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[Sites de complexation]

% COD actif
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3.,-3,"8,"78",'">0-51*(0'+".0"/15+5'0+*5'"8,("(*+,("8,"(51/+*5'A"7,+",>>,+"/5)110*+"Y+1,",D06,1I3"

/01" .0"83(51/+*5'"8,("/15+5'("(51I3(">0*I.,2,'+"0)D"65'(+*+)0'+("8)"(5."/01"36H0'4,"0-,6".,("

*5'("0225'*)2L"0-,6")',"06*8*>*60+*5'"8,".0"(5.)+*5'"/5+,'+*,..,2,'+"/.)(">51+,"/5)1".,("(5.("0M0'+"

)'"/5)-5*1"+02/5'"8)"/15+5'"3.,-3";8*>>31,'6,",'+1,"/N"8)"(5.",+"/N"707.9@A"7,++,"8*2*')+*5'"8)"

/N" /,)+" 340.,2,'+" >0-51*(,1" .0" 8*((56*0+*5'" 8,(" 652/.,D,(" ,'" (5.)+*5'" ,+" .*I31,1" 8)" 789:"

()(6,/+*I.,"8,"(,"(51I,1"()1".,("/H0(,("(5.*8,(A"WC,D+106+*5'"8)"78"/01"PN%PFQ"#"E"/5)110*+"Y+1,"

340.,2,'+"/.)(",>>*606,"=),".C,D+106+*5'"707.9"$A$#EL"601".C*5'"0225'*)2",(+"/.)("65'6,'+13";#"

E@"=),".,"709:";$A$#"E@A"&'"5)+1,",'"(5.("0.60.*'(L".,("65'6,'+10+*5'(",'"70",'"(5.)+*5'"(5'+"83Z?"

3.,-3,(L" /156H,("8,"$A$#"EL" 1,'80'+"/,)",>>*606," .C,D+106+*5'"/01" .,"707.9" $A$#EA"G)*-0'+" 6,"



 

!"#$["!"

10*(5'',2,'+L" .,("8*>>31,'6,("8,"=)0'+*+3("8,"78",D+10*+,("(5'+"0++,'8),("Y+1,"/.)("201=)3,("

/5)1".,("(5.("06*8,(A"

W,"1306+*>"8,"R022L"65'(+*+)3"8C06*8,"5D0.*=),"?"$A9"E",+"8C5D0.0+,"8C0225'*)2"?"$A9"EL"0",D+10*+"

/.)("8,"78"=),".,("/13638,'+,("(5.)+*5'(A"7,6*",(+" .*3"?" .0"8*((5.)+*5'"8,("5DM8,("23+0..*=),("

0251/H,("/,12,++0'+".0"(5.)I*.*(0+*5'"8)"78"652/.,D3"?"6,("()1>06,(A"&'"/.)("8,".C06+*5'"()1".,("

5DM8,(" /,)" 61*(+0..*(3(L" .," 1306+*>" 8," R022" -*0" (5'" >0*I.," /N" ;0)D" 0.,'+5)1(" 8," Q@" /5)110*+"

(5.)I*.*(,1")',"/01+*,"8,".0"EFG",+"340.,2,'+"0.+31,1".,("014*.,("2*'310.54*=),(";h,6g,++L"#c_c@"

,'"/.)("8,"8*((5)81,")'," >106+*5'"/.)(" *2/51+0'+,"8,"2*'310)D"601I5'0+3(",+"8,"8*((56*,1" .,("

652/.,D,("0-,6".,"78"/01"652/3+*+*5'"8)"/15+5'A""

W,"/M15/H5(/H0+,"8,"(58*)2"04*+"6522,"6H3.0+,)1"8,("60+*5'("=)*"20*'+*,'','+".0"EFG"80'("

)'" 3+0+" >.56).3" ,+" 85'6" *'(5.)I.,A" &'" *225I*.*(0'+" 6,(" 60+*5'(L" .," /M15/H5(/H0+," /,12,+" .0"

(5.)I*.*(0+*5'"8C)',"/01+*,"8,".0"EFG"65'(*8313,"6522,">06*.,2,'+"25I*.*(0I.,";f011,++",+"0.AL"

#cc_@A"W0"EFG"(5.)I*.*(3,"652/.,D0'+".,"78L".,"/M15/H5(/H0+,"65'+1*I),"?"(5.)I*.*(,1"340.,2,'+"

>51+,2,'+".,"78A"&'"5)+1,L".,"/M15/H5(/H0+,"(,2I.,"340.,2,'+"60/0I.,"8,"8*((5)81,".,("5DM8,("

8,"20'40'<(,"/,12,++0'+".0"(5.)I*.*(0+*5'"8)"78"M"3+0'+"(51I3"(0'("6,/,'80'+"0-5*1"8C,>>,+"()1"

.,("5DM8,("8,">,1"0251/H,(";h,6g,++L"#c_c@A"

T*'(*".,("=)0'+*+3("8,"78"(5.)I*.*(3,("(5'+"/.)(">0*I.,("/5)1".C,0)"UV"i"707.9"j"PN%PFQ"i"R022"

i"VM15/H5(/H0+,L"*'8*=)0'+")',"8*(+1*I)+*5'"8)"78"6522,"()*+"]"(5.)I*.*(0I.,"i"36H0'4,0I.,"i"

652/.,D3" /01" 8,(" 5DM8,(" 23+0..*=),(" 0251/H,(" i" 652/.,D3" /01" .0" EFGA" W0" 2583.*(0+*5'"

4356H*2*=),"/01".,"258<.,"^NTE"/138*(0'+"6511,6+,2,'+".,"789:",'"(5.)+*5'"/138*+"340.,2,'+"

=)C,'"25M,'',".0"8*(+1*I)+*5'"8)"78"(C5140'*(,"/01"5181,"8C*2/51+0'6,"(,.5'".C5181,"(5.)I*.*(0I.,"

i"36H0'4,0I.,"i"652/.,D3"/01"8,("5DM8,("23+0..*=),("0251/H,("i"652/.,D3"/01".0"EFG";S*4)1,"

BBBAO@A"B."M"0"85'6"I*,'"65H31,'6,",'+1,".,(",D+106+*5'("6H*2*=),(",+".0"2583.*(0+*5'"4356H*2*=),"

65'6,1'0'+".,(",(+*20+*5'("8,".0"13/01+*+*5'"8)"78"()1".,("8*>>31,'+,("/H0(,("(51I0'+,(A"

