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Abstract : 

In atoll lagoons of French Polynesia, growth and reproduction of pearl oysters are mainly driven 

by plankton concentration. However, the actual diet of black-lip pearl oysters Pinctada 

margaritifera in these lagoons is poorly known. To fill this gap, we used the flow through 

chamber method to measure clearance rates of P. margaritifera in Ahe atoll lagoon (Tuamotu 

Archipelago, French Polynesia). We found: (i) that pearl oysters cleared plankton at a rate that 

was positively related to plankton biovolume, (ii) that nanoflagellates were the main source of 

carbon for the pearl oysters, and (iii) that the quantity and origin of carbon filtrated by pearl 

oysters was highly dependent on the concentration and composition of plankton. These results 

provide essential elements for the comprehension of growth and reproduction variability of 

pearl oysters in atoll lagoons of French Polynesia 

 

1. Introduction 

For the last 40 years, farming of the black-lip pearl oyster Pinctada margaritifera has been the 

main aquaculture activity in French Polynesia atoll lagoons. In 2010, production and annual 

exportation of black pearls reached up to 12 metric tons, worth approximately 50 million Euros, 

making this industry the 2nd source of income for French Polynesia after tourism (Service de la 

Perliculture, pers. com.). However, this industry entirely relies on spat collection successes, 

which strongly depends on natural reproduction rates and on environmental conditions 

(Pouvreau et al., 2000a; Thomas et al., 2012). 
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)UHQFK�3RO\QHVLDQ�DWROO�ODJRRQV�KDYH�EHHQ�FKDUDFWHUL]HG�LQ�WKH�SDVW�E\�VWDEOH�DQG�KRPRJHQHRXV�

WHPSHUDWXUH�DQG�VDOLQLW\��e. g��%XHVWHO�DQG�3RXYUHDX���������7KH�SODQNWRQLF�ELRORJLFDO�SURFHVVHV�DUH�

FRQWUROOHG�E\�WKH�K\GURG\QDPLF�UHJLPH�DQG�VSHFLILFDOO\�E\�WKH�ZDWHU�UHVLGHQFH�WLPH��&KDUS\�HW�DO��

������'HOHVDOOH�DQG�6RXUQLD��������7RUUpWRQ�HW�DO����������ZKLFK�LV�FORVHO\�OLQNHG�WR�DWROO�

JHRPRUSKRORJ\�DQG�ZDWHU�H[FKDQJHV�WKURXJK�WKH�UHHI�ULPV��$QGUpIRXsW�HW�DO���������&KDUS\�DQG�

%ODQFKRW��������6RXUQLD�DQG�5LFDUG��������'XPDV�HW�DO��WKLV�LVVXH����

7KH�VDPH�ODJRRQV�ZHUH�DOVR�FKDUDFWHUL]HG�E\�FRQFHQWUDWLRQV�RI�FKORURSK\OO�a�DQG�SDUWLFXODWH�

RUJDQLF�FDUERQ�WKDW�UDUHO\�H[FHHG������J�O���DQG�����PJ�O����UHVSHFWLYHO\��%XHVWHO�DQG�3RXYUHDX��

������&KDUS\�HW�DO����������DQG�E\�WKH�GRPLQDQFH�RI�SODQNWRQLF�SDUWLFOHV�LQIHULRU�WR����P�VL]H�ZKLFK�

UHSUHVHQWHG�PRUH�WKDQ�����RI�WKH�WRWDO�SODQNWRQLF�ELRPDVV��%XHVWHO�DQG�3RXYUHDX��������&KDUS\�

DQG�&KDUS\�5RXEDXG��������1LTXLO�HW�DO����������

�

,Q�WKH�����V�WKH�IHHGLQJ�VWUDWHJ\�RI�P. margaritifera�ZDV�LQYHVWLJDWHG�ZLWK�YDULRXV�PHWKRGV�

LQFOXGLQJ�ODERUDWRU\�DQG�in situ�H[SHULPHQWV�������EDWFK�DQG�IORZ�WKURXJK�FKDPEHU�PHWKRGV�ZHUH�

XVHG�E\�3RXYUHDX�HW�DO���������DQG�<XNLKLUD�HW�DO�������E��WR�PHDVXUH�FOHDUDQFH�UDWHV�RI�P. 

margaritifera�RQ�YDULRXV�VSHFLHV�RI�FXOWXUHG�DOJDH������EDWFK�PHWKRG�ZDV�XVHG�E\�/RUHW�HW�DO��

�����D��WR�VWXG\�FOHDUDQFH�UDWHV�RI�SHDUO�R\VWHUV�RQ�QDWXUDO�DVVHPEODJH�RI�FLOLDWHV�DQG�

GLQRIODJHOODWHV������WKH�ELRGHSRVLW�PHWKRG�ZDV�XVHG�E\�3RXYUHDX�HW�DO�������E��WR�PHDVXUH�in situ�

FOHDUDQFH�UDWHV�RI�SHDUO�R\VWHUV�LQ�7DNDSRWR�ODJRRQ�DQG��ILQDOO\������GLUHFW�VDPSOLQJ�RI�P. 

margaritifera�JXW�FRQWHQW�DQG�+3/&�DQDO\VLV�ZDV�XVHG��WR�GHWHUPLQH�ZKLFK�SK\WRSODQNWRQ�WD[D�

ZHUH�FRQWULEXWLQJ�WR�WKH�SHDUO�R\VWHUV
�GLHW��/RUHW�HW�DO������E����

7KHVH�H[SHULPHQWV�GHPRQVWUDWHG�WKDW��L��SODQNWRQLF�SDUWLFOHV�����P�ZHUH�QRW�HIILFLHQWO\�UHWDLQHG��

�LL��WKH�GLHW�RI�P. margaritifera�LQFOXGHG�ERWK�DXWRWURSKLF�DQG�KHWHURWURSKLF�SODQNWRQ�DQG��LLL��P. 

margaritifera�FRPSHQVDWHG�WKH�ORZ�FRQFHQWUDWLRQ�RI�HIILFLHQWO\�UHWDLQHG�SODQNWRQLF�SDUWLFOHV��!�

��P��E\�UHODWLYHO\�KLJK�SXPSLQJ�UDWHV�WR�PHHW�LWV�HQHUJ\�UHTXLUHPHQWV��+RZHYHU��WKLV�NQRZOHGJH�

UHPDLQHG�WRR�OLPLWHG�WR�IXOO\�FKDUDFWHUL]H��TXDQWLWDWLYHO\��WKH�SHDUO�R\VWHUV¶�GLHW��

�

,Q�WKLV�FRQWH[W��WKLV�VWXG\�DLPV�WR�PHDVXUH�WKH�FOHDUDQFH�UDWHV�RI�SHDUO�R\VWHUV�IRU�VL[�W\SHV�RI�

DXWRWURSKLF�DQG�RU�KHWHURWURSKLF�SODQNWRQ��SLFRSODQNWRQ��QDQRIODJHOODWHV��GLQRIODJHOODWHV��FLOLDWHV��

SK\WRSODQNWRQ�����P�DQG�SK\WRSODQNWRQ�!���P���DQG�WR�DVVHVV�WKHLU�UHODWLYH�FRQWULEXWLRQ�WR�WKH�

SHDUO�R\VWHUV
�GLHW�LQ�$KH�ODJRRQ��

:H�VHOHFWHG�WKH�IORZ�WKURXJK�FKDPEHU�PHWKRG�WR�PHDVXUH�FOHDUDQFH�UDWHV�IRU�WZR�UHDVRQV���L��LW�

DOORZV�NHHSLQJ�WKH�SHDUO�R\VWHUV�XQGHU�WKH�LQIOXHQFH�RI�QDWXUDO�IOXFWXDWLRQV�RI�HQYLURQPHQWDO�

SDUDPHWHUV�DQG��LL��LW�IDFLOLWDWHV�UHSHWLWLYH�VDPSOLQJ���
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&RPSOHPHQWDU\�WHFKQLTXHV�VXFK�DV�IORZ�F\WRPHWU\��PLFURVFRSH�FRXQWV�DQG�FKORURSK\OO�a�H[WUDFWLRQ�

ZHUH�XVHG�WR�PHDVXUH�WKH�SODQNWRQ�FRQFHQWUDWLRQ�LQ�WKH�IORZ�WKURXJK�FKDPEHUV��

�

�

MATERIAL AND METHODS 
Study site 

7KLV�VWXG\�ZDV�FRQGXFWHG�LQ�$KH�DWROO�ODJRRQ��ORFDWHG�����NP�QRUWK�RI�7DKLWL�,VODQG�LQ�WKH�QRUWK�RI�

WKH�7XDPRWX�$UFKLSHODJR��)LJXUH�����$KH�ODJRRQ�PHDVXUHV�����NP��ZLWK�D�PHDQ�GHSWK�FORVH�WR����

P��$KH�LV�GHILQHG�DV�D�VHPL�HQFORVHG�DWROO��2QH�DFWLYH�SDVV�LV�ORFDWHG�LQ�WKH�ZHVW�SDUW�RI�WKH�ODJRRQ�

DQG�VHYHUDO�UHHI�IODW�VSLOOZD\V��OHVV�WKDQ����FP�GHSWK��DUH�GLVWULEXWHG�DORQJ�WKH�UHHI�ULP��PDLQO\�LQ�

WKH�VRXWK�DQG�ZHVW�SDUWV�RI�WKH�ODJRRQ��7KH�DYHUDJH�ZDWHU�UHQHZDO�WLPH��UDWLR�RI�ODJRRQ�YROXPH�WR�

DYHUDJH�ZDWHU� LQSXW� UDWH��ZDV�HVWLPDWHG�DW����GD\V� � �'XPDV�HW� DO���7KLV� LVVXH���:LWK�QHDUO\������

VSDW� FROOHFWLRQ� VWDWLRQV� DQG�DOPRVW� ����RI� WKH� ODJRRQ�GHGLFDWHG� WR�EODFN�OLS�SHDUO�R\VWHU� UHDULQJ��

$KH�ODJRRQ�LV�D�UHPDUNDEOH�VLWH�IRU�SHDUO�FXOWXUH�DQG�VSDW�FROOHFWLRQ�LQ�)UHQFK�3RO\QHVLD��

�

2XU� VWXG\� VLWH� DQG�H[SHULPHQWDO� VHW� XS�ZHUH� ORFDWHG� LQ� WKH�QRUWKHDVW� RI� WKH� ODJRRQ�����P�RII� WKH�

FRDVW�� LQ� D� VPDOO� SLOH� EXLOGLQJ� �)LJXUH� ���� /DJRRQ�GHSWK�ZDV� DSSUR[LPDWHO\� ����P��([SHULPHQWDO�

GHYLFHV�ZHUH�SURWHFWHG�IURP�GLUHFW�VXQOLJKW�DQG�UDLQ��3HDUO�R\VWHUV�ZHUH�VXEMHFWHG�WR�QDWXUDO� OLJKW�

UHJLPHV� DQG� H[SHULPHQWV� ZHUH� FRQGXFWHG� DIWHU� DQ� DFFOLPDWLRQ� SHULRG� RI� IRXU� GD\V� LQ� WKH� IORZ�

WKURXJK�JUD]LQJ�FKDPEHUV���

7KH� H[SHULPHQWV� WRRN� SODFH� LQ� 0D\� ����� �IURP� ��WK�� ��UG��� 2FWREHU� ����� �IURP� ��WK���UG�� DQG�

$SULO�0D\�������IURP���WK���WK���7KH�UDWH�DW�ZKLFK�SHDUO�R\VWHUV�FOHDUHG�SK\WRSODQNWRQ�IURP�ODJRRQ�

ZDWHU� �FKORURSK\OO� a� XVHG� DV� D� SUR[\�� ZDV� PHDVXUHG� GXULQJ� HDFK� RI� WKHVH� WKUHH� H[SHULPHQWDO�

SHULRGV��7KH� UDWH� DW�ZKLFK�SHDUO�R\VWHUV�FOHDUHG�SLFRSODQNWRQ��QDQRIODJHOODWHV��GLQRIODJHOODWHV� DQG�

FLOLDWHV��IURP�ODJRRQ�ZDWHU�ZHUH�RQO\�PHDVXUHG�GXULQJ�2FWREHU������H[SHULPHQWV��

�

Environmental parameters 
+RXUO\�ZLQG�GLUHFWLRQ�DQG�YHORFLW\�ZHUH�REWDLQHG�IURP�7DNDURD�DWROO�PHWHRURORJLFDO�VWDWLRQ��0pWpR�

