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&RQVWLWXHQWV�RI�&RQFHUQ

%RURQ

'HVFULSWLRQ

%RURQ��%��LV�D�PHWDOORLG��ZLWK�SURSHUWLHV�LQWHUPHGLDWH
EHWZHHQ�WKRVH�RI�FDUERQ�DQG�DOXPLQXP���/LNH
DOXPLQXP��LW�KDV�DQ�R[LGDWLRQ�VWDWH�RI����LQ�DOO�RI�LWV
FKHPLFDO�FRPSRXQGV��DQG�LW�LV�DQ�HOHFWULFDO
FRQGXFWRU�LQ�LWV�SXUH�IRUP���/LNH�FDUERQ��WKRXJK��LW
FDQ�VRPHWLPHV�IRUP�FRPSOH[�FKDLQV�DQG�ULQJV��DQG
LWV�FU\VWDOOLQH�IRUP�LV�QHDUO\�DV�KDUG�DV�GLDPRQG��
%RURQ�KDV�DQ�DWRPLF�QXPEHU�RI���DQG�DQ�DWRPLF
ZHLJKW�RI���������,W�PHOWV�DW�������&���%RURQ�LV�IRXQG
DV�D�KDUG�EODFN�VROLG�DQG�DV�DQ�DPRUSKRXV�EODFNLVK�
EURZQ�SRZGHU��DOWKRXJK�WKH�PRUH�FRPPRQ�ERURQ
VDOWV�DUH�JHQHUDOO\�ZKLWH�RU�SDOH�VKDGHV�RI�\HOORZ�
EOXH��JUHHQ��RU�JUD\����3DLV�DQG�-RQHV�������

2FFXUUHQFH

%RURQ�LV�ZLGHVSUHDG�LQ�WKH�HQYLURQPHQW�EXW
JHQHUDOO\�RFFXUV�LQ�ORZ�FRQFHQWUDWLRQV��LW
FRQVWLWXWHV�RQO\���PJ�NJ�RI�WKH�(DUWK·V�FUXVW
DQG�RFFXUV�QDWXUDOO\�RQO\�LQ�FRPELQHG�IRUP�
XVXDOO\�DV�ERUD[��1D
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ZLWK�WKH�KLJKHVW�QDWXUDO�LQSXWV�RI�ERURQ�WR�
WKH�HQYLURQPHQW�DUH�WKH�0RMDYH�'HVHUW�
&DOLIRUQLD��WKH�SODWHDX�RI�WKH�$OSLQH�+LPDOD\DQ
V\VWHP��DQG�WKH�KLJK�SODWHDX�RI�WKH�$QGHV
�%XWWHUZLFN�HW�DO����������7KH�EULQHV�RI�%RUD[
DQG�0RQR�/DNHV�LQ�&DOLIRUQLD�DUH�ULFK�LQ�ERURQ
GXH�WR�DULG�FRQGLWLRQV�DQG�KLJK�HYDSRUDWLYH
FRQFHQWUDWLRQ��/LYLQJVWRQH���������%RURQ
FRPSRXQGV�XVXDOO\�DUH�GHJUDGHG�RU�WUDQVIRUPHG
WR�ERULF�DFLG�DQG�ERUDWHV��ZKLFK�DUH�WKH�PDLQ
ERURQ�FRPSRXQGV�RI�HFRORJLFDO�VLJQLILFDQFH
�6SUDJXH�������

,Q�QDWXUDO�IUHVKZDWHU�HFRV\VWHPV��VXUIDFH�ZDWHU
FRQFHQWUDWLRQV�RI�ERURQ�UDUHO\�H[FHHG�
��PJ�/�DQG�DUH�XVXDOO\�OHVV�WKDQ�����PJ�/�
KRZHYHU��LQ�V\VWHPV�ZKHUH�ERURQ�KDV�EHHQ
PRELOL]HG�E\�KXPDQ�DFWLYLWLHV��WKH�FRQFHQ�
WUDWLRQV�PD\�EH�PXFK�KLJKHU��0DLHU�DQG�.QLJKW
��������,Q�D�VXUYH\�RI�������ULYHU��DQG�ODNH�ZDWHU
VDPSOHV�IURP�WKURXJKRXW�WKH�8QLWHG�6WDWHV��WKH
PHDQ�FRQFHQWUDWLRQ�RI�ERURQ�ZDV�����PJ�/�
ZLWK�����PJ�/�EHLQJ�WKH�PD[LPXP��3RZHOO�HW�DO�
��������*URXQGZDWHU�ERURQ�FRQFHQWUDWLRQV�DUH
XVXDOO\������PJ�/�ZRUOGZLGH��LQ�WKH�8QLWHG
6WDWHV��FRQFHQWUD�WLRQV�FDQ�EH�DV�KLJK�DV���PJ�/
LQ�JURXQG�ZDWHU���$TXDWLF�IDXQD�FDQ�XVXDOO\
WROHUDWH�XS�WR����PJ�%�/�LQ�ZDWHU�IRU�H[WHQGHG
SHULRGV�RI�WLPH�ZLWKRXW�DGYHUVH�HIIHFWV��(LVOHU
��������5HFHQWO\��6RXWK�$IULFD�KDV�GHYHORSHG�D
ZDWHU�TXDOLW\�FULWHULRQ�RI���PJ�%�/�WR�SURWHFW
DTXDWLF�HFRV\VWHPV��LQFOXGLQJ�WHUUHVWULDO�DQLPDOV
WKDW�XVH�WKHP����5HFRJQL]LQJ�WKDW�ERURQ
VHQVLWLYLW\�RI�SODQWV�LV�JUHDWHU�WKDQ�WKDW�RI
DQLPDOV��6RXWK�$IULFD·V�ZDWHU�TXDOLW\�FULWHULRQ
ZDV�EDVHG�RQ�FDOFXODWLRQ�RI�D��ILQDO�SODQW�YDOXH�
�5RX[�HW�DO��������

%RURQ�FRQFHQWUDWLRQV�LQ�8�6��LUULJDWLRQ�ZDWHU
W\SLFDOO\�UDQJH�IURP������WR�����PJ�/��$GULDQR
��������6RPH�LUULJDWLRQ�ZDWHU��HVSHFLDOO\�SXPSHG
JURXQGZDWHU��XVHG�LQ�
WKH�ZHVWHUQ�6DQ�-RDTXLQ�9DOOH\��&DOLIRUQLD�
FRQWDLQ�IDU�JUHDWHU�FRQFHQWUDWLRQV��6KHOWRQ�
DQG�0LOOHU��������ERURQ�FRQFHQWUDWLRQV�LQ�WKH
6DQ�/XLV�'UDLQ�DQG�.HVWHUVRQ�5HVHUYRLU�ZHUH
��²���DQG���²���PJ�/��UHVSHFWLYHO\��86%5
��������$JULFXOWXUDO�GUDLQ�ZDWHU�FRQWDPLQDWHG
ZLWK�ERURQ�LV�FRQVLGHUHG�SRWHQWLDOO\�KDUPIXO�WR
ZDWHUIRZO�DQG�RWKHU�ZLOGOLIH�SRSXODWLRQV
WKURXJKRXW�DUHDV�RI�WKH�:HVWHUQ�8QLWHG�6WDWHV
�6PLWK�DQG�$QGHUV�������
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%RURQ�FRPSRXQGV�HQWHU�WKH�1RUWK�$PHULFDQ
HQYLURQPHQW�DW�DQ�HVWLPDWHG�UDWH�RI�
�������WRQV�DQQXDOO\��SULPDULO\�IURP�ODXQGU\
SURGXFWV��LUULJDWLRQ�GUDLQ�ZDWHU��IHUWLOL]HUV�DQG
RWKHU�DJULFXOWXUDO�FKHPLFDOV��FRDO�FRPEXVWLRQ�
DQG�PLQLQJ�DQG�SURFHVVLQJ��(LVOHU���������%RURQ
FRPSRXQGV�DOVR�DUH�XVHG�DV�ILUH�UHWDUGDQWV�DQG
OHDWKHU�WDQQLQJ�FRPSRXQGV�DQG�KDYH�HYHQ�EHHQ
XVHG�LQ�URFNHW�IXHOV���(OHPHQWDO�ERURQ�LV
IUHTXHQWO\�XVHG�IRU�QHXWURQ�DEVRUSWLRQ�LQ
QXFOHDU�UHDFWRUV��DQG�VRGLXP�ERURK\GULGH�LV
XVHG�E\�WKH�SXOS�DQG�SDSHU�LQGXVWU\�LQ�WKH
SURGXFWLRQ�RI�WKH�ZKLWHQLQJ�DJHQW�VRGLXP
GLWKLRQLWH��7KXUVWRQ�HW�DO����������7KH�8QLWHG
6WDWHV�VXSSOLHV�DERXW����SHUFHQW�RI�WKH�JOREDO
ERURQ�GHPDQG�

6XPPDU\�RI�(IIHFWV

3ODQWV�LQ�JHQHUDO�DUH�IDU�PRUH�VHQVLWLYH�WKDQ
DQLPDOV�WR�ERURQ�WR[LFLW\��DQG�WKHUH�LV�D�ODUJH�
OLWHUDWXUH�EDVH�GRFXPHQWLQJ�ERURQ
V�HIIHFWV�RQ
SODQWV��HVSHFLDOO\�FURS�SODQWV���7KH�H[DFW�

PHFKDQLVP�RI�ERURQ�WR[LFLW\�LQ�DQLPDOV�LV�QRW
IXOO\�XQGHUVWRRG���,W�LV�QRW�NQRZQ�ZKHWKHU�ERULF
DFLG��WKH�ERUDWH�LRQ��RU�VRPH�RWKHU�ERURQ
FRPSOH[�LV�WKH�WR[LF�ERURQ�FRPSRXQG��0DLHU
DQG�.QLJKW���������%RULF�DFLG�DQG�WKH�ERUDWH�LRQ
H[KLELW�UHPDUNDEOH�VWDELOLW\�LQ�QDWXUDO�DTXDWLF
V\VWHPV��DQG�DQ\�ERURQ�WKDW�LV�QRW�WDNHQ�XS�E\
SODQWV�DQG�RU�DQLPDOV�ZLOO�WHQG�WR�DFFXPXODWH
DQG�UHPDLQ�ELRDYDLODEOH�RYHU�H[WHQGHG�SHULRGV
RI�WLPH��3HUU\�HW�DO��������

&RQVLGHULQJ�WKH�SDXFLW\�RI�GDWD�RQ�ERURQ
WR[LFLW\��HIIHFW�OHYHOV�FDQ�EH�SUHGLFWHG�RQO\
WHQWDWLYHO\�DW�WKLV�WLPH���7KHVH�WHQWDWLYH
SUHGLFWLRQV�DUH�OLVWHG�LQ�WDEOH���

6WXG\�$SSURDFKHV

7KH�PDMRULW\�RI�SDSHUV�UHYLHZHG�IRU�WKLV�UHSRUW
ZHUH�ODERUDWRU\�VWXGLHV�GHDOLQJ�ZLWK�ERURQ
HIIHFWV�RQ�SODQWV�DQG�ELUGV���0RVW�RI�
WKH�SODQW�OLWHUDWXUH�FRQFHUQHG�WR[LFLW\�RU�

Table 6.&Predicted boron effect levels

Medium No effect
Level of
concern

Toxicity
threshold Explanation

Water (mg/L) 0.5 0.5%10 10 For crops and aquatic plants (Perry et al. 1994)

  6 6%13 13 For aquatic invertebrates (NOAEL and LOAEL
for Daphnia magna)

5 5%25 25 For fish (viz., catfish and trout embryos; Birge
and Black 1977; Perry et al. 1994)

<200  For amphibians (LC100 for leopard frog
embryos)

Bird eggs (mg/kg fw) 13 13%20  20 Smith and Anders (1989), Stanley et al. (1996);
20 = EC10 for viability of mallard eggs

Waterfowl diet
    (mg/kg)

>30 LOAEL for mallards; impaired growth of
ducklings

Mammal diet
   (mg/kg bw/day)