"

#";"$<0'=2*+),-$1-+51$/*$=2*-+)+'$01$30$19+5*)+$1+$/1.$.25>*(1.$01$

.,5&+),-$?$(,-.)0'515$0*-.$2-$6,0@/1$4',(A)6)=21$

"

T>*'"8,"/138*1,"6511,6+,2,'+".,("65'6,'+10+*5'(",'"789:",'"(5.)+*5'"-*0".C)+*.*(0+*5'"8,"258<.,("

4356H*2*=),(L"'5(" 13().+0+("25'+1,'+"=)C*.",(+"/1*2518*0."=)," .0" +0*..,"8)"652/01+*2,'+"8,"78"

,(+*23"25I*.,"(5*+",'"083=)0+*5'"0-,6".,("/H0(,("8,"(51/+*5'"65'(*8313,(",+".,("2360'*(2,("8,"

(51/+*5'"1,/13(,'+3(A"&'",>>,+L"(*" .,"652/01+*2,'+"8,"78"25I*.,"65'(*8313"80'(".,"258<.,",(+"

+15/"*2/51+0'+"/01"10//51+"0)"'52I1,"8,"(*+,("8,"(51/+*5'"2583.*(3(",+"?".,)1"0>>*'*+3"-*(!?!-*("8)"

78L" .,"258<.,"(5)(!,(+*2,".0"(51/+*5'"8)"78",+"85'6"()1,(+*2,".,("65'6,'+10+*5'(",'"789:L",+"

-*6,!-,1(0A"G)*-0'+"6,"10*(5'',2,'+L"'5)(",'"838)*(5'("=),".,"PN%PFQL".,"707.9",+"2Y2,".C,0)"

UV"(,2I.,'+",D+10*1,"/.)("8,"78"=)C*.",(+"/5((*I.,"8C,'"(51I,1"()1" .,("/H0(,("8,"(51/+*5'"'5'"



 

!"#$_"!"

(/36*>*=),L" 83>*'*,("/01" .0"7&7"2,()13,"5)" 60.6).3,"?"/01+*1" 8,(" +,',)1(",'" 014*.,(",+"EFG"

;S*4)1,"BBBA%L"HM/5+H<(,"N#@A"

W51(=),"(,).,".0"(51/+*5'"'5'"(/36*>*=),",(+"65'(*8313,"80'(".0"2583.*(0+*5'L".0"=)0'+*+3"8,"78"

(51I3",(+"85'6"(5)(!,(+*23,A"WC5181,"8,"410'8,)1"8,".0"+,',)1",'"78"8)"(5.",(+"$A#"24Ag4!#"(5*+"

#A_"#$!%"625.:Ag4!#"8,"(5."6,"=)*",(+"+1<("',++,2,'+"*'>31*,)1"?".0"7&7"8,("(5.("3+)8*3(";238*0',"

8,"#OAb"625.:Ag4!#@A"F'"/,)+"85'6"3601+,1" .CHM/5+H<(,"=),".,"'52I1,"8,"(*+,("8,"(51/+*5'"'5'"

(/36*>*=),("(5*+".*2*+0'+"/5)1".,"78"80'(".C0I(5.)A"&'"1,-0'6H,L"/01"10//51+"0)"78L".,("+,',)1(",'"

70"(5'+"+1<("3.,-3,(L"8,".C5181,"8,"Q"2E"8,"70",'"(5.)+*5'";R0I.,0)"BBBAQ@A"G*"5'"65'(*8<1,")'"

65,>>*6*,'+"8,"/01+*+*5'"8)"70"0)D",'-*15'("8,"#$$";GH,//018",+"0.AL"9$$c@L"6,.0"6511,(/5'8"?")'"

5181,"8,"410'8,)1"8,"Q$$"225.Ag4!#"8,"70"(51I3"()1".0"/H0(,"(5.*8,"(5*+L"b$"625.:"70\g4"8,"(5.A"

W,("*'+,106+*5'("3.,6+15(+0+*=),("8,".0"(51/+*5'"'5'"(/36*>*=),"(,">5'+"0)"/1510+0"8,("10//51+("8,"

65'6,'+10+*5'(";R*//*'4",+"0.AL"9$##@",+".,"78"3+0'+"2*'51*+0*1,"/01"10//51+"0)"70L".,(",(+*20+*5'("

/13638,'+,("25'+1,'+" =)," .0"7&7" 8)" (5." ,(+" +1<(" /15I0I.,2,'+" 852*'3,"/01" .,"70",+" 0)((*"

/15I0I.,2,'+"/01"E4L",+"=),".,"10//51+"8,("65'6,'+10+*5'(",(+"+1<("83>0-510I.,"?".0"(51/+*5'"8)"

78A" 7C,(+" /15I0I.,2,'+" .0" 10*(5'" /5)1" .0=),..," .0" (51/+*5'" 8)" 78" ,(+" (5)(!,(+*23," ;,+" .0"

65'6,'+10+*5'" ,'" 789:" ,'" (5.)+*5'" ()1,(+*23,@" .51(=)," (,).," .0" (51/+*5'" '5'" (/36*>*=)," ,(+"

65'(*8313,"80'(".0"2583.*(0+*5'A"

"

K,".0"2Y2,">0k5'L")'"5DM8,"23+0..*=),"0251/H,";E'L"T."5)"S,@"0Z5)+3"0)D"/H0(,("8,"(51/+*5'"

'5'"(/36*>*=),("',"(,2I.,"/0("/5)-5*1"()>>*1,"?"(51I,1" .0" +5+0.*+3"8)"78",D+10*+"/01",D+106+*5'"

R022"5)"/M15/H5(/H0+,";S*4)1,"BBBA%L"HM/5+H<(,"NQ@A"7,6*",(+"65H31,'+"0-,6".,"258,"8C06+*5'"

8)"/M15/H5(/H0+,",D/.*=)3"/13638,22,'+"=)*"()//5(,"=),"6,+",D+106+0'+"(5.)I*.*(,")',"/01+*,"

8,".0"EFG",+"85'6".,"78"=)*"M",(+"652/.,D3A"W,"258,"8C06+*5'"8)"1306+*>"8,"R022L"8*((5.-0'+"

.,("/H0(,("0251/H,("8,("2*'310)D"(,65'80*1,("8)"(5."(,2I.,"340.,2,'+",D+10*1,"/.)("8,"78"