)UDQFH�GDWD��ORFDWHG�DERXW�����NP�HDVW�RI�$KH�������¶�¶¶:�������¶��¶¶6���/DFN�RI�DQ\�RURJUDSKLF�

HIIHFWV� DURXQG� DWROOV� DOORZV� XVLQJ� WKLV� GLVWDQW� PHDVXUHPHQW�� ZKLFK� ZDV� LQ� JRRG� DJUHHPHQW� ZLWK�

ORFDO�YDOXH�DQG�QXPHULFDO�PRGHOV�RXWSXW�DW�$KH�DWROO��'XPDV�HW�DO���7KLV�LVVXH���

:DWHU� WHPSHUDWXUH���&��DQG�VDOLQLW\��368��ZHUH�REWDLQHG�IURP�D�6HD�%LUG�SUREH��6%(�9���SOXV��

LPPHUVHG�DW�D����PHWHU�GHSWK��QH[W�WR�DQ�H[SHULPHQWDO�EUHHGLQJ�VWDWLRQ�ORFDWHG�DSSUR[LPDWHO\���NP�

DZD\�IURP�RXU�VWXG\�VLWH��)LJXUH�����

�
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Phytoplankton concentration 
:DWHU� VDPSOHV� ����PO��ZHUH� ILOWHUHG� ILUVWO\� RQ�0LOOLSRUH� ILOWHUV� ��� �P�RI� SRUH� VL]H�� DQG� WKHQ� RQ�

*)�)�:KDWPDQ� ILOWHUV� �FD�������P�SRUH�VL]H���&KORURSK\OO�a �&KO�a�� UHWDLQHG�RQ� WKHVH� ILOWHUV�ZDV�

H[WUDFWHG�IURP�SK\WRSODQNWRQ�FHOOV�GXULQJ��K�LQ�WKH�GDUN�DW���&�LQ���PO�RI�PHWKDQRO�������&KO�a  

FRQFHQWUDWLRQ�LQ�WKHVH�H[WUDFWV�ZDV�GHWHUPLQHG�XVLQJ�D�7XUQHU�GHVLJQ�7'�����IOXRULPHWHU�FDOLEUDWHG�

ZLWK� &KO� a� VWDQGDUG� �6LJPD�� DQG� HTXLSSHG� ZLWK� WKH� VHW� RI� RSWLFDO� ILOWHUV� UHFRPPHQGHG� E\�

:HOVKPH\HU��������IRU�GLUHFW�PHDVXUHPHQW�RI�&KO�a.  

 

:H�PHDVXUHG�FRQFHQWUDWLRQ�RI�SK\WRSODQNWRQ������P��&KO�a������P��LQ��J�O����DQG�!����P��&KO�a�!�

���P�� LQ��J� O���� UHVSHFWLYHO\� IURP� WKH�&KO�a� FRQFHQWUDWLRQ�PHDVXUHG� LQ�*)�)� ILOWHUV� H[WUDFWV� DQG�

IURP�WKH�&KO�a�FRQFHQWUDWLRQ�LQ�0LOOLSRUH�ILOWHUV�H[WUDFWV��7R�FRQYHUW�&KO�a�!����P�DQG�&KO�a�����

�P�FRQFHQWUDWLRQV� LQWR�FDUERQ�ELRPDVV��ZH�XVHG� UDWLRV�HTXDO� WR�����J&��J&KOa��� DQG� WR�����J&�

�J&KOa����UHVSHFWLYHO\��&KDUS\�DQG�&KDUS\�5RXEDXG��������&KDUS\����������

�

Picoplankton concentration 
,Q� WKLV� VWXG\�� SLFRSODQNWRQ� DEXQGDQFH� �3LFR�� LQ� FHOO� O���� LV� GHILQHG� DV� WKH� VXP� RI� EDFWHULD��

F\DQREDFWHULD��Synechococcus sp.�DQG�Prochlorococcus sp.��DQG�SLFRHXNDU\RWHV�DEXQGDQFHV���

�

%DFWHULD� DQG� SLFRDXWRWURSKLF� FHOOV� ZHUH� IL[HG� ZLWK� ���� �P� ILOWHUHG� IRUPDOGHK\GH� �ILQDO�

FRQFHQWUDWLRQ� ���� DQG� IUR]HQ� LQ� OLTXLG� QLWURJHQ� �1���� %DFWHULDO� FHOOV� ZHUH� FRXQWHG� E\� IORZ�

F\WRPHWU\� XVLQJ� WKH� PHWKRG� GHVFULEHG� E\� 0DULH� HW� DO�� �������� 2QH� P/� IRUPDOGHK\GH�IL[HG�

VXEVDPSOHV� ZHUH� LQFXEDWHG� ZLWK� '$3,� DW� D� ILQDO� FRQFHQWUDWLRQ� RI� ��������� IRU� ���PLQ� DW� URRP�

WHPSHUDWXUH� LQ� WKH�GDUN��(DFK� VXEVDPSOH�ZDV� FRXQWHG�XVLQJ�D�0R)OR� F\WRPHWHU� �'DNR�&RORUDGR�

,QF���)RUW�&ROOLQV��&2��86$���6WDLQHG�EDFWHULDO�FHOOV��H[FLWHG�DW�����QP��ZHUH�HQXPHUDWHG�DFFRUGLQJ�

WR�WKHLU�ULJKW�DQJOH�OLJKW�VFDWWHU��5$/6��DQG�JUHHQ�IOXRUHVFHQFH��)/���PHDVXUHG�XVLQJ�D��������QP�

ILOWHU�� 7KHVH� FHOO� SDUDPHWHUV� ZHUH� UHFRUGHG� RQ� D� �� GHFDGH� ORJDULWKPLF� VFDOH� PDSSHG� RQWR� �����

FKDQQHOV�� )OXRUHVFHQW� EHDGV� ������ �P�� 3RO\VFLHQFHV� ,QF��� :DUULQJWRQ�� 3$�� 86$�� ZHUH�

V\VWHPDWLFDOO\� DGGHG� WR� HDFK� VDPSOH�� 6WDQGDUGL]HG� 5$/6� DQG� )/�� YDOXHV� �FHOO� 5$/6� DQG� )/��

GLYLGHG�E\�������P�EHDGV�5$/6�DQG�)/���UHVSHFWLYHO\��ZHUH�XVHG�DV�DQ�HVWLPDWLRQ�RI�WKH�UHODWLYH�

VL]H� DQG� QXFOHLF� DFLG� FRQWHQW� RI� EDFWHULDO� FHOOV�� UHVSHFWLYHO\� �7URXVVHOOLHU� HW� DO�,� ������� /LVWPRGH�

ILOHV�ZHUH�DQDO\]HG�XVLQJ�6800,7�VRIWZDUH��'DNR�&RORUDGR�,QF���)RUW�&ROOLQV��&2��86$����

�

3LFRSK\WRSODQNWRQ� �Prochlorococcus sp.� DQG� Synechococcus sp.� FHOOV�� DQG� DXWRWURSKLF�

SLFRHXNDU\RWHV� FRXQWV�ZHUH� SHUIRUPHG�ZLWK� WKH� VDPH� IORZ� F\WRPHWHU� VHW� XS� DV� GHVFULEHG� DERYH��

&HOOV�H[FLWHG�DW�����QP�ZHUH�GHWHFWHG�DQG�GLUHFWO\�HQXPHUDWHG�DFFRUGLQJ�WR�WKHLU�)$/6�DQG�5$/6�
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SURSHUWLHV� DQG� WKHLU� RUDQJH� IOXRUHVFHQFH� �������� QP�� DQG� UHG� IOXRUHVFHQFH� �!���� QP�� GXH� WR�

SK\FRHU\WKULQ� DQG� FKORURSK\OO� SLJPHQWV�� UHVSHFWLYHO\�� )OXRUHVFHQW� EHDGV� ������ �P�� ZHUH� DOVR�

V\VWHPDWLFDOO\�DGGHG�WR�HDFK�VDPSOH��/LVWPRGH�ILOHV�ZHUH�DQDO\]HG�XVLQJ�6800,7�VRIWZDUH��'DNR�

&RORUDGR�,QF���)RUW�&ROOLQV��&2��86$���

�

7R�FDOFXODWH�DQ�DYHUDJH�FDUERQ�FRQYHUVLRQ�IDFWRU� IRU�SLFRSODQNWRQ��ZH�XVHG�FRQYHUVLRQ�IDFWRUV�RI�

���IJ&�FHOO����*XQGHUVHQ�HW�DO�������������IJ&�FHOO��������IJ&�FHOO����&KDUS\�DQG�%ODQFKRW��������DQG�

���� IJ&� FHOO��� �9HULW\� HW� DO�������� IRU� EDFWHULD��Prochlorococcus sp.�� Synechococcus. sp.� DQG� IRU�

SLFRHXNDU\RWHV�UHVSHFWLYHO\��7KHVH�YDOXHV�ZHUH�DYHUDJHV�DQG�ZHLJKWHG�E\�WKH�PHDQ�DEXQGDQFH�RI�

KHWHURWURSKLF� EDFWHULD�� Prochlorococcus sp., Synechococcus sp.� DQG� SLFRHXNDU\RWHV� PHDVXUHG�

GXULQJ� WKLV� VWXG\� 7KLV� FRPPXQLW\�VFDOH� FRQYHUVLRQ� IDFWRU� ZDV� WKHQ� XVH� WR� FRQYHUW� WKH� WRWDO�

SLFRSODQNWRQ�FRQFHQWUDWLRQ��FHOO�O����LQWR�FDUERQ�ELRPDVV���J&�O�����

�

6LPLODUO\��WR�FDOFXODWH�DQ�DYHUDJH�ELRYROXPH��%9���P���SHU�SLFRSODQNWRQ�FHOO�ZH�XVHG�ELRYROXPHV�

RI� ������ �P��� �����P��� �����P�� DQG� ���� �P�� SHU� KHWHURWURSKLF� EDFWHULD� �6DNND� HW� DO��� �������

Prochlorococcus sp. FHOO��Synechococcus sp. FHOO��&KDUS\�DQG�%ODQFKRW���������DQG��SLFRHXNDU\RWH�

FHOO��UHVSHFWLYHO\��7KHVH�YDOXHV�ZHUH�ZHLJKWHG�E\�WKH�PHDQ�DEXQGDQFH�PHDVXUHG�IRU�HDFK�SODQNWRQ�

W\SH��

�

Nanoplankton and microplankton concentration 
7KH� WD[RQRPLF�GHWHUPLQDWLRQ�RI�SURWLVWV�ZDV�FDUULHG�RXW� LQ�DFFRUGDQFH�ZLWK�V\VWHPDWLFV� OLWHUDWXUH�

�.DKO��������/HH��������1H]DQ��������3DXOPLHU��������5LFDUG��������6RXUQLD���������

�

)RU� PLFURSODQNWRQ� FRXQWV� �GLQRIODJHOODWHV� DQG� FLOLDWHV��� ZDWHU� VDPSOHV� ��� OLWHU�� ZHUH� IL[HG� ZLWK�

DOFDOLQ�OXJRO�LRGLQH�����ILQDO�FRQFHQWUDWLRQ���$�ILUVW�SHULRG�RI�VHGLPHQWDWLRQ�ZDV�FRQGXFWHG�GXULQJ�

��K�DIWHU�ZKLFK� WKH� WRS� ����P/�RI� VDPSOH�ZDV� VORZO\� VLSKRQHG�RII�ZLWK� VPDOO�ERUH� WXELQJ��7KH�

UHPDLQLQJ�����P/�ZDV�WKHQ�VWRUHG�DW����&�LQ�WKH�GDUN�EHIRUH�HQXPHUDWLRQ��$�VHFRQG�VHGLPHQWDWLRQ�

RI���K�ZDV�FDUULHG�RXW�LQ�8WHUP|KO�VHWWOLQJ�FKDPEHU��+\GUR�%LRV�FRPELQHG�SODWH�FKDPEHU��DQG�FHOO�

HQXPHUDWLRQ�ZDV�PDGH�DW�����PDJQLILFDWLRQ�XVLQJ�D�/HLFD�'0,�����%�LQYHUWHG�PLFURVFRSH�ZLWK�

LQWHUIHUHQFH�FRQWUDVW��&HOOV�ZHUH�FRXQWHG�LQ�HYHU\�PLFURVFRSH�ILHOG��DW�OHDVW����ILHOGV�SHU�VDPSOHV��

IRU� ILYH� WUDQVYHUVDO� EDQGV� FRYHULQJ� WKH� VHWWOLQJ� FKDPEHU�ZLGWK� DQG� GLVSRVHG� DW� HTXDO� GLVWDQFH� RI�

HDFK�RWKHU���

�

)RU�QDQRSODQNWRQ�FRXQWV��ZDWHU�VDPSOHV�����PO��ZHUH�IL[HG�DQG�SUHVHUYHG�ZLWK�SDUDIRUPDOGHK\GH�

����ILQDO�FRQFHQWUDWLRQ���6DPSOHV�ZHUH�FRQFHQWUDWHG�WR����PO�ZLWK�D�ILOWUDWLRQ�WRZHU�PRXQWHG�ZLWK�
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�����P�SRUH� VL]H�EODFN�SRO\FDUERQDWH� ILOWHUV� �1XFOHSRUH�� DQG� VWDLQHG�ZLWK�'$3,� �����[������ J� O���

ILQDO� FRQFHQWUDWLRQ��� (QXPHUDWLRQ� RI� VWDLQHG� QDQRSODQNWRQLF� FHOOV� ZDV� PDGH� XQGHU� 89� OLJKW�

H[FLWDWLRQ�RQ�DW�OHDVW����UDQGRPO\�VHOHFWHG�ILHOGV��DW�WKH�PDJQLILFDWLRQ�RI�[������

�

1DQRSODQNWRQ� DQG� PLFURSODQNWRQ� DEXQGDQFHV� �LQ� FHOO� O���� ZHUH� FRPSXWHG� XVLQJ� WKH� IROORZLQJ�

HTXDWLRQ���

$� ��1&����10)�[�60)���[�66&�[��������96�

ZKHUH�$� �DEXQGDQFH�RI�QDQRSODQNWRQ�RU�PLFURSODQNWRQ� �FHOO� O�����1&� � WRWDO�QXPEHU�RI� FHOOV� �LQ�

FHOO���10)� �QXPEHU�RI�FRXQWHG�PLFURVFRSLF�ILHOGV���60)� �DUHD�RI�RQH�PLFURVFRSLF�ILHOG��PPð���66&�

 �DUHD�RI�VHWWOLQJ�FKDPEHU�RU�ILOWHU��PPð���96�� �VDPSOH�YROXPH��O����

�

$Q� DYHUDJH� ELRYROXPH� IRU� GLQRIODJHOODWHV� ����� FHOOV�� DQG� FLOLDWHV� �DERXW� ��� FHOOV��ZDV� FDOFXODWHG�

XVLQJ� WKH� PHDQ� OHQJWK� DQG� ZLGWK� RI� FHOOV�� ZKLFK� ZHUH� GHWHUPLQHG� ZLWK� D� FDOLEUDWHG� RFXODU�

PLFURPHWHU��

�

8VLQJ� WKHVH� PHDQ� ELRYROXPHV� DQG� WKH� ELRYROXPH� WR� FDUERQ� FRQWHQW� UHODWLRQVKLS� IURP�0HQGHQ�

'HXHU�DQG�/HVVDUG���������ZH�FDOFXODWHG�WKH�FDUERQ�FRQYHUVLRQ�IDFWRUV�IRU�ERWK�GLQRIODJHOODWHV�DQG�

FLOLDWHV�� 7KHVH� FRQYHUVLRQ� IDFWRUV� ZHUH� WKHQ� XVHG� WR� FRQYHUW� GLQRIODJHOODWHV� DQG� FLOLDWHV�

FRQFHQWUDWLRQ��FHOO�O����LQWR�FDUERQ�ELRPDVV���J&�O�����

�

)RU�QDQRSODQNWRQ�FHOOV��ZH�DVVXPHG�DQ�DYHUDJH�ELRYROXPH�RI������P��ZKLFK�ZDV�FDOFXODWHG�IURP�

WKH�FHOO�GLDPHWHUV�RI�FKORURSK\WHV��SUDVLQRSK\WHV�DQG�FU\SWRSK\WHV�PHDVXUHG�E\�/RUHW�HW�DO�������E��

LQ�7DNDSRWR� ODJRRQ� DQG�ZH� DVVXPHG� DQ� DYHUDJH� FRQYHUVLRQ� IDFWRU� RI� ���� [� ����� �J&� SHU� FHOO� RI�

QDQRSODQNWRQ�DV�LQ�)HUULHU�3DJqV�DQG�)XUOD���������

�

Flow through chambers 
$IWHU�D�FULWLFDO�DQDO\VLV�RI�WKH�PHWKRGRORJLFDO�VKRUWFRPLQJV�DQG�SRVVLEOH�PLVLQWHUSUHWDWLRQV�UHODWHG�

WR�WKH�GLIIHUHQW�PHWKRGV�RI�VWXG\LQJ�ELYDOYH�IHHGLQJ�SURFHVVHV��%D\QH��������)LOJXHLUD�HW�DO���������

3DVFRH�HW�DO���������3HWHUVHQ�������DQG�5LLVJnUG�������IRU�WKH�PRVW�UHFHQW�UHYLHZV��ZH�VHOHFWHG�WKH�

IORZ� WKURXJK� FKDPEHU� PHWKRG� IRU� WKH� PHDVXUHPHQW� RI� in situ� FOHDUDQFH� UDWHV� RI� Pinctada 

margaritifera��

:DWHU�ZDV�SXPSHG� IURP� WKH� ODJRRQ�DW� ��PHWHU�GHHS� WR� D���� OLWHU� UHVHUYRLU� WDQN�DW� D� IORZ� UDWH�RI�

DSSUR[LPDWHO\����� O�K����:H�XVHG�D�SHULVWDOWLF�SXPS�WR�DYRLG� WKH�GHVWUXFWLRQ�RI� IUDJLOH�SODQNWRQLF�

RUJDQLVPV�� )URP� WKLV� WDQN�� ODJRRQ� ZDWHU� ZDV� GLVWULEXWHG� E\� JUDYLW\� LQWR� IORZ� WKURXJK� JUD]LQJ�

FKDPEHUV��)ORZ�UDWHV�ZHUH�DGMXVWHG��EHWZHHQ���O�K���DQG����O�K����LQ�HDFK�IORZ�WKURXJK�FKDPEHU�WR�
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SUHYHQW�WKH�SHDUO�R\VWHU�IURP�UHPRYLQJ�PRUH�WKDQ�����RI�FKORURSK\OO�a��+DZNLQV�HW�DO����������$�

FRQWURO�IORZ�WKURXJK�FKDPEHU�ZLWKRXW�SHDUO�R\VWHU�ZDV�PDLQWDLQHG�LQ�WKH�VDPH�FRQILJXUDWLRQ�DV�RXU�

JUD]LQJ�FKDPEHUV��

�

7R�DYRLG�³UHFLUFXODWLRQ�LVVXHV´�DQG�WR�HQVXUH�³VXIILFLHQW�PL[LQJ�RI�WKH�H[KDODQW�IORZ�ZLWK�WKH�IORZ�

E\SDVVLQJ� WKH� ELYDOYH´� �5LLVJnUG�� ������� RXU� JUD]LQJ� FKDPEHUV� ZHUH� GLYLGHG� LQWR� WKUHH�

FRPSDUWPHQWV� �)LJXUH� ���� WKH� LQIORZ� FRPSDUWPHQW� ZKHUH� WKH� ZDWHU� ZDV� HQWHULQJ�� WKH� JUD]LQJ�

FRPSDUWPHQW�ZKHUH�WKH�SHDUO�R\VWHU�ZDV�ILOWHULQJ�DQG�WKH�RXWIORZ�FRPSDUWPHQW�ZKHUH�WKH�ZDWHU�ZDV�

VLSKRQHG�RII��,QIORZ�DQG�JUD]LQJ�FRPSDUWPHQWV�ZHUH�VHSDUDWHG�RXW�E\���KRPRJHQL]DWLRQ�JULGV�� ,Q�

WKH�JUD]LQJ�FRPSDUWPHQW��RQH�SHDUO�R\VWHU�ZDV�PDLQWDLQHG�RQ�D�39&�VXSSRUW�DW�PLG�KHLJKW�RI�WKH�

ZDWHU� FROXPQ� DQG� WKH� H[KDODQW� IORZ� ZDV� GLUHFWHG� WR� WKH� RXWIORZ� FRPSDUWPHQW� WKURXJK� D� 39&�

UHGXFWLRQ�RI��FP�RI�GLDPHWHU��,Q�WKH�RXWIORZ�FRPSDUWPHQW��ZDWHU�ZDV�VLSKRQHG�RII���FP�XQGHU�WKH�

VXUIDFH���

�

7KH�VLSKRQHG�ZDWHU�ZDV�VDPSOHG�ZLWK�����PO�JUDGXDWHG�WHVW�WXEH�VLPXOWDQHRXVO\�IURP�WKH�FRQWURO�

FKDPEHU�DQG�IURP�WKH�JUD]LQJ�FKDPEHUV��

�

([SHULPHQWV�ZLWK� WKH� VPDOOHVW� SHDUO�R\VWHUV� ���� WR����PP�LQ�KHLJKW��ZHUH� FRQGXFWHG� LQ���� OLWHUV�

JUD]LQJ�FKDPEHUV�����FP�LQ�GLDPHWHU�DQG����FP�LQ�OHQJWK��ZKHUHDV�H[SHULPHQWV�ZLWK�SHDUO�R\VWHUV�

PHDVXULQJ� ��PP� WR� ����PP� LQ� KHLJKW�ZHUH� FRQGXFWHG� LQ� ��� OLWHUV� JUD]LQJ� FKDPEHUV� ���� FP� LQ�

GLDPHWHU�DQG�����FP�LQ�OHQJWK���

$OO� IORZ� WURXJK� FKDPEHUV� ZHUH� HPSWLHG� DQG� FOHDQHG� HYHU\� VLQJOH� GD\� WR� UHPRYH� IDHFHV� DQG�

SVHXGRIDHFHV�SURGXFHG�E\�WKH�SHDUO�R\VWHUV���

�

Pearl Oysters 
$� WRWDO� RI� ��� SHDUO� R\VWHUV�ZHUH� XVHG� GXULQJ� WKHVH� H[SHULPHQWV�� ,Q�0D\������� H[SHULPHQWV�ZHUH�

FRQGXFWHG�ZLWK�SHDUO�R\VWHUV�PHDVXULQJ������PP�LQ�KHLJKW��PHDQ���VG���Q ����DQG�ZLWK������PP�

KHLJKW� SHDUO� R\VWHUV� �Q ���� ,Q�2FWREHU� ������ H[SHULPHQWV�ZHUH� FRQGXFWHG�ZLWK� �����PP� KHLJKW�

SHDUO�R\VWHUV��Q �����DQG�LQ�0D\�������ZLWK������PP�KHLJKW�SHDUO�R\VWHUV��Q ����)RU�HDFK�VL]H�FODVV�

RI�SHDUO�R\VWHUV��VDPSOLQJ�VWUDWHJ\�LV�LQGLFDWHG�LQ�7DEOH����

�

7KH� VPDOOHVW� SHDUO�R\VWHUV� ���� WR����PP� LQ�KHLJKW��ZHUH�EUHG�DW� WKH� ,IUHPHU� FHQWHU
V� KDWFKHU\�RI�

9DLUDR� �7DKLWL� ,VODQG��DQG�ZHUH�VWRUHG� LQ�$KH� ODJRRQ�DW�RQH�PHWHU�GHHS�DW� OHDVW�RQH�ZHHN�EHIRUH�

VWDUWLQJ�WKH�H[SHULPHQWV��3HDUO�R\VWHUV�IURP����PP�WR�����PP�FDPH�IURP�WKH�³0RWX�7DKLUL´�SHDUO�

IDUP� LQ�$KH��$OO� HSLELRQWV�ZHUH� FOHDQHG�RII� DQG� SHDUO� R\VWHUV�ZHUH� DOORZHG� WR� UHFRYHU� IURP� DQ\�
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SRWHQWLDO� VWUHVV�GXULQJ� WKUHH�GD\V�EHIRUH� VWDUWLQJ� WKH� VWDUWLQJ� WKH�H[SHULPHQWV��6DPSOLQJ�ZDV� WKHQ�

FRQGXFWHG�DW�OHDVW�RQFH�D�GD\�GXULQJ�WKH�H[SHULPHQWDO�SHULRGV��

�

$W�WKH�HQG�RI�WKH�H[SHULPHQWV��HDFK�SHDUO�R\VWHU�KHLJKW�ZDV�PHDVXUHG�DQG�WKH�IOHVK�ZDV�IUHH]H�GULHG�

DQG�ZHLJKWHG��)UHH]H�GULHG�IUHVK�ZHLJKW��':�LQ�J��ZDV�XVHG�WR�QRUPDOL]H�FOHDUDQFH�UDWHV�SHU�J�RI�

GU\�IOHVK��

�

Clearance rates 
&OHDUDQFH�UDWH�LV�GHILQHG�DV�WKH�YROXPH�RI�ZDWHU�HQWLUHO\�FOHDUHG�RI�SODQNWRQ�E\�RQH�SHDUO�R\VWHU�SHU�

XQLW�RI� WLPH�� ,W�ZDV�FDOFXODWHG�IRU�HDFK�SODQNWRQ�W\SH�ZLWK�WKH�IROORZLQJ�HTXDWLRQ��PRGLILHG�IURP�

+LOGUHWK�DQG�&ULVS����������

&5L� �)U�[��&F�±�&J���&J�

ZLWK�&5L� �FOHDUDQFH�UDWHV�RI�SHDUO�R\VWHU��LQ�O�K����SHU�LQGLYLGXDO���&F�DQG�&J� �FRQFHQWUDWLRQ�RI�

SODQNWRQ�DW�WKH�H[LW�RI�WKH�FRQWURO��&F��DQG�JUD]LQJ��&J��IORZ�WURXJK�FKDPEHUV��LQ��J�&KO�a�O���RU�LQ�

FHOO�O�����)U� �IORZ�UDWH�LQ�WKH�JUD]LQJ�IORZ�WKURXJK�FKDPEHU��O�K�����

�

&OHDUDQFH�UDWHV�LV�NQRZQ�WR�IROORZ�DQ�DOORPHWULF�UHODWLRQVKLS�RI�WKH�W\SH�&5� �D':E��ZLWK�':� �

IUHH]H�GULHG�IUHVK�ZHLJKW��LQ�J���D�DQG�E� �OLQHDU�UHJUHVVLRQ�FRHIILFLHQWV�RI�ORJ��&5L��YV�ORJ��':��

�H�J��3RXYUHDX�HW�DO����������)ROORZLQJ�WKLV�UHODWLRQVKLS��DOO�&5L�YDOXHV�ZHUH�GLYLGHG�E\�':E�DQG�

VWDQGDUGL]HG�FOHDUDQFH�UDWHV��&5��ZHUH�H[SUHVVHG�LQ�O�K���J����

�

Carbon retention rates 
&OHDUDQFH�UDWHV�FDQ�EH�GHILQHG�DV�WKH�FDSDFLW\�RI�SHDUO�R\VWHUV�WR�ILOWHU�DQG�UHWDLQ�SDUWLFOHV�IURP�WKHLU�

HQYLURQPHQW�� +RZHYHU�� WKH� DPRXQW� RI� FDUERQ� UHWDLQHG� E\� P. margaritifera� DOVR� GHSHQGV� RQ� WKH�

SODQNWRQ�ELRPDVV��7R�DVVHVV�WKH�FRQWULEXWLRQ�RI�HDFK�SODQNWRQ�W\SH�WR�WKH�GLHW�RI�P. margaritifera��

ZH�HVWLPDWHG�FDUERQ�UHWHQWLRQ�UDWHV�E\�WKH�IROORZLQJ�HTXDWLRQ����

55� �&%�[�&5��

ZKHUH�55�  �5HWHQWLRQ�5DWHV� RI� FDUERQ� LQ� �J&� J��� K���� &%�  �&DUERQ�%LRPDVV� LQ� �J&� O����&5� �

&OHDUDQFH�5DWHV�LQ��O�K�����

�

Statistics 
$OO� DQDO\VLV� ZHUH� FRQGXFWHG� ZLWK� WKH� 5� IUHHZDUH� �KWWS���ZZZ�U�SURMHFW�RUJ����$OO� GDWD� VHWV� ZHUH�

WHVWHG�IRU�QRUPDOLW\��6KDSLUR�:LON�WHVW��DQG�KRPRJHQHLW\�RI�YDULDQFH��%DUWOHWW�WHVW���,Q�PRVW�FDVHV��

GDWD�KDG�WR�EH�ORJ�WUDQVIRUPHG��QDWXUDO�ORJ�RI�X���

�

http://www.r-project.org/
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$V�ZLQG�YHORFLW\��VDOLQLW\�DQG�ZDWHU�WHPSHUDWXUH�GDWD�ZHUH�QRW�QRUPDO���KLJKO\�KHWHURVFHGDVWLF�DQG�

ZHUH� DOVR� KLJKO\� DV\PPHWULF� EHWZHHQ� VXUYH\V�� ZH� RQO\� XVHG� WKHLU� PHDQ� DQG� DVVRFLDWHG� ����

FRQILGHQFH�LQWHUYDO��(IURQ�DQG�7LEVKLUDQL��������IRU�HDFK�VXUYH\��

�

7ZR�ZD\�DQDO\VLV�RI�YDULDQFH��$129$��ZHUH�XVHG��L�� WR�FRPSDUH�FRQFHQWUDWLRQ�RI�&KO�a�DPRQJ��

VXUYH\V�DQG�ZLWKLQ�VL]H�FODVV��!���P�DQG�����P��DQG��LL�� WR�FRPSDUH�&5�RI�SHDUO�R\VWHUV�DPRQJ�

VXUYH\V�DQG�ZLWKLQ�VL]H�FODVV�RI�&KO�a��!���P�DQG�����P���A�posteriori PXOWLSOH�FRPSDULVRQV�ZHUH�

FDUULHG�RXW�XVLQJ�7XNH\�+6'�WHVWV��

�

:H�XVHG�3HDUVRQ
V�FRUUHODWLRQ�WR�H[DPLQH�UHODWLRQVKLSV�EHWZHHQ�&KO�a�FRQFHQWUDWLRQ��!���P�DQG���

��P���IORZ�UDWHV�LQ�WKH�IORZ�WURXJK�JUD]LQJ�FKDPEHUV�DQG�FOHDUDQFH�UDWHV�RI�SHDUO�R\VWHUV��

�

)RU�HDFK�VXUYH\��H[DFW�ELQRPLDO� WHVWV�ZHUH�XVHG� WR�FRPSDUH� WKH�SHUFHQWDJH�RI�FDUERQ� UHWDLQHG�E\�

SHDUO�R\VWHUV�IURP�&KO��a�����P�DQG�&KO��a�!���P��

�

1RQ� SDUDPHWULF� .UXVNDO�:DOOLV� WHVWV� ZHUH� XVHG� WR� FRPSDUH� ���� DEXQGDQFH� RI� FLOLDWHV��

GLQRIODJHOODWHV�� QDQRSODQNWRQ� DQG�SLFRSODQNWRQ�PHDVXUHG� LQ�2FWREHU� ������ ���� FOHDUDQFH� UDWHV� RI�

FLOLDWHV�� GLQRIODJHOODWHV�� QDQRSODQNWRQ� DQG� SLFRSODQNWRQ� PHDVXUHG� LQ� 2FWREHU� ������ A� posteriori 

PXOWLSOH� FRPSDULVRQV�ZHUH� FDUULHG�RXW�XVLQJ� WKH�QRQ�SDUDPHWULF� 6WHHO�'ZDVV� WHVW� �&ULWFKORZ� DQG�

)OLJQHU��������6SXUULHU���������

�

,Q�DOO�WHVWV��VLJQLILFDQFH�ZDV�GHWHUPLQHG�ZLWK�DQ�DOSKD�OHYHO�RI�������

�

�

RESULTS 
Temperature, salinity, wind direction and speed 

0HDQ�ZDWHU�WHPSHUDWXUH�UDQJHG�IURP�������������&��LQ�2FWREHU�������WR������������&��LQ�0D\�

�������0HDQ�VDOLQLW\�UDQJHG�IURP�RI�������������LQ�2FWREHU�������WR������������LQ��0D\�������

�7DEOH�����

�(DVW�DQG�VRXWKHDVW�ZLQGV�EOHZ�FRQWLQXRXVO\�LQ�2FWREHU������ZLWK�WKH�KLJKHVW�YHORFLW\�RI�WKH�WKUHH�

VXUYH\V������������P�V�����,Q�0D\������DQG�LQ�0D\�������ZLQGV�ZHUH�SUHGRPLQDQWO\�EORZLQJ�IURP�

WKH�QRUWKZHVW�DQG�QRUWKHDVW��PRUH�WKDQ�����RI�WKH�WLPH��ZLWK�ORZHU�YHORFLW\����������P�V���DQG��

��������P�V���UHVSHFWLYHO\���7DEOH�����

�

Chlorophyll a : concentration and clearance rates and carbon retention 
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�

9DULDWLRQV�RI�&KO�a�����P�DQG�&KO�a�!���P�FRQFHQWUDWLRQV�DQG�RI�FOHDUDQFH�UDWHV�DUH�SUHVHQWHG�LQ�

)LJXUH����%RWK�&KO�a�!���P�DQG��&KO�a�����P�FRQFHQWUDWLRQV�VKRZHG�VLJQLILFDQW�YDULDWLRQV�EHWZHHQ�

VXUYH\V��7DEOHV���DQG�7DEOH�����&KO�a�!���P�ZDV�ORZHU�WKDQ�&KO�a�����P�LQ�0D\������DQG�LQ�0D\�

������ ZKLOH� FRQFHQWUDWLRQV� ZHUH� QRW� VLJQLILFDQWO\� GLIIHUHQW� LQ� 2FWREHU� ������ D� SHULRG� ZKHQ� ZH�

REVHUYHG�WKH�KLJKHVW�&KO�a�!����P�FRQFHQWUDWLRQ��������J�O�����

�

&RQYHUVLRQ�IDFWRUV�SUHVHQWHG�LQ�7DEOH���ZHUH�XVHG�WR�FRQYHUW�PHDQ�&KO�a�!���P�DQG�&KO�a�����P�

FRQFHQWUDWLRQ�LQWR�FDUERQ�ELRPDVV��3K\WRSODQNWRQ�ELRPDVV�UDQJHG�IURP�����J&�O����0D\�������WR�

����J&�O����2FWREHU��������

7KH�ELRPDVV�WHPSRUDO�WUHQGV�ZHUH�VLPLODU�WR�FRQFHQWUDWLRQ�WUHQGV��,Q�0D\������DQG�0D\�������

ELRPDVV�RI�&KO�a������P�ZDV�KLJKHU�WKDQ�ELRPDVV�&KO�a�!����P�ZKLOH�WKHUH�ZDV�QR�VLJQLILFDQW�

GLIIHUHQFH�EHWZHHQ�ELRPDVV�&KO�a������P�DQG�&KO�a�!����P�LQ�2FWREHU�������

�

7KH�DOORPHWULF�UHODWLRQVKLS�EHWZHHQ�&KO�D�!���P�FOHDUDQFH�UDWHV�DQG�IUHH]H�GULHG�GU\�IOHVK�ZHLJKW�

LV�SUHVHQWHG�LQ�)LJXUH����/LQHDU�UHJUHVVLRQ�RI�ORJ��&5L��RQ�ORJ��':��ZDV�VLJQLILFDQW��Uð� ������DQG�

S��������Q ����DQG�ZH�HVWDEOLVKHG�WKDW�&5L� ������':��������7KLV�UHODWLRQVKLS�ZDV�IXUWKHU�XVHG�WR�

VWDQGDUGL]H�FOHDUDQFH�UDWHV�IRU�D��J�':�SHDUO�R\VWHU���&5� �&5L���':���������

�

,Q�DOO�VXUYH\V��SHDUO�R\VWHUV�FOHDUHG�&KO�a�!���P�DW�D�KLJKHU�UDWH�WKDQ�&KO�a�����P��0HDQ�&5�GLG�

QRW�VKRZ�DQ\�VLJQLILFDQW�YDULDWLRQV�EHWZHHQ�VXUYH\V��7DEOH�����&5�RI�SHDUO�R\VWHUV�ZDV�QRW�

LQIOXHQFHG�E\�YDULDWLRQV�RI�&KO�a�����P�DQG�&KO�a�!���P�FRQFHQWUDWLRQ��QHLWKHU�E\�IORZ�UDWHV�

�7DEOH�����

�

,Q�0D\�������SHDUO�R\VWHUV�UHWDLQHG�VLJQLILFDQWO\�KLJKHU�TXDQWLWLHV�RI�FDUERQ�IURP��&KO�a�����P�

WKDQ�IURP�&KO�a�!���P��,Q�2FWREHU�������LW�ZDV�WKH�RSSRVLWH���SHDUO�R\VWHUV�UHWDLQHG�VLJQLILFDQWO\�

KLJKHU�TXDQWLWLHV�RI�FDUERQ�IURP��&KO�a�!���P�WKDQ�IURP�&KO�a�����P��,Q�0D\�������SHDUO�R\VWHUV�

UHWDLQHG�VLPLODU�TXDQWLWLHV�RI�FDUERQ�IURP��&KO�a�!���P�DQG�IURP��&KO�a�����P��7DEOH�����

�

Planktonic microorganisms : concentration, clearance rates and carbon retention 
7KLV�VHFWLRQ�SUHVHQWV�UHVXOWV�RI�WKH�2FWREHU������VXUYH\��ZKHQ�WKH�FRQWULEXWLRQ�RI�DOO�SODQNWRQ�W\SHV�

WR�WKH�SHDUO�R\VWHUV�GLHW�ZDV�DVVHVVHG��9DULDWLRQV�RI�SODQNWRQ�FRQFHQWUDWLRQV�DQG�FOHDUDQFH�UDWHV�DUH�

SUHVHQWHG�LQ�)LJXUH����0HDQ�SODQNWRQ�FRQFHQWUDWLRQ��PHDQ�FOHDUDQFH�UDWHV�DQG�PHDQ�FDUERQ�

UHWHQWLRQ�UDWHV�DUH�SUHVHQWHG�LQ�7DEOH����

,Q�2FWREHU�������SLFRSODQNWRQ�DQG�QDQRIODJHOODWHV�ZHUH�WKH�WZR�PRVW�DEXQGDQW�SODQNWRQ�W\SHV�

�7DEOH�����3LFRSODQNWRQ�FRQFHQWUDWLRQ�UDQJHG�IURP������[�����FHOO�O���WR������[�����FHOO�O���ZLWK�D�
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PHDQ�RI������������[�����FHOO�O����:H�FDOFXODWHG�DQ�DYHUDJH�FDUERQ�FRQWHQW�SHU�FHOO�RI�SLFRSODQNWRQ�

RI�����[�������J&�&HOO����7DEOH�����1DQRIODJHOODWHV�FRQFHQWUDWLRQ�UDQJHG�IURP������[�����FHOO�O���WR�

�����[�����FHOO�O���ZLWK�D�PHDQ�FRQFHQWUDWLRQ�RI�����������[�����FHOO�O����'LQRIODJHOODWHV�

FRQFHQWUDWLRQ�UDQJHG�IURP������[�����FHOO�O���WR������[�����FHOO�O���ZLWK�D�PHDQ�FRQFHQWUDWLRQ�RI�

����������[�����FHOO�O����)URP�WKHLU�PHDQ�OHQJWK������������P��DQG�ZLGWK������������P���ZH�

FDOFXODWHG�DQ�DYHUDJH�ELRYROXPH�RI��������P���DQG�DQ�DYHUDJH�FDUERQ�FRQWHQW�SHU�FHOO�RI�����[������

�J&�&HOO����7DEOH�����&LOLDWHV�FRQFHQWUDWLRQ�UDQJHG�IURP�����FHOO�O���WR������FHOO�O���ZLWK�D�PHDQ�RI�

��������FHOO�O����7DEOH����)LJXUH�����)URP�WKHLU�PHDQ�OHQJWK�������������P��DQG�ZLGWK�����������

�P��ZH�FDOFXODWHG�DQ�DYHUDJH�ELRYROXPH�RI���������P��DQG�DQ�DYHUDJH�FDUERQ�FRQWHQW�SHU�FHOO�RI�

����[�������J&�&HOO����7DEOH�����

�

7KH�PHDQ�FRQFHQWUDWLRQ�RI�SLFRSODQNWRQ��QDQRIODJHOODWHV��GLQRIODJHOODWHV�DQG�FLOLDWHV�ZHUH�

FRQYHUWHG�LQWR�FDUERQ�ELRPDVV�XVLQJ�WKH�FRQYHUVLRQ�FRHIILFLHQWV�SUHVHQWHG�LQ�7DEOH����7KH�WRWDO�

FDUERQ�ELRPDVV�ZDV������J&�O���DQG�QDQRIODJHOODWHV�FRQVWLWXWHG�WKH�EXON�RI�WRWDO�SODQNWRQ�ELRPDVV�

��������

0HDQ�FOHDUDQFH�UDWHV�RI�SHDUO�R\VWHUV�LQFUHDVHG�ZLWK�WKH�VL]H�RI�SODQNWRQ���IURP�����O�K���J���IRU�

SLFRSODQNWRQ�WR������O�K���J���IRU�FLOLDWHV���DQG�WKHUH�ZDV�D�VLJQLILFDQW�UHODWLRQVKLS��Uð� �������S� �

�������Q �����EHWZHHQ�PHDQ�FOHDUDQFH�UDWHV�RI�SHDUO�R\VWHUV�DQG�ELRYROXPHV�RI�SODQNWRQ�FHOOV���&5�

 ������OQ��%9����������)LJXUH������

1DQRIODJHOODWHV�ZHUH�WKH�GRPLQDQW�VRXUFH�RI�FDUERQ�UHWDLQHG�E\�SHDUO�R\VWHUV�LQ�2FWREHU������

�������7KH�VHFRQG�VRXUFH�RI�FDUERQ�IRU�SHDUO�R\VWHUV�ZHUH�GLQRIODJHOODWHV�������

�

DISCUSSION  
 

Plankton concentration 
3K\WRSODQNWRQ�FRQFHQWUDWLRQ�PHDVXUHG�GXULQJ�WKLV�VWXG\�ZDV�LQ�WKH�XSSHU�UDQJH�RI�SK\WRSODQNWRQ�

FRQFHQWUDWLRQ�PHDVXUHG�LQ�$KH�ODJRRQ�DQG�LQ�VHYHUDO�RWKHU�7XDPRWX�DWROO�ODJRRQV��7DEOH�����

,Q�2FWREHU������SK\WRSODQNWRQ�FRQFHQWUDWLRQ�UHDFKHG�YDOXHV�!����J&KO�a�O���ZLWK�D�PHDQ�

FRQFHQWUDWLRQ�DERYH�������J&KO�a O����,Q�2FWREHU�������ZH�DOVR�REVHUYHG��L��FRQFHQWUDWLRQ�RI�

GLQRIODJHOODWHV�EHLQJ�LQ�WKH�XSSHU�UDQJH�RI�YDOXHV�PHDVXUHG�LQ�RWKHU�ODJRRQV��7DNDSRWR�DQG�

7LNHKDX���7DEOH������LL��FRQFHQWUDWLRQ�RI�QDQRIODJHOODWHV�WKDW�ZHUH�DSSUR[LPDWHO\����WLPHV�JUHDWHU�

WKDQ�WKRVH�PHDVXUHG�LQ�5DQJLURD��7LNHKDX�DQG�LQ�$KH�ODJRRQ�DW�RWKHU�VLWHV�SHULRGV��7DEOH������LLL��

FRQFHQWUDWLRQV�RI�SLFRSODQNWRQ�LQ�WKH�ORZHU�UDQJH�RI�YDOXHV�UHSRUWHG�LQ�RWKHU�DWROOV���7DEOH������

7KXV��GXULQJ�WKH�2FWREHU������H[SHULPHQWV��WKH�ELRPDVV�RI�!���P�SODQNWRQLF�SDUWLFOHV�

�QDQRSODQNWRQ���GLQRIODJHOODWHV���FLOLDWHV��UHSUHVHQWHG�PRUH�WKDQ�����RI�WKH�WRWDO�SODQNWRQLF�
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ELRPDVV��7KHVH�REVHUYDWLRQV�DUH�XQXVXDO�LQ�7XDPRWX�DWROO�ODJRRQV�ZKHUH�WKH�ELRPDVV�RI�!���P�

SODQNWRQLF�SDUWLFOHV�LV�DSSUR[LPDWHO\�����RI�WKH�WRWDO�SODQNWRQLF�ELRPDVV��DV�UHYLHZHG�E\�3RXYUHDX�

HW�DO�������D���

�

3UHYLRXV�VWXGLHV�LQ�)UHQFK�3RO\QHVLDQ�DWROOV�KDYH�VKRZQ�WKDW�SODQNWRQ�FRQFHQWUDWLRQ�YDULDWLRQV�FDQ�

EH�VLJQLILFDQW�DW�VPDOO�VSDWLDO�DQG�RU�WHPSRUDO�VFDOH��GHVSLWH�WKH�DYHUDJH�ORZ�FRQFHQWUDWLRQ�RI�

SODQNWRQ�DQG�GHVSLWH�ZHDN�VHDVRQDO�WUHQGV��%XHVWHO�DQG�3RXYUHDX��������&KDUS\�HW�DO���7KLV�LVVXH��

)RXUQLHU�HW�DO��7KLV�LVVXH��*RQ]iOH]�HW�DO���������3DJDQR�HW�DO���7KLV�LVVXH��6RXUQLD�DQG�5LFDUG��������

7KRPDV�HW�DO����������+RZHYHU��WKH�H[DFW�PHFKDQLVPV�UHVSRQVLEOH�IRU�WKHVH�FKDQJHV�UHPDLQ�XQFOHDU��

&KDQJHV�LQ�K\GURG\QDPLF�UHJLPHV�DUH�OLNHO\�FDXVDO�IDFWRUV�DQG�ZDUUDQW�IXUWKHU�LQYHVWLJDWLRQV��7KH�

DYDLODELOLW\�RI��'�FLUFXODWLRQ�QXPHULFDO�PRGHOV�ZLOO�DOORZ�LQ�D�QHDU�IXWXUH�D�EHWWHU�XQGHUVWDQGLQJ�RI�

WKHVH�SURFHVVHV��'XPDV�HW�DO��7KLV�LVVXH���

�

�

Clearance rates 
0HDQ�&5�RI�SHDUO�R\VWHUV�UDQJHG�EHWZHHQ������O�K���J���DQG������O�K���J���IRU�SODQNWRQ�!���P��&KO�D�

!���P��QDQRIODJHOODWHV��GLQRIODJHOODWHV�DQG�FLOLDWHV���7KHVH�YDOXHV�DUH�LQ�WKH�UDQJH�RI�&5�PHDVXUHG�

E\�<XNLKLUD�HW�DO�������E��������O�K���J����DQG�3RXYUHDX�HW�DO���������������O�K���J����GXULQJ�ODERUDWRU\�

H[SHULPHQWV�ZLWK�D�PRQRVSHFLILF�VROXWLRQ�RI�Isochrysis galbana�UHWDLQHG�DW�����E\�P. 

margaritifera��

&OHDUDQFH�UDWHV�RI�P. margaritifera�DUH�DOVR�FORVH�WR�FOHDUDQFH�UDWHV�RI�WKH�R\VWHU�Crassostrea gigas�

PHDVXUHG�XQGHU�ORZ�VHVWRQ�ORDG�FRQGLWLRQV�LQ�7KDX�ODJRRQ�LQ�)UDQFH�����O�K���J���IRU�!����P�

IODJHOODWHV���'XSX\�HW�DO�����������

'XULQJ�RXU�H[SHULPHQWV��ZH�GLG�QRW�PHDVXUH�DQ\�LQIOXHQFH�RI�SODQNWRQ�FRQFHQWUDWLRQ�YDULDWLRQV�RQ�

FOHDUDQFH�UDWHV��7DEOH�����+RZHYHU��ELYDOYHV�ILOWUDWLRQ�SHUIRUPDQFHV�DUH�NQRZQ�WR�GHFUHDVH�ZKHQ�

VHVWRQ�ORDG�LQFUHDVHV��H�J���3RXYUHDX�HW�DO�������E�IRU�P. margaritifera���6SHFLHV�LQKDELWLQJ�KLJK�

VHVWRQ�ORDG�HQYLURQPHQWV�GLVSOD\�ORZHU�FOHDUDQFH�UDWHV�WKDQ�VSHFLHV�LQ�ORZ�VHVWRQ�ORDG�

HQYLURQPHQWV��-¡UJHQVHQ��������<XNLKLUD�HW�DO�������D��7URWWHW�HW�DO����������7KH�ORZ�ORDG�RI�DWROO�

ODJRRQV�FRPSDUHG�WR�PDQ\�WHPSHUDWH�FRDVWDO�HQYLURQPHQWV�H[SODLQV�WKH�W\SLFDOO\�KLJK��DQG�VWDEOH��

&5�RI�P. margaritifera��DQG�C. gigas�ZKHQ�LQ�D�ORZ�VHVWRQ�ORDG�HQYLURQPHQW���

�

&OHDUDQFH�RI��SLFRSODQNWRQ�E\�SHDUO�R\VWHUV�ZDV�H[WUHPHO\�ORZ�FRPSDUHG�WR�FOHDUDQFH�RI�

QDQRSODQNWRQ�DQG�PLFURSODQNWRQ��0RUHRYHU��WKHUH�ZDV�D�FOHDU�SRVLWLYH�UHODWLRQVKLS�EHWZHHQ�

FOHDUDQFH�UDWHV�RI�P. margaritifera�DQG�ELRYROXPH�RI�SODQNWRQ�FHOOV��)LJXUH�����7KLV�UHODWLRQVKLS��

REWDLQHG�in situ��LV�LQ�DJUHHPHQW�ZLWK�WKH�UHODWLRQVKLS�EHWZHHQ�UHWHQWLRQ�HIILFLHQF\�DQG�SDUWLFOH�VL]H�
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REWDLQHG�LQ�ODERUDWRU\�E\�3RXYUHDX�HW�DO����������)LQDOO\��QXPHURXV�VWXGLHV�KDYH�VKRZQ�WKDW�WKLV�

UHODWLRQVKLS�ZDV�H[SODLQHG�E\�WKH�JLOO�VWUXFWXUH��DQG�HVSHFLDOO\�E\�WKH�GLVSRVLWLRQ�RI�FLUUL�RQ�JLOO�

ILODPHQWV��H�J�3RXYUHDX�HW�DO���������6LOYHUPDQ�HW�DO���������:ULJKW�HW�DO����������

�

)RU�P. margaritifera���in situ�FOHDUDQFH�UDWHV�GDWD�DUH�VFDUFH�LQ�OLWHUDWXUH��+RZHYHU��FRPSDULVRQV�

EHWZHHQ�FOHDUDQFH�UDWHV�YDOXHV�PHDVXUHG�GXULQJ�RXU�H[SHULPHQWV�DQG�FOHDUDQFH�UDWHV�YDOXHV�

PHDVXUHG�E\�/RUHW�HW�DO�������D��LQ�7DNDSRWR�ODJRRQ�DJDLQ�KLJKOLJKW�WKLV�REYLRXV�UHODWLRQVKLS�

EHWZHHQ�FOHDUDQFH�UDWHV�DQG�SDUWLFOH�VL]H���ELRYROXPH���

,QGHHG��PHDQ�&5�RI�VPDOO��OHQJWK���������P��ZLGWK���������P��GLQRIODJHOODWHV�����O�K���J����

PHDVXUHG�GXULQJ�WKLV�VWXG\�ZDV�KDOI�ORZHU�WKDQ�&5�����O�K���J����RI�ODUJH��OHQJWK������P��ZLGWK������

�P��GLQRIODJHOODWHV�PHDVXUHG�E\�/RUHW�HW�DO������D����

&RQYHUVHO\��PHDQ�&5�RI�VPDOO��OHQJWK��������P��ZLGWK���������P��FLOLDWHV�����O�K���J����PHDVXUHG�

GXULQJ�WKLV�VWXG\�ZDV�LQ�WKH�UDQJH�RI�&5�RI����O�K���J���IRU�Amphileptus sp��OHQJWK�������P��ZLGWK���

����P��DQG�RI����O�K���J���IRU Strombidium sp.��OHQJWK�������P��ZLGWK�������P��PHDVXUHG�E\�/RUHW�HW�

DO�������D��LQ�7DNDSRWR�ODJRRQ��

�

�

Carbon retention rates 
2EYLRXVO\��SODQNWRQ�FRQFHQWUDWLRQ�PHDVXUHG� LQ�2FWREHU������ZDV�H[FHSWLRQDOO\�KLJK�DQG�GLG�QRW�

UHSUHVHQW�WKH�DYHUDJH�SODQNWRQ�FRQFHQWUDWLRQ�LQ�$KH�ODJRRQ��7KXV��WR�DVVHVV�WKH�DYHUDJH�DPRXQW�RI�

FDUERQ�UHWDLQHG�E\�SHDUO�R\VWHUV�LQ�$KH�ODJRRQ��ZH�FDOFXODWHG�WKH�DYHUDJH�FRQFHQWUDWLRQ�RI�&KO��a���

���P��&KO��a�!����P��SLFRSODQNWRQ��QDQRIODJHOODWHV��GLQRIODJHOODWHV�DQG�FLOLDWHV�IURP�OLWHUDWXUH�GDWD�

�7DEOH�����7KHQ��ZH�FRQYHUWHG� WKHVH� DYHUDJH�SODQNWRQ� FRQFHQWUDWLRQV� LQWR� WKHLU� UHVSHFWLYH� FDUERQ�

ELRPDVV�XVLQJ�WKH�FRQYHUVLRQ�IDFWRUV�LQ�7DEOH����)LQDOO\��ZH�FDOFXODWHG�WKH�DYHUDJH�FDUERQ�UHWHQWLRQ�

UDWHV�RI�SHDUO�R\VWHUV�IRU�HDFK�SODQNWRQ�IUDFWLRQ�XVLQJ�FOHDUDQFH�UDWHV�PHDVXUHG�LQ�2FWREHU�������

7KH�DYHUDJH�ELRPDVV�RI�SK\WRSODQNWRQ�LQ�$KH�ZDV�����J&�O���DQG�&KO�a�!���P�UHSUHVHQWHG�����RI�

WKLV�ELRPDVV��+RZHYHU��SHDUO�R\VWHUV�UHWDLQHG�VLPLODU�DPRXQWV�RI�FDUERQ�IURP�&KO�a�����P�DQG�

IURP��&KO�a�!���P��FD�������J&�K���J�����7DEOH�����

7KH�DYHUDJH� WRWDO�SDQNWRQLF�FDUERQ�ELRPDVV�ZDV������J&� O��� �7DEOH�����3LFRSODQNWRQ� UHSUHVHQWHG�

����RI�WKLV�WRWDO�FDUERQ�ELRPDVV�DQG�QDQRIODJHOODWHV�UHSUHVHQWHG������)LQDOO\��GLQRIODJHOODWHV�DQG�

FLOLDWHV�UHSUHVHQWHG�RQO\�����,Q�FRQWUDVW��FDUERQ�UHWDLQHG�E\�SHDUOV�R\VWHUV�RULJLQDWHG�PDLQO\�IURP��

QDQRIODJHOODWHV��������WKHQ�IURP�GLQRIODJHOODWHV�DQG�FLOLDWHV��������DQG�ILQDOO\�IURP�SLFRSODQNWRQ�

������

,Q�2FWREHU�������SHDUO�R\VWHUV� UHWDLQHG�DOPRVW� �� WLPHV�PRUH�SODQNWRQLF� FDUERQ� WKDQ�DYHUDJH� �ca��

������J&�K���J���DQG������J&�K���J����UHVSHFWLYHO\���
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,Q�7DNDSRWR�ODJRRQ��SHDUO�R\VWHUV�UHWDLQHG�VLPLODU�TXDQWLWLHV�RI�FDUERQ�IURP�GLQRIODJHOODWHV������J&�

K���J����FRPSDUHG� WR� WKH�DYHUDJH� LQ�$KH������J&�K���J�����'LQRIODJHOODWHV�ZHUH� ODUJHU� LQ�7DNDSRWR�

ODJRRQ�EXW�WKHLU�FRQFHQWUDWLRQ�ZDV�ORZHU�WKDQ�LQ�$KH�ODJRRQ��/RUHW�HW�DO�������D����

3HDUO� R\VWHUV� UHWDLQHG� KLJKHU� TXDQWLWLHV� RI� FDUERQ� LQ� 7DNDSRWR� IURP� FLOLDWHV� ���� �J&� K��� J����

FRPSDUHG�WR�WKH�DYHUDJH�LQ�$KH������J&�K���J�����ZKHUH�WKH\�ZHUH�VPDOOHU�DQG�OHVV�DEXQGDQW�WKDQ�LQ�

7DNDSRWR��/RUHW�HW�DO�������D����

7R�RXU�NQRZOHGJH��WKHUH�LV�QR�FRPSDUDEOH�in situ�VWXG\�WKDW�KDV�PHDVXUHG�WKH�UHODWLYH�FRQWULEXWLRQ�

RI� SLFR�� QDQR�� DQG�PLFUR�� SODQNWRQ� WR� WKH� GLHW� RI� D� WURSLFDO� ELYDOYH�� ,Q� WHPSHUDWH� HQYLURQPHQWV��

7URWWHW�HW�DO���������DQG�'XSX\�HW�DO���������LQYHVWLJDWHG�WKH�UHODWLYH�FRQWULEXWLRQ�RI�SLFR��QDQR��DQG�

PLFUR��SODQNWRQ�LQ�WKH�EOXH�PXVVHO�GLHW��Mytilus edulis��DQG�LQ�WKH�FXSSHG�R\VWHU�GLHW��Crassostrea 

gigas���UHVSHFWLYHO\��,Q�7KDX�ODJRRQ��)UDQFH���C. gigas�UHWDLQHG�D�WRWDO�RI�������J&�K���J����DQG�LQ�

*UDQG�(QWUpH�ODJRRQ��&DQDGD���WRWDO�FDUERQ�UHWHQWLRQ�RI�M. edulis�UDQJHG�IURP������J&�K���J���WR�

������J&�K���J�����

,Q�7KDX� ODJRRQ��GLDWRPV� UHSUHVHQWHG�����RI� WKH� WRWDO�SODQNWRQLF�ELRPDVV�DQG�����RI� WKH�FDUERQ�

UHWDLQHG�E\�C. gigas�ZKLOH� LQ�*UDQGH�(QWUpH� ODJRRQ��FLOLDWHV� UHSUHVHQWHG�DW� OHDVW�����RI� WKH� WRWDO�

SODQNWRQLF�ELRPDVV�DQG�DW�OHDVW�����RI�WKH�FDUERQ�UHWDLQHG�E\�M. edulis���

6LPLODUO\� WR� WKHVH� WZR� VSHFLHV�� ZH� UHSRUW� IRU� P. margaritifera� WKDW� �L�� QDWXUDO� YDULDWLRQV� LQ� WKH�

FRPSRVLWLRQ�DQG�DEXQGDQFH�RI�SODQNWRQ�OHDG�WR�LPSRUWDQW�IHHGLQJ�YDULDWLRQV��LL��SDUWLFOHV�RI�VL]H�!�

��P�DUH�WKH�PDLQ�VRXUFH�RI�FDUERQ��

�

Conclusion and perspectives 
7KH�JUD]LQJ�H[SHULPHQWV�FRQGXFWHG�LQ�$KH�ODJRRQ�ZLWK�WKH�IORZ�WURXJK�FKDPEHU�PHWKRG�FRQILUPHG�

WKH�in situ�KLJK�FOHDUDQFH�UDWHV�RI�P. margaritifera�DQG�KLJKOLJKWHG�WKH�VWURQJ�UHODWLRQVKLS�EHWZHHQ�

FOHDUDQFH�UDWHV�DQG�SODQNWRQ�VL]H�ELRYROXPH��2XU�UHVXOWV�DOVR�FOHDUO\�GHPRQVWUDWHG�WKDW��HYHQ�LI�DWROO�

ODJRRQV� RI� 7XDPRWX�$UFKLSHODJR� DUH� FKDUDFWHUL]HG� E\� D� ORZ� DYHUDJH� ELRPDVV� RI� SODQNWRQ�� WKH�

YDULDWLRQV� RI� WKLV� ELRPDVV� DQG� WKH� YDULDWLRQV� LQ� WKH� VWUXFWXUH� RI� SODQNWRQLF� FRPPXQLWLHV� KDYH� D�

PDMRU� LQIOXHQFH�RQ� WKH� IHHGLQJ�RI�SHDUO�R\VWHUV��7KLV�ZLOO� KHOS�RQ� WKH� ORQJ� UXQ� WR�XQGHUVWDQG� WKH�

LQWHU�ODJRRQ�GLIIHUHQFHV�RI�SHDUO��R\VWHUV
�HFRSK\VLRORJ\��JURZWK��UHSURGXFWLRQ��VHH�)RXUQLHU�HW�DO���

7KLV�LVVXH��DQG�WKHUHIRUH�WKH�LQWHU�ODJRRQ�GLIIHUHQFHV�LQ�DTXDFXOWXUH�DQ�SHDUO�IDUPLQJ�SRWHQWLDO��

+RZHYHU�� IRRG�VRXUFHV�RI�P. margaritifera�DUH�KLJKO\�GLYHUVLILHG��/RUHW�HW�DO�������D��1DVU��������

DQG� LW� LV�REYLRXV� WKDW�VHYHUDO�SODQNWRQ� WD[D�W\SHV�ZHUH�QRW�FRQVLGHUHG� LQ� WKH�SUHVHQW�VWXG\�GXH� WR�

WKHLU�ORZ�FRQFHQWUDWLRQ�VXFK�DV�GLDWRPV��VPDOO�PHWD]RRSODQNWRQ��FRFFROLWKRSKRULGV��

'HVSLWH� WKHLU� DYHUDJH� ORZ� DEXQGDQFH�� WUDQVLWRU\� SHDNV� RI� GLDWRPV�� ELYDOYH� ODUYDH� DQG� RWKHU�

PHWD]RDQ� ODUYDH� FRQFHQWUDWLRQ� KDYH� EHHQ� REVHUYHG� LQ� DWROO� ODJRRQV� �)RXUQLHU� HW� DO��� WKLV� LVVXH��

3DJDQR� HW� DO�� WKLV� LVVXH�� 6RXUQLD� DQG� 5LFDUG�� ������� 7KHVH� SODQNWRQ� IUDFWLRQV� PD\� WKHUHIRUH�
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UHSUHVHQW�VLJQLILFDQW�IRRG�VRXUFHV�IRU�SHDUO�R\VWHUV��

)RU� WKHVH� UHDVRQV�� IXUWKHU� VWXGLHV� RQ� SHDUO� R\VWHUV� QXWULWLRQ� VKRXOG� IRFXV� RQ� WKH�PHDVXUHPHQW� RI�

FOHDUDQFH� UDWHV� DQG� FDUERQ� UHWHQWLRQ� UDWHV� RI� VPDOO� PHWD]RRSODQNWRQ�� FRFFROLWKRSKRULGV� DQG�

GLDWRPV��

�
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PRGHOOLQJ��0DULQH�3ROOXWLRQ�%XOOHWLQ��
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DQG�RWKHU�SURWLVW�SODQNWRQ��/LPQRORJ\�DQG�2FHDQRJUDSK\��������������
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%D\��5HG�6HD��+\GURELRORJLD���������������

1H]DQ��(���������6XUYHLOODQFH�GX�3K\WRSODQNWRQ�PDULQ���PDQXHO�LOOXVWUp�DGDSWp�j�OD�IRUPDWLRQ�GHV�
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VSDWLRWHPSRUDO�YDULDWLRQV�DQG�WURSKLF�UHODWLRQVKLSV��0DULQH�3ROOXWLRQ�%XOOHWLQ��7KLV�LVVXH��

3DVFRH��3���3DUU\��+���+DZNLQV��$���������2EVHUYDWLRQV�RQ�WKH�PHDVXUHPHQW�DQG�LQWHUSUHWDWLRQ�RI�
FOHDUDQFH�UDWH�YDULDWLRQV�LQ�VXVSHQVLRQ�IHHGLQJ�ELYDOYH�VKHOOILVK��$TXDWLF�%LRORJ\�������������

3DXOPLHU��*���������7LQWLQQLGHV��&LOLRSKRUD��2OLJRWULFKLGD��7LQWLQQLQD��GH�OތDWD OQWLTXH�ERUpDO��GH�
O
RFpDQ�LQGLHQ�HW�GH�TXHOTXHV�PHUV�DGMDFHQWHV���0HGLWHUUDQpH��PHU�&DUDwEH��PHU�5RXJH��
,QYHQWDLUHV�HW�GLVWULEXWLRQ��2EVHUYDWLRQV�EDVpHV�VXU�OHV�ORULFDV���,)5(0(5��(GV����%UHVW��

3HWHUVHQ��-���������0HWKRGV�IRU�PHDVXUHPHQW�RI�ELYDOYH�FOHDUDQFH�UDWH�KRSH�IRU�FRPPRQ�
XQGHUVWDQGLQJ��0DULQH�(FRORJ\�3URJUHVV�6HULHV���������������

3RXYUHDX��6���%DFKHU��&���+pUDO��0�������D��(FRSK\VLRORJLFDO�PRGHO�RI�JURZWK�DQG�UHSURGXFWLRQ�RI�
WKH�EODFN�SHDUO�R\VWHU��Pinctada margaritifera��SRWHQWLDO�DSSOLFDWLRQV�IRU�SHDUO�IDUPLQJ�LQ�
)UHQFK�3RO\QHVLD��$TXDFXOWXUH���������������

3RXYUHDX��6���%RGR\��$���%XHVWHO��'�������E��In situ�VXVSHQVLRQ�IHHGLQJ�EHKDYLRXU�RI�WKH�SHDUO�
R\VWHU��Pinctada margaritifera��FRPELQHG�HIIHFWV�RI�ERG\�VL]H�DQG�ZHDWKHU�UHODWHG�VHVWRQ�
FRPSRVLWLRQ��$TXDFXOWXUH��������������

3RXYUHDX��6���-RQTXLqUHV��*���%XHVWHO��'���������)LOWUDWLRQ�E\�WKH�SHDUO�R\VWHU��Pinctada 
margaritifera��XQGHU�FRQGLWLRQV�RI�ORZ�VHVWRQ�ORDG�DQG�VPDOO�SDUWLFOH�VL]H�LQ�D�WURSLFDO�ODJRRQ�
KDELWDW��$TXDFXOWXUH���������������

5LFDUG��0���������$WODV�GX�SK\WRSODQFWRQ�PDULQ��YRO������&156��(GV����3DULV��

5LLVJnUG��+���������2Q�PHDVXUHPHQW�RI�ILOWUDWLRQ�UDWHV�LQ�ELYDOYHV�WKH�VWRQ\�URDG�WR�UHOLDEOH�GDWD��
UHYLHZ�DQG�LQWHUSUHWDWLRQ��0DULQH�(FRORJ\�3URJUHVV�6HULHV���������������

5LLVJnUG��+���������,QWHUFDOLEUDWLRQ�RI�PHWKRGV�IRU�PHDVXUHPHQW�RI�ELYDOYH�ILOWUDWLRQ�UDWHV�D�WXUQLQJ�
SRLQW��0DULQH�(FRORJ\�3URJUHVV�6HULHV���������������

6DNND��$���/HJHQGUH��/���*RVVHOLQ��0���'HOHVDOOH��%���������6WUXFWXUH�RI�WKH�ROLJRWURSKLF�SODQNWRQLF�
IRRG�ZHE�XQGHU�ORZ�JUD]LQJ�RI�KHWHURWURSKLF�EDFWHULD�7DNDSRWR�$WROO��)UHQFK�3RO\QHVLD��
0DULQH�(FRORJ\�3URJUHVV�6HULHV������������

6LOYHUPDQ��+���/\QQ��-���'LHW]��7���������3DUWLFOH�&DSWXUH�E\�WKH�*LOOV�RI�Dreissena polymorpha��
6WUXFWXUH�DQG�)XQFWLRQ�RI�/DWHUR�IURQWDO�&LUUL��%LRORJLFDO�%XOOHWLQ�������������

6RXUQLD��$���������$WODV�GX�SK\WRSODQFWRQ�PDULQ��YRO������&156��(GV����3DULV��

6RXUQLD��$���5LFDUG��0���������'RQQpHV�VXU�OތK \GURORJLH�HW�OD�SURGXFDWLYLWp�G
XQ�DWROO�IHUPp�
�7DNDSRWR��,OHV�7XDPRWX���9LH�0LOLHX��������������

6SXUULHU��-���������$GGLWLRQDO�7DEOHV�IRU�6WHHO±'ZDVV±&ULWFKORZ±)OLJQHU�'LVWULEXWLRQ�)UHH�0XOWLSOH�
&RPSDULVRQV�RI�7KUHH�7UHDWPHQWV��&RPPXQLFDWLRQV�LQ�6WDWLVWLFV���6LPXODWLRQ�DQG�
&RPSXWDWLRQ��������������

7KRPDV��<���*DUHQ��3���%HQQHWW��$���/H�3HQQHF��0���&ODYLHU��-���������0XOWLVFDOH�GLVWULEXWLRQ�DQG�
G\QDPLFV�RI�ELYDOYH�ODUYDH�LQ�D�GHHS�DWROO�ODJRRQ��$KH��)UHQFK�3RO\QHVLD���0DULQH�3ROOXWLRQ�



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

���
�

%XOOHWLQ��7KLV�LVVXH��

7KRPDV��<���*DUHQ��3���&RXUWLHV��&���&KDUS\��/���������6SDWLDO�DQG�WHPSRUDO�YDULDELOLW\�RI�WKH�SLFR�
DQG�QDQRSK\WRSODQNWRQ�DQG�EDFWHULRSODQNWRQ�LQ�D�GHHS�3RO\QHVLDQ�DWROO�ODJRRQ��$TXDWLF�
PLFURELDO�HFRORJ\�������±�����

7RUUpWRQ��-���3DJqV��-���7DOERW��9���������5HODWLRQVKLSV�EHWZHHQ�EDFWHULRSODQNWRQ�DQG�SK\WRSODQNWRQ�
ELRPDVV��SURGXFWLRQ�DQG�WXUQRYHU�UDWH�LQ�7XDPRWX�DWROO�ODJRRQV��$TXDWLF�0LFURELDO�(FRORJ\�
�������������

7URWWHW��$���5R\��6���7DPLJQHDX[��(���/RYHMR\��&���7UHPEOD\��5���������,PSDFW�RI�VXVSHQGHG�PXVVHOV�
�Mytilus edulis L���RQ�SODQNWRQ�FRPPXQLWLHV�LQ�D�0DJGDOHQ�,VODQGV�ODJRRQ��4XpEHF��&DQDGD���
$�PHVRFRVP�DSSURDFK��-RXUQDO�RI�([SHULPHQWDO�0DULQH�%LRORJ\�DQG�(FRORJ\���������������

7URXVVHOOLHU��0���&RXUWLHV��&���=HWWHOPDLHU��6���������)ORZ�F\WRPHWULF�DQDO\VLV�RI�FRDVWDO�ODJRRQ�
EDFWHULRSODQNWRQ�DQG�SLFRSK\WRSODQNWRQ���IL[DWLRQ�DQG�VWRUDJH�HIIHFWV��$TXDWLF�0LFURELDO�
(FRORJ\��������������

9HULW\��3���5REHUWVRQ��&���7URQ]R��&���$QGUHZV��0���1HOVRQ��-���6LHUDFNL��0���������5HODWLRQVKLS�
EHWZHHQ�FHOO�YROXPH�DQG�WKH�FDUERQ�DQG�QLWURJHQ�FRQWHQW�RI�PDULQH�SKRWRV\QWKHWLF�
QDQRSODQNWRQ��/LPQRORJ\�DQG�2FHDQRJUDSK\����������������

:HOVFKPH\HU��1���������)OXRURPHWULF�DQDO\VLV�RI�FKORURSK\OO�D�LQ�WKH�SUHVHQFH�RI�FKORURSK\OO�E�DQG�
SKHRSLJPHQWV��/LPQRORJ\�DQG�2FHDQRJUDSK\����������������

:ULJKW��5���&RIILQ��5���(UVLQJ��&���3HDUVRQ��'���������)LHOG�DQG�ODERUDWRU\�PHDVXUHPHQWV�RI�ELYDOYH�
ILOWUDWLRQ�RI�QDWXUDO�PDULQH�EDFWHULRSODQNWRQ��/LPQRORJ\�DQG�RFHDQRJUDSK\������������

<XNLKLUD��+���.OXPSS��'���/XFDV��-�������D��&RPSDUDWLYH�HIIHFWV�RI�PLFURDOJDO�VSHFLHV�DQG�IRRG�
FRQFHQWUDWLRQ�RQ�VXVSHQVLRQ�IHHGLQJ�DQG�HQHUJ\�EXGJHWV�RI�WKH�SHDUO�R\VWHUV�Pinctada 
margaritifera�DQG�P. maxima��Bivalvia:Pteriidae���0DULQH�(FRORJ\�3URJUHVV�6HULHV�������������

<XNLKLUD��+���.OXPSS��'���/XFDV��-�������E��(IIHFWV�RI�ERG\�VL]H�RQ�VXVSHQVLRQ�IHHGLQJ�DQG�HQHUJ\�
EXGJHWV�RI�WKH�SHDUO�R\VWHUV�Pinctada margaritifera�DQG�P. maxima��0DULQH�(FRORJ\�3URJUHVV�
6HULHV���������������
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Table 1����0HDQ�KHLJKW���VWDQGDUG�GHYLDWLRQ��LQ�PP��DQG�QXPEHU�RI�R\VWHUV��EHWZHHQ�SDUHQWKHVHV��XVHG�GXULQJ�RXU�
H[SHULPHQWV��6DPSOLQJ�VWUDWHJ\��n��IRU�WKH�PHDVXUHPHQW�RI�FOHDUDQFH�UDWHV�RI�SHDUO�R\VWHUV��3LFR�� �SLFRSODQNWRQ��1DQR��
 ��QDQRIODJHOODWHV��'LQR�� �GLQRIODJHOODWHV��&LOL�� �&LOLDWHV��&KO��a������P�DQG�&KO��a�!����P� �SK\WRSODQNWRQ�����P�
DQG�!���P��
6XUYH\� 2\VWHUV�+HLJKW� &KO��a �n�� 3LFR���n��� 1DQR���n�� 'LQR���n�� &LOL���n���

0D\������
���������

����������

��

��

�

��

�

��

�

��

�

��

2FWREHU������ ��������� ��� ��� ��� ��� ���

0D\������ ��������� ��� �� �� �� ��

�
�
Table 2���0HDQ�������FRQILGHQFH�LQWHUYDO�RI�ZLQG�YHORFLW\��P�V�����ZDWHU�WHPSHUDWXUH���&��DQG�VDOLQLW\��368��PHDVXUHG�
LQ�0D\�������2FWREHU������DQG�$SULO�0D\�������

6XUYH\� :LQG�9HORFLW\� :DWHU�7HPS�� 6DOLQLW\�

0D\������ ������������ ������������� �������������

2FWREHU������ ������������ ������������� ������������

0D\������ ������������ ������������� �������������

�
�
�
Table 3 ��$EXQGDQFH��LQ�&HOO�O���RU�LQ��J&KO�a O�����&DUERQ�ELRPDVV��&%�LQ��J&�O���DQG�%�LQ�����&OHDUDQFH�5DWHV�RI�SHDUO�
R\VWHUV���LQ�O�K���J����DQG�FDUERQ�UHWHQWLRQ�UDWHV��&DUERQ�5HWDLQHG�LQ��J&�K���J���DQG�&DUE��LQ����PHDVXUHG�LQ�0D\�������
2FWREHU� ����� DQG� $SULO�0D\� ����� DW� RXU� VWXG\� VLWH� �3LFR��  � SLFRSODQNWRQ�� 1DQR��  � � QDQRIODJHOODWHV�� 'LQR��  �
GLQRIODJHOODWHV��&LOL�� �&LOLDWHV��&KO��a������P�DQG�&KO��a�!����P� �SK\WRSODQNWRQ�����P�DQG�!���P����

6XUYH\� 3ODQNWRQ�7\SH�� $EXQGDQFH� � &%� %������ � &OHDUDQFH�5DWHV� � &DUERQ��
5HWDLQHG�

&DUE�
���� �

�0D\������ &KO�a�!��P�� � ������������ � �� ��� � � ����������� � ��� ��� �
� &KO�a����P�� � ������������ � ��� ��� � � ���������� � ���� ��� �
� � � � � � � � � � � � � �
�2FWREHU������ &KO�a�!��P�� � ������������ � ��� ��� � � ����������� � ���� ��� �
� &KO�a����P�� � ������������ � ��� ��� � � ���������� � ��� ��� �
� � � � � � � � � � � � � �
� 3LFR��� � ������������[������� ��� ���

��
�� �

� ���������� � ��� ��

��
�� �

� 1DQR��� � ������������[����� � ���� ��� � ����������� � ����� ���

� 'LQR�� � ������������[����� � ��� �� � ����������� � ���� ��

� &LOL��� � ���������� � �� �� � ������������ � ��� ��
� � � � � � � � � � � � � �
�0D\������ &KO�a�!��P�� � ������������ � �� ��� � � ����������� � ���� ��� �
� &KO�a����P� � ������������ � ��� ��� � � ���������� � ��� ��� �
�
�
�

�
Table 4���$QDO\VLV�RI�YDULDQFH�WDEOH�IRU�VWDWLVWLFDO�FRPSDULVRQV�RI�FRQFHQWUDWLRQ�&KO��a�DQG�VWDQGDUGL]HG�FOHDUDQFH�UDWHV�
RI�SHDUO�R\VWHUV�ZLWKLQ�VL]H�FODVV�RI�&KO��a��!���P�DQG�����P��DQG�EHWZHHQ�VXUYH\���
$QDO\VLV� 6RXUFH� df F p 

&KO��a�FRQFHQWUDWLRQ�DPRQJ�VXUYH\�DQG�VL]H�
FODVV�RI�&KO�a 

6L]H�FODVV�
6XUYH\�
,QWHUDFWLRQ�

��
��
��

�����
�����
�����

������
������
������

Table(s)



&5�RI�SHDUO�R\VWHUV�DPRQJ�VXUYH\�DQG�VL]H�
FODVV�RI�&KO�a 

6L]H�FODVV�
6XUYH\�
,QWHUDFWLRQ�
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��
��

������
����
����

������
������
������
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�
Table 5 ��$YHUDJH�ELRYROXPHV��%9�LQ��P���DQG�FDUERQ�FRQWHQW��&�&��LQ��J&�&HOO���RU�LQ��J&��J&KOa����FRPSXWHG�IURP�
RXU�GDWD�DQG�IURP�OLWWHUDWXUH�GDWD��3LFR�� �SLFRSODQNWRQ��1DQR�� ��QDQRIODJHOODWHV��'LQR�� �GLQRIODJHOODWHV��&LOL�� �
&LOLDWHV��&KO��a������P�DQG�&KO��a�!����P� �SK\WRSODQNWRQ�����P�DQG�!���P���
3ODQNWRQ�W\SH� %�9�� &�&��

3LFR�� ����� ����[������

1DQR�� ���� ����[������

'LQR�� ����� ����[������

&LOL�� ������ ����[������

&KO��a�!����P� �� ���

&KO��a������P� �� ���

�
�
Table 6� �� 5HODWLRQVKLS� EHWZHHQ� FOHDUDQFH� UDWHV� RI� SHDUO� R\VWHU� �&5&KO� a� �� ��P� DQG� &5&KO� a� !� ��P��� FRQFHQWUDWLRQ� RI�
SK\WRSODQNWRQ������P��&KO�a�����P���RI�SK\WRSODQNWRQ�!����P��&KO�a�!���P���DQG�IORZ�UDWHV�LQ�WKH�JUD]LQJ�FKDPEHUV��
3HDUVRQ
V�SURGXFW�PRPHQW�FRUUHODWLRQ��r��DQG�S�YDOXHV��p��DUH�LQGLFDWHG�IRU�HDFK�DQDO\VLV��

� &5&KO�a�����P�
&5�&KO�a�!�
��P�

&KO�a�!���P� r� �������
p� ��������

r� ������
p� �������

&KO�a�����P� r� ������
p� �������

r� �������
p� �������

)ORZ�UDWHV� r� ������
p  �������

r� ������
p� �������

�
�
�
Table 7 : 5DQJH�RI�SODQNWRQ�FRQFHQWUDWLRQ��LQ��J&KO�a O���RU�LQ�&HOO O�����PHDVXUHG�GXULQJ�RXU�H[SHULPHQWV��7KLV�VWXG\���
DW�RWKHU�VLWHV�SHULRGV�LQ�$KH�DWROO�ODJRRQ��$KH��DQG�LQ�RWKHU�)UHQFK�3RO\QHVLDQ�DWROO�ODJRRQV��2WKHU�DWROOV����
�
� 7KLV�VWXG\� $KH� 2WKHU�DWROOV�

&KORURSK\OO�a ���������� ����������D� ����������H�

3LFRSODQNWRQ���[����� �������� ��������E� ���������H�

%DFWHULD���[����� �������� ��������E� ���������H�

Synecocochus���[����� �������� ��������E� ���������H�

Prochlorococcus. �[����� �������� ��������E� ���������H�

3LFRHXNDU\RWHV���[����� �������� ��������E� ���������H�

1DQRIODJHOODWHV���[����� ���������� �������F� ��������I�

'LQRIODJHOODWHV���[����� ��������� ����������G� �����������J�

&LOLDWHV���[����� �������� ���������G� ����������J�
�D��7KRPDV�HW�DO����������)RXUQLHU�HW�DO���WKLV�LVVXH���&KDUS\�HW�DO���WKLV�LVVXH����E��7KRPDV�HW�DO�����������F��'XSX\���3HUV��
&RP�����G��)RXUQLHU�HW�DO���WKLV�LVVXH����H��&KDUS\�	�%ODQFKRW���������7RUUHWRQ�HW�DO�����������I��*RQ]iOH]�HW�DO�����������J��
*RQ]iOH]�HW�DO����������/RUHW�HW�DO�������D���
�
�
�
�
�
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Table 8 : $YHUDJH�DEXQGDQFH��LQ�&HOO� O���RU�LQ��J&KO�a O�����&DUERQ�ELRPDVV��&%�LQ��J&�O���DQG�%�LQ�����DQG�FDUERQ�
UHWHQWLRQ�UDWHV�RI�SHDUO�R\VWHUV��&DUERQ�5HWDLQHG�LQ��J&�K���J���DQG�&DUE��LQ����LQ�$KH�ODJRRQ���3LFR�� �SLFRSODQNWRQ��
1DQR�� ��QDQRIODJHOODWHV��'LQR�� �GLQRIODJHOODWHV��&LOL�� �&LOLDWHV��&KO��a������P�DQG�&KO��a�!����P� �SK\WRSODQNWRQ���
��P�DQG�!���P����

3ODQNWRQ�7\SH� $EXQGDQFH� &%� %������ &DUERQ��
5HWDLQHG� &DUE������

&KO�a�!��P� ������D�� �� ��� � ���� ��� �

&KO�a����P� ������D�� ��� ��� � ���� ��� �
� � � � � � � �
3LFR��� ����[������E�� ��� ���

��
�� �

��� ��

��
�� �

1DQR�� ����[������F�� ��� ��� ���� ���

'LQR�� ����[������D�� �� �� ��� ���

&LO�� ����[������D�� �� �� ��� ���
�D��)RXUQLHU�HW�DO���WKLV�LVVXH����E��7KRPDV�HW�DO�����������F��'XSX\�&����8QS��GDWD���
�
�
�
�
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Figure 1���/RFDWLRQ�RI�$KH�DWROO��/RFDWLRQ�RI�WKH�VLWHV�ZKHUH�ILOWUDWLRQ�H[SHULPHQWV�ZHUH�FDUULHG�RXW��VLWH�)��DQG�ZKHUH�
ZH�PHDVXUHG�ZDWHU�WHPSHUDWXUH�DQG�VDOLQLW\��VLWH�7��LQ�$KH�ODJRRQ��PDS�E\�FRXUWHV\�RI�<RDQQ�7KRPDV���
�
�

Figure 2���)ORZ�WKURXJK�JUD]LQJ�FKDPEHUV�ZHUH�GLYLGHG�LQWR���FRPSDUWPHQWV���LQIORZ�FRPSDUWPHQW��JUD]LQJ�
FRPSDUWPHQW�DQG�RXWIORZ�FRPSDUWPHQW��
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Figure 3� ��$EXQGDQFH�RI�SODQNWRQ��JUDSKV�D��F�DQG�H��DQG�FOHDUDQFH�RI�SHDUO�R\VWHUV� �JUDSKV�E��G�DQG�I��PHDVXUHG� LQ�
0D\�������2FWREHU������DQG�$SULO�0D\������LQ�$KH�ODJRRQ���3LFR�� �SLFRSODQNWRQ��1DQR�� ��QDQRIODJHOODWHV��'LQR�� �
GLQRIODJHOODWHV��&LOL�� �&LOLDWHV��&KO��a������P�DQG�&KO��a�!����P� �SK\WRSODQNWRQ�����P�DQG�!���P���
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Figure 4� ��$OORPHWULF� UHODWLRQVKLS�EHWZHHQ�FOHDUDQFH�UDWHV� �&5L� LQ� O�K����DQG�IUHH]H�GULHG�IOHVK�ZHLJKW� �':�LQ�J���RI�
SHDUO� R\VWHUV�� (DFK� SRLQW� UHSUHVHQWV� WKH� PHDQ� LQGLYLGXDO� FOHDUDQFH� UDWHV� RI� SHDUO�R\VWHUV� �&KO� a� !� ��P�� ZLWK� EDUV�
FRUUHVSRQGLQJ�WR�VWDQGDUG�GHYLDWLRQ��7KH�FXUYH�FRUUHVSRQGV�WR�WKH�HTXDWLRQ�&5L� ������[�':������
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Figure 5 ��5HODWLRQVKLS�EHWZHHQ�VWDQGDUGL]HG�FOHDUDQFH�UDWHV�RI��SHDUO�R\VWHUV��&5�LQ�O�K���J����DQG�SODQNWRQ�ELRYROXPH�
�LQ��P����(DFK�SRLQW�UHSUHVHQWV�WKH�PHDQ�&5�RI�SHDUO�R\VWHUV�PHDVXUHG�LQ�2FWREHU������LQ�$KH�ODJRRQ���SLFRODQNWRQ� �
IXOO�FLUFOH��QDQRSODQNWRQ� �HPSW\�WULDQJOH��GLQRIODJHOODWHV� �HPSW\�VTXDUH�DQG�FLOLDWHV� �HPSW\�FLUFOH���%DUV�UHSUHVHQW�
VWDQGDUG�GHYLDWLRQ��&XUYH�UHSUHVHQWV��WKH�HTXDWLRQ��&5� ������OQ��%9����������
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Figure Captions
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