>80 LOAEL for rodents; decreased fetal body
weight
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GHILFLHQF\�LQ�FURSV�DQG�LV�QRW�FRPSUHKHQ�VLYHO\
VXPPDUL]HG�LQ�WKLV�UHSRUW���7KH�FURS�OLWHUDWXUH
KDV�EHHQ��VXPPDUL]HG�FRPSUH�KHQVLYHO\�E\
(DWRQ��������DQG�PRVW�UHFHQWO\�E\�3HUU\�HW�DO�
���������$YLDQ�OLWHUDWXUH�FRQVLVWHG�PRVWO\�RI
VWXGLHV�GRQH�RQ�PDOODUGV�IURP�WKH�ODWH�����V�WR
HDUO\�����V���6RPH�SRXOWU\�OLWHUDWXUH�ZDV
UHYLHZHG��EXW�WKH�EXON�RI�WKLV�OLWHUDWXUH�PD\
KDYH�EHHQ�PLVVHG�VLQFH�HOHFWURQLF�OLWHUDWXUH
UHWULHYDOV�GR�QRW�GDWH�EDFN�IXUWKHU�WKDQ�WKH
����V���0DPPDOLDQ�VWXGLHV�FRQVLVWHG�PRVWO\�RI
ODERUDWRU\�VWXGLHV�GRQH�RQ�UDWV��DOWKRXJK�VRPH
LQIRUPDWLRQ�ZDV�DYDLODEOH�IRU�PLFH��UDEELWV��DQG
RWKHU�VSHFLHV���$YDLODEOH�DTXDWLF�WR[LFLW\�GDWD�IRU
ERURQ�DUH�OLPLWHG���)RU�DTXDWLF�VSHFLHV��WKH
OLWHUDWXUH�ZDV�FRPSRVHG�SULPDULO\�RI�IUHVKZDWHU
ODERUDWRU\�VWXGLHV���)LVK��KHUSWLOH��DQG
LQYHUWHEUDWH�LQIRUPDWLRQ�ZDV�OLPLWHG�RU�ODFNLQJ��
7KH�SXEOLVKHG�VFLHQWLILF�´ZKLWHµ�OLWHUDWXUH�ZDV
UHYLHZHG�DGHTXDWHO\��EXW�WKH�VFLHQWLILF�´JUD\µ
OLWHUDWXUH��ZKLFK�LQFOXGHV�JRYHUQPHQW�UHSRUWV
DQG�XQSXEOLVKHG�GDWD��ZDV�QRW�

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\

:DWHU

7KH�SUHGRPLQDQW�VSHFLHV�RI�ERURQ�LQ�PRVW
IUHVKZDWHU�V\VWHPV��S+����LV�XQGLVVRFLDWHG
ERULF�DFLG��+HP�������0DLHU�DQG�.QLJKW�������
WKH�FKHPLFDO�IRUP�RI�ERURQ�IRXQG�LQ�ZDWHU�LV
GLFWDWHG�E\�S+�DQG�RWKHU�FRQVWLWXHQWV��6SUDJXH
��������%RURQ�FRPSRXQGV�DUH�ZDWHU�VROXEOH�DQG
WHQG�WR�DFFXPXODWH�LQ�DTXDWLF�HFRV\VWHPV��(3$
������

6RLO

,Q�WKH�8QLWHG�6WDWHV��VRLO�XVXDOO\�FRQWDLQV
DURXQG����PJ�%�NJ��GU\�ZHLJKW��GZ���UDQJH
��²����PJ�NJ����7KH�SUHFLSLWDWLRQ�HYDSRUDWLRQ
UDWLR�RI�DQ�DUHD�LV�D�NH\�IDFWRU�LQ�GHWHUPLQLQJ�WKH
GHJUHH�WR�ZKLFK�ERURQ�FDQ�FRQFHQWUDWH�LQ�VRLOV
DQG�UHDFK�WR[LF�OHYHOV��%XWWHUZLFN�HW�DO���������
7KH�WRWDO�ERURQ�FRQWHQW�RI�VRLO�LV�RI�OLWWOH�YDOXH

IRU�GLDJQRVLQJ�ERURQ�VWDWXV��H[SHUL�PHQWDO�ZRUN
E\�*XSWD��������VXJJHVWV�WKDW�OHVV�WKDQ��
SHUFHQW�RI�WKH�VRLO�ERURQ�LV�DYDLO�DEOH�IRU�SODQW
XSWDNH��%XWWHUZLFN�HW�DO��������

,Q�VRLOV��ERURQ�PD\�EH�IRXQG�LQ�IRXU�IRUPV��
RUJDQLFDOO\�ERXQG��ZDWHU�VROXEOH��DGVRUEHG��DQG
IL[HG�LQ�FOD\�DQG�PLQHUDO�ODWWLFHV��$GULDQR��������
$ULG��VDOLQH�VRLOV�JHQHUDOO\�FRQWDLQ�WKH�KLJKHVW
ERURQ�FRQFHQWUDWLRQV���,Q�VDQG\�VRLOV��ERURQ�LV
OHDFKHG�PRUH�UHDGLO\�WKDQ�LQ�FOD\�VRLOV�DQG�LV
WKXV�OHVV�OLNHO\�WR�DFFXPXODWH�WR�WR[LF
FRQFHQWUDWLRQV��$GULDQR���������%RURQ�FDQ�UHDFW
DQG�ELQG�ZLWK�FOD\V��VXVSHQGHG�PDWWHU��DQG
VHGLPHQWV�RI�DTXDWLF�V\VWHPV���%RURQ�DGVRUEHG
RQWR�FOD\V�DFFRXQWV�IRU�D�PDMRU�SURSRUWLRQ�RI
WKH�ERURQ�LQ�PDQ\�DTXDWLF�V\VWHPV��0DLHU�DQG
.QLJKW�������

%LRWLF�(IIHFWV

3ODQWV

7KH�HQYLURQPHQWDO�HIIHFWV�RI�ERURQ�DUH�PRVW
QRWLFHDEOH�LQ�SODQWV��6SUDJXH���������%RURQ�LV�DQ
HVVHQWLDO�WUDFH�HOHPHQW�IRU�WKH�JURZWK�DQG
GHYHORSPHQW�RI�KLJKHU�SODQWV��IRU�LW�SOD\V
LPSRUWDQW�UROHV�LQ�WKH�FDOFLXP�F\FOH�DQG�LQ
UHVSLUDWRU\�SURFHVVHV�DQG�WKH�XWLOL]DWLRQ�RI
FDUERK\GUDWHV��%URZQLQJ���������+RZHYHU��
WKH�UDQJH�EHWZHHQ�LQVXIILFLHQF\�DQG�H[FHVV�LV
XVXDOO\�QDUURZ���*XSWD�HW�DO����������IRU�LQVWDQFH�
IRXQG�WKDW�VRPH�SODQWV�VKRZ�VLJQV�RI�GHILFLHQF\
ZKHQ�ERURQ�FRQFHQWUDWLRQV�LQ�VRLO�VROXWLRQ�DUH
���PJ�/�DQG�VKRZ�WR[LF�HIIHFWV�DW
FRQFHQWUDWLRQV�!��PJ�/���2WKHU�UHVHDUFKHUV
UHSRUW�VLPLODUO\�QDUURZ�UDQJHV�RI�ERURQ
WROHUDQFH��6SUDJXH�������:HLU�DQG�)LVKHU������
%LUJH�DQG�%ODFN�������*ROGEDFK�DQG�$PEHUJHU
��������7KH�ZDWHUZHHG�'NQFGC�ECPCFGPUKU�LV
VHQVLWLYH�WR�HYHQ�YHU\�ORZ�DPELHQW�FRQFHQWUD�
WLRQV�RI�ERURQ��3HUU\�HW�DO���������UHSRUWHG�WKDW
LW�VKRZHG�D�UHGXFHG�UDWH�RI�SKRWRV\QWKHVLV�LQ
ZDWHU�FRQWDLQLQJ���PJ�%�/�����GD\�H[SRVXUH���
,Q�DGGLWLRQ��*[FTQEQV[NG�WODGNNCVC��FRPPRQO\
IRXQG�LQ�WKH�6RXWKHDVWHUQ�8QLWHG�6WDWHV�
H[KLELWHG�UHGXFHG�JURZWK�DQG�\HOORZLQJ�RI�WKH
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OHDYHV�ZKHQ�H[SRVHG�WR����PJ�%�/��3RZHOO�HW
DO����������$�UHFHQW�HFRORJLFDO�ULVN�DVVHVVPHQW
IRU�D�QDWXUDO�FRPPXQLW\�RI�DTXDWLF�SODQWV
FRQFOXGHG�WKDW��DW�PHGLDQ�VSULQJ�DQG�IDOO
FRQFHQWUDWLRQV�RI�����DQG�����PJ�%�/��SDWWHUQV
RI�OHDI�WLVVXH�GLVFRORUDWLRQ��\HOORZLQJ��PD\
LQGLFDWH�DGYHUVH�HFRORJLFDO�LPSDFWV�RQ�WKH
YHJHWDWLRQ��3RZHOO�HW�DO��������

6HYHUDO�IDFWRUV�DIIHFW�SODQW�XSWDNH�RI�ERURQ�
LQFOXGLQJ�VRLO�WH[WXUH��S+��PDFURQXWULHQWV�
WHPSHUDWXUH��OLJKW��HYDSRWUDQVSLUDWLRQ�UDWH��DQG
SODQW�JURZWK�VWDJH��%XWWHUZLFN�HW�DO�������
*ODQGRQ�DQG�0F1DEE���������)ULFN���������IRU
LQVWDQFH��IRXQG�WKDW�D�FRQFHQWUDWLRQ�RI����PJ
%�/�ZDV�VXIILFLHQW�WR�LQKLELW�WKH�JURZWK�RI
GXFNZHHG�DW�S+�����EXW�WKDW�����PJ�%�/�ZDV
UHTXLUHG�WR�SURGXFH�WKH�VDPH�HIIHFW�DW�S+������
2QFH�ERURQ�LV�LQFRUSRUDWHG�LQWR�SODQW�WLVVXHV��LW
EHFRPHV�UHODWLYHO\�LPPRELOH���/HDYHV�JHQHUDOO\
DFFXPXODWH�WKH�JUHDWHVW�FRQFHQWUD�WLRQV�RI
ERURQ�LQ�SODQWV��*XSWD�HW�DO����������

3ODQW�VSHFLHV�GR�QRW�DOO�GUDZ�RQ�WKH�VDPH�ERURQ
VXSSOLHV���(PHUJHQW�SODQWV�DEVRUE�PRVW�RI�WKHLU
ERURQ�IURP�WKH�K\GURVRLO��IORDWLQJ�OHDI�VSHFLHV
DEVRUE�D�ODUJH�SURSRUWLRQ�RI�ERURQ�IURP
VHGLPHQWV�DQG�ZDWHU���6XEPHUJHG�SODQWV��ZKLFK
ODFN�RU�KDYH�JUHDWO\�UHGXFHG�URRW�V\VWHPV��REWDLQ
PRVW�RI�WKHLU�ERURQ�IURP�WKH�ZDWHU
�+XWFKLQVRQ���������*HQHUDOO\��IORDWLQJ�OHDI
VSHFLHV�FRQWDLQ�PRUH�ERURQ�
WKDQ�VXEPHUJHG�RU�HPHUJHQW�SODQWV��DQG
GLFRW\OHGRQV�XVXDOO\�FRQWDLQ�PRUH�ERURQ�WKDQ
PRQRFRW\OHGRQV��%R\G�DQG�:DOOH\������
&RZJLOO���������,Q�DTXDWLF�PDFURSK\WHV��ERURQ
FRQFHQWUDWLRQV�DUH�XVXDOO\�OHVV�WKDQ����PJ�NJ
GZ���%DVHG�RQ�VDPSOHV�IURP����VSHFLHV�RI
DTXDWLF�PDFURSK\WHV�FROOHFWHG�IURP�QDWXUDO
HQYLURQPHQWV��WKH�PHDQ�WLVVXH�OHYHO�RI�ERURQ
ZDV������PJ�NJ�GZ��3RZHOO�HW�DO����������,Q
JUHHQ�DOJDH��0DHVR�HW�DO��������DQG�EOXH�JUHHQ
DOJDH��0DUWLQH]�HW�DO���������DGYHUVH�VXEOHWKDO
HIIHFWV�DUH�DSSDUHQW�DW�ERURQ�FRQFHQWUDWLRQV�RI
���PJ�NJ�DQG�KLJKHU�

%RURQ�FRQWDPLQDWHG�LUULJDWLRQ�ZDWHU�LV�RQH�RI
WKH�PDLQ�FDXVHV�RI�ERURQ�WR[LFLW\�WR�SODQWV��
(YDSRWUDQVSLUDWLRQ�IURP�LUULJDWHG�ILHOGV�

FRQFHQWUDWHV�ERURQ�LQ�WKH�VRLO�DQG�OHDGV�
HYHQWXDOO\��WR�WR[LFLW\��*XSWD�HW�DO����������$W
VRPH�SODFHV�LQ�WKH�6RXWKZHVWHUQ�8QLWHG�6WDWHV�
QDWXUDOO\�HOHYDWHG�ERURQ�FRQFHQWUDWLRQV�LQ
VXUIDFH�ZDWHU�XVHG�IRU�LUULJDWLRQ�DUH�KLJK�HQRXJK
WR�EH�WR[LF�WR�SODQWV�RI�FRPPHUFLDO�LPSRUWDQFH
�%HQVRQ�HW�DO����������+LJK�FRQ�FHQWUDWLRQV�RI
ERURQ�ZHUH�IRXQG�LQ�DTXDWLF�SODQWV�JURZLQJ�LQ
LUULJDWLRQ�GUDLQ�ZDWHU�DW�.HVWHUVRQ�5HVHUYRLU�LQ
WKH�6DQ�-RDTXLQ�9DOOH\�RI�&DOLIRUQLD���:LGJHRQ
JUDVV�FRQWDLQHG����²����PJ�%�NJ�GZ��DQG�LQ
RQH�SRQG��+RWKHP�DQG�2KOHQGRUI��������IRXQG
FRQFHQWUDWLRQV��������PJ�NJ��KLJK�HQRXJK�
WR�LPSDLU�DYLDQ�UHSURGXFWLRQ�LI�ZLGJHRQ�JUDVV
IURP�WKDW�SRQG�ZHUH�D�VROH�VRXUFH�IRRG�VXSSO\��
:LGJHRQ�JUDVV�VHHGV�FRQWDLQHG����²������PJ
%�NJ�GZ��6FKXOHU�������DQG�DOJDH�FRQWDLQHG
���²����PJ�NJ��+RIIPDQ�
HW�DO��������DW�.HVWHUVRQ�5HVHUYRLU���/HYHOV�RI
ERURQ�LQ�SODQW�WLVVXHV�ZHUH�HOHYDWHG�FRPSDUHG
WR�PHDQ�FRQFHQWUDWLRQV�IRXQG�LQ�ZDWHU�
����PJ�/��DQG�VHGLPHQW�����PJ�NJ���LQGLFDWLQJ
WKDW�ERURQ�ZDV�ELRFRQFHQWUDWLQJ�
LQ�DTXDWLF�SODQWV���7R[LF�HIIHFWV�RI�ERURQ�WR
YDULRXV�SODQW�VSHFLHV��DV�UHSRUWHG�LQ�WKH
OLWHUDWXUH��DUH�VXPPDUL]HG�LQ�WDEOH���DW�WKH�
HQG�RI�WKLV�FKDSWHU�

0DFURLQYHUWHEUDWHV

/LWWOH�LQIRUPDWLRQ�LV�DYDLODEOH�RQ�WKH�WR[LFLW\�RI
ERURQ�WR�DTXDWLF�LQYHUWHEUDWHV��WDEOH������,Q�WHVWV
ZLWK�&CRJPKC�OCIPC��WKH�QR�REVHUYHG�DGYHUVH�
HIIHFW�OHYHO��12$(/��DQG�WKH�ORZHVW�REVHUYHG�
DGYHUVH�HIIHFW�OHYHO��/2$(/��ZHUH�IRXQG�WR�EH
DERXW���DQG����PJ�%�/��UHVSHFWLYHO\��/HZLV�DQG
9DOHQWLQH�������*HUVLFK���������+RWKHP�DQG
2KOHQGRUI��������IRXQG�WKDW�WKH�ERURQ
FRQFHQWUDWLRQ�LQ�DGXOW�GDPVHOIOLHV�ZDV���
SHUFHQW�ORZHU�WKDQ�LQ�Q\PSKV���7KLV�UHVXOW
VXJJHVWV�WKDW�D�JUHDWHU�SURSRUWLRQ�RI�ERURQ�LQ
Q\PSKV�PD\�EH�LQFRUSRUDWHG�LQ�WKH�H[RVNHOHWRQ��
0DLHU�DQG�.QLJKW��������IRXQG�D�VLJQLILFDQWO\
GHFUHDVHG�JURZWK�UDWH�E\�%JKTQPQOWU�FGEQTWU
ODUYDH�DW�ERURQ�FRQFHQWUDWLRQV�RI����PJ�%�/
DQG�



%RURQ

��

JUHDWHU���7KH�FRQFHQWUDWLRQV�RI�ERURQ�HOLFLWLQJ
FKURQLF�VXEOHWKDO�UHVSRQVHV�LQ�%��FGEQTWU�DUH
FORVH�WR�WKRVH�UHSRUWHG�LQ�VHYHUHO\�FRQWDPL�
QDWHG�V\VWHPV�LQ�WKH�&HQWUDO�9DOOH\�RI�&DOLIRUQLD
���²���PJ�%�/��

)LVK

7KH�ERURQ�WR[LFLW\�GDWDEDVH�IRU�ILVK�LV�UHODWLYHO\
H[WHQVLYH��DQG�VHYHUDO�FRPSUH�KHQVLYH
VXPPDULHV�KDYH�EHHQ�FRPSLOHG�UHFHQWO\��H�J��
6-9'3�������3HUU\�HW�DO����������7KLV�OLWHUDWXUH�
KRZHYHU��LV�PRVWO\�OLPLWHG�WR�HYDOXDWLRQV�RI
ZDWHUERUQH�H[SRVXUHV�WR�ERURQ��L�H���ZLWKRXW
GLHWDU\�H[SRVXUH��DQG�DOVR�GRHV�QRW�LQFOXGH�DQ\
GHILQLWLYH�GDWD�UHODWLQJ�ERURQ�OHYHOV�LQ�ILVK
WLVVXHV�WR�WR[LF�HIIHFWV���&RQ�VHTXHQWO\��DOWKRXJK
WKH�GDWDEDVH�LV�H[WHQVLYH��LWV�LQWHUSUHWLYH�YDOXH�LV
KDPSHUHG�E\�WKH�FULWLFDO�JDSV�LQ�´ILHOG�UHOHYDQWµ
WR[LFLW\�GDWD��L�H���GLHWDU\�H[SRVXUHV�DQG�WLVVXH�
EDVHG�WR[LFLW\�WKUHVKROGV����$QRWKHU
FRQIRXQGLQJ�IHDWXUH�LV�WKH�IDFW�WKDW�WKUHVKROG�
OHYHO�HIIHFWV�DUH�FRPPRQO\�VHHQ�DW�ZDWHU
FRQFHQWUDWLRQV�
RI�ERURQ�PXFK�ORZHU�WKDQ�WKH�(&����VHH
$SSHQGL[�,,�IRU�GHILQLWLRQ�RI�WHUPV���EXW�
(&��V�DQG�/&��V�DUH�WKH�RQO\�VWDQGDUGL]HG
PHDVXUHV�RI�WR[LFLW\�FRQVLVWHQWO\�XVHG�LQ�PRVW
ELRDVVD\�W\SH�WR[LFLW\�VWXGLHV���)RU�VDNH�RI
FRPSDULVRQ��WDEOH���LV�ODUJHO\�UHVWULFWHG�WR
VXPPDUL]LQJ�(&���DQG�/&���HVWLPDWHV�RI
YDULRXV�VWXGLHV���7R[LFLW\�PHDVXUHV�EDVHG�RQ
YDULRXV�RWKHU�HQGSRLQWV�DUH�UHSRUWHG�LQ�6-9'3
�������DQG�3HUU\�HW�DO�����������7KH�JHQHUDO
FRQFHQWUDWLRQV�RI�ERURQ�DVVRFLDWHG�ZLWK
WKUHVKROG�OHYHO��H�J���(&��WR�(&����PHDVXUHV�RI
WR[LFLW\�ZLOO��KRZHYHU��EH�EULHIO\�VXPPDUL]HG�LQ
GLVFXVVLRQV�WR�IROORZ��

7KH�DYDLODEOH�OLWHUDWXUH�LQGLFDWHV�WKDW�ERURQ
OHYHOV�RI������²����PJ�/�FRXOG�UHGXFH�WKH
UHSURGXFWLYH�SRWHQWLDO�RI�VHQVLWLYH�ILVK�VSHFLHV�
DQG�FRQFHQWUDWLRQV�H[FHHGLQJ�����PJ�/�FRXOG
LPSDLU�WKH�VXUYLYDO�RI�GHYHORSPHQWDO�VWDJHV�IRU
RWKHU�VSHFLHV��XQGHU�FRQGLWLRQV�SURYLGLQJ
FRQWLQXRXV�H[SRVXUH�IURP�IHUWLOL]DWLRQ�WKURXJK
��GD\V�SRVWKDWFKLQJ��%LUJH�DQG�%ODFN��������
%LUJH�DQG�%ODFN�DOVR�IRXQG�WKDW�ERURQ
FRPSRXQGV�ZHUH�PRUH�WR[LF�WR�GHYHORSPHQWDO
DQG�HDUO\�SRVWKDWFKHG�VWDJHV�WKDQ�WR�DGXOW�ILVK��

+RZHYHU��+DPLOWRQ�DQG�%XKO��������IRXQG�QR
GLIIHUHQFH�LQ�WKH�VHQVLWLYLW\�RI�YDULRXV�OLIH�VWDJHV
RI�ILVK�H[SRVHG�WR�ERURQ�IRU����KRXUV���%RWK
VWXGLHV�LQGLFDWHG�WKDW�ZDWHU�KDUGQHVV�GLG�QRW
VHHP�WR�DIIHFW�ERURQ�WR[LFLW\��%LUJH�DQG�%ODFN
������+DPLOWRQ�DQG�%XKO�������

7KH�HDUO\�OLIH�VWDJHV�RI�UDLQERZ�WURXW�DSSHDU�WR
EH�WKH�PRVW�VHQVLWLYH�WR�ERURQ��ZLWK�D�FRQVLVWHQW
GRVH�UHVSRQVH�UHODWHG�ORZHVW�REVHUYDEOH�HIIHFW
FRQFHQWUDWLRQ��/2(&��RI�
����PJ�%�/��%LUJH�DQG�%ODFN���������+LJK
ERURQ�FRQFHQWUDWLRQV����²����PJ�/��ZHUH
UHTXLUHG�WR�FRQVLVWHQWO\�SURGXFH�VXEVWDQWLDO
LPSDLUPHQW�WR�WURXW�HPEU\RV�DQG�DOHYLQV�

+LJK�IUHTXHQFLHV�RI�ERWK�HPEU\RQLF�DQG
SRVWHPEU\RQLF�PRUWDOLW\�LQ�WURXW�HJJV�ZHUH
UHFRUGHG�RQO\�DW�ERURQ�FRQFHQWUDWLRQV�RI�
���PJ�/�RU�PRUH���(PEU\RQLF�PRUWDOLW\�DQG
WHUDWRJHQHVLV�ZHUH�WKH�SULQFLSDO�ERURQ�LQGXFHG
UHVSRQVHV�DW����PJ�/�RU�OHVV���3HUFHQW
KDWFKDELOLW\�RI�WURXW�HJJV�JHQHUDOO\�ZDV�LQYHUVHO\
SURSRUWLRQDO�WR�H[SRVXUH�OHYHO�IURP���WR�����PJ
%�/��%LUJH�DQG�%ODFN���������%RUD[�DW�RU�EHORZ
����PJ�%�/�GLG�QRW�UHGXFH�KDWFKLQJ�IUHTXHQF\�
DW�����PJ�/��KDWFKDELOLW\�GURSSHG�WR�]HUR���$
KLJK�LQFLGHQFH�RI�WHUDWR�JHQHVLV�ZDV�REVHUYHG
RYHU�WKH�UDQJH�RI�H[SRVXUH�OHYHOV�IURP�����WR
����PJ�%�/���%RUD[�DQG�ERULF�DFLG�DUH�XQXVXDO
LQ�WKDW�WKH\�H[HUW�ORZ�OHYHO�HPEU\RSDWKLF�HIIHFWV
RQ�WURXW�RYHU�D�ZLGH�VSDQ�RI�H[SRVXUH�OHYHOV
������²����PJ�/���%LUJH�DQG�%ODFN�������

,Q�FKDQQHO�FDWILVK��DW�D�FRQFHQWUDWLRQ�RI�
����PJ�%�/��QRUPDO�VXUYLYDO�DW���GD\V
SRVWKDWFKLQJ�ZDV�RQO\��²��SHUFHQW��DW�����PJ
%�/��PDQ\�RI�WKH�HJJV�GLG�QRW�KDWFK��DQG�WKRVH
WKDW�GLG�SURGXFHG�GHIRUPHG�KDWFKOLQJV���1RUPDO
VXUYLYDO�ZDV�����SHUFHQW�DW�DQG�EHORZ�
����PJ�%�/���,Q�ERWK�FKDQQHO�FDWILVK�DQG
UDLQERZ�WURXW��HPEU\RQLF�PRUWDOLW\�DQG
WHUDWRJHQHVLV�LQFUHDVHG�LQ�KDUG�ZDWHU��DQG�ERULF
DFLG�SURGXFHG�KLJKHU�IUHTXHQFLHV�WKDQ�ERUD[
�%LUJH�DQG�%ODFN�������

7KH�ORZ�OHYHO�HIIHFWV�REVHUYHG�LQ�UHFRQVWLWXWHG
ODERUDWRU\�ZDWHU��KRZHYHU��PD\�QRW�SUHGLFW�WKH
PXFK�KLJKHU�ILUVW�HIIHFW�OHYHOV�XQGHU�QDWXUDO
ZDWHU�FRQGLWLRQV���6WXGLHV�FRQGXFWHG�IRU�DQG�E\
3URFWHU�DQG�*DPEOH�IRXQG�WKDW�QDWXUDO�ZDWHUV



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

��

FRQWDLQLQJ������PJ�%�/�GLG�
QRW�DIIHFW�UDLQERZ�WURXW�HDUO\�OLIH�VWDJHV
�%XWWHUZLFN�HW�DO����������%LQJKDP��������ZDV
DEOH�WR�ILQG�DW�OHDVW�VRPH�ZLOG�KHDOWK\�WURXW�LQ
VXUIDFH�ZDWHUV�FRQWDLQLQJ�DV�PXFK�DV����PJ
%�/��DOWKRXJK�LW�ZDV�QRW�NQRZQ�KRZ�ORQJ�WKRVH
WURXW�KDG�EHHQ�H[SRVHG�QRU�ZKHWKHU�WKH\
FRQVWLWXWHG�D�GHPRJUDSKLFDOO\�KHDOWK\
SRSXODWLRQ���,Q�GHPRJUDSKLFDOO\�RSHQ
SRSXODWLRQV��DV�ZDV�WKH�FDVH�LQ�%LQJKDP·V�VWXG\�
XSVWUHDP�DQG�GRZQVWUHDP�PRYHPHQWV�FDQ
FRQWLQXDOO\�PDLQWDLQ�WKH�SUHVHQFH�RI�ILVK�HYHQ�LQ
D�KDELWDW�ZKHUH�D�FORVHG�SRSXODWLRQ�FRXOG�QRW
VXVWDLQ�LWVHOI���7KXV��LQ�VXFK�FDVHV��GDWD�RQ�WKH
SUHVHQFH�RU�DEVHQFH�RI�ILVK�DUH�RI�TXHVWLRQDEOH
YDOXH�IRU�GHOLQHDWLQJ�DFFHSWDEOH�ZDWHU�TXDOLW\
FKDUDFWHULVWLFV�

%DVHG�RQ�D�OLPLWHG�QXPEHU�RI�ILHOG�VXUYH\V�
6DLNL�DQG�0D\��������VXJJHVWHG�WKDW�ZKROH
IUHVKZDWHU�ILVK�W\SLFDOO\�FRQWDLQ����PJ�%�NJ��
5HVXOWV�IURP�ODERUDWRU\�DQG�ILHOG�VWXGLHV�VXJJHVW
WKDW�ERURQ�ELRDFFXPXODWLRQ�LV�FRPPRQ�LQ�ILVK�
EXW�ELRFRQFHQWUDWLRQ�LV�QRW��3HUU\�HW�DO�������
2KOHQGRUI�HW�DO��������6DLNL�DQG�0D\������
+DPLOWRQ�DQG�:LHGPH\HU�������DQG�7KRPSVRQ
HW�DO��������

$PSKLELDQV�5HSWLOHV

%LUJH�DQG�%ODFN��������IRXQG�WKDW�OHRSDUG�IURJ
HPEU\RV�VXIIHUHG�����SHUFHQW�OHWKDOLW\�RU
WHUDWRJHQHVLV�LQ�ZDWHU�WUHDWHG�ZLWK�ERUD[�RU
ERULF�DFLG�DW�H[SRVXUH�OHYHOV�RI�����RU�����PJ
%�/��UHVSHFWLYHO\���%RURQ�FRPSRXQGV�DUH�PRUH
WR[LF�WR�HPEU\RV�DQG�ODUYDH�WKDQ�WR�DGXOW
DPSKLELDQV��DQG�DPSKLELDQV�DUH�PRUH�WROHUDQW
RI�ERURQ�WKDQ�ILVK��SDUWLFXODUO\�DW�ORZ
FRQFHQWUDWLRQV��%LUJH�DQG�%ODFN�������

%LUGV

7R[LF�HIIHFWV�RI�ERURQ�LQ�ELUGV��DV�UHSRUWHG�LQ
WKH�OLWHUDWXUH��DUH�VXPPDUL]HG�LQ�WDEOH���DW�WKH
HQG�RI�WKLV�FKDSWHU�

,Q�PDOODUGV��DGYHUVH�UHSURGXFWLYH�HIIHFWV�KDYH
EHHQ�UHSRUWHG�DW�GLHWDU\�FRQFHQWUDWLRQV�RI������
PJ�%�NJ��KDWFKLQJ�VXFFHVV�RI�IHUWLOH�HJJV��ERG\
ZHLJKWV�RI�GXFNOLQJV�DW�KDWFK��DQG�VXUYLYDO�RI
GXFNOLQJV�IURP�KDWFKLQJ�WR�
GD\���ZHUH�DOO�VXEVWDQWLDOO\�UHGXFHG�ZKHQ
EUHHGLQJ�DGXOWV�DQG�WKHLU�RIIVSULQJ�ZHUH
PDLQWDLQHG�RQ�D�GLHW�VXSSOHPHQWHG�ZLWK�
������PJ�%�NJ���$OWKRXJK�WKH�PDOODUGV�KDG
PDUNHGO\�LPSDLUHG�HPEU\R�VXUYLYDO��WKH
WHUDWRJHQLF�HIIHFWV�GHVFULEHG�LQ�ERURQ�HJJ�
LQMHFWLRQ�VWXGLHV�ZHUH�QRW�REVHUYHG�LQ�WKLV�VWXG\��
0DOODUG�HPEU\R�PRUWDOLW\�ZDV�JUHDWHVW�GXULQJ
WKH�VHFRQG�KDOI�RI�LQFXEDWLRQ��ZKHQ�HQHUJ\
GHPDQGV�IRU�HPEU\RQLF�JURZWK�ZHUH�JUHDW��
%HFDXVH�QR�DGXOWV�GLHG�DV�WKH�UHVXOW�RI�GLHWDU\
ERURQ�WUHDWPHQW��LW�DSSHDUV�WKDW�HPEU\RV�DQG
KDWFKOLQJV�DUH�WKH�PRVW�VHQVLWLYH�PDOODUG�OLIH
VWDJHV�WR�ERURQ�WR[LFRVLV��6PLWK�DQG�$QGHUV
������

6WDQOH\�HW�DO���������DOVR�IRXQG�VWDWLVWLFDOO\
VLJQLILFDQW�DGYHUVH�UHSURGXFWLYH�HIIHFWV�LQ
PDOODUGV�IHG�����PJ�%��DV�ERULF�DFLG��SHU
NLORJUDP�RI�GU\�IHHG���+DWFKLQJ�VXFFHVV�ZDV
UHGXFHG�WR�RQO\����SHUFHQW�RI�FRQWUROV�
VXJJHVWLQJ�WKDW�WKLV�OHYHO�RI�GLHWDU\�H[SRVXUH�LV
FORVH�WR�WKH�(&���YDOXH���$W�D�GLHWDU\�H[SRVXUH
RI�����PJ�%�NJ��KDWFKLQJ�VXFFHVV�ZDV�UHGXFHG
WR����SHUFHQW�RI�FRQWUROV��VXJJHVWLQJ�DQ
DSSUR[LPDWH�(&���YDOXH���&RQFHQWUDWLRQV�RI
ERURQ�LQ�PDOODUG�HJJV�DVVRFLDWHG�ZLWK�WKHVH
DSSUR[LPDWH�(&���DQG�(&���GLHWDU\�H[SRVXUHV
RI�KHQV�ZHUH��UHVSHFWLYHO\�����DQG����PJ�NJ�GZ�

%RULF�DFLG�LQ�WKH�GLHW�RI�GXFNOLQJV�KDWFKHG�IURP
XQWUHDWHG�HJJV�SURYHG�WR�EH�OHVV�WR[LF�WKDQ
UHSRUWHG�IRU�GXFNOLQJV�KDWFKHG�IURP�ERURQ�
FRQWDPLQDWHG�HJJV���+RIIPDQ�HW�DO���������IRXQG
���SHUFHQW�PRUWDOLW\�DW����ZHHNV�
LQ�GXFNOLQJV�IURP�XQFRQWDPLQDWHG�HJJV�WKDW
UHFHLYHG�������PJ�NJ�GLHWDU\�ERURQ���6PLWK�DQG
$QGHUV��������UHSRUWHG����SHUFHQW�PRUWDOLW\
GXULQJ�WKH�ILUVW�ZHHN�DQG����SHUFHQW�PRUWDOLW\
GXULQJ�WKH�VHFRQG�ZHHN�LQ�GXFN�OLQJV�WKDW
UHFHLYHG�������PJ�%�NJ�ERWK�IURP�WKH�DGXOW�KHQ
PDOODUG�DQG�LQ�WKHLU�RZQ�GLHW���,Q�D�QDWXUDO
VHWWLQJ��WKH�GXFNOLQJV�ZRXOG�
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SUREDEO\�HQFRXQWHU�ERWK�W\SHV�RI�ERURQ
H[SRVXUH��GXULQJ�HPEU\RJHQHVLV�DQG
SRVWKDWFKLQJ�GHYHORSPHQW��DQG�VR�WKHVH�KLJKHU
PRUWDOLW\�ILJXUHV�DUH�SUREDEO\�PRUH�UHOHYDQW�

6PLWK�DQG�$QGHUV�IRXQG�WKDW�GLHWV�FRQWDLQLQJ�DV
OLWWOH�DV����PJ�%�NJ�IUHVK�ZHLJKW��IZ��IHG�WR
PDOODUG�DGXOWV�DGYHUVHO\�DIIHFWHG�WKH�JURZWK�UDWH
RI�WKHLU�GXFNOLQJV���,Q�D�VWXG\�E\�+RIIPDQ�HW�DO�
��������GLHWDU\�OHYHOV�RI�����PJ�%�NJ�IZ
UHVXOWHG�LQ�UHGXFHG�JURZWK�RI�IHPDOH�PDOODUG
GXFNOLQJV���7KHVH�ILQGLQJV�LQGLFDWH�WKDW
FRQFHQWUDWLRQV�JUHDWHU�WKDQ���²����PJ�%�NJ�LQ
QDWXUDO�GLHWV�RI�GXFNOLQJV�FRXOG�DGYHUVHO\�DIIHFW
WKHLU�GHYHORSPHQW�

0DOODUGV�IHG�FRQFHQWUDWLRQV�XS�WR�������PJ
%�NJ�GLG�QRW�H[KLELW�DQ\�KLVWRORJLFDO
SDWKRORJLHV���7KHUHIRUH��KLVWRORJ\�PD\�QRW
SURYH�WR�EH�DQ�DGHTXDWH�PHDQV�RI�DVVHVVLQJ
ERURQ�H[SRVXUH�RU�WR[LFRVLV�LQ�PDOODUG�GXFNV��
%RURQ�OHYHOV�LQ�HJJ��OLYHU��DQG�EUDLQ�WLVVXHV
LQFUHDVHG�LQ�SURSRUWLRQ�WR�GLHWDU\�FRQFHQWUD�
WLRQV�RI�ERURQ��KRZHYHU��WKHVH�WLVVXHV�FRQ�
WDLQHG�UHVLGXHV�WKDW�ZHUH�DW�OHDVW�RQH�RUGHU�
RI�PDJQLWXGH�ORZHU�WKDQ�WKH�GLHWDU\
FRQFHQWUDWLRQ�DGPLQLVWHUHG���+RIIPDQ�HW�DO�
�������DQG�6PLWK�DQG�$QGHUV��������IRXQG�WKDW
ERURQ�DFFXPXODWLRQ�LQ�WKH�EUDLQ�DQG�OLYHU�ZDV
VXEVWDQWLDOO\�JUHDWHU�LQ�DOO�ERURQ�VXSSOHPHQWHG
JURXSV�WKDQ�LQ�FRQWUROV��ZLWK�
D�JUHDWHU�DFFXPXODWLRQ�LQ�WKH�EUDLQ�

3HQGOHWRQ�HW�DO���������UHSRUWHG�H[WUHPHO\�UDSLG
DFFXPXODWLRQ�DQG�HOLPLQDWLRQ�RI�ERURQ�LQ
PDOODUG�WLVVXHV���$GXOW�PDOH�PDOODUGV�IHG�D�GLHW
FRQWDLQLQJ�������PJ�%�NJ�DFFXPXODWHG
HTXLOLEULXP�OHYHOV�RI�ERURQ�LQ�OLYHU�WLVVXH�DQG
EORRG�ZLWKLQ��²���GD\V���$IWHU�ERURQ�ZDV
UHPRYHG�IURP�WKH�GLHW�RI�WKHVH�PDOODUGV��LW�ZDV
FRPSOHWHO\�FOHDQVHG�IURP�WKH�OLYHU�DQG�EORRG
ZLWKLQ���GD\���7KHVH�ILQGLQJV�DUH�FRQVLVWHQW�ZLWK
HDUO\�UHVHDUFK�RQ�FRZV�DQG�UDWV�ZKLFK�UHYHDOHG
WKDW�WKH�ERURQ�FRQFHQ�WUDWLRQ�RI�FRZ·V�PLON
FRXOG�LQFUHDVH�WHQIROG�ZLWKLQ�WKH�ILUVW����KRXUV
RI�GLHWDU\�ERURQ�VXSSOHPHQWDWLRQ�DQG�WKDW�ERULF
DFLG�IHG�WR�UDWV�LV�HOLPLQDWHG�ZLWK�H[WUHPH
UDSLGLW\��+RYH�
HW�DO��������

0DPPDOV

7KH�UHSRUWHG�WR[LF�HIIHFWV�RI�ERURQ�RQ
PDPPDOV�DUH�VXPPDUL]HG�LQ�WDEOH����DW�WKH�HQG
RI�WKLV�FKDSWHU���,Q�JHQHUDO��H[FHVVLYH�ERURQ
FRQVXPSWLRQ�E\�PDPPDOV�UHVXOWV�LQ�D�UHGXFHG
JURZWK�UDWH�DQG�LQ�VRPH�FDVHV�ORVV�RI�ERG\
ZHLJKW���*URZWK�UHWDUGDWLRQ�KDV�EHHQ�UHSRUWHG
LQ�FDWWOH�JLYHQ�����PJ�%�/�GULQNLQJ�ZDWHU��LQ
GRJV�FRQVXPLQJ�GLHWV�FRQWDLQLQJ�������PJ
%�NJ��LQ�UDEELWV�HDWLQJ�UDWLRQV�HTXLYDOHQW�WR
!����PJ�%�NJ�EZ�GDLO\��DQG�LQ�UDWV�JLYHQ����
PJ�%�/�LQ�GULQNLQJ�ZDWHU�RU�������PJ�%�NJ�LQ
IRRG��(LVOHU���������,Q�VRPH�LQVWDQFHV��DQLPDOV
DYRLG�ERURQ�FRQWDPLQDWHG�GULQNLQJ�ZDWHU��UDWV
UHMHFW�GULQNLQJ�ZDWHU�FRQWDLQLQJ�DV�OLWWOH�DV����
PJ�%�/��'L[RQ�HW�DO���������DQG�FDWWOH�DYRLG
ZDWHU�FRQWDLQLQJ�
!���PJ�%�/��*UHHQ�DQG�:HHWK�������

$GYHUVH�HIIHFWV�RQ�WKH�UHSURGXFWLRQ�RI
ODERUDWRU\�PDPPDOV�KDYH�EHHQ�UHSRUWHG�LQ
VHQVLWLYH�VSHFLHV�IHG�GLHWV�FRQWDLQLQJ�PRUH�WKDQ
������PJ�%�NJ�RU�JLYHQ�GULQNLQJ�ZDWHU
FRQWDLQLQJ�����PJ�%�/��(LVOHU���������%RULF�DFLG
FDXVHG�GHFUHDVHG�IHWDO�ERG\�ZHLJKW�DQG
LQFUHDVHG�PDOIRUPDWLRQV�LQ�UDWV��PLFH��DQG
UDEELWV�ZLWK�GRVHV�LQ�WKH�UDQJH�RI���²����PJ�
NJ�GD\��JLYHQ�HLWKHU�WKURXJKRXW�JHVWDWLRQ�RU
RQO\�GXULQJ�PDMRU�RUJDQRJHQHVLV��+HLQGHO�
HW�DO��������

%RURQ�LV�UHDGLO\�WUDQVPLWWHG�LQWR�PLON�DQG�HJJV�
DV�ZHOO�DV�WKURXJK�WKH�SODFHQWD��+RYH�
HW�DO����������%RURQ�FRPSRXQGV��HVSHFLDOO\�ERULF
DFLG��FDQ�DFFXPXODWH�LQ�DQLPDO�WLVVXHV�DQG
SURGXFH�D�UHGXFWLRQ�LQ�IHUWLOLW\��DQ�LQFUHDVH�LQ
GHYHORSPHQWDO�DEQRUPDOLWLHV��DQG�GHDWK��:HLU
DQG�)LVKHU�������/HH�HW�DO��������/DQGROSK
��������%RURQ�LV�IRXQG�DW�FRQFHQWUD�WLRQV
UDQJLQJ�IURP�����²����PJ�NJ�IZ�LQ�PRVW�DQLPDO
WLVVXHV�EXW�PD\�EH�VHYHUDO�WLPHV�
KLJKHU�LQ�ERQHV��1LHOVHQ���������0XOH�GHHU
PHWDFDUSDOV�KDYH�EHHQ�IRXQG�WR�FRQWDLQ����²���
PJ�%�NJ�GZ��ZLWK�\RXQJHU�DQLPDOV�KDYLQJ�PXFK
KLJKHU�ERQH�ERURQ�FRQFHQWUD�WLRQV�WKDQ�DGXOWV
�6WHWOHU���������%RURQ�IURP�ERULF�DFLG�KDV�EHHQ
VKRZQ�WR�FRQFHQWUDWH�LQ�WKH�EUDLQ��VSLQDO�FRUG�
DQG�OLYHU�IROORZLQJ�LQJHVWLRQ��%H\HU�HW�DO���������
1RQWR[LF�FRQFHQWUDWLRQV�RI�GLHWDU\�ERURQ
�VRGLXP�ERUDWH�RU�ERULF�DFLG��DUH�UDSLGO\�DQG



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

��

DOPRVW�FRPSOHWHO\�DEVRUEHG�IURP�WKH
JDVWURLQWHVWLQDO�WUDFW��GR�QRW�VHHP�WR�DFFXPXODWH
LQ�KHDOWK\�WLVVXHV��DQG�DUH�H[FUHWHG�LQ�XULQH�
XVXDOO\�ZLWKLQ�KRXUV��1$6�������%HQVRQ�HW�DO�
������1LHOVHQ�������6LHJHO�DQG�:DVRQ�������

%LRDFFXPXODWLRQ

%RURQ�FDQ�EH�ELRFRQFHQWUDWHG�WR�YDU\LQJ
GHJUHHV�E\�DTXDWLF�RUJDQLVPV��2KOHQGRUI�HW�DO�
��������*UHHQ�DOJDH�
%JNQTGNNC�R[TGPQKFQUC��KDG
D�ELRFRQFHQWUDWLRQ�IDFWRU�RI����ERURQ�FRQFHQ�
WUDWLRQ�ILYH�WLPHV�WKH�OHYHO�LQ�WKH�VXUURXQGLQJ
PHGLXP��DIWHU�EHLQJ�H[SRVHG�WR�D���²����PJ
%�/�ERULF�DFLG�VROXWLRQ�IRU���GD\V��)HUQDQGH]�HW
DO����������,Q�WKH�6DQ�-RDTXLQ�9DOOH\��ILODPHQWRXV
DOJDH�DFFXPXODWHG����²����PJ�%�NJ�ZKHQ
H[SRVHG�WR�EUDFNLVK�WLOH�GUDLQDJH�FRQWDLQLQJ
��²���PJ�%�/��DQG�WKH\�DFFXPX�ODWHG���²���
PJ�NJ�ZKHQ�H[SRVHG�WR�IUHVKHU�ZDWHU
FRQWDLQLQJ����²����PJ�/��6FKXOHU��������
$TXDWLF�LQVHFWV�OLYLQJ�LQ�WKH�WLOH�GUDLQDJH
FRQWDLQHG���²����PJ�%�NJ��EXW�WKRVH�OLYLQJ�LQ
IUHVK�ZDWHU�XQWDLQWHG�E\�DJULFXOWXUDO�WLOH�GUDLQDJH
FRQWDLQHG��²���PJ��NJ��2KOHQGRUI�HW�DO�������
6FKXOHU�������+RWKHP�DQG�2KOHQGRUI�������

.GOPC�VSHFLHV�DUH�RXWVWDQGLQJ�ERURQ
ELRDFFXPXODWRUV���3URILFLHQF\�LQ�ERURQ�VWULSSLQJ
FRXSOHG�ZLWK�D�KLJK�JURZWK�UDWH�GLVWLQJXLVKHV
.GOPC�OKPQT�DV�DQ�LPSRUWDQW�VSHFLHV�ZLWK
UHVSHFW�WR�ERURQ�F\FOLQJ�LQ�D�IUHVKZDWHU
PDFURSK\WH�FRPPXQLW\���7KH�HIIHFWLYHQHVV�RI
WKLV�VSHFLHV�LQ�FRQVXPLQJ�ERURQ�PD\�EH�D
SRWHQW�IRUFH�LQ�ORZHULQJ�WKH�FRQFHQWUDWLRQV�RI
WKLV�HVVHQWLDO�HOHPHQW�LQ�DTXDWLF�V\VWHPV
�*ODQGRQ�DQG�0F1DEE���������)ULFN�������
GHWHUPLQHG�WKDW�S+�DIIHFWHG�WKH
ELRDFFXPXODWLRQ�RI�ERURQ�LQ�.GOPC�OKPQT�
LQGLFDWLQJ�WKDW�FKHPLFDO�VSHFLDWLRQ�RI�ERURQ�PD\
DIIHFW�ELRDFFXPXODWLRQ�DQG�WR[LFLW\�

,QWHUDFWLRQV

+RIIPDQ�HW�DO���������H[DPLQHG�ERURQ�VHOHQLXP
LQWHUDFWLRQ�HIIHFWV�LQ�PDOODUG�

GXFNOLQJV�XQGHU�WZR�YHU\�GLIIHUHQW�FRQGLWLRQV��
����D�SURWHLQ�DGHTXDWH�GLHW�DQG�����DQ�LVR�FDORULF
SURWHLQ�GHILFLHQW�GLHW���8QTXHVWLRQDEOH
LQWHUDFWLRQ�HIIHFWV�ZHUH�QRWHG�RQO\�XQGHU
FRQGLWLRQV�RI�SURWHLQ�GHILFLHQF\���+RZHYHU�
+RIIPDQ�HW�DO�
V�SURWHLQ�GHILFLHQW�GLHW�ZDV�XQOLNH
DQ\�OLNHO\�WR�EH�HQFRXQWHUHG�E\�GXFNOLQJV�LQ�WKH
ZLOG��VR�WKH�UHVXOWV�IRU�SDUW���RI�WKHLU
H[SHULPHQWV�DUH�HVVHQWLDOO\�LUUHOHYDQW�WR�WKHVH
JXLGHOLQHV���7KH�UHVXOWV�RI�SDUW���DUH�PRUH
UHOHYDQW�WR�WKH�UHDO�ZRUOG�DQG�IDLOHG�WR�UHYHDO�DQ\
VXEVWDQWLYH�LQWHUDFWLRQ�HIIHFWV��GHVSLWH
XQUHDOLVWLFDOO\�KLJK�GRVLQJ�OHYHOV����0RUH
UHFHQWO\��6WDQOH\�HW�DO���������H[SHULPHQWDOO\
VWXGLHG�WKH�HIIHFWV�RI�ERURQ�VHOHQLXP
LQWHUDFWLRQV�RQ�PDOODUG�UHSURGXFWLYH
SHUIRUPDQFH��GXFNOLQJ�JURZWK��DQG�GXFNOLQJ
VXUYLYDO���7KHLU�H[SHULPHQWV�DOVR�IRXQG�OLWWOH
HYLGHQFH�RI�LQWHUDFWLRQ�EHWZHHQ�WKHVH�HOHPHQWV�

5HJXODWRU\�6WDQGDUGV

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

Not established

Drinking water
health advisories
for 10-kg child

1-day HA: 4 mg/L
10-day HA: 0.9 mg/L
Long-term HA: 0.9 mg/L

Drinking water
health advisories
for 70-kg adult

Reference dose: 0.09 mg/kg/d
Long-term HA: 3    mg/L
Lifetime HA: 0.6 mg/L
DWEL: 3    mg/L

)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�
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Table 7.&Summary of literature for boron ecotoxicology
[LC50, median lethal concentration; LD50, median lethal dose; both indicate 50 percent mortality after a stated time interval. 

Similarly, LC100 denotes 100 percent mortality.  dw, dry weight; bw, body weight; conc., concentration]

Species
Boron

compound Concentration Test conditions Effect Reference

Plants

Blue-green

algae

(Anacystis

nidulans)

Boric acid 75%100 mg B/L 72 hours Photosynthetic pigments

depleted

Martinez et al.

1986; Mateo 

et al. 1987

Duckweed

(Lemna minor)

Boric acid 100 mg B/L pH 5.0 Growth inhibited Frick 1985

20 mg B/L pH 7.0 Growth inhibited

Waterweed

(Elodea

canadensis)

Boric acid 1 mg B/L 28 d Reduced photosynthesis Perry et al.

1994

Invertebrates

Mosquito

larvae (3 spp.)

Boric acid 700%2,797 mg

B/L

Freshly hatched to

pupae stages

LC100 (48 hr) EPA 1975

Midge

(Chironomus

decorus)

Borax 1,376 mg B/L Fourth instar LC50 (48 hr) Maier and

Knight 1991
20 mg B/L Decrease in growth

(96 hr)

Significant decrease in

growth rate

Water flea

(Daphnia

magna) 

Boric acid 420 mg/L Neonates LC100 (48 hr) Lewis and

Valentine 1981;

Gersich 1984
115-246 mg/L LC50 (48 hr) LC50 (48 hr)

13%53 mg/L Hard water LC50 (21 d); reduced mean

brood size and body length

13.6 mg/L 21 d LOAEL, reproductive effects

6.4 mg/L 21 d NOAEL

Fish

Bluegill

(Lepomis

macrochirus)

Boron

trifluoride

15,000 mg B/L LC50 (24 hr) Birge and Black

1977

Chinook

salmon

Boric acid >1,000 mg/L Eyed eggs, alevins

and fry; soft water 

LC50 (24 hr) Hamilton and

Buhl 1990

566%725 mg/L Fry; very hard and soft

fresh water

LC50 (96 hr)

Chinook and

Coho salmon

Boric acid >1,000 mg/L Fry; very hard fresh

and brackish water

LC50 (24 hr)

Coho salmon Boric acid 447 mg/L Very hard fresh water LC50 (96 hr)
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Table 7.&Summary of literature for boron ecotoxicology&Continued

Species
Boron

compound Concentration Test conditions Effect Reference

Fish&Continued

Channel

catfish

Borax and

boric acid

155 mg/L Embryos and fry LC50 (9 d) Birge and Black

1977

Goldfish Boric acid 75 mg/L Embryos and fry; hard

water

LC50 (7 d) Birge and Black

1977
Borax 59 mg/L

Minnows Boric acid 18,000%19,000

mg/L

Distilled water Minimum lethal dose EPA 1986

19,000%19,500

mg/L

Hard water

Borax 19,000%19,500

mg/L 

Distilled and hard

water

Minimum lethal dose Sprague 1972

Anhydrous

borax

3,000%7,000

mg/L 

Boric acid 1,600%3,700

mg/L 

Mosquitofish

(Gambusia

affinis)

Boric acid 979 mg B/L Adults LC50 (96 hr) Birge and Black

1977

Rainbow trout 339 mg/L Adults LC50 (48 hr) Sprague 1972;

Birge and Black

1977; Lewis

and Valentine

1981

Amphibians

Toad (Bufo

vulgaris)

Boric acid 874 mg B/L Embryos, 24-hr

exposure

Edema, microcephalia,

short tail, suppressed

forebrain development 

EPA 1975

Fowler’s toad Boric acid 145 mg/L Embryos and

tadpoles; soft water

LC50 (7.5 d) Birge and Black

1977

25%123 mg/L Embryos and

tadpoles; hard and

soft water

Leopard frog Boric acid 130 mg/L Embryos and

tadpoles; soft water

LC50 (7.5 d) Birge and Black

1977

Borax 47%54 mg/L Embryos and

tadpoles; hard and

soft water
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Table 7.&Summary of literature for boron ecotoxicology&Continued

Species
Boron

compound Concentration Other conditions Effect Reference

Birds

Domestic

chicken

Boric acid

(in food)

875 mg B/kg Adult; 6-day exposure Egg production ceased Birge and Black

1977

Mallard duck

(Anas platy-

rhynchos)

Boric acid

(in food)

1,600 mg/kg dw Ducklings; 10-week

exposure

Reduced growth; increased

resting time; duckling brain

51 mg/kg; liver 29 mg/kg dw

Hoffman et al.

1990; Stanley 

et al. 1996

400 mg/kg dw Delayed and reduced rate

of growth among females;

increased resting time in

ducklings; adult brain 5 mg/

kg dw, liver 3 mg/kg dw

100 mg/kg dw Delayed and reduced rate

of growth among females;

reduced bathing time in

ducklings; adult brain, 4 mg/

kg dw, liver, 3 mg/kg dw

1,000 mg/kg dw Hen dosed beginning

3 weeks prior to

mating; ducklings

dosed for 21 days

after hatching

48% reduction in hatching

success; reduced weight

and survival of ducklings. 

Resulting B conc. (mg/kg

dw):  adult brain 41, liver

33; egg 49; duckling brain

66, liver 51

Smith and

Anders 1989

300 mg/kg dw Reduced weight gain rate in

ducklings.  Resulting B

conc. (mg/kg dw):  adult

brain 14, liver 15; egg 13;

duckling brain 19, liver 17

30 mg/kg dw Reduced weight and weight

gain in ducklings through 21

days; egg, 3 mg/kg dw;

duckling brain, 4 mg/kg dw

Mallard duck

(Anas platy-

rhynchos)

Boric acid

(in food)

900 mg/kg dw Reduced hen weight gain;

reduced egg size, weight,

and hatching success (by

~50% compared to controls)

Stanley et al.

1996

450 mg/kg dw Reduced egg hatching

success (~10% compared

to controls)
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Table 7.&Summary of literature for boron ecotoxicology&Continued

Species
Boron

compound Concentration Test conditions Effect Reference

Mammals

Dog (Canis

familiaris)

1,170 mg B/kg 38 weeks exposure Testicular degeneration;

spermatogenesis cessation

Nielsen 1986;

Weir and Fisher

1972

Rabbit (Oryc-

tolagus sp.)

Borates (in

food)

800%1,000

mg/kg bw 

4-day exposure Growth retardation Anonymous

1983

Rat (Rattus

sp.)

Boric acid

(in food)

1,750 mg B/kg 25 days exposure 50% reduction in growth

rate

Seal and Weeth

1980

Boric acid

(in food)

1,170 mg B/kg 2 years exposure Sterility in males and

females

Sprague 1972;

Weir and Fisher

1972

Sodium

borate (in

food)

1,060 mg/kg Chronic exposure Growth retardation;

testicular atrophy

Anonymous

1983

Boric acid 710%550 mg

B/kg bw

Oral, single dose LD50 Weir and Fisher

1972; EPA

1975; Dani et

al. 1971

Boric acid

(in drinking

water)

0.05 mg B/ kg

bw

Daily for 6 months Decreased spermatozoid

count and activity

Krasovskii et al.

1976

Boric acid

(in food)

0.015%0.3 mg

B/kg bw 

Daily for 6 months Adverse changes in testes Anonymous

1983

5HIHUHQFHV�&LWHG

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

$QRQ\PRXV����������)LQDO�UHSRUW�RQ�WKH�VDIHW\
DVVHVVPHQW�RI�VRGLXP�ERUDWH�DQG�ERULF�DFLG���
,��#O��%QNN��6QZKEQN������²����

%DQXHORV��*�6���'�:��0HHN��DQG�*�-��+RIIPDQ��
�������7KH�LQIOXHQFH�RI�VHOHQLXP��VDOLQLW\��DQG
ERURQ�RQ�VHOHQLXP�XSWDNH�LQ�ZLOG�PXVWDUG��
2NCPV�CPF�5QKN��������²����

%HFNHU��&�'��DQG�7�2��7KDWFKHU����������6QZKEKV[�QH
RQYGT�RNCPV�EJGOKECNU�VQ�CSWCVKE�NKHG���%DHWWHOOH�
3DFLILF�1RUWKZHVW�/DERUDWRULHV��5LFKODQG�
:DVKLQJWRQ�

%H\HU��.�+���:�)��%HUJILHOG��:�2��%HUDGW��
5�.��%RXWZHOO��:�:��&RUOWRQ��'�.��+RIIPDQ�
DQG�$�/��6FKURHWHU����������)LQDO�UHSRUW�RQ�WKH
VDIHW\�DVVHVVPHQW�RI�VRGLXP�ERUDWH�DQG�ERULF
DFLG���,��#O��%QNN��6QZKEQN������²����

%HQVRQ��:�+���:�-��%LUJH��DQG�+�:��'RURXJK��
�������$EVHQFH�RI�PXWDJHQLF�DFWLYLW\�RI�VRGLXP
ERUDWH��ERUD[��DQG�ERULF�DFLG�LQ�WKH�5CNOQPGNNC
SUHLQFXEDWLRQ�WHVW���'PXKTQP��6QZKEQN��%JGO�
�����²����
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%LQJKDP��)�7����������7KH�ERURQ�FRQFHQWUDWLRQ�RI
ZLOG�WURXW�VWUHDPV�LQ�&DOLIRUQLD���5HSRUW�WR
3URFWHU�	�*DPEOH�&R���&LQFLQQDWL��2KLR��S����

%LQJKDP��)�7���-�(��6WURQJ��-�'��5KRDGHV��DQG�
5��.HUHQ���������(IIHFWV�RI�VDOLQLW\�DQG�YDU\LQJ
ERURQ�FRQFHQWUDWLRQV�RQ�ERURQ�XSWDNH�DQG
JURZWK�RI�ZKHDW���2NCPV�CPF�5QKN��������²����

%LUJH��:�-���DQG�-�$��%ODFN����������6HQVLWLYLW\�RI
YHUWHEUDWH�HPEU\RV�WR�ERURQ�FRPSRXQGV��$SULO
�����)LQDO�5HSRUW���(3$²�����²��²������
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH
RI�7R[LF�6XEVWDQFHV���:DVKLQJWRQ��'&������S�

%R\G��&�(��DQG�:�:��:DOOH\����������6WXGLHV�RI�WKH
ELRJHRFKHPLVWU\�RI�ERURQ���,���&RQFHQWUDWLRQV�LQ
VXUIDFH�ZDWHUV��UDLQIDOO�DQG�DTXDWLF�SODQWV���
#O��/KFN��0CV������²���

%URZQLQJ��(����������6QZKEKV[�QH�KPFWUVTKCN�OGVCNU��
�G�HG���$SSOHWRQ�&HQWXU\�&URIWV��1HZ�<RUN�

%XWWHUZLFN��/���1��'H�2XGH��DQG�.��5D\PRQG��
�������6DIHW\�DVVHVVPHQW�RI�ERURQ�LQ�DTXDWLF�DQG
WHUUHVWULDO�HQYLURQPHQWV���'EQVQZKEQN��'PXKTQP�
5CHGV[��������²����

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

&RZJLOO��8�0����������7KH�K\GURJHRFKHPLVWU\�RI
/LQVOH\�3RQG���,,���7KH�FKHPLFDO�FRPSRVLWLRQ�RI
DTXDWLF�PDFURSK\WHV���#TEJ��*[FTQDKQN��6XSSO��
����²����

&UHVVZHOO��*�&���1�*��1DLU��DQG�-�&��(YDQV���������
(IIHFW�RI�ERURQ�DQG�FRSSHU�FRQWDPLQDQWV�LQ
SRXOWU\�PDQXUH�RQ�WKH�JURZWK�RI�WKH�FRPPRQ
PXVKURRP��#ICTKEWU�DKURQTWU����������#WUV��,�
'ZR��#ITKEWNV��������²����

'DQL��+�0���+�6��6DLQL��,�6��$OODJ��%��6LQJK��DQG�
.��6DUHHQ����������(IIHFW�RI�ERURQ�WR[LFLW\�RQ
SURWHLQ�DQG�QXFOHLF�DFLG�FRQWHQWV�RI�UDW�WLVVXHV��
4GU��$WNN��
0�5���2CPLCD�7PKX��������²����

'L[RQ��5�/���,�3��/HH��DQG�5�-��6KHULQV���������
0HWKRGV�WR�DVVHVV�UHSURGXFWLYH�HIIHFWV�RI
HQYLURQPHQWDO�FKHPLFDOV���VWXGLHV�RI�FDGPLXP
DQG�ERURQ�DGPLQLVWHUHG�RUDOO\���'PXKTQP��*GCNVJ
2GTURGEV�������²���

(DWRQ��)�0����������%RURQ�LQ�VRLOV�DQG�LUULJDWLRQ
ZDWHUV�DQG�LWV�HIIHFW�RQ�SODQWV��ZLWK�SDUWLFXODU
UHIHUHQFH�WR�WKH�6DQ�-RDTXLQ�9DOOH\�RI�&DOLIRUQLD��
8�6��'HSW��$JULFXOWXUH�7HFK��%XOO������������S�

(DWRQ��)�0���5�'��0F&DOOXP��DQG�0�6��0D\KXJK��
�������4XDOLW\�RI�LUULJDWLRQ�ZDWHUV�RI�WKH
+ROOLVWHU�DUHD�RI�&DOLIRUQLD���8�6��'HSW�
$JULFXOWXUH�7HFK��%XOO�����������S�

(LVOHU��5����������%RURQ�KD]DUGV�WR�ILVK��ZLOGOLIH��DQG
LQYHUWHEUDWHV��D�V\QRSWLF�UHYLHZ���7�5��(KUJ�CPF
9KNFNKHG�5GTX��$KQN��4GR����������������S�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
3UHOLPLQDU\�LQYHVWLJDWLRQ�RI�HIIHFWV�RQ�WKH
HQYLURQPHQW�RI�ERURQ��LQGLXP��QLFNHO��VHOHQLXP�
WLQ��YDQDGLXP�DQG�WKHLU�FRPSRXQGV���9RO�����
%RURQ���8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\
5HSW������²��²���$�������S�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
4XDOLW\�FULWHULD�IRU�ZDWHU���8�6��(QYLURQPHQWDO
3URWHFWLRQ�$JHQF\��2IILFH�RI�:DWHU�5HJXODWLRQV
DQG�6WDQGDUGV��:DVKLQJWRQ���5HSW��(3$�����
�²��²����

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

)HUQDQGH]��(���(��6DQFKH]��,��*RQLOOD��3��0DWHR��DQG
3��2UWHJD����������(IIHFW�RI�ERURQ�RQ�WKH�JURZWK
DQG�FHOO�FRPSRVLWLRQ�RI�%JNQTGNNC�R[TGPQKFQUC��
2J[VQP�������²����

)ULFN��+����������%RURQ�WROHUDQFH�DQG�DFFXPXODWLRQ
LQ�WKH�GXFNZHHG��.GOPC�OKPQT���,��2NCPV�0WVT�
������²�����

*HUVLFK��)�0����������(YDOXDWLRQ�RI�D�VWDWLF�UHQHZDO
FKURQLF�WR[LFLW\�WHVW�PHWKRG�IRU�&CRJPKC
OCIPC�6WUDXV�XVLQJ�ERULF�DFLG���'PXKTQP�
6QZKEQN��%JGO������²���

*ODQGRQ��5�3���DQG�&�'��0F1DEE����������7KH
XSWDNH�RI�ERURQ�E\�.GOPC�OKPQT���#SWCV�
$QVCP[�����²���

*ROGEDFK��+��DQG�$��$PEHUJHU����������,QIOXHQFH�RI
ERURQ�QXWULWLRQ�RQ�FHOO�ZDOO�SRO\VDFFKDULGHV�LQ
FHOO�FXOWXUHV�RI�&CWEWU�EQTQVC�/���,��2NCPV
2J[UKQN����������²����
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*UHHQ��*�+��DQG�+�-��:HHWK����������5HVSRQVHV�RI
KHLIHUV�LQJHVWLQJ�ERURQ�LQ�ZDWHU���,��#PKO��5EK��
������²����

*XSWD��8�&����������5HODWLRQVKLS�RI�WRWDO�DQG�KRW�
ZDWHU�VROXEOH�ERURQ��DQG�IL[DWLRQ�RI�DGGHG
ERURQ��WR�SURSHUWLHV�RI�3RG]RO�VRLOV���5QKN�5EK�
5QE��#O��2TQE��������²����

*XSWD��8�&����������$QTQP�CPF�KVU�TQNG�KP�ETQR
RTQFWEVKQP���&5&�3UHVV��%RFD�5DWRQ��)ORULGD�

*XSWD��8�&���-�$��0DF/HRG��DQG�-�'�(��6WHUOLQJ��
�������(IIHFWV�RI�ERURQ�DQG�QLWURJHQ�RQ�JUDLQ
\LHOG�DQG�ERURQ�DQG�QLWURJHQ�FRQFHQWUDWLRQV�RI
EDUOH\�DQG�ZKHDW���5QKN�5EK��5QE��#O��,�����
���²����

*XSWD��8�&���<�:��-DPH��&�$��&DPSEHOO��
$�-��/H\VKRQ��DQG�:��1LFKRODLFKXN���������
%RURQ�WR[LFLW\�DQG�GHILFLHQF\���D�UHYLHZ���%CP��
,��5QKN�5EK���������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����

+HLQGHO��-�-���&�-��3ULFH��DQG�%�$��6FKZHW]���������
7KH�GHYHORSPHQWDO�WR[LFLW\�RI�ERULF�DFLG�LQ
PLFH��UDWV��DQG�UDEELWV���'PXKTQP��*GCNVJ
2GTURGEV�������6�QRY�����²����

+HP��-�'����������5VWF[�CPF�KPVGTRTGVCVKQP�QH�VJG
EJGOKECN�EJCTCEVGTKUVKEU�QH�PCVWTCN�YCVGT���G�HG��
8�6��*HRORJLFDO�6XUYH\�:DWHU�6XSSO\�3DSHU
�����

+RIIPDQ��'�-���0�%��&DPDUGHVH��/�-��/H&DSWDLQ��DQG
*�:��3HQGOHWRQ����������(IIHFWV�RI�ERURQ�RQ
JURZWK�DQG�SK\VLRORJ\�LQ�PDOODUG�GXFNOLQJV��
'PXKTQP��6QZKEQN��%JGO�������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����

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

+RYH��(���&�$��(OYHKMHP��DQG�(�%��+DUW���������
%RURQ�LQ�DQLPDO�QXWULWLRQ���#O��,��2J[UKQN�
�������²����

+XWFKLQVRQ��*�(����������#�VTGCVKUG�QP�NKOPQNQI[��
+++��.KOPQNQIKECN�DQVCP[���-RKQ�:LOH\��1HZ
<RUN�

,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����

.UDVRYVNLL��*�1���6�3��9DUVKDYVND\D��DQG�
$�,��%RULVRY����������7R[LF�DQG�JRQDGRWURSKLF
HIIHFWV�RI�FDGPLXP�DQG�ERURQ�UHODWLYH�WR
VWDQGDUGV�IRU�WKHVH�VXEVWDQFHV�LQ�GULQNLQJ�ZDWHU��
'PXKTQP��*GCNVJ�2GTURGEV��������²���

/DQGROSK��-�5����������&\WRWR[LFLW\�DQG�QHJOLJLEOH
JHQRWR[LFLW\�RI�ERUD[�RUHV�WR�FXOWXUHG
PDPPDOLDQ�FHOOV���#O��,��+PF��/GF�������²���

/HH��,�3���5�-��6KHULQV��DQG�5�/��'L[RQ���������
(YLGHQFH�IRU�LQGXFWLRQ�RI�JHUPLQDO�DSODVLD�LQ
PDOH�UDWV�E\�HQYLURQPHQWDO�H[SRVXUH�WR�ERURQ��
6QZKEQN��#RRN��2JCTOCEQN���������²����

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

/HZLV��0�$���DQG�/�&��9DOHQWLQH����������$FXWH�DQG
FKURQLF�WR[LFLWLHV�RI�ERULF�DFLG�WR�&CRJPKC
OCIPC�6WUDXV���$WNN��'PXKTQP��%QPVCO��6QZKEQN�
�������²����
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/LYLQJVWRQH��'�$����������&KHPLFDO�FRPSRVLWLRQ�RI
ULYHUV�DQG�ODNHV���8�6��*HRORJLFDO�6XUYH\
3URIHVVLRQDO�3DSHU�����*�

0DHVR��(�6���(�)��9DOLHQWH��,��%RQLOOD��DQG�3��0DWHR��
�������$FFXPXODWLRQ�RI�SURWHLQV�LQ�JLDQW�FHOOV�
LQGXFHG�E\�KLJK�ERURQ�FRQFHQWUDWLRQV�LQ
%JNQTGNNC�R[TGPQKFQUC���,��2NCPV�2J[UKQN��
�������²����

0DLHU��.�-���DQG�$�:��.QLJKW����������7KH�WR[LFLW\�RI
ZDWHUERUQH�ERURQ�WR�&CRJPKC�OCIPC�DQG
%JKTQPQOWU�FGEQTWU�DQG�WKH�HIIHFWV�RI�ZDWHU
KDUGQHVV�DQG�VXOIDWH�RQ�ERURQ�WR[LFLW\���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

0DUWLQH]��)���3��0DWLR��,��%RQLOOD��DQG�(��)HUQDQGH]�
9DOLHQWH����������&HOOXODU�FKDQJHV�GXH�WR�ERURQ
WR[LFLW\�LQ�WKH�EOXH�JUHHQ�DOJD�#PCE[UVKU
PKFWNCPU���2J[VQP�������²����

0DWHR��3���)��0DUWLQH]��,��%RQLOOD��(�)��9DOLHQWH��DQG
(�6��0DHVR����������(IIHFWV�RI�KLJK�ERURQ
FRQFHQWUDWLRQV�RQ�QLWUDWH�XWLOL]DWLRQ�DQG
SKRWRV\QWKHVLV�LQ�EOXH�JUHHQ�DOJDH�#PCDCGPC
3&&������DQG�#PCE[UVKU�PKFWNCPU���,��2NCPV
2J[UKQN���������²����

0F%ULGH��/���:��&KRUQH\��DQG�-��6NRN���������
*URZWK�RI�%JNQTGNNC�LQ�UHODWLRQ�WR�ERURQ
VXSSO\���$QV��)C\������������²���

0LNNHOVHQ��5�/���*�+��+DJKQLD��$�/��3DJH��DQG�
)�7��%LQJKDP����������7KH�LQIOXHQFH�RI
VHOHQLXP��VDOLQLW\��DQG�ERURQ�RQ�DOIDOID�WLVVXH
FRPSRVLWLRQ�DQG�\LHOG���,��'PXKTQP��3WCN��������
��²���

1$6��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�����������%RURQ��
,Q���/KPGTCN�VQNGTCPEG�QH�FQOGUVKE�CPKOCNU��
1DWO��$FDG���6FL���1DWO��5HV��&RXQ���&RPP�
$QLP��1XWU���:DVKLQJWRQ��S����²���

1LHOVHQ��)�+����������2WKHU�HOHPHQWV���6E��%D��%��%U�
&V��*H��5E��$J��6U��6Q��7L��=U��%H��%L��*D��$X�
,Q��1E��6F��7H��7O��:���,Q���:��0HUW]��HG��6TCEG
GNGOGPVU�KP�JWOCP�CPF�CPKOCN�PWVTKVKQP��
$FDGHPLF�3UHVV��1HZ�<RUN���9RO�����S�����²����

2KOHQGRUI��+�0���'�-��+RIIPDQ��0�.��6DLNL��DQG
7�:��$OGULFK����������(PEU\RQLF�PRUWDOLW\�DQG
DEQRUPDOLWLHV�RI�DTXDWLF�ELUGV���$SSDUHQW
LPSDFWV�RI�VHOHQLXP�IURP�LUULJDWLRQ�GUDLQZDWHU��
5EK��6QVCN�'PXKTQP�������²���

3DLV��,���DQG�-�%��-RQHV��-U���HGV����������6JG�JCPFDQQM
QH�VTCEG�GNGOGPVU���6W��/XFLH�3UHVV��%RFD�5DWRQ�
)ORULGD�

3DUNHU��'�5���$�/��3DJH��DQG�'�1��7KRPDVRQ���������
6DOLQLW\�DQG�ERURQ�WROHUDQFHV�RI�FDQGLGDWH�SODQWV
IRU�WKH�UHPRYDO�RI�VHOHQLXP�IURP�VRLOV���,�
'PXKTQP��3WCN���������²����

3DYHJOLR��)�/���&�0��%XQFN��DQG�*�+��+HLQ]���������
6HOHQLXP�DQG�ERURQ�LQ�DTXDWLF�ELUGV�IURP
FHQWUDO�&DOLIRUQLD���,��9KNFN��/CPCIG�
��������²���

3HQGOHWRQ��*�:���0�5��:KLWZRUWK��DQG�*�+��2OVHQ��
�������$FFXPXODWLRQ�DQG�ORVV�RI�DUVHQLF�DQG
ERURQ��DORQH�DQG�LQ�FRPELQDWLRQ��LQ�PDOODUG
GXFNV���'PXKTQP��6QZKEQN��%JGO�
����������²�����

3HUU\��'�0���,�6��6XIIHW��0��:LOKHOP��-�$��1REOHW��DQG
$��0DOLJOLJ����������%RURQ�HQYLURQPHQWDO
FKHPLVWU\��GLVWULEXWLRQ��ELRDFFXPXODWLRQ��DQG
WR[LFLW\�LQ�DTXDWLF�V\VWHPV�DQG�UHFRPPHQGD�
WLRQV�IRU�HVWDEOLVKPHQW�RI�D�ERURQ�ZDWHU�TXDOLW\
FULWHULRQ�IRU�QDWXUDO�ZDWHUV�LQ�WKH�6DQ�-RDTXLQ
9DOOH\��&DOLIRUQLD���)LQDO�UHSRUW�IRU�FRQWUDFW
QXPEHU��²���²���²���VXEPLWWHG�WR�WKH
&DOLIRUQLD�5HJLRQDO�:DWHU�4XDOLW\�&RQWURO
%RDUG��&HQWUDO�9DOOH\�5HJLRQ��DQG�WKH�&DOLIRUQLD
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�������S�

3RZHOO��5�/���5�$��.LPHUOH��*�7��&R\OH��DQG�
*�5��%HVW����������(FRORJLFDO�ULVN�DVVHVVPHQW�RI
D�ZHWODQG�H[SRVHG�WR�ERURQ���'PXKTQP��6QZKEQN�
%JGO����������²�����

5RX[��'�-���6�+�-��-RRVWH��DQG�+�0��0DF.D\���������
6XEVWDQFH�VSHFLILF�ZDWHU�TXDOLW\�FULWHULD�IRU�WKH
SURWHFWLRQ�RI�6RXWK�$IULFDQ�IUHVKZDWHU
HFRV\VWHPV���0HWKRGV�IRU�GHULYDWLRQ�DQG�LQLWLDO
UHVXOWV�IRU�VRPH�LQRUJDQLF�WR[LF�VXEVWDQFHV���
5��#HT��,��5EK��������²����

6DLNL��0�.����������(OHPHQWDO�FRQFHQWUDWLRQV�LQ
ILVKHV�IURP�WKH�6DOWRQ�6HD��&DOLIRUQLD���9CVGT�
#KT��5QKN�2QNN�������²���

6DLNL��0�.���DQG�7�:��0D\����������5CP�,QCSWKP
8CNNG[�HKUJ�EQPVCKP�GNGXCVGF�EQPEGPVTCVKQPU�QH
UGNGPKWO����8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��)RUW
&ROOLQV��&RORUDGR���5HVHDUFK�,QIRUPDWLRQ
%XOOHWLQ���²���
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6DLNL��0�.���0�5��-HQQLQJV��DQG�:�*��%UXPEDXJK��
�������%RURQ��PRO\EGHQXP��DQG�VHOHQLXP�LQ
DTXDWLF�IRRG�FKDLQV�IURP�WKH�ORZHU�6DQ�-RDTXLQ
DQG�LWV�WULEXWDULHV��&DOLIRUQLD���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

6DPHFND�&\PHUPDQ��$���$�-��.HPSHUV��DQG�
3�/�(��%RGOLHU����������3UHOLPLQDU\�LQYHVWLJDWLRQV
LQWR�WKH�EDFNJURXQG�OHYHOV�RI�YDULRXV�PHWDOV�DQG
ERURQ�LQ�WKH�DTXDWLF�OLYHUZRUW�5ECRCPKC
WNKIKPQUC���#SWCV��$QVCP[�������²����

6FKXOHU��&�$����������,PSDFWV�RI�DJULFXOWXUDO
GUDLQZDWHU�DQG�FRQWDPLQDQWV�RQ�ZHWODQGV�DW
.HVWHUVRQ�5HVHUYRLU��&DOLIRUQLD���0�6��WKHVLV�
2UHJRQ�6WDWH�8QLYHUVLW\��&RUYDOOLV�������SS�

6HDO��%�6���DQG�+�-��:HHWK����������(IIHFW�RI�ERURQ�LQ
GULQNLQJ�ZDWHU�RQ�WKH�PDOH�ODERUDWRU\�UDW���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²����

6KHOWRQ��/�5���DQG�/�.��0LOOHU����������:DWHU�TXDOLW\
GDWD��6DQ�-RDTXLQ�9DOOH\��&DOLIRUQLD��0DUFK�����
WR�0DUFK��������8�6��*HRO��6XUYH\�2SHQ�)LOH
5HSW����²���������S�

6LHJHO��(���DQG�6��:DVRQ����������%RULF�DFLG�WR[LFLW\��
2GFKCVT��%NKP��0QTVJ�#O��������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�����

6PLWK��*�-��DQG�9�3��$QGHUV����������7R[LF�HIIHFWV�RI
ERURQ�RQ�PDOODUG�UHSURGXFWLRQ���'PXKTQP�
6QZKEQN��%JGO��������²����

6SUDJXH��5�:���������6JG�GEQNQIKECN�UKIPKHKECPEG�QH
DQTQP���8�6��%RUD[�5HVHDUFK�&RUSRUDWLRQ�
$QDKHLP��&DOLIRUQLD������S��

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�����

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��

6WHWOHU��/�+����������%DVHOLQH�OHYHOV�RI�VHOHFWHG�WUDFH
HOHPHQWV�LQ�&RORUDGR�RLO�VKDOH�UHJLRQ�DQLPDOV���,�
9KNFN��&KU��������²����

7KRPSVRQ��-�$�-���-�&��'DYLV��DQG�5�(��'UHZ���������
7R[LFLW\��XSWDNH��DQG�VXUYH\�VWXGLHV�RI�ERURQ�LQ
WKH�PDULQH�HQYLURQPHQW���9CVGT�4GU�
������²����

7KXUVWRQ��5�9���5�&��5XVVR��&�0��)HWWRUROI��-U���
7�$��(GVDOO��DQG�<�0��%DUEHU��-U���HGV����������#
TGXKGY�QH�VJG�'2#�4GF�$QQM���3WCNKV[�ETKVGTKC
HQT�YCVGT���$PHULFDQ�)LVKHULHV�6RFLHW\��:DWHU
4XDOLW\�6HFWLRQ��%HWKHVGD��0DU\ODQG�������S���

86%5��8�6��%XUHDX�RI�5HFODPDWLRQ�����������(KPCN
GPXKTQPOGPVCN�KORCEV�UVCVGOGPV��-GUVGTUQP
2TQITCO��/GTEGF�CPF�(TGUPQ�%QWPVKGU�
%CNKHQTPKC���86%5�0LG�3DFLILF�5HJLRQDO�2IILFH��
6DFUDPHQWR��&DOLIRUQLD�����YROV�

:DJJRW��$����������$Q�LQYHVWLJDWLRQ�RI�WKH�SRWHQWLDO
SUREOHP�RI�LQFUHDVLQJ�ERURQ�FRQFHQWUDWLRQV�LQ
ULYHUV�DQG�ZDWHU�FRXUVHV���9CVGT�4GU�������²�����

:HLU��5�-���-U���DQG�5�6��)LVKHU����������7R[LFRORJLF
VWXGLHV�RQ�ERUD[�DQG�ERULF�DFLG���6QZKEQN��#RRN�
2JCTOCEQN��������²����

:KLWZRUWK��0�5���*�:��3HQGOHWRQ��'�-��+RIIPDQ�
DQG�0�%��&DPDUGHVH����������(IIHFWV�RI�GLHWDU\
ERURQ�DQG�DUVHQLF�RQ�WKH�EHKDYLRU�RI�PDOODUG
GXFNOLQJV���'PXKTQP��6QZKEQN��%JGO�
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