=)C*.",(+"/5((*I.,"8C,'"(51I,1"()1"8,("5DM8,("23+0..*=),("0251/H,(",+"()1" .0"7&7A"7,.0"/,)+"

/15-,'*1"8)">0*I.,"/N"8,".0"(5.)+*5'"R022";/N"340."?"Q@L"=)*"/,)+"340.,2,'+"83652/.,D,1"8)"78"

/15-,'0'+"8C0)+1,("65'(+*+)0'+("8)"(5."/01"652/3+*+*5'"8)"/15+5'"5)"8*((5)81,")',"/.)("410'8,"

/01+*,"8)"60.60*1,"8)"(5."()1".,=),.".,"78",(+"(51I3",+"'5'"65'(*8313"80'(".0"2583.*(0+*5'A"

X".C*'-,1(,L".51(=),".C5'"65'(*8<1,".0"(51/+*5'"8)"78"()1".,("EFGL"(*".C5'"',"2,+"/0(",'"1,4018".,"

78",D+10*+" /01" /M15/H5(/H0+,L" .," 652/01+*2,'+"25I*.," 8,"78" (,10" +15/" >0*I.,"/5)1",(+*2,1" .0"

8*(+1*I)+*5'"8)"78"()1".,("/H0(,("(5.*8,(",+".0"65'6,'+10+*5'",'"789:",'"(5.)+*5'"8,"(5."(,10"(5)(!

,(+*23,"8C0)+0'+"/.)("=),".,"652/01+*2,'+"8,"78",(+">0*I.,A"

"

V012*" .,(" /01023+104,(" +,(+3(L" 8,)D" (,2I.,'+" 6511,6+,2,'+" ,D/.*=),1" .,(" 65'6,'+10+*5'(" ,'"

789:A" $%# &'%()%'" 65'(*8<1," .," 652/01+*2,'+" 8," 78" ,D+10*+" /01" /M15/H5(/H0+," 0-,6" 6522,"

/H0(,("8,"(51/+*5'".,("()1>06,("8C08(51/+*5'"'5'"(/36*>*=),(L".0"EFG",+".,("5DM8,("23+0..*=),(L"

6,("8,1'*,1("0M0'+")',">0*I.,"*'>.),'6,A"$%#*%+!,-"/01023+104,"(*2).0'+"8,("-0.,)1("Z)(+,("8,"



 

!"#$c"!"

789:",'"(5.)+*5'"652/1,'8")'"652/01+*2,'+"8,"78",D+10*+"/01")',"(5.)+*5'"8,"PN%PFQ"?"#"E"

I,0)65)/"/.)(">0*I.,"=),"6,.)*"5I+,')"/01".,"/M15/H5(/H0+,L"0-,6"/5)1"()1>06,"(51I0'+".,"78L"

8,("(*+,("'5'"(/36*>*=),(",+")'"5DM8,"23+0..*=),"0251/H,";T.FL"E'F@",+"85'6"(0'("65'(*831,1"

.0"652/.,D0+*5'"/01".0"EFGA""

W,">0*+"8,"8,-5*1"0Z5)+,1")',"()1>06,"8,"652/.,D0+*5'"(/36*>*=),";T.F"5)"E'F@"/5)1"2583.*(,1".0"

13/01+*+*5'"8)"652/01+*2,'+",'"78",D+10*+"/01"PN%PFQ"/5)110*+"(*4'*>*,1"=),"6,+",D+106+0'+"83(51I,"

8)"78"',"/15-,'0'+"/0("8,".0">106+*5'"65'(*8313,"6522,"36H0'4,0I.,A"7,6*",(+"/15I0I.,"(*".0"

8*2*')+*5'"8)"/N",(+" >0-51*(3,"/01" .0"83(51/+*5'"8,"/15+5'A"7,++,"258*>*60+*5'"8,"/N"/5)110*+"

258*>*,1".0"6H014,"4.5I0.,"8,"()1>06,"8,("5DM8,("23+0..*=),("0251/H,(",+">0-51*(,1".0"83(51/+*5'"

8)"78"(51I3"8,">0k5'"(/36*>*=),A"7,++,",D/.*60+*5'"/,12,++10*+"8C,D/.*=),1".CHM/5+H<(,"0-,6"T.F"

/)*(=),".,"/N"8,"/5*'+"8,"6H014,"')..,";/NV7P@",(+"3.,-3";0)D"0.,'+5)1("8,"_@A"7,++,",D/.*60+*5'"

,(+"25*'("0//15/1*3,"/5)1",D/.*=),1".CHM/5+H<(,"0-,6"E'F"/)*(=),".,"/NV7P",(+"I,0)65)/"/.)("

I0(L" 85'6" .,(" (*+,(" ?" 6H014,(" -01*0I.,(" 8,-10*,'+" Y+1," 6H0143(" '340+*-,2,'+" 2Y2," ,'"

65'(*8310'+".C*'>.),'6,"8,".0"(5.)+*5'"8C,D+106+*5'A"W0"65'6.)(*5'"()1".,("5DM8,("8,"20'40'<(,"

1,(+," 6,/,'80'+" ?" 83I0++1," /)*(=),"8,(" 5DM8,(L" 65'(*8313,("25*'(" /13(,'+,(" 80'(" .,(" (5.("

;/M15.)(*+,"5)"l!E'F9@"5'+")'"/NV7P"/.)("3.,-3L"0)D"0.,'+5)1("8,"[A9";G/01g(L"9$$Q@A"

"

#"!"$3,-:1541-(1.$ 01.$ *&&5,(A1.$ .+*+).+)=21.$ 1+$ 4',(A)6)=21.$

&,25$ /*$6,0'/).*+),-$01$/*$&*5+)+),-$.,/B.,/2+),-$02$30$1-$.,/.$

*45)(,/1.CD$$

"

V5)1"652/1,'81," .0"(/36*0+*5'"8)"78"()1" .0"/H0(,"(5.*8,L"6C,(+!?!8*1,"(0"8*(+1*I)+*5'",'+1," .,("

8*>>31,'+("65'(+*+)0'+("1306+*>("8)"78L"'5("13().+0+("5'+"25'+13"=),".C)+*.*(0+*5'"8C)'"652/01+*2,'+"

8,"78",(+*23"/01")',",D+106+*5'">51+,"6522,".,"/M15/H5(/H0+,"(,2I.0*+".0"/.)("0//15/1*3,L"601"

)'"652/01+*2,'+"25I*.,"831*-3"8,"6,+",D+106+0'+"0"/,12*("8,"(*2).,1"6511,6+,2,'+" .,"789:",'"

