRQ����������'HFUHDVHG�VXUYLYDO�DQG
WHUDWRJHQHVLV�GXULQJ�ODERUDWRU\�VHOHQLXP
H[SRVXUHV�WR�EOXHJLOO��.GRQOKU�OCETQEJKTWU���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²�����

:X��/���-��&KHQ��.�.��7DQML��DQG�*�6��%DQXHORV���������
'LVWULEXWLRQ�DQG�ELRPDJQLILFDWLRQ�RI�VHOHQLXP�LQ
D�UHVWRUHG�XSODQG�JUDVVODQG�FRQWDPLQDWHG�E\
VHOHQLXP�IURP�DJULFXOWXUDO�GUDLQ�ZDWHU���'PXKTQP�
6QZKEQN��%JGO��������²����

=DKP��*�5����������.HVWHUVRQ�5HVHUYRLU�DQG
.HVWHUVRQ�1DWLRQDO�:LOGOLIH�5HIXJH���+LVWRU\�
FXUUHQW�SUREOHPV��DQG�PDQDJHPHQW�DOWHUQDWLYHV��
6TCPU��#O��9KNFN��0CV��4GUQWT��%QPH�
������²����
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