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&RQVWLWXHQWV�RI�&RQFHUQ

0QN[DFGPWO

'HVFULSWLRQ

0RO\EGHQXP��0R��LV�D�VLOYHU�ZKLWH�PHWDOOLF
HOHPHQW�RI�WKH�VHFRQG�WUDQVLWLRQ�VHULHV��LWV
DWRPLF�QXPEHU�LV�����DQG�LWV�DWRPLF�ZHLJKW�LV
�������3DLV�DQG�-RQHV���������,W�KDV�FKHPLFDO
SURSHUWLHV�VLPLODU�WR�WKRVH�RI�FKURPLXP���,W�LV
FRPPRQO\�XVHG�LQ�VWHHO�DOOR\V�EHFDXVH�LW�LPSDUWV
KDUGQHVV��VWUHQJWK��KHDW�UHVLVWDQFH��PHOWLQJ
SRLQW�������&���DQG�FRUURVLRQ�UHVLVWDQFH�WR
WKHVH�DOOR\V���0RO\EGHQXP�LV�SUHVHQW�LQ�DOO�SODQW
DQG�DQLPDO�WLVVXHV�DQG�LV�FRQVLGHUHG�DQ�HVVHQWLDO
PLFURQXWULHQW�IRU�PRVW�OLIH�IRUPV��6FKURHGHU�HW
DO��������8QGHUZRRG�������&KDSSHOO�DQG
3HWHUVRQ�������&KDSSHOO�
HW�DO��������*R\HU�������(LVOHU�������

2FFXUUHQFH

0RO\EGHQXP�GRHV�QRW�RFFXU�IUHH�LQ�QDWXUH�DQG
LV�RQO\�IRXQG�LQ�FRPELQDWLRQ�ZLWK�VXOIXU�
R[\JHQ��WXQJVWHQ��OHDG��XUDQLXP��LURQ�
PDJQHVLXP��FREDOW��YDQDGLXP��ELVPXWK��RU
FDOFLXP���,WV�SULQFLSDO�RUH�LV�PRO\EGHQLWH
�0R6

�
���´D�OHDG�JUD\�KH[DJRQDO�PLQHUDO������

>ZKLFK@�UHVHPEOHV�JUDSKLWH�LQ�DSSHDUDQFH�DQG�WR
WKH�WRXFK��EXW�KDV�D�EOXHU�FRORUµ��%DWHV�DQG
-DFNVRQ���������/HVV�LPSRUWDQW�VRXUFHV�LQFOXGH
ZXOIHQLWH��3E0R2

�
���SRZHOOLWH��&D0R2

�
���DQG

PRO\EGRSK\OOLWH��3E0R6L2
�
����0RO\EGHQXP�LV

ZLGHO\�GLVVHPLQDWHG�LQ�WKH�HQYLURQPHQW���LWV
DEXQGDQFH�LQ�WKH�(DUWK·V�FUXVW�LV�HVWLPDWHG�DW
�²����PJ�NJ��%XGDYHUL��������DQG�EDFN�JURXQG
FRQFHQWUDWLRQV�LQ�WKH�8QLWHG�6WDWHV�DUH����²���
�J�/�IRU�ULYHUV������J�/�IRU�JURXQG�ZDWHU�
�²���PJ�NJ�GZ�IRU�ULYHU�VHGLPHQWV��DQG����
����²����PJ�NJ�GZ�IRU�VRLOV��)ULEHUJ�
HW�DO��������&KDSSHOO�HW�DO����������0RO\EGHQXP
FRQFHQWUDWLRQV�LQ�DQLPDO�WLVVXHV�DUH�JHQHUDOO\
KLJKHVW�LQ�OLYHU��IROORZHG�E\�NLGQH\��VSOHHQ��OXQJ�
EUDLQ��DQG�PXVFOH��%HUPDQ���������7RWDO�

ERG\�PRO\EGHQXP�LV�SUHVHQW�WR�WKH�ODUJHVW
GHJUHH�LQ�VNHOHWDO�WLVVXH��8QGHUZRRG�������

0RO\EGHQXP�LV�XVHG�SULPDULO\�LQ�WKH
PDQXIDFWXUH�RI�VWHHO�DOOR\V�IRU�DLUFUDIW�DQG
ZHDSRQV���,W�LV�DOVR�XVHG�DV�DQ�HOHFWURGH�PDWHULDO
DQG�DV�D�FDWDO\VW�LQ�SHWUROHXP�UHILQLQJ���0RVW�RI
WKH�UHFHQW�JOREDO�SURGXFWLRQ�RI�DERXW��������
WRQV�DQQXDOO\�FRPHV�IURP�WKH�8QLWHG�6WDWHV��
7KUHH�PLQHV�LQ�&RORUDGR�DFFRXQW�IRU�QHDUO\���
SHUFHQW�RI�GRPHVWLF�SUR�GXFWLRQ���+XPDQ
DFWLYLWLHV�WKDW�FRQWULEXWH�WR�PRO\EGHQXP
FRQWDPLQDWLRQ�LQFOXGH�WKH�FRPEXVWLRQ�RI�IRVVLO
IXHOV��DQG�VPHOWLQJ��PLQLQJ��DQG�PLOOLQJ
RSHUDWLRQV�IRU�VWHHO��FRSSHU��DQG�XUDQLXP�

6XPPDU\�RI�(IIHFWV

7DEOH����VXPPDUL]HV�WKH�SUHGLFWHG�HIIHFWV�RI
HQYLURQPHQWDO�H[SRVXUHV�WR�PRO\EGHQXP��EDVHG
RQ�WKH�OLPLWHG�LQIRUPDWLRQ�FXUUHQWO\�DYDLODEOH��

6WXG\�$SSURDFKHV

7KH�PDMRULW\�RI�SDSHUV�UHYLHZHG�IRU�WKLV�UHSRUW
ZHUH�ODERUDWRU\�VWXGLHV�GHDOLQJ�ZLWK
PRO\EGHQXP�HIIHFWV�RQ�PDPPDOV�DQG�SRXOWU\��
0DPPDOLDQ�OLWHUDWXUH�FRQVLVWHG�RI�VWXGLHV�GRQH
RQ�GRPHVWLF�DQLPDOV��SULPDULO\�UDWV��DQG�ZDV
SXEOLVKHG�IURP�WKH�ODWH�����
V�
WR�HDUO\�����
V���$YLDQ�OLWHUDWXUH�FRQVLVWHG
H[FOXVLYHO\�RI�SRXOWU\�VWXGLHV�SXEOLVKHG�LQ�WKH
ODWH�����
V�WR�HDUO\�����
V���)RU�DTXDWLF�VSHFLHV�
WKH�OLWHUDWXUH�ZDV�FRPSRVHG�SULPDULO\�RI
IUHVKZDWHU�ODERUDWRU\�VWXGLHV�DQG�RIIHUHG�OLWWOH
LQIRUPDWLRQ�DERXW�ILVK��LQYHUWHEUDWHV��DPSKL�
ELDQV��RU�UHSWLOHV���7KH�UHYLHZ�DGHTXDWHO\
DGGUHVVHG�WKH�IRUPDOO\�SXEOLVKHG�VFLHQWLILF�
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Table 26.&Predicted molybdenum effect levels

Media No effect
Level of
concern

Toxicity
threshold Explanation

Water (mg/L) 0.02 0.02%0.12 0.12 For fish.  0.02, upper limit of natural
background (Eisler 1989); 0.12, LC10
for larval trout (Birge et al. 1980)

0.02 0.02%0.96 0.96 For amphibians.  0.02, upper limit of
natural background (Eisler 1989);
0.96, LC50 for larval toads (Birge
1978)

- - - - - - >50 For plants.  Reduced growth of green
algae; 96-h exposure

Domestic chickens
(mg/kg in feed)

- - - >500 >6,000 Adverse effects on reproduction and
on survival, respectively

Bird eggs (mg/kg dw) 23 23%33 <33 Lepore and Miller (1965)

Mammals (Cu:Mo ratio
in feed)

6:1%10:1 <2:1 or
>10:1

 - - - Ratios found to lead to either Cu
deficiency or Cu toxicosis

OLWHUDWXUH��EXW�QRW�WKH�VFLHQWLILF�´JUD\�OLWHUDWXUH�µ
ZKLFK�LQFOXGHV�JRYHUQPHQW�UHSRUWV�DQG
XQSXEOLVKHG�VWXGLHV��

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\

:DWHU

1DWXUDO�PRO\EGHQXP�FRQFHQWUDWLRQV�LQ�JURXQG
DQG�VXUIDFH�ZDWHUV�UDUHO\�H[FHHG�
����J�/��KLJKHU�FRQFHQWUDWLRQV�SUREDEO\
LQGLFDWH�LQGXVWULDO�FRQWDPLQDWLRQ��(LVOHU��������
&RQFHQWUDWLRQV�LQ�VXUIDFH�ZDWHUV�UDQJH�IURP����
�J�/�LQ�XQFRQWDPLQDWHG�1RUWK�$PHULFDQ�ULYHUV
WR�DV�PXFK�DV����������J�/�LQ�PLQLQJ
ZDVWHZDWHU���,Q�WKH�8QLWHG�6WDWHV��JURXQG�ZDWHU
PRO\EGHQXP�FRQFHQWUDWLRQV�DUH�XVXDOO\���
�J�/�EXW�KDYH�EHHQ�UHSRUWHG�DV�KLJK�DV�������
�J�/�QHDU�XUDQLXP�PLOOV�LQ�&RORUDGR��(LVOHU
��������0RO\EGHQXP�FRQFHQWUDWLRQV�LQ�VDOLQH
ZDWHU�DSSHDU�WR�EH�GLUHFWO\�UHODWHG�WR�VDOLQLW\
�3UDQJH�DQG�.UHPOLQJ�������6ORRW�
HW�DO��������

$TXDWLF�RUJDQLVPV�DUH�UHODWLYHO\�UHVLVWDQW�WR
PRO\EGHQXP�DQG�JHQHUDOO\�VKRZ�QR�DGYHUVH

HIIHFWV�RQ�JURZWK�RU�VXUYLYDO�DW�ZDWHU
FRQFHQWUDWLRQV�ORZHU�WKDQ����PJ�/��(LVOHU
�������KRZHYHU��WKHUH�DUH�ODUJH�GLIIHUHQFHV
EHWZHHQ�VSHFLHV�LQ�WKHLU�DELOLW\�WR�ELRFRQFHQ�
WUDWH�PRO\EGHQXP���%OXH�JUHHQ�DOJDH��#PCDCGPC
QUEKNNCTQKFGU��KDG�D�ELRFRQFHQWUDWLRQ�IDFWRU
�%&)��RI�������DIWHU���KRXU�RI�H[SRVXUH�DW�D
FRQFHQWUDWLRQ�RI��������J�0R�/��6WHHJ�
HW�DO����������7KH�IUHVKZDWHU�DOJD�0KVGNNC�HNGZKNKU
DQG�VRPH�ODNH�SHULSK\WRQ�KDG�%&)V�RI�
����DQG��������UHVSHFWLYHO\��LQ����GD\V�ZKHQ
SODFHG�LQ�D��������J�0R�/�FRQFHQWUDWLRQ��6KRUW
HW�DO����������,Q�D�����PJ�0R�/�FRQ�FHQWUDWLRQ�
FUD\ILVK��2CEKHCUVCEWU�NGPKWUEWNWU��KDG�%&)V�RI
����LQ�PXVFOH�DQG�����LQ�WKH�FDUDSDFH���+LJK
ELRFRQFHQWUDWLRQ�RI�PRO\E�GHQXP�E\�FHUWDLQ
VSHFLHV�RI�DTXDWLF�DOJDH�DQG�LQYHUWHEUDWHV�KDV
EHHQ�UHFRUGHG�ZLWKRXW�DSSDUHQW�KDUP�WR�WKH
RUJDQLVP��KRZHYHU��WKH�KD]DUG�SRWHQWLDO�WR
RUJDQLVPV�WKDW�IHHG�RQ�WKH�ELRFRQFHQWUDWRUV�LV
QRW�FOHDU��(LVOHU���������

6RLO

6RLOV�DYHUDJH��²��PJ�NJ�PRO\EGHQXP��DOWKRXJK
WKH\�UDQJH�IURP�WUDFH�FRQFHQWUDWLRQV�WR���
PJ�NJ�RU�JUHDWHU���,Q�WKH�8QLWHG�6WDWHV��
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PRO\EGHQXP�FRQFHQWUDWLRQV�LQ�VRLOV�JHQHUDOO\
LQFUHDVH�IURP�HDVW�WR�ZHVW��$GULDQR������
.XERWD�������

7KH�ODUJHVW�FRQFHQWUDWLRQV�RI�PRO\EGHQXP�DUH
IRXQG�LQ�WKH����FP�RI�VRLO�QHDUHVW�WKH�VXUIDFH��
,WV�XSWDNH�LQWR�FHUWDLQ�OHJXPHV�DQG�RWKHU�SODQWV
PD\�FRUUHODWH�ZLWK�WKH�VROXEOH�PRO\EGHQXP
FRQFHQWUDWLRQV�LQ�WKH�VRLO��EXW�WKLV�UHODWLRQVKLS
GRHV�QRW�RFFXU�ZLWK�DOO�W\SHV�RI�SODQWV��
0RO\EGHQXP�XSWDNH�E\�SODQWV�FDQ�YDU\
GUDPDWLFDOO\�HYHQ�EHWZHHQ�GLIIHUHQW�YDULHWLHV�RI
WKH�VDPH�VSHFLHV��%DUVKDG�������

%LRWD

3ODQWV

0RO\EGHQXP�LV�FRQVLGHUHG�HVVHQWLDO�IRU�DTXDWLF
SODQW�JURZWK��EXW�WKH�FRQFHQWUDWLRQV�UHTXLUHG
DUH�QRW�NQRZQ���$TXDWLF�SODQWV�DUH�UHODWLYHO\
UHVLVWDQW�WR�PRO\EGHQXP�WR[LFLW\��
&RQFHQWUDWLRQV�REVHUYHG�WR�FDXVH�DGYHUVH
HIIHFWV�LQ�VHQVLWLYH�VSHFLHV�ZHUH����PJ�/�IRU
JURZWK�DQG�����PJ�/�IRU�GHYHORSPHQW�
�WDEOH�����

7KH�PRO\EGHQXP�FRQWHQW�RI�VRPH�SODQWV�KDV
EHHQ�VKRZQ�WR�YDU\�E\�VWDJH�RI�GHYHORSPHQW��DV
HYLGHQFHG�E\�D�WZRIROG�WR�WKUHHIROG�LQFUHDVH
IURP�VSULQJ�WR�IDOO�LQ�OHDI�DQG�VWHP
FRQFHQWUDWLRQV�RI�DOIDOID�DQG�VRPH�JUDVVHV��
$OWKRXJK�ROGHU�SODQWV�PD\�FRQWDLQ�PRUH
PRO\EGHQXP��\RXQJHU�SODQWV�DSSHDU�WR�FDXVH
PRUH�PRO\EGHQRVLV�LQ�DQLPDOV���7KLV�GLI�IHUHQFH
PD\�DULVH�EHFDXVH�DQLPDOV�FRQVXPH�GLIIHUHQW
SDUWV�RI�\RXQJ��VXFFXOHQW�SODQWV�

)LVK

$FXWH�WR[LFLW\�YDOXHV�IRU�PRO\EGHQXP�LQ�WKH
OLWHUDWXUH��WDEOH�����LQGLFDWH�WKDW�LW�LV�UHODWLYHO\
QRQWR[LF�WR�ILVK���7KH�RQH�H[FHSWLRQ�ZDV�QHZO\
IHUWLOL]HG�HJJV�RI�UDLQERZ�WURXW�H[SRVHG�IRU�
���GD\V�WKURXJK���GD\V�SRVWKDWFK��WKHVH�
KDG�DQ�/&���RI������PJ�/�DQG�DQ�/&���RI�

�����PJ�/���,Q�JHQHUDO��PRO\EGHQXP�ZDV�PRUH
WR[LF�WR�\RXQJHU�ILVK�WKDQ�WR�ROGHU�ILVK��DOWKRXJK
D�VWXG\�E\�+DPLOWRQ�DQG�%XKO��������IRXQG�WKDW
WKH����KU�/&���YDOXHV�IRU�DOO�&KLQRRN�DQG�FRKR
VDOPRQ�H[FHHGHG�
������PJ�/�UHJDUGOHVV�RI�WKH�TXDOLW\�RI�WKH
GLOXWLRQ�ZDWHU��VRIW��IUHVK��RU�EUDFNLVK��RU�WKH
OLIH�VWDJH�WHVWHG��H\HG�HJJ��DOHYLQ��RU�IU\�����
0RUHRYHU��WKH�DGGLWLRQ�RI�PRO\EGHQXP�WR�WHVW
PL[WXUHV�RI�ERURQ��VHOHQLWH��DQG�VHOHQDWH�VHHPHG
WR�LQFUHDVH�WKH�DFXWH�WR[LFLW\�RI�WKHVH�PL[WXUHV
WR�&KLQRRN�DQG�FRKR�VDOPRQ��+DPLOWRQ�DQG
%XKO�������

)HZ�VWXGLHV�KDYH�FRPSDUHG�WKH�PRO\EGHQXP
FRQFHQWUDWLRQV�LQ�ILVK�WLVVXHV�WR�DPELHQW
FRQFHQWUDWLRQV��DQG�WKH�WR[LFRORJLFDO�HIIHFWV�RI
PRO\EGHQXP�LQ�ILVK�WLVVXHV�DUH�XQNQRZQ��(LVOHU
������6DLNL�HW�DO����������$V�VKRZQ�LQ�WDEOH����
:DUG��������IRXQG�WKDW��LQ�QDWXUH��WLVVXH
PRO\EGHQXP�FRQFHQWUDWLRQV�LQ�UDLQERZ��WURXW
LQFUHDVHG�RQO\�VOLJKWO\�ZLWK�LQFUHDVLQJ�ZDWHU
FRQFHQWUDWLRQV���6DLNL�HW�DO���������FRQILUPHG
:DUG·V�REVHUYDWLRQV�LQ�FRQWUROOHG�H[SHULPHQWV��
$Q�HLJKWIROG�UDQJH�RI�ZDWHUERUQH�PRO\EGHQXP
FDXVHG�YHU\�OLWWOH�YDULDWLRQ�LQ�WKH�FRQFHQWUDWLRQ
RI�PRO\EGHQXP�LQ�WLVVXHV�RI�MXYHQLOH�&KLQRRN
VDOPRQ�RU�VWULSHG�EDVV�

%LUGV

7KHUH�DUH�QR�GDWD�VKRZLQJ�PRO\EGHQXP·V
HIIHFWV�RQ�ZLOG�ELUGV���,Q�GRPHVWLF�ELUGV��DGYHUVH
HIIHFWV�KDYH�EHHQ�UHSRUWHG�IRU�JURZWK�DW�GLHWDU\
PRO\EGHQXP�OHYHOV�!����PJ�NJ��IRU
UHSURGXFWLRQ�DW�����PJ�NJ��DQG�IRU�VXUYLYDO�DW
������PJ�NJ��(LVOHU���������3RRU�JURZWK�ZDV
WKH�RQO\�V\PSWRP�RI�PRO\E�GHQXP�WR[LFLW\
QRWHG�E\�0LOOHU�DQG�'HQWRQ��������HYHQ�DW
������PJ�0R�NJ�DGGHG�WR�WKH�GLHW���,Q�DOO
JURXSV�LQ�ZKLFK�WKH�OHYHO�RI�DGGHG�PRO\EGHQXP
LQKLELWHG�JURZWK��LQRUJDQLF�VXOIDWH�DOOHYLDWHG
SDUW�RI�WKH�JURZWK�LQKLELWLRQ���7KH�DGGLWLRQ�RI
LQRUJDQLF�VXOIDWH�FDXVHG�D�FRQVLGHUDEOH�GHFUHDVH
LQ�WKH�PRO\EGHQXP�FRQWHQW�RI�OLYHU�WLVVXHV��
/LYHU�PRO\EGHQXP�



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

���

Table 27.&Effects of molybdenum on living organisms as reported in published studies

Species

Mo con-
centration
(mg/L or 
mg/kg)

Where
measured Effects Reference

Plants

Euglena gracilis 108 Water Abnormal development Colmano 1973

>960 No growth

Green algae,
Chlorella vulgaris

50 Water Reduced growth after 96 h Sakaguchi et al.
1981

Invertebrates

Amphipod,
Crangonyx
pseudogracilis

2,650 Soft water 96-h LC50 Martin and
Holdich 1986

3,618 48-h LC50

Hermit crab, Eupa-
gurua bernhardus

222 Water 48-h LC50 Abbott 1977

Fish

Chinook and coho
salmon (eyed eggs,
alevins, and fry)

>1,000 Fresh, brack-
ish and soft
water

96-h LC50 Hamilton and
Buhl 1990

Fathead minnow,
Pimephales promelas

70 Soft water 96-h LC50 McConnell 1977

360 Hard water

Rainbow trout,
Oncorhynchus
mykiss

Trace Water Mo in tissue 5%118 µg/kg ww Ward 1973

6 Mo in tissue 10%146 µg/kg ww

300 Mo in tissue 13%332 µg/kg ww

800 96-h LC50 (20-mm size class) McConnell 1977

1,320 96-h LC50 (55-mm size class)

Rainbow trout
(fertilization through 
4 days post-hatch)

0.12 Moderately
hard water

28-d LC10 Birge et al. 1980

0.79 28-d LC50

Sheepshead minnow,
Cyprindon variegatus

3,057 Water 96-h LC50 Knothe and Van
Riper 1988

Amphibians

Frogs 2,000 Water Zone of toxic action Venchikov and
Kaprielov 1976
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Table 27.&Effects of molybdenum on living organisms as reported in
published studies&Continued

Species

Mo con-
centration
(mg/L or 
mg/kg)

Where
measured Effects Reference

Birds

Chicken 2,250 Mo Dietary; basal
diet 0.25%
sulfur, 3.3 ppm
Mo, and 
13 ppm Cu

Body weight 37% that of control
chicks

Miller and
Denton 1959

2,250 Mo +
13,200 sulfate

Body weight 72% that of control
chicks

750 Mo +
2,200 sulfate

Decrease in Mo content in liver
tissues of chicks

Chicken (chicks) 200 (sodium
molybdate)

Diet Reduced growth after 56 d Arthur et al. 1958

300 (sodium
molybdate
dihydrate)

Diet 25% reduced growth after 24 d Kratzer 1952

500 (sodium
molybdate
dihydrate)

High-sulfate
purified diet

Minimum toxic dose after 28 d;
lowest concentration depressing
growth

Davies et al.
1960

Turkey (poults) 300 (sodium
molybdate
dihydrate)

Diet 25% reduced growth after 24 d Kratzer 1952

Mammals

Cattle, Bos spp. 60 Diet Low Cu in liver; intestinal distur-
bances; brittle bones prone to
fracture

Penumarthy and
Oehme 1978

Cattle (lactating
cows)

40 Mo, 6 Cu Diet 30% reduction in milk yield after
63 d; rapid decline in plasma
copper; milk Mo levels 1.6 ppm;
growth reduction in nursing calves

Wittenberg and
Devlin 1987

Mouse (Mus sp.) 10 Drinking water Decrease in survival of 2d and 3d
generations

Earl and Vish
1979

Mule deer 2,500 (sodium
molybdate)

Diet Weight loss after 27 d Ward and Nagy
1976

5,000 (sodium
molybdate)

Reduced feeding after 14 d 

Rat 80 Cu-deficient
diet

Inhibited growth and reduced
survival

Underwood
1971, 1979

5000 Diet Lethal in 2 weeks Chappell et al.
1979; Friberg 
et al. 1975
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Table 27.&Effects of molybdenum on living organisms as reported in
published studies&Continued

Species

Mo con-
centration
(mg/L or 
mg/kg)

Where
measured Effects Reference

Mammals&Continued

Rabbit (Oryctolagus
sp.)

100 Diet Reduced growth, hair loss,
dermatosis, anemia, skeletal and
joint deformities (lifetime
exposure)

Chappell et al.
1979

1000 Diet Weight and hair loss, leg deformi-
ties, dermatosis, anemia, death
(28 d)

Arrington and
Davis 1953

2,000%4,000 Diet Many deaths of weanlings in 37 d,
adults in 53 d; survivors were
anorexic, diarrhetic, anemic, and
had front leg abnormalities

Friberg et al.
1975; Arrington
and Davis 1953

Sheep, Ovis spp. -5.5%12.5 Grazing
pastures
treated with
420 g Mo/ha
at start, 
week 45, and
week 72

Lameness, connective tissue
lesions in most sheep; Mo
concentrations (mg/kg fw): 
plasma 1.7, liver 6.0%6.4; kidney
6.9%8.1

Pitt et al. 1980

Sheep (lambs) Cu:Mo < 0.4 Soil 15%39% swayback Friberg and
Lener 1986

FRQFHQWUDWLRQV�RI�������PJ�NJ�GZ���²���PJ�
NJ�ZZ��KDYH�EHHQ�FRUUHODWHG�ZLWK�WR[LF�HIIHFWV
LQ�GRPHVWLF�ELUGV��3XOV���������:KHQ�FRSSHU
ZDV�DGGHG�WR�WKH�GLHW��LQ�DGGLWLRQ�WR�PRO\E�
GHQXP�DQG�LQRUJDQLF�VXOIDWH��D�IXUWKHU�UHGXFWLRQ
LQ�PRO\EGHQXP�OLYHU�WLVVXH�FRQFHQWUDWLRQV�ZDV
REVHUYHG���7KHVH�VWXGLHV�VKRZ�WKDW�WKH�DPRXQW
RI�PRO\EGHQXP�VWRUHG�E\�WKH�OLYHU�WLVVXHV�LV
GHSHQGHQW�XSRQ�WKH�DPRXQW�LQ�WKH�GLHW�DQG
XSRQ�WKH�UDWLRV�RI�PRO\EGHQXP��FRSSHU��DQG
VXOIDWH�LQ�WKH�GLHW���,QFUHDVLQJ�WKH�PRO\EGHQXP
FRQWHQW�RI�WKH�GLHW�LQFUHDVHG�WKH�FRSSHU�VWRUDJH
RI�WKH�OLYHU�

$YLDQ�HJJV�QRUPDOO\�FRQWDLQ����PJ�0R�NJ��GU\
ZHLJKW�EDVLV���DYHUDJLQJ�DERXW������PJ�0R�NJ
�5RPDQRII�DQG�5RPDQRII���������/HSRUH�DQG
0LOOHU��������VWXGLHG�WKH�HIIHFWV�RI�PDWHUQDOO\
GHSRVLWHG�PRO\EGHQXP�FRQWHQW�RQ�WKH�YLDELOLW\
�L�H���KDWFKDELOLW\��RI�HJJV�ODLG�E\�:KLWH�5RFN

FKLFNHQV���7KH\�REVHUYHG�QRUPDO�HJJ�YLDELOLW\�XS
WR�DERXW����PJ�0R�NJ�LQ�WKH�HJJ��GU\�ZHLJKW
EDVLV����$W����PJ�NJ��DERXW�
���SHUFHQW�RI�WKH�HJJV�ZHUH�LQYLDEOH��L�H���WKH
DSSUR[LPDWH�(&������7KXV��WKH�WKUHVKROG�IRU
DYLDQ�HPEU\RWR[LFLW\�RFFXUV�EHWZHHQ����DQG���
PJ�0R�NJ�HJJ��GU\�ZHLJKW�EDVLV����7KH�(&���
FRQFHQWUDWLRQ�ZDV�DSSUR[LPDWHO\�
���PJ�NJ���%DVHG�RQ�WUDQVIHU�UDWHV�RI
PRO\EGHQXP�IURP�WKH�PDWHUQDO�GLHW�WR�WKH�HJJV�
DV�GRFXPHQWHG�E\�/HSRUH�DQG�0LOOHU��������DQG
0RW]RN�HW�DO����������WKH�GLHWDU\�WKUHVKROG�IRU
UHSURGXFWLYH�LPSDLUPHQW�OLHV�VRPHZKHUH
EHWZHHQ�����DQG�����PJ�0R�NJ��GU\�IHHG
EDVLV����7KLV�VXJJHVWV�WKDW��LQ�WKH�DEVHQFH�RI
VLJQLILFDQW�LQWHUDFWLRQ�HIIHFWV��PRO\EGHQXP�
LQGXFHG�DYLDQ�HPEU\RWR[LFLW\�LQ�WKH�ILHOG�PD\�EH
YHU\�UDUH���/\QFK�HW�DO���������UHSRUWHG�WKDW�HYHQ
GRZQVWUHDP�IURP�VSLOOV�RI�PRO\EGHQXP�PLOO
WDLOLQJV�LQ�WKH�5HG�5LYHU�RI�1HZ�0H[LFR�
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EHQWKLF�LQYHUWHEUDWHV�DYHUDJHG�RQO\����PJ
0R�NJ��GU\�ZHLJKW�EDVLV����(YDSRUDWLRQ�SRQGV
IRU�VXEVXUIDFH�DJULFXOWXUDO��GUDLQDJH�ZDWHU�LQ
&DOLIRUQLD·V�7XODUH�/DNH�%DVLQ�ZHUH�IRXQG�WR
FRQWDLQ�DV�PXFK�DV�
��������J�0R�/�LQ�WKH�ZDWHU��:HVWFRW�HW�DO�
�������\HW�WKH�PD[LPXP�FRQFHQWUDWLRQ�RI
PRO\EGHQXP�LQ�DTXDWLF�LQYHUWHEUDWHV�ZDV�DERXW
���PJ�NJ��GU\�ZHLJKW�EDVLV��0RRUH�
HW�DO���������DQG�WKH�PD[LPXP�OHYHO�LQ�DYLDQ
HJJV�ZDV����PJ�NJ��2KOHQGRUI�HW�DO���������
3UHVXPDEO\��FDVHV�RI�HQYLURQPHQWDO�FRQWDPL�
QDWLRQ�ZLWK�PRO\EGHQXP�PRUH�VHYHUH�WKDQ
WKHVH�H[DPSOHV�ZRXOG�EH�H[WUHPHO\�UDUH�

0DPPDOV

&XUUHQWO\�DYDLODEOH�GDWD�IRU�PRO\EGHQXP·V
HIIHFWV�RQ�ZLOG�PDPPDOV�DUH�LQDGHTXDWH�
�WDEOH�������7KH�WR[LFRORJLFDO�SURSHUWLHV�RI
PRO\EGHQXP�LQ�PDPPDOV�DUH�JRYHUQHG�E\�LWV
LQWHUDFWLRQ�ZLWK�FRSSHU�DQG�VXOIXU��UHVLGXHV�RI
PRO\EGHQXP�DORQH�DUH�QRW�VXIILFLHQW�WR
GLDJQRVH�PRO\EGHQXP�SRLVRQLQJ��(LVOHU��������
7KH�RSWLPXP�GLHWDU\�FRSSHU��PRO\EGHQXP�UDWLR
�&X�0R��LV�EHWZHHQ�����
DQG�������DVVXPLQJ�WKDW�FRQFHQWUDWLRQV�RI�ERWK
HOHPHQWV�DUH�DERYH�PLQLPXP�UHTXLUHPHQWV����$
&X�0R�UDWLR�OHVV�WKDQ�����ZLOO�UHVXOW�LQ�D�FRSSHU
GHILFLHQF\��ZKHUHDV�D�&X�0R�DERYH�����
LQFUHDVHV�WKH�ULVN�RI�GHYHORSLQJ�FRSSHU
WR[LFRVLV��SDUWLFXODUO\�LQ�VKHHS��2VZHLOHU�HW�DO�
������

0RO\EGHQRVLV�LV�D�FRSSHU�GHILFLHQF\�GLVHDVH�WKDW
LV�FDXVHG�E\�WKH�GHSUHVVLQJ�HIIHFW�RI
PRO\EGHQXP�RQ�WKH�SK\VLRORJLFDO�DYDLODELOLW\�RI
FRSSHU��&ODZVRQ�HW�DO��������'ROODKLWH�HW�DO�
������$OORZD\�������(UGPDQ�HW�DO��������DQG
RWKHUV�FLWHG�LQ�(LVOHU���������%HFDXVH�RI�WKH
XQLTXH�HQYLURQPHQW�RI�WKH�UXPHQ��FDWWOH�DQG
RWKHU�UXPLQDQWV�DUH�IDU�PRUH�VXVFHSWLEOH�WR�WKH
WR[LF�HIIHFWV�RI�PRO\EGHQXP�WKDQ�RWKHU�VSHFLHV��
7R[LFLW\�JHQHUDOO\�RFFXUV�ZKHQ�FDWWOH�
JUD]H�SDVWXUHV�ZKHUH�WKH�IRUDJH�FRQWDLQV�

��²����PJ�0R�NJ�GZ��8QGHUZRRG��������
<RXQJHU�DQLPDOV�DQG�ODFWDWLQJ�FRZV�DSSHDU�
PRUH�VXVFHSWLEOH���0RO\EGHQRVLV�FDQ�EH�
FRQWUROOHG�E\�RUDO�RU�LQWUDYHQRXV�DGPLQLVWUDWLRQ
RI�FRSSHU�VXOIDWH�

:KHUH�UXPLQDQW�GLHWV�FRQWDLQHG�FRSSHU�DW��²��
PJ�NJ�GZ��FDWWOH�ZHUH�SRLVRQHG�DW�PRO\EGHQXP
OHYHOV�RI��²��PJ�NJ�DQG�VKHHS�DW���²���PJ�NJ��
:KHUH�GLHWDU\�FRSSHU�ZDV�ORZ�����PJ�NJ��RU
WKH�VXOIDWH�LRQ�OHYHO�ZDV�KLJK��PRO\EGHQXP�DW
�²��PJ�NJ�UDWLRQ�ZDV�WR[LF�WR�VRPH�FDWWOH
�%XFN�������

*HQHUDOO\�LQ�PRQRJDVWULF�DQLPDOV��VXOIDWH
SURWHFWV�DJDLQVW�PRO\EGHQXP�WR[LFLW\��ZKHUHDV
LQ�UXPLQDQWV�LW�HQKDQFHV�WKH�WR[LFLW\���6XOIDWH
DOOHYLDWHG�PRO\EGHQXP�LQGXFHG�V\PSWRPV�LQ
UDWV��FKLFNV��DQG�UDEELWV���,Q�UXPLQDQWV�
PRO\EGHQXP�WR[LFRVLV�ZDV�LQGXFHG�E\�IHHGLQJ
GLHWV�VXSSOHPHQWHG�ZLWK�ERWK�PRO\EGHQXP�DQG
VXOIDWH�WR�VKHHS�DQG�FDWWOH���6XOIDWH�JUHDWO\
LQFUHDVHG�WKH�VHYHULW\�RI�PRO\EGHQXP�WR[LFRVLV
LQ�FDWWOH���6XOIDWH�LQWHQVLILHG�PRO\EGHQXP
WR[LFLW\�LQ�FRSSHU�GHILFLHQW�UDWV�EXW�SUHYHQWHG
PRO\EGHQXP�WR[LFLW\�LQ�FRSSHU�VXIILFLHQW�UDWV��
:KHUH�VXOIDWH�ZDV�XVHG�WR�DOOHYLDWH�PRO\EGHQXP
WR[LFLW\�LQ�PRQRJDVWULF�DQLPDOV��WKH�GLHW�
DU\�OHYHO�RI�VXOIDWH�ZDV�LQ�WKH�UDQJH������²������
PJ�NJ���,Q�VKHHS��PRO\EGHQXP�WR[LFRVLV�ZDV
SURGXFHG�E\�IHHGLQJ�GLHWV�FRQWDLQLQJ
PRO\EGHQXP�DW�OHYHOV�RI��²���PJ��NJ�DQG
VXOIDWH�DW������²�������PJ�NJ��3LWW�������

6RPH�DQLPDOV�PD\�EH�DEOH�WR�DGDSW�WR�H[FHVV
PRO\EGHQXP�RYHU�VXFFHVVLYH�JHQHUDWLRQV��
:KHQ�FRPSDUHG�WR�UDWV�RQ�D�FRQWURO�GLHW�
VHFRQG��DQG�WKLUG�JHQHUDWLRQ�UDWV�H[SRVHG�WR
H[FHVV�GLHWDU\�PRO\EGHQXP�GLG�QRW�VKRZ
SK\VLRORJLFDO�DOWHUDWLRQV�OLNH�WKRVH�VHHQ�LQ�ILUVW�
JHQHUDWLRQ�UDWV��VXFK�DV�UHGXFHG�VWUHVV�UHVSRQVH�
�:LQVWRQ�HW�DO��������
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U.S. Environmental Protection Agency
standards and criteria

[See Appendix II for explanation of terms.
Source:  EPA 1995]

Status Listed for regulation;
carcinogenicity unknown.

Drinking water
MCL

None established

Drinking-water
health
advisories for
70-kg adult

Reference dose: 5 µg/kg/day
Long-term HA: 50 µg/L
Lifetime HA: 40 µg/L
DWEL: 200 µg/L

,QWHUDFWLRQV

0RO\EGHQXP�WR[LFRORJLFDO�SURSHUWLHV�DUH
JRYHUQHG�WR�D�ODUJH�H[WHQW�E\�LQWHUDFWLRQV�ZLWK�
FRSSHU�DQG�VXOIXU��EXW�LQWHUDFWLRQV�ZLWK�RWKHU
PHWDOV�DQG�FRPSRXQGV�PD\�FRQIRXQG�WKLV
LQWHUUHODWLRQ���)RU�PRO\EGHQXP��LQWHUDFWLRQV�DUH
VR�GRPLQDQW�WKDW�D�SDUWLFXODU�OHYHO�RI�LQWDNH�LQ
DQ�DQLPDO·V�GLHW�FDQ�OHDG�WR�HLWKHU�PRO\EGHQXP
GHILFLHQF\�RU�WR[LFLW\��GHSHQGLQJ�RQ�WKH�UHODWLYH
LQWDNHV�RI�FRSSHU�DQG�LQRUJDQLF�VXOIXU
�6FKURHGHU�HW�DO��������8QGHUZRRG������������
&ODZVRQ�HW�DO��������6XWWOH�������������)ULEHUJ
HW�DO��������%XFN�������)ULEHUJ�DQG�/HQHU������
*R\HU�������.LQFDLG�HW�DO��������DQG�RWKHUV
FLWHG�LQ�(LVOHU���������$�ORZ�FRSSHU�WR�
PRO\EGHQXP�UDWLR�������UDWKHU�WKDQ�WKH�DEVROXWH
GLHWDU\�FRQFHQ�WUDWLRQ�RI�PRO\EGHQXP��LV�WKH
SULPDU\�GHWHUPLQDQW�RI�DQ�RUJDQLVP·V
VXVFHSWLELOLW\�WR�PRO\EGHQXP�SRLVRQLQJ���7KH
ILUVW�LQGLFDWLRQV�RI�WKH�LQWHUDFWLRQ�EHWZHHQ
FRSSHU�DQG�PRO\EGHQXP�FDPH�IURP�(QJODQG
PRUH�WKDQ����\HDUV�DJR��ZKHQ�FDWWOH�JUD]LQJ�RQ
KHUEDJH�ULFK�LQ�PRO\EGHQXP�GHYHORSHG
PRO\EGHQRVLV���0RO\EGHQRVLV�LV�QRW�H[SHFWHG�WR
RFFXU�LQ�DQLPDOV�ZKHQ�WKH�FRSSHU�WR�
PRO\EGHQXP�UDWLR�LV�QHDU����%XFN�������:DUG
������0LOOV�DQG�%UHPQHU�������

2Q�WKH�RWKHU�KDQG��VWXGLHV�RI�PRO\EGHQXP
PHWDEROLVP�DUH�RI�OLPLWHG�YDOXH�XQOHVV�WKH�VWDWXV
RI�LQRUJDQLF�VXOIDWH�LQ�WKH�GLHW�LV�NQRZQ
�8QGHUZRRG��������������LQRUJDQLF�VXOIDWH
DOOHYLDWHV�PRO\EGHQXP�WR[LFLW\�E\�LQFUHDVLQJ
PRO\EGHQXP�H[FUHWLRQ���0RO\EGHQXP�OHYHOV�LQ
DQLPDO�WLVVXHV�JLYH�OLWWOH�LQGLFDWLRQ�RI�WKH�GLHWDU\
PRO\EGHQXP�VWDWXV�DQG�DUH�RI�OLWWOH�YDOXH�IRU
GLDJQRVLQJ�PRO\EGHQXP�WR[LFLW\�XQOHVV�WKH
VXOIDWH��SURWHLQ��DQG�FRSSHU�VWDWXV�RI�WKH�GLHW�DUH
DOVR�NQRZQ��(LVOHU�������

5HJXODWRU\�6WDQGDUGV

1R�UHJXODWRU\�VWDQGDUGV�FXUUHQWO\�H[LVW�IRU�WKH
SURWHFWLRQ�RI�ILVK�DQG�ZLOGOLIH�IURP�GLHWDU\
H[SRVXUH�WR�PRO\EGHQXP���0RO\EGHQXP�LV�QRW
DQ�(3$�SULRULW\�SROOXWDQW��DQG�QR�QDWLRQDO
ZDWHU�TXDOLW\�FULWHULD�IRU�WKH�SURWHFWLRQ�RI
IUHVKZDWHU�DTXDWLF�OLIH�KDYH�EHHQ�GHYHORSHG���
)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\�6WDWH�DJHQFLHV�
FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\���6HH�$SSHQGL[�,
IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\�RIILFLDOV�LQ�WKH���
:HVWHUQ�6WDWHV�

5HIHUHQFHV

$EERWW��2�-����������7KH�WR[LFLW\�RI�DPPRQLXP
PRO\EGDWH�WR�PDULQH�LQYHUWHEUDWHV���/CT��2QNNWV�
$WNN�������²����

$GULDQR��'�&����������6TCEG�GNGOGPVU�KP�VJG
VGTTGUVTKCN�GPXKTQPOGPV���6SULQJHU�9HUODJ��1HZ
<RUN�������S�

$OORZD\��%�-����������&RSSHU�DQG�PRO\EGHQXP�LQ
VZD\EDFN�SDVWXUHV���,��#ITKEWNV��5EK��
%COD��
������²����

$UULQJWRQ��/�5���DQG�*�.��'DYLV���������
0RO\EGHQXP�WR[LFLW\�LQ�WKH�UDEELW���,��0WVT�
������²����
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$UWKXU��'���,��0RW]RN��DQG�+�'��%UDQLRQ���������
,QWHUDFWLRQ�RI�GLHWDU\�FRSSHU�DQG�PRO\EGHQXP�LQ
UDWLRQV�IHG�WR�SRXOWU\���2QWNV�5EK����������

%DUVKDG��,����������0RO\EGHQXP�FRQWHQW�RI�SDVWXUH
SODQWV�LQ�UHODWLRQ�WR�WR[LFLW\�WR�FDWWOH���5QKN�5EK�
������²����

%DWHV��5�/���DQG�-�$��-DFNVRQ����������)NQUUCT[�QH
)GQNQI[���G�HG���$PHULFDQ�*HRORJLFDO�,QVWLWXWH�
$OH[DQGULD��9LUJLQLD�

%HUPDQ��(����������0RO\EGHQXP���,Q���6QZKE�OGVCNU
CPF�VJGKT�CPCN[UKU���+H\GHQ�3UHVV��/RQGRQ���
S�����²����

%LUJH��:�-����������$TXDWLF�WR[LFRORJ\�RI�WUDFH
HOHPHQWV�RI�FRDO�DQG�IO\�DVK���,Q���-�+��7KRUS�DQG
-�:��*LEERQV��HGV���'PGTI[�CPF�GPXKTQPOGPVCN
UVTGUU�KP�CSWCVKE�U[UVGOU���8�6��'HSDUWPHQW�RI
(QHUJ\�6\PSRVLXP�6HULHV��1R�������1DWLRQDO
7HFKQLFDO�,QIRUPDWLRQ�6HUYLFH��6SULQJILHOG�
9LUJLQLD��5HSW��&21)²���������S�����²����

%LUJH��:�-���-�$��%ODFN��$�*��:HVWHUPDQ��DQG�
-�(��+XGVRQ����������$TXDWLF�WR[LFLW\�WHVWV�RQ
LQRUJDQLF�HOHPHQWV�RFFXUULQJ�LQ�RLO�VKDOH���,Q���
&��*DOH��HG���1KN�UJCNG�U[ORQUKWO���UCORNKPI�
CPCN[UKU�CPF�SWCNKV[�CUUWTCPEG���8�6��(QYLURQ�
3URWHFW��$JF\��5HSW�������²��²�����S�����²����

%XFN��:�%����������&RSSHU�PRO\EGHQXP�WR[LFLW\�LQ
DQLPDOV���,Q���)�:��2HKPH��HG���6QZKEKV[�QH�JGCX[
OGVCNU�KP�VJG�GPXKTQPOGPV���0DUFHO�'HNNHU��
1HZ�<RUN���3W�����S�����²����

%XGDYHUL��6����������6JG�/GTEM�KPFGZ���#P
GPE[ENQRGFKC�QH�EJGOKECNU��FTWIU��CPF�DKQNQIKECNU�
��WK�HG���0HUFN�	�&R���:KLWHKRXVH�6WDWLRQ��1HZ
-HUVH\�

&+�0�+LOO��+�7��+DUYH\�DQG�$VVRFLDWHV��DQG�
*�/��+RUQHU����������&XPXODWLYH�LPSDFWV�RI
DJULFXOWXUH�HYDSRUDWLRQ�EDVLQV�RQ�ZLOGOLIH��
7HFKQLFDO�5HSRUW��

&KDSSHOO��:�5���DQG�.�.��3HWHUVRQ��HGV���������
/QN[DFGPWO�KP�VJG�GPXKTQPOGPV���8QN������6JG
DKQNQI[�QH�OQN[DFGPWO���0DUFHO�'HNNHU��
1HZ�<RUN�������S��

&KDSSHOO��:�5���5�5��0HJOHQ��5��0RXUH�(UDVR��
&�&��6RORPRQV��7�$��7VRQJDV��3�$��:DOUDYHQV�
DQG�3�:��:LQVWRQ����������*WOCP�JGCNVJ�GHHGEVU
QH�OQN[DFGPWO�KP�FTKPMKPI�YCVGT���8�6�
(QYLURQ��3URWHFW��$JF\��5HSW�������²��²�����
����S�

&ODZVRQ��:�-���$�/��/HVSHUDQFH��9�5��%RKPDQ��DQG
'�&��/D\KHH����������,QWHUUHODWLRQVKLS�RI�GLHWDU\
PRO\EGHQXP�DQG�FRSSHU�RQ�JURZWK�DQG�WLVVXH
FRPSRVLWLRQ�RI�FDWWOH���,��#PKO��5EK��������²����

&ROPDQR��*����������0RO\EGHQXP�WR[LFLW\��
DEQRUPDO�FHOOXODU�GLYLVLRQ�RI�WHUDWRJHQLF
DSSHDUDQFH�LQ�'WINGPC�ITCEKNKU���$WNN��'PXKTQP�
%QPVCO��6QZKEQN�������²����

'DYLHV��5�(���%�/��5HLG��$��.XUQLFN��DQG�-�5��&RXFK��
�������7KH�HIIHFW�RI�VXOIDWH�RQ�PRO\EGHQXP
WR[LFLW\�LQ�WKH�FKLFN���,��0WVT��������²����

'ROODKLWH��-�:���/�'��5RZH��/�0��&RRN��
'��+LJKWRZHU��(�0��%DLOH\��DQG�-�5��.\]DU���������
&RSSHU�GHILFLHQF\�DQG�PRO\EGHQRVLV�LQWR[LFDWLRQ
DVVRFLDWHG�ZLWK�JUD]LQJ�QHDU�D�XUDQLXP�PLQH��
5QWVJYGUV��8GV�������²���

(DUO��)�/���DQG�7�-��9LVK����������7HUDWRJHQLFLW\�RI
KHDY\�PHWDOV���,Q���)�:��2HKPH��HG���6QZKEKV[�QH
JGCX[�OGVCNU�KP�VJG�GPXKTQPOGPV���0DUFHO
'HNNHU��1HZ�<RUN���3W�����S�����²����

(LVOHU��5����������/QN[DFGPWO�JC\CTFU�VQ�HKUJ�
YKNFNKHG��CPF�KPXGTVGDTCVGU���C�U[PQRVKE�TGXKGY��
8�6��)LVK�:LOGO��6HUY��%LRO��5HS����������������S��

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

(UGPDQ��-�$���5�-��(EHQV��DQG�$�$��&DVH���������
0RO\EGHQRVLV���D�SRWHQWLDO�SUREOHP�LQ�UXPLQDQWV
JUD]LQJ�RQ�FRDO�PLQH�VSRLOV���,��4CPIG�/CPCIG�
�����²���

)ULEHUJ��/���DQG�-��/HQHU����������0RO\EGHQXP���,Q��
/��)ULEHUJ��*�)��1RUGEHUJ��DQG�9�%��9RXN��HGV��
*CPFDQQM�QH�VJG�VQZKEQNQI[�QH�OGVCNU��XQN��++��
5RGEKHKE�OGVCNU���(OVHYLHU�6FLHQFH�3XEO���1HZ
<RUN��
S�����²����
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)ULEHUJ��/���3��%RVWRQ��*��1RUGEHUJ��0��3LVFDWRU�
DQG�.�+��5REHUW����������/QN[DFGPWO C
VQZKEQNQIKECN�CRRTCKUCN���8�6��(QYLURQ��3URWHFW�
$JF\��5HSW�������²��²����������S�

*LODQL��6�+���DQG�<��$OLEKDL����������7HUDWRJHQLFLW\�RI
PHWDOV�WR�FKLFN�HPEU\RV���,��6QZKEQN��'PXKTQP�
*GCNVJ�������²���

*R\HU��5�$����������7R[LF�HIIHFWV�RI�PHWDOV���,Q��
&�'��.ODVVHQ��0�2��$PGXU��DQG�-��'RXOO��HGV��
%CUCTGVV�CPF�&QWNN	U�VQZKEQNQI[���G�HG��
0DFPLOODQ�3XEO���1HZ�<RUN��S�����²����

*UD\��/�)���DQG�/�-��'DQLHO����������6RPH�HIIHFWV�RI
H[FHVV�PRO\EGHQXP�RQ�WKH�QXWULWLRQ�RI�WKH�UDW��
,��0WVT�������²���

*UD\��/�)���DQG�*�+��(OOLV����������6RPH�LQWHU�
UHODWLRQVKLSV�RI�FRSSHU��PRO\EGHQXP��]LQF��DQG
OHDG�LQ�WKH�QXWULWLRQ�RI�WKH�UDW���,��0WVT�
������²����

+DPLOWRQ��6�-���DQG�.�-��%XKO����������$FXWH�WR[LFLW\
RI�ERURQ��PRO\EGHQXP��DQG�VHOHQLXP�WR�IU\�RI
&KLQRRN�VDOPRQ�DQG�FRKR�VDOPRQ���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

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

,QJHUVROO��&�*���)�-��'Z\HU��6�$��%XUFK��
0�.��1HOVRQ��'�5��%XFNOHU��DQG�-�%��+XQQ�
�������7KH�XVH�RI�IUHVKZDWHU�DQG�VDOWZDWHU
DQLPDOV�WR�GLVWLQJXLVK�EHWZHHQ�WKH�WR[LF�HIIHFWV
RI�VDOLQLW\�DQG�FRQWDPLQDQWV�LQ�LUULJDWLRQ�GUDLQ
ZDWHU���'PXKTQP��6QZKEQN��%JGO��������²�����

,YDQ��0���DQG�'�0��9HLUD����������(IIHFWV�RI�FRSSHU
VXOIDWH�VXSSOHPHQW�RQ�JURZWK��WLVVXH
FRQFHQWUDWLRQ��DQG�UXPLQDO�VROXELOLWLHV�RI
PRO\EGHQXP�DQG�FRSSHU�LQ�VKHHS�IHG�ORZ�DQG
KLJK�PRO\EGHQXP�GLHWV���,��&CKT[�5EK�
������²����

-HWHU��0�$���DQG�*��.��'DYLV����������7KH�HIIHFW�RI
GLHWDU\�PRO\EGHQXP�XSRQ�JURZWK��KHPR�JORELQ�
UHSURGXFWLRQ��DQG�ODFWDWLRQ�RI�UDWV���
,��0WVT��������²����

-RKQVRQ��+�/���DQG�5�)��0LOOHU����������3RVVLEOH
PHFKDQLVPV�IRU�GLHWDU\�PRO\EGHQXP�WR[LFLW\�LQ
WKH�UDW���,��0WVT��������²����

.LQFDLG��5�/���5�0��%ODXZLHNHO��DQG�-�'��&URQUDWK��
�������6XSSOHPHQWDWLRQ�RI�FRSSHU�DV�FRSSHU
VXOIDWH�RU�FRSSHU�SURWHLQDWH�IRU�JURZLQJ�FDOYHV
IHG�IRUDJHV�FRQWDLQLQJ�PRO\EGHQXP���,��&CKT[
5EK��������²����

.QRWKH��'�:���DQG�*�*��9DQ�5LSHU����������$FXWH
WR[LFLW\�RI�VRGLXP�PRO\EGDWH�GLK\GUDWH��0ROKLELW
�����WR�VHOHFWHG�VDOWZDWHU�RUJDQLVPV���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²����

.UDW]HU��)�+����������(IIHFW�RI�GLHWDU\�PRO\EGHQXP
XSRQ�FKLFNV�DQG�SRXOWV���2TQE��5QE��'ZR��$KQN�
/GF��������²����

.XERWD��-����������0RO\EGHQXP�VWDWXV�RI�8QLWHG
6WDWHV�VRLOV�DQG�SODQWV���,Q���:�5��&KDSSHOO�DQG
.�.��3HWHUVHQ��HGV���/QN[DFGPWO�KP�VJG
GPXKTQPOGPV���8QN�����6JG�DKQEJGOKUVT[��E[ENKPI��
CPF�KPFWUVTKCN�WUGU�QH�OQN[DFGPWO���0DUFHO
'HNNHU��,QF���1HZ�<RUN���S�����²����

/HH��&�:���&��+��3DN��-��0��&KRL��DQG�-�5��6HOI���������
,QGXFHG�PLFURQXWULHQW�WR[LFLW\�LQ�2GVWPKC
J[DTKFC���,��2NCPV�0WVT�����������²�����

/HPO\��$�'���FRRUGLQDWRU����������#ITKEWNVWTCN
KTTKICVKQP�UVWFKGU�KP�UWRRQTV�QH�VJG�5CP�,QCSWKP
8CNNG[�&TCKPCIG�2TQITCO��(KPCN�4GRQTV���8�6�
)LVK�DQG�:LOGOLIH�6HUYLFH��1DWLRQDO�)LVKHULHV
&RQWDPLQDQW�5HVHDUFK�&HQWHU��&ROXPELD�
0LVVRXUL�

/HSRUH��3�'���DQG�5�)��0LOOHU����������(PEU\RQLF
YLDELOLW\�DV�LQIOXHQFHG�E\�H[FHVV�PRO\EGHQXP�LQ
FKLFNHQ�EUHHGHU�GLHWV���2TQE��5QE��'ZR��$KQN��/GF�
�������²����

/HSRUH��3�'���5�)��0LOOHU��DQG�+�6��6LHJHO���������
0RO\EGHQXP�WR[LFLW\�LQ�WKH�GHYHORSLQJ�FKLFN
HPEU\R���2QWNV��5EK���������²�����

/\QFK��7�5���&�-��3RSS��DQG�*�=��-DFREL���������
$TXDWLF�LQVHFWV�DV�HQYLURQPHQWDO�PRQLWRUV�RI
WUDFH�PHWDO�FRQWDPLQDWLRQ���5HG�5LYHU��
1HZ�0H[LFR���9CVGT�#KT�5QKN�2QNNWV�������²���
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0DUWLQ��7�5���DQG�'�0��+ROGLFK����������7KH�DFXWH
OHWKDO�WR[LFLW\�RI�KHDY\�PHWDOV�WR�SHUDFDULG
FUXVWDFHDQV��ZLWK�SDUWLFXODU�UHIHUHQFH�WR�IUHVK�ZDWHU
DVHOOLGV�DQG�JDPPDULGV����9CVGT�

4GU������������²�����

0F&RQQHOO��5�3����������7R[LFLW\�RI�PRO\EGHQXP�WR
UDLQERZ�WURXW�XQGHU�ODERUDWRU\�FRQGLWLRQV���,Q��
:�5��&KDSSHOO�DQG�.�.��3HWHUVRQ��HGV��
/QN[DFGPWO�KP�VJG�GPXKTQPOGPV���8QN������6JG
IGQEJGOKUVT[��E[ENKPI��CPF�KPFWUVTKCN�WUGU�QH
OQN[DFGPWO���0DUFHO�'HNNHU��1HZ�<RUN��
S�����²����

0HKULQJ��$�/���-U���-�+��%UXPEDXJK��$�-��6XWKHUODQG�
DQG�+�:��7LWXV����������7KH�WROHUDQFH�RI�JURZLQJ
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0LOOHU��(�&���DQG�&�$��'HQWRQ����������0RO\EGHQXP�
VXOIDWH�LQWHUUHODWLRQVKLS�LQ�WKH�JURZLQJ�FKLFNV��
2QWNV��5EK���������²����

0LOOV��&�)���DQG�,��%UHPQHU����������1XWULWLRQDO
DVSHFWV�RI�PRO\EGHQXP�LQ�DQLPDOV���,Q���
0�3��&RXJKODQ��HG���/QN[DFGPWO�CPF
OQN[DFGPWO�EQPVCKPKPI�GP\[OGU���3HUJDPRQ
3UHVV��(OPVIRUG��1HZ�<RUN��S�����²����

0LOOV��&�)���.�-��0RQW\��$��,FKLKDUD��DQG�
3�%��3HDUVRQ����������0HWDEROLF�HIIHFWV�RI
PRO\EGHQXP�RQ�WKH�WR[LFLW\�RI�WKH�UDW���,��0WVT�
�������²����

0RRUH��3�$���-U���DQG�:�+��3DWULFN��-U���������
$OXPLQXP��ERURQ��DQG�PRO\EGHQXP�DYDLODELOLW\
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0RRUH��6�%���6�-��'HWZLOHU��-��:LQFNHO��DQG�
0�'��:HHJDU����������$KQNQIKECN�TGUKFWG�FCVC�HQT
GXCRQTCVKQP�RQPFU�KP�VJG�5CP�,QCSWKP�8CNNG[�
%CNKHQTPKC���6DQ�-RDTXLQ�9DOOH\�'UDLQDJH
3URJUDP��6DFUDPHQWR��&DOLIRUQLD�

0RUJDQ��-�'���'�*��0LWFKHOO��DQG�3�0��&KDSPDQ��
�������,QGLYLGXDO�DQG�FRPELQHG�WR[LFLW\�RI
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)HHGLQJ�RI�PRO\EGHQXP�WR�SRXOWU\���2QWNVT[�5EK�
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2KOHQGRUI��+�0���-�3��6NRUXSD��0�.��6DLNL��DQG�
'�$��%DUQXP����������)RRG�FKDLQ�WUDQVIHU�RI
WUDFH�HOHPHQWV�WR�ZLOGOLIH���,Q���/CPCIGOGPV�QH
KTTKICVKQP�CPF�FTCKPCIG�U[UVGOU���+PVGITCVGF
RGTURGEVKXGU���5�*��$OOHQ�DQG�&�0�8���1HDOH��HGV��
3URFHHGLQJV�RI�WKH������1DWLRQDO�&RQIHUHQFH�RQ
,UULJDWLRQ�DQG�'UDLQDJH�(QJLQHHULQJ���3DUN�&LW\�
8WDK��-XO\���²�����������$PHULFDQ�6RFLHW\�RI
&LYLO�(QJLQHHUV��1HZ�<RUN���S�����²����

2VZHLOHU�*�'���7�/��&DUVRQ��DQG�:�%��%XFN��HGV��
�������%NKPKECN�CPF�FKCIPQUVKE�XGVGTKPCT[
VQZKEQNQI[���UG�HG���.HQGDOO�+XQW�3XEOLVKLQJ
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QH�VTCEG�GNGOGPVU���6W��/XFLH�3UHVV��%RFD�5DWRQ�
)ORULGD�
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3KLOOLSSR��0���:�5��+XPSKULHV��,��%UHPQHU��
7��$WNLQVRQ��DQG�*��+HQGHUVRQ���0RO\EGHQXP�
LQGXFHG�LQIHUWLOLW\�LQ�FDWWOH���,Q���6TCEG�GNGOGPVU�
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,��%UHPQHU��DQG�-�.��&KHVWHUV��HGV���3URFHHGLQJV�
RI�WKH�)LIWK�,QWHUQDWLRQDO�6\PSRVLXP�RQ�7UDFH
(OHPHQWV�LQ�0DQ�DQG�$QLPDOV�

3LWW��0�$����������0RO\EGHQXP�WR[LFLW\���LQWHUDFWLRQV
EHWZHHQ�FRSSHU��PRO\EGHQXP��DQG�VXOSKDWH��
#IGPVU�#EVKQPU������²�����

3LWW��0���-��)UDVHU��DQG�'�&��7KXUOH\���������
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2CVJQN��������²����

3UDQJH��$���DQG�.��.UHPOLQJ����������'LVWULEXWLRQ�
RI�GLVVROYHG�PRO\EGHQXP��XUDQLXP�DQG
YDQDGLXP�LQ�%DOWLF�6HD�ZDWHUV���/CTKPG�%JGO�
������²����

3XOV��5����������/KPGTCN�NGXGNU�KP�CPKOCN�JGCNVJ
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������²���
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%QPVCO��6QZKEQN��������²����

6DNDJXFKL��7���$��1DNDMLPD��DQG�7��+RULNRVKL���������
6WXGLHV�RQ�WKH�DFFXPXODWLRQ�RI�KHDY\�PHWDO
HOHPHQWV�LQ�ELRORJLFDO�V\VWHPV���;9,,,�
$FFXPXODWLRQ�RI�PRO\EGHQXP�E\�JUHHQ
PLFURDOJDH���'WT��,��#RRN��/KETQDKQN��$KQVGEJPQN�
�����²���

6FKURHGHU��+�$���-�-��%DODVVD��DQG�,�+��7LSWRQ���������
(VVHQWLDO�WUDFH�PHWDOV�LQ�PDQ���PRO\EGHQXP���
,��%JTQP��&KU��������²����

6KLUOH\��5�/���5�/�'��2ZHQV��DQG�*�.��'DYLV���������
$OLPHQWDU\�H[FUHWLRQ�RI�SKRVSKRUXV����LQ�UDWV
RQ�KLJK�PRO\EGHQXP�DQG�FRSSHU�GLHWV���,��0WVT��
�������²����

6KRUW��=�)���3�5��2OVRQ��5�)��3DOXPER��-�5��'RQDOG�
VRQ��DQG�)�*��/RZPDQ����������8SWDNH�RI
PRO\EGHQXP��PDUNHG�ZLWK���0R��E\�WKH�ELRWD�RI
)HUQ�/DNH��:DVKLQJWRQ��LQ�D�ODERUDWRU\�DQG�D
ILHOG�H[SHULPHQW���,Q���'�-��1HOVRQ��HG��
4CFKQPWENKFGU�KP�GEQU[UVGOU���3URFHHGLQJV�RI�WKH
7KLUG�1DWLRQDO�6\PSRVLXP�RQ�5DGLRHFRORJ\�
2DN�5LGJH��7HQQHVVHH��0D\���²����������Y�����
S�����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������

6ORRW��+�$��YDQ�GHU��'��+RHGH��-��:LMNVWUD��
-�&��'XLQNHU��DQG�5�)��1ROWLQJ����������$QLRQLF
VSHFLHV�RI�9��$V��6H��0R��6E��7H��DQG�:�LQ�WKH
6FKHOGW�DQG�5KLQH�HVWXDULHV�DQG�WKH�6RXWKHUQ
%LJKW��1RUWK�6HD����'UVWCT��%QCUVCN�5JGNH�5EK�
������²����

6WDWH�:DWHU�5HVRXUFHV�&RQWURO�%RDUG���������
5HJXODWLRQ�RI�DJULFXOWXUDO�GUDLQDJH�WR�WKH�
6DQ�-RDTXLQ�5LYHU���&DOLIRUQLD�6WDWH�:DWHU
5HVRXUFHV�&RQWURO�%RDUG��6DFUDPHQWR��7HFKQLFDO
&RPPLWWHH�5HSRUW��2UGHU�1R��:�4����²����

6WHHJ��3�)��WHU��3�-��+DQVRQ��DQG�+�:��3DHUO���������
*URZWK�OLPLWLQJ�TXDQWLWLHV�DQG�DFFXPXODWLRQ�RI
PRO\EGHQXP�LQ�#PCDCGPC�QUEKNNCTKQKFGU
�&\DQREDFWHULD����*[FTQDKQNQIKC��������²����

6XWWOH��1�)����������7KH�QXWULWLRQDO�VLJQLILFDQFH�RI�WKH
&X�0R�LQWHUUHODWLRQVKLS�WR�UXPLQDQWV�DQG�QRQ�
UXPLQDQWV���,Q���'�'��+HPSKLOO��HG���6TCEG
UWDUVCPEGU�KP�GPXKTQPOGPVCN�JGCNVJ 8++���8QLY�
0LVVRXUL��&ROXPELD��0LVVRXUL��S�����²����

6XWWOH��1�)����������$�UROH�IRU�WKLRPRO\EGDWHV�LQ�WKH
&X�ï�0R�ï�6�LQWHUDFWLRQ�LQ�UXPLQDQW�QXWULWLRQ��
,Q���3��%UDWWQHU�DQG�3��6FKUDPHO��HGV���6TCEG�
GNGOGPV�CPCN[VKECN�EJGOKUVT[�KP�OGFKEKPG�CPF
DKQNQI[���:DWHU�GH�*UX\WHU��1HZ�<RUN���9RO�����
S�����²����

7HHNHOO��5�$���DQG�:�$��/\NH����������3URWHLQ�ELQGLQJ
RI�PRO\EGHQXP����LQ�SODVPD��OLYHU��DQG�NLGQH\
RI�FKLFNV���2QWNV��5EK���������²�����

7HHNHOO��5�$���DQG�$�%��:DWWV����������0RO\EGHQXP
VXSSOHPHQWDWLRQ�RI�FKLFN�GLHWV���2QWNV��5EK�
�������²�����

7RQJ��6�6�&���:�'��<RXQJV��:�+��*XWHQPDQQ��DQG
'�-��/LVN����������7UDFH�PHWDOV�LQ�/DNH�&D\XJD
ODNH�WURXW��5CNXGNKPWU�PCOC[EWUJ��LQ�UHODWLRQ�WR
DJH���,��(KUJ��4GU��$QCTF�%CPCFC�����������²����

8QGHUZRRG��(�-����������0RO\EGHQXP���&KDS����RI��
6TCEG�GNGOGPVU�KP�JWOCP�CPF�CPKOCN�PWVTKVKQP��
$FDGHPLF�3UHVV��1HZ�<RUN��S�����²����

8QGHUZRRG��(�-����������6TCEG�GNGOGPVU�KP�JWOCP
CPF�CPKOCN�PWVTKVKQP���$FDGHPLF�3UHVV��1HZ
<RUN�������S�
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8QGHUZRRG��(�-����������,QWHUDFWLRQV�RI�WUDFH
HOHPHQWV���,Q���)�:��2HKPH��HG���6QZKEKV[�QH
JGCX[�OGVCNU�KP�VJG�GPXKTQPOGPV���0DUFHO
'HNNHU��
1HZ�<RUN���3W�����S�����²����

9HQFKLNRY��$�,���DQG�*�0��.DSULHORY���������
5HDFWLRQ�RI�WKH�IURJ�RUJDQLVP�WR�FKDQJHV�LQ�WKH
PRO\EGHQXP�FRQWHQW�RI�WKH�HQYLURQPHQW���,Q��
:�5��&KDSSHOO�DQG�.�.��3HWHUVRQ��HGV��
/QN[DFGPWO�KP�VJG�GPXKTQPOGPV���8QN������6JG
DKQNQI[�QH�OQN[DFGPWO���0DUFHO�'HNNHU��
1HZ�<RUN��S�����²����

9RKUD��3���DQG�)�+��.UDW]HU����������7KH�HIIHFW�RI
GLHWDU\�FRSSHU�DQG�PRO\EGHQXP�RQ�WXUNH\
SRXOWV���2QWNV��5EK���������²�����

:DUG��*�0����������0RO\EGHQXP�WR[LFLW\�DQG
K\SRFXSURVLV�LQ�UXPLQDQWV���D�UHYLHZ���,��#PKO�
5EK���������²�����

:DUG��*�0���DQG�-�*��1DJ\����������0RO\EGHQXP
DQG�FRSSHU�LQ�&RORUDGR�IRUDJHV��PRO\EGHQXP
WR[LFLW\�LQ�GHHU��DQG�FRSSHU�VXSSOHPHQWDWLRQ�LQ
FDWWOH���,Q���:�5��&KDSSHOO�DQG�.�.��3HWHUVRQ�
HGV���/QN[DFGPWO�KP�VJG�GPXKTQPOGPV���8QN�����
6JG�DKQNQI[�QH�OQN[DFGPWO���0DUFHO�'HNNHU��
1HZ�<RUN��S����²����

:DUG��-�9����������0RO\EGHQXP�FRQFHQWUDWLRQV�LQ
WLVVXHV�RI�UDLQERZ�WURXW��5CNOQ�ICKTFPGTK��DQG
NRNDQHH�VDOPRQ��1PEQTJ[PEJWU�PGTMC��IURP
ZDWHUV�GLIIHULQJ�ZLGHO\�LQ�PRO\EGHQXP�FRQWHQW��
,��(KUJ��4GU��$QCTF�%CP��������²�����

:HVWFRW��'���6��5RVHQEDXP��%��*UHZHOO��DQG�
.��%HOGHQ����������:DWHU�DQG�VHGLPHQW�TXDOLW\�LQ
HYDSRUDWLRQ�EDVLQV�XVHG�IRU�WKH�GLVSRVDO�RI
DJULFXOWXUDO�VXEVXUIDFH�GUDLQDJH�ZDWHU�LQ�WKH�6DQ
-RDTXLQ�9DOOH\��&DOLIRUQLD���&DOLIRUQLD�5HJLRQDO
:DWHU�4XDOLW\�&RQWURO�%RDUG��&HQWUDO�9DOOH\
5HJLRQ���6DFUDPHQWR��&DOLIRUQLD�

:KLWHVLGH��&�+���7�0��)HUJXVRQ��%�/��5HLG��DQG�
-�5��&RXFK����������0RO\EGHQXP��]LQF��DQG
XQLGHQWLILHG�IDFWRU�VRXUFHV�LQ�WKH�GLHW�RI�FDJHG
OD\HUV���2QWNV��5EK����������²����

:LGH��0����������(IIHFW�RI�VKRUW�WHUP�H[SRVXUH�WR
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