(5.)+*5'".51(=),"+5)+,(".,("/H0(,("/51+,)(,("3+0*,'+"65'(*8313,("80'(".,"258<.,";'5'"(/36*>*=),L"

652/.,D0+*5'" /01" .0" EFGL" ,+" /01" .,(" 5DM8,(" 0251/H,(@A" K0'(" .0" .*++310+)1,L" .,(" 3+)8,(" 8,"

8*(+1*I)+*5'"(5.!(5.)+*5'"65'(*8<1,'+"43'310.,2,'+"8,("652/01+*2,'+("8,"78",D+10*+("/01"(5.)+*5'"

8C&KRTL"8CNPFQ"?"8*>>31,'+,("65'6,'+10+*5'(L"5)"2Y2,".0">106+*5'"+5+0.,"8,"78L"0-,6"8,(",11,)1("

8,"/138*6+*5'("8,("65'6,'+10+*5'(",'"(5.)+*5'";78"+5+0."5)".*I1,@";-0.,)1("238*0',("8,(",11,)1("

=)0810+*=),("25M,'',(L"mEG&@"0..0'+"8,"$AQ"?"$Ab";h5'+,'",+"0.AL"9$$_0n"K*Zg(+10",+"0.AL"9$$cL"

9$$%n"f15,','I,14",+"0.AL"9$#9n"f)(+0>((5'",+"0.AL"9$$Qn"Bo=)*,185",+"0.AL"9$#9n"pH0*",+"0.AL"9$$_n"

E01o5)g",+"0.AL"9$#Qn"m,'',1+",+"0.AL"9$#[n"G6H1q8,1",+"0.AL"9$$O@A"7,("+10-0)D"0I5)+*((,'+"?".0"

2Y2,"65'6.)(*5'"=),".0"'r+1,L"?"(0-5*1"=),".,"78"80'(".,"(5.",(+"20Z51*+0*1,2,'+"652/.,D3"?".0"

EFGA""

"



 

!"##$"!"

7,/,'80'+L"6,"'C,(+"/0(">51632,'+".,"78".*3"?".0"EFG"=)*"134*+".,"789:",'"(5.)+*5'",'"65'8*+*5'"

'0+)1,..,L"2Y2,"(*"6,"652/01+*2,'+"78!EFG",(+"20Z51*+0*1,A"G*" .C5'",'-*(04,")',"-*(*5'"/.)("

8M'02*=),"8)"(M(+<2,"(5.",'"/1,'0'+",'"65'(*8310+*5'".,"130//15-*(*5'',2,'+"8,".0"(5.)+*5'",'"

789:" /01" .0" /H0(," (5.*8," .51(" 8)" /13.<-,2,'+" 8)" 78" /01" .,(" 106*',(" 8,(" /.0'+,(" ,+" 85'6"

.C0//0)-1*((,2,'+"8,".0"(5.)+*5'"8,"(5.",'"78L"*.",(+"/,)"/15I0I.,"=),".,("/H0(,("652/.,D0'+".,"

78"8,">0k5'"(/36*>*=),"/01">5120+*5'"8,".*0*(5'(">51+,("8,"+M/,"65-0.,'+"/)*((,'+"/01+*6*/,1"8,"

20'*<1," *2/51+0'+," 0)" 130//15-*(*5'',2,'+" 8," .0" (5.)+*5'" 8," (5.A" VHM(*=),2,'+L" .,"

130//15-*(*5'',2,'+" 8," .0" (5.)+*5'" /01" .0" /H0(," (5.*8," (," >,10" -10*(,2I.0I.,2,'+"

/13>31,'+*,..,2,'+" ?" /01+*1" 8,(" .*0*(5'(" 3.,6+15(+0+*=),(" >0*I.,(" 8)" 78" 0-,6" .,(" (*+,(" '5'"

(/36*>*=),(A" T*'(*L" 80'(" .," 6081," 8," .0" 2583.*(0+*5'" 8," .0" I*58*(/5'*I*.*+3L" 65'6,/+)0.*(,1" .0"

8M'02*=),"8,".0"8*(+1*I)+*5'"(5.!(5.)+*5'"8)"78"?"/01+*1"8C)'"652/01+*2,'+"25I*.,"1,.0+*-,2,'+"

>0*I.,L" ,D+10*+" /01" .," PN%PFQ" ,'" M" 0((56*0'+" 8," .0" (51/+*5'" '5'" (/36*>*=)," ,+" 8," .0" (51/+*5'"

(/36*>*=),"()1"(,).,2,'+")'"5DM8,"8,"20'40'<(,"5)"8C0.)2*'*)2"0251/H,"(,10*+"/15I0I.,2,'+"

/.)("/156H,"8,".0"130.*+3"=)C,'"65'(*8310'+")'"652/01+*2,'+"I*58*(/5'*I.,"/.)(".014,",D+10*+"/01"

.,"/M15/H5(/H0+,"0((56*3"?"8,".0"652/.,D0+*5'"?".0"EFG",'"/.)("8,".0"(51/+*5'"'5'"(/36*>*=),A"

"

7,++,"HM/5+H<(,",(+"65'>51+3,"/01".0"2583.*(0+*5'"(+0+*(+*=),A"W,("258<.,(".,("/.)("/,1>5120'+("

/5)1"/138*1," .,("65'6,'+10+*5'(",'"789:"2,()13,(",'"(5.)+*5'"652/1,'','+"'5+022,'+" .,"78"

,D+10*+" /01" PN%PFQ" ,+" .,(" +,',)1(" ,'" 5DM8,(" 8," 20'40'<(," ,+\5)" 8C0.)2*'*)2" 0251/H,("

;s=)0+*5'"BBBA%L"s=)0+*5'"BBBAO@",'"/.)("8)"/N"8)"(5.",+"8,("65'6,'+10+*5'(",'"70",'"(5.)+*5'A"&'+1,"

.,("8,)D"/5((*I*.*+3("8,"/01023+104,"8)"258<.,"4356H*2*=),"/5)1"/138*1,"6511,6+,2,'+".,"789:"

,'"(5.)+*5'";78!PN%PFQ":"(51/+*5'"7&7":")'"5DM8,"E'\T.",+"78!VM15/H5(/H0+,":"(51/+*5'"7&7"

:"EFG@L" .0"2583.*(0+*5'" (+0+*(+*=),"/.0*8,10*+" /5)1" .,"/01023+104,"I0(3"()1" .,"78",D+10*+" /01"

PN%PFQA""

"

K0'(" .0"2583.*(0+*5'"(+0+*(+*=),L" .C*'>.),'6,"'340+*-,"8)"/N"()1" .,("65'6,'+10+*5'(",'"789:",'"

(5.)+*5'";s=)0+*5'"BBBA%@",(+"0++,'8),L"601".014,2,'+"856)2,'+3,"80'(".0".*++310+)1,";8,"t1*,(",+"

0.AL"9$##n"f15,','I,14",+"0.AL"9$#$In"B-,o*u",+"0.AL"9$#9n"m*,)v,1+(",+"0.AL"9$$bn"mq2g,'(",+"0.AL"

9$$%n"G0)-3",+"0.AL"9$$$0L"9$$$In"R*//*'4",+"0.AL"9$$Q@A"&'",>>,+L".,"/N"Z5),")'"1r.,"*2/51+0'+"()1"

.0"20Z51*+3"8,("/156,(()("*'>.),'k0'+".0"8*(+1*I)+*5'"8)"78",'+1,".,("/H0(,("(5.*8,(",+".0"(5.)+*5'"

8,"(5.",+"(0">106+*5'".*I1,";W540'0+H0'",+"0.AL"9$#9n"m*,)v,1+(",+"0.AL"#cc_@A"B."0"3+3"25'+13"=),"

.C0)42,'+0+*5'"8)"/N"*'8)*(0*+")',"0)42,'+0+*5'"8)"/5+,'+*,."8,"()1>06,"'340+*>"8)"(5.">0-51*(0'+"

.0"(51/+*5'"8)"78A"WC0)42,'+0+*5'"8)"/N">0-51*(,"340.,2,'+".0"652/.,D0+*5'"(/36*>*=),"8)"78"

()1".,("EFGL"014*.,("5)"5DM8,("23+0..*=),("0251/H,("0)"83+1*2,'+"8,".0"(51/+*5'"'5'"(/36*>*=),"

;7H1*(+,'(,'"0'8"7H1*(+,'(,'L"9$$$n"R*..,1",+"0.AL"#c[cn"^0'4",+"0.AL"9$$c@A"W,"/N",'"(5.)+*5'"/,)+"

340.,2,'+" *'>.),'6,1" .0" (/36*0+*5'" ,'" (5.)+*5'" 8)" 78" ,'" >0-51*(0'+" .0" 652/.,D0+*5'" 0-,6" .,("

20+*<1,("5140'*=),("8*((5)+,(";G0)-3",+"0.AL"9$$$I@A"W0".34<1,"65113.0+*5'"'340+*-,",'+1,".,"/N"



 

!"###"!"

8)"(5.",+".0"=)0'+*+3"8,"78",D+10*+,"/01"PN%PFQ"/5)110*+",D/.*=),1"(5'"0I(,'6,"80'(".,("258<.,("

652/51+0'+" 25*'(" 8," -01*0I.,(" ,D/.*60+*-,(" ;s=)0+*5'" BBBAO" !" s=)0+*5'" BBBA[@" ,+" .0" /.)(" >0*I.,"

(*4'*>*60+*-*+3"8," .C,>>,+" 8,"6,++," -01*0I.,"80'("'5("258<.,(" 652/013"0)D" +10-0)D"8,("0)+,)1("

/13638,'+("=)*L" /5)1" .0"/.)/01+L" 5'+" )+*.*(3" .,(" +,',)1(",'"78" +5+0.A" 7,++," 65113.0+*5'" '340+*-,"

/N\78",'"(5.)+*5'",(+"65H31,'+,"0-,6".C06+*5'"8)"/N"()1".,"+M/,"8,"(51/+*5'L"/)*(=)C?"/N">0*I.,L"

.,("+,',)1(",'"78",D+10*+"/01"PN%PFQL"85'6"(51I3"8,">0k5'"'5'"(/36*>*=),L"(5'+"/.)("*2/51+0'+,("

=)C?"/N"0.60.*'(L"5J".,"78"(,10"652/.,D3"8,">0k5'"/.)("(/36*>*=),A"

R5)Z5)1(" 80'(" .0" 2583.*(0+*5'" (+0+*(+*=),L" .0" 65'6,'+10+*5'" ,'" 70" ,'" (5.)+*5'" *'>.),'6,"

/5(*+*-,2,'+" .0" 65'6,'+10+*5'" ,'" 789:" ,'" (5.)+*5'A" 7,++," *'>.),'6," /5(*+*-," ,(+" 340.,2,'+"

65H31,'+,"0-,6".,"1r.,"65'')"8,"652/3+*+,)1"8,"6,+"3.32,'+"?".0">5*("/5)1".,("(*+,("8,"(51/+*5'",+"

/5)1".0"652/.,D0+*5'",'"(5.)+*5'"8)"78";7H0/*+1,"BB@A"W,"/N"8,("(5.("3+)8*3("3+0'+",'"25M,'',"

/.)+r+" 3.,-3L" .,(" ()1>06,(" 8," (51/+*5'" 5'+" )'"/5+,'+*,." 8," ()1>06," '340+*>" /.)(" *2/51+0'+" ,+" .0"

652/3+*+*5'"78\70"/5)1"652/,'(,1"6,("6H014,("'340+*-,(",'",(+",D06,1I3,A"WC*'>.),'6,"8)"70"

()1" .0" 8*(+1*I)+*5'" (5.!(5.)+*5'" 8)" 78" ,(+" /,)" 1,/51+3," 80'(" .0" .*++310+)1," ,+" (5'" *'>.),'6,"

(*4'*>*60+*-,"80'("'5+1,"3+)8,"/5)110*+"Y+1,".*3,"?".0"/15/51+*5'"/.)("*2/51+0'+,"8,"(5.("60.60*1,("

,+"0.60.*'(A"

W,"8,1'*,1"/0102<+1,"*8,'+*>*3"/01"2583.*(0+*5'"(+0+*(+*=),",(+".0"+,',)1",'"5DM8,("8,"20'40'<(,"

;s=)0+*5'"BBBA%@"5)"8C0.)2*'*)2";s=)0+*5'"BBBAO@"0251/H,(L"0-,6")',"*'>.),'6,"'340+*-,"*'8*=)0'+"

=)C*.(".*2*+,'+".,("65'6,'+10+*5'(",'"789:",'"(5.)+*5'A"W0"/13(,'6,"8,"6,("1341,((,)1("80'(".,("

258<.,(" (+0+*(+*=),(L" 20.413" )'," >0*I.," 65'+1*I)+*5'" ?" ,D/.*=),1" .0" -01*0'6," ;w9"`@L" 1,(+,"

(*4'*>*60+*-,A"W,("5DM8,("8,"20'40'<(,"0251/H,("80'(" .,("(5.("(5'+"65'(*8313("6522,"8,("

/H0(,("(51I0'+,("*2/51+0'+,("/5)1".,("3.32,'+("+106,(A"7,6*",(+".0"65'(3=),'6,"8,".,)1"410'8,"

()1>06,"(/36*>*=),",+".,)1"/N"8,"/5*'+"8,"6H014,"')..,"+1<(">0*I.,";G/01g(L"9$$Q@L"8),"?".0"138)6+*5'"

8,("60+*5'("E'%:",'"E'9:" *'8)*(0'+")'"83>*6*+"8,"6H014,("8,"()1>06," *'83/,'80'+"8)"/NA"7,("

/01+*6).01*+3("*'8)*(,'+"6H,o"6,("5DM8,(")',"/.)("410'8,"60/06*+3"?"(51I,1".,"78"=),".,("5DM8,("

8,">,1"5)"8C0.)2*'*)2A"

W,"60("8,("5DM8,("8C0.)2*'*)2",(+"25*'("3-*8,'+A"K0'(".,("(5.("041*65.,("8,("134*5'("+,2/313,(L"

.,(" 5DM8,(" 8C0.)2*'*)2" '," (5'+" +H351*=),2,'+" /0(" '0+)1,..,2,'+" 0I5'80'+(" ;G/01g(L" 9$$Q@A"

K0'("'5+1,"3+)8,L" .0">106+*5'"8CT.F",(+*23,"/01",D+106+*5'"R022"/5)110*+"1,/13(,'+,1"8C0)+1,("

+M/,(" 8," 2*'310)D" >0*I.,2,'+" 61*(+0..*(3(" 340.,2,'+" 65'(+*+)3(" 8C0.)2*'*)2" 6522," 8,("

/HM..5(*.*60+,(A"B.",(+"43'310.,2,'+"65'(*8313"=),".,("(*+,("8,"I518)1,("8,"6,("2*'310)D"/,)-,'+"

65'(+*+),1L"?"8,("/N"0.60.*'(L"8,("(*+,("/5+,'+*,.("8,"652/.,D0+*5'"(/36*>*=),"/5)1".,"78";f)",+"

0.AL"9$#%n"f)"0'8"&-0'(L"9$$[n"W06g5-*6",+"0.AL"9$$%@A"T*'(*".,(",D+106+*5'("/01".,"1306+*>"8,"R022"

/5)110*,'+" 8*((5)81,")',"/01+*,"8," 6,(" (*+,("8,"I518)1,(" ;K,IL"#c%9@" 1,/13(,'+0'+" 0*'(*" )',"

()1>06,"8,"652/.,D0+*5'"(/36*>*=),"8)"78A"P30'25*'(L".0">106+*5'"8,"(*+,("8,"I518)1,("()1".,("

/HM..5(*.*60+,(",(+"43'310.,2,'+">0*I.,"652/013,"?" .0"8,'(*+3"8,"(*+,("I0(0)DL"20Z51*+0*1,2,'+"

*2/.*=)3("80'(".,("/156,(()("8,"(51/+*5'"'5'"(/36*>*=),"8)"78";G/01g(L"9$$Q@A"WC0.+310+*5'"8,"



 

!"##9"!"

()1>06," 8,(" /HM..5(*.*60+,(" /01" .0" EFG" 6522," /15/5(3," /01" h0(*.,!K5,.(6H" ,+" 0.AL" ;9$#O@"

/,12,++10*+"0)((*"8C,D/.*=),1".0"65'+1*I)+*5'"8,("5DM8,("8C0.)2*'*)2"0251/H,("/5)1"/138*1,".,("

65'6,'+10+*5'(",'"789:",'"652/.32,'+"8,("/H0(,("8,"(51/+*5'"'5'"(/36*>*=),A"&'",>>,+L".0"EFG"

(51I3," ,'" >*'," 65)6H," ?" .0" ()1>06," 8,(" /HM..5(*.*60+,(" /5)110*+" /,12,++1," .C0.+310+*5'" 8," 6,("

2*'310)D",+".C0)42,'+0+*5'"8,"(*+,("8,"(51/+*5'"?"6H014,("-01*0I.,(L"6,++,"0.+310+*5'"/5)-0'+"Y+1,"

>0-51*(3,"/01".0"/13(,'6,"8,"83>0)+("80'(".0"(+1)6+)1,"8,("014*.,(A""

"

W0"8*(+1*I)+*5'"8)"78",'+1,".0"/H0(,"(5.*8,",+".0"(5.)+*5'"/5)110*+"85'6"Y+1,"6511,6+,2,'+"/138*+,"

?"/01+*1"8,("+,',)1(",'"78",D+10*+"/01"PN%PFQL"1,/13(,'+0+*>"8C)',">106+*5'"36H0'4,0I.,"8)"78"8)"

(5.L"/01")',"()1>06,"8C36H0'4,"1,/13(,'+3,"/01".0"-0.,)1"8,"7&7"2,()13,",+"/01")',"()1>06,"8,"

652/.,D0+*5'"0((*2*.3,"?"8,("5DM8,("8C0.)2*'*)2"5)"8,"20'40'<(,"0251/H,(";S*4)1,"BBBA%@A"W,("

I5'',("/,1>5120'6,("8,"/138*6+*5'L"?".0">5*("(+0+*(+*=),",+"4356H*2*=),L"8,("258<.,(">5'83("()1"

.,"78",D+10*+"/01"PN%PFQ",+".0"/13(,'6,"8C5DM8,"8,"E'"5)"8CT."0251/H,("6522,"/H0(,"(51I0'+,L"

.0*((,'+"/,'(,1"=),"6,("-01*0I.,("(5'+"I*,'"1,/13(,'+0+*-,("8,("2360'*(2,("8,"(51/+*5'"8)"78"

80'(" .,(" (5.(A"T*'(*L" .,(" ()1>06,(" 1306+*-,("/01+*6*/0'+" 13,..,2,'+"?" .C0//15-*(*5'',2,'+"8," .0"

(5.)+*5'"8,"(5."/5)110*,'+"Y+1,"13()23,("0)D"()1>06,("8C36H0'4,("'5'"(/36*>*=),(";*'+,106+*5'("

3.,6+15(+0+*=),(",'" .*,'"0-,6" .0"7&7@",+"0)D"()1>06,("8,"652/.,D0+*5'"8,("5DM8,("0251/H,("

;E'L"T.@A"W," 652/01+*2,'+"8,"78" 13,..,2,'+"25I*.,"8)" (5.",(+"0.51("/.)("/156H,"8,(" +,',)1("

,D+10*+,("/01"PN%PFQ"=),"/01".,"/M15/H5(/H0+,A""

B.",(+"I*,'"(e1"/5((*I.,"8,"2583.*(,1"4356H*2*=),2,'+".,"789:",'"(5.)+*5'",'">51k0'+".C*'+,1-,'+*5'"

8,".0"652/.,D0+*5'"/01".0"20+*<1,"5140'*=),",+".,"78",D+10*+"/01".,"/M15/H5(/H0+,A"7,/,'80'+L"

6522," .0"20+*<1,"5140'*=),"8)" (5." ,+" .,"78",D+10*+" /01" .,"/M15/H5(/H0+,"'C0//010*((,'+" /0("

6522,"8,("1341,((,)1("/,1>5120'+("80'(".,("258<.,("(+0+*(+*=),(L"(0'("=),"6,"(5*+")',"/1,)-,L"

6,.0" ()44<1," =)," .0" 652/.,D0+*5'" 8)" 78" /01" .0" EFG" ,(+" +15/" >51+," /5)1" (*4'*>*60+*-,2,'+"

65'+1*I),1"0)"789:"1,+15)-3,"80'(".0"(5.)+*5'"8,"(5.A"

"

W0".*2*+,"8,"6,"/01023+104,";PN%PFQ:T.F\E'F:()1>06,"8C36H0'4,@"8)"258<.,"4356H*2*=),",(+"

-*(*I.,"/5)1"8,)D"(5.(L"K%",+"m&RTmh"/5)1" .,(=),.(L" .0"65'6,'+10+*5'",'"789:",'"(5.)+*5'",(+"

.014,2,'+"(5)(!,(+*23,",+"85'6".0"(51/+*5'"()1,(+*23,A"7,("(5.("(5'+"1,(/,6+*-,2,'+"1*6H,(",'"

5DM8,("8," >,1" 0251/H,(" ;OA%$"4Ag4!#@" ,+",'"60.60*1," ;_%#Ac"4Ag4!#@" ,+" /5)110*,'+" *2/.*=),1"8,("

2360'*(2,("8,"(51/+*5'"8*>>31,'+("'36,((*+0'+".C)+*.*(0+*5'"8C)'"652/01+*2,'+"8,"78"8*>>31,'+"8,"

6,.)*",D+10*+"/01")',"(5.)+*5'"8,"PN%PFQA"

"

E"$3,-(/2.),-$

"

WC5IZ,6+*>" 8," 6," 6H0/*+1," 0" 3+3" 8," /138*1," .,(" 65'6,'+10+*5'(" ,'" 789:" ,'" (5.)+*5'" ?" /01+*1" 8,"

-01*0I.,(">06*.,2,'+"2,()10I.,("8)"(5.",+"8C)+*.*(,1".0"2583.*(0+*5'"4356H*2*=),"/5)1"+,'+,1"8,"



 

!"##Q"!"

652/1,'81,".,("/H0(,("(5.*8,("=)*"(,10*,'+".,"/.)("?"2Y2,"8,"65'+1*I),1"0)"78",'"(5.)+*5'A"W,("

2583.*(0+*5'(" (+0+*(+*=)," ,+" 4356H*2*=)," /,12,++,'+" 8," /138*1,"0((,o"I*,'" .0"8*(+1*I)+*5'" (5.!

(5.)+*5'"8)"789:";mEG&"x"$A#[$"/5)1".C0//156H,"4356H*2*=),",+"mEG&"x"$A#b$"/5)1".C0//156H,"

(+0+*(+*=),@"0-,6"/5)1".0"2583.*(0+*5'"(+0+*(+*=),L")'"'52I1,"8,"-01*0I.,("?"2,()1,1"1,(+1,*'+";Q"

0-,6"a78"PN%PFQL"70((L"T.Fd"?"%"0-,6"a78"PN%PFQL"/NL"70((L"E'Fd@A"W,("I5'',("/,1>5120'6,("

8,("258<.,("(+0+*(+*=),("+,(+3("/01"-0.*80+*5'"615*(3,",+".,"8520*',"0((,o"-0(+,"8,("(5.("3+)8*3("

0)+51*(,"0"/1*51*")'"8,413"8,"65'>*0'6,"/.)+r+"(0+*(>0*(0'+"65'6,1'0'+".0"15I)(+,((,"8,("258<.,("

(+0+*(+*=),("=)*" 8,L" /01" .,)1" (*2/.*6*+3L" (,15'+"/1*-*.34*3("80'(" .C5IZ,6+*>"8," .0"/138*6+*5'A" B." >0)+"

6,/,'80'+"4018,1",'"2325*1,"=),".,("(5.("06*8,("80'("6,++,"3+)8,"(5'+"(5)(!1,/13(,'+3(L"20*("

6C,(+")',"(*+)0+*5'"6.0((*=),",'"(5.("041*65.,(A"

WC0//51+" 8," .0"2583.*(0+*5'"4356H*2*=),",(+" *'+31,((0'+L" 601"/012*" .,(" (63'01*5("/,1>5120'+("

/5)1"/138*1," .,"789:",'"(5.)+*5'L"6,.)*"()//5(0'+"=)," .,"78",'"3=)*.*I1,"0-,6" .0"(5.)+*5'"3+0*+"

,((,'+*,..,2,'+" (51I3" ()1" .0" 7&7" ,+" .,(" 5DM8,(" (C,(+" 0-313" Y+1," 340.,2,'+" ()44313" /01" .,("

2,*..,)1(" 258<.,(" (+0+*(+*=),(A" W0" 2583.*(0+*5'" 4356H*2*=)," 0" 85'6" /,12*(" 8," 2*,)D"

652/1,'81,".,("-01*0I.,("8,("2,*..,)1("258<.,("(+0+*(+*=),(",+"8,"1,'>516,1".0"65'>*0'6,"80'(".0"

-0.,)1"/138*6+*-,"8,"6,("-01*0I.,(",'"M"085((0'+"8,("2360'*(2,(A"B.",(+"+5)+"8,">5*("*2/51+0'+"8,"

'5+,1"=),"6,("65'6.)(*5'("1,/5(,'+"()1"8,("HM/5+H<(,(">51+,("65'6,1'0'+".0"1306+*-*+3"8,("/H0(,("

8,"(51/+*5'A"&'",>>,+L".,"6H5*D"8,".0"8,'(*+3"8,"6H014,("8,("014*.,("(,"I0(,"()1".,"+M/,"8C014*.,("

2*'310.54*=),("852*'0'+",+"/,)+"85'6">06*.,2,'+"Y+1,"61*+*=)3A"B."(,10*+"85'6"*2/51+0'+"8,"-0.*8,1"

.,("HM/5+H<(,("8,"2583.*(0+*5'"/01"8,("60106+31*(0+*5'("/HM(*=),("8,("/H0(,("8,"(51/+*5'"8)"

78",+"/.)("/01+*6).*<1,2,'+"8,("014*.,(L"=)*"(,2I.,'+"Z5),1")'"1r.,"*2/51+0'+"80'(".0"(/36*0+*5'"

8)"78",'"(5.("041*65.,(A"V01",D,2/.,L"8,("0'0.M(,("/01"8*>>106+*5'"8," 10M5'("y"/,12,++10*,'+"

8C*8,'+*>*,1" .,(" +M/,(" 8C014*.,(" 2*'310.54*=),(" 852*'0'+(" 8," 20'*<1," /.)(" 65'+1r.3," ,+" 0*'(*"

,(+*2,1".,(">106+*5'("8CTN"8,">0k5'"/.)("Z)(+,A"

&'"/,1(/,6+*-,L"8,)D"0//156H,("/,)-,'+"Y+1,"65'(*8313,("/5)1",(+*2,1".0">106+*5'"8,"78"25I*.,"

8)" (5." ,+" .0" 65'>15'+,1" ?" '5+1,",(+*20+*5'A" W0" /1,2*<1," (,10*+" 8," 130.*(,1" 8,(",D/31*,'6,(" 8,"

(51/+*5'\83(51/+*5'",'"65'8*+*5'("65'+1r.3,(";65'6,'+10+*5'(",'"70"80'(".0"(5.)+*5'"8,"65'+06+"

3=)*-0.,'+,"?"6,..,("2,()13,(",'"(5.)+*5'"8,"(5.L",+"10//51+"-5.)2,]20((,"83>*'*@"0-,6"8*>>31,'+,("

65'6,'+10+*5'(",'"78",'"(5.)+*5'L"0>*'"8C,(+*2,1".,"652/01+*2,'+"8,"78"13,..,2,'+"25I*.,A"V5)1"

1,(/,6+,1" .0" .*'301*+3L" .,(" -01*0+*5'(" 8," 78" *'8)*+,(" 85*-,'+" Y+1," 1,.0+*-,2,'+" /156H,(" 8," .0"

65'6,'+10+*5'",'"789:"?".C3=)*.*I1,"8)"(5.A"U',">5*("6,"652/01+*2,'+"8,"78"25I*.,",(+*23"/5)1"

8,("(5.("65'+10(+3(L"*."/5)110*+"Y+1,"1341,((3",'">5'6+*5'"8,("/0102<+1,("/3854356H*2*=),("8,("

(5.("0>*'"8,"/5)-5*1".,"/138*1,"/.)("(*2/.,2,'+",+"/5)1",((0M,1"8C*8,'+*>*,1".,("65'(+*+)0'+("8)"(5."

=)*".C,D/.*=),'+A""
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234"0/,)0"02:+,4+"34(4"A(B"C"D<R$?"!"#$%&'-FD<DD#G<"=34"411452,>4.400"/1"#"c"Q`KQbN"4W2('52,/.",."

5/((4)'2,.-"9,23"8+"'55:6:)'2,/.",."234";)'.2"3'0"')0/"744."(4;/(24+"1/("934'2?"5'((/2?"0;,.'53"

'.+")422:54"AJ./534"42"')<?"#%%O"(4;/(24+",."Z(*053@/"42"')<?"$DDEG<"\0"'"93/)4?"4>4.",1"'";'(2,5:)'("

/.4!>'(,'7)4"6/+4)"5'."-,>4"'"0'2,01'52/(*"-//+.400"/1"1,2?"234"(/7:02.400"/1"23404"0,6;)4"6/+4)0"
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!"#NK"!"

,0" !/(" 5'." 74" 4W;4524+" 2/" 74!" )/9"745':04" 234" 5/6;)4W,2*" /1" 234"6453'.,060"-/>4(.,.-" 234"

;3*2/'>',)'7,),2*"/1"8+",."0/,)0<"

"

=34"7402"29/!>'(,'7)4"6/+4)" ,.5):+4+"8+"1(/6"234"YZ="'.+"234"8'8)$";`"A(BC"D<RR?"&S:'2,/."

TU<R?" ='7)4" TU<EG?" 93,53" 03/94+" 23'2" '++,.-" 234" 8'8)$" ;`" 2/" 234" 8+" 1(/6" 234" YZ=" ./2'7)*"

,6;(/>4+"234";(4+,52,>4">'):4"/1"234"6/+4)<"b.4";/00,7)4"4W;)'.'2,/."5/:)+"74"23'2?",."')@'),.4"

0/,)?"(//20"5'."(4+:54"234";`",."234"(3,[/0;34(4"2/",.5(4'04"234"'>',)'7,),2*"/1".:2(,4.20"A`,.0,.-4("

42"')<?"$DDNG"93,53",0"./2"2'@4.",.2/"'55/:.2",1"/.)*"234"8+"YZ=",0":04+",."234"6/+4)<"

"k34." 234" .:674(" /1" (4-(400/(0" 9'0" ,.5(4'04+" 2/" 23(44?" 234" ($" /1" 234" 7402" 6/+4)" 9'0" D<O%"

A&S:'2,/."TU<O?"='7)4"TU<EG<"

=34"6/+4)"9,23" 234"7402";(4+,52,>4">'):4" ,.5):+4+" 234" 2/2')"8+" ,."234"0/,)"0/):2,/."/72',.4+"7*"

54.2(,1:-'2,/.?"234";`"64'0:(4+",."234"8'8)$"4W2('52?"234"8&8"'.+"234"'6/:.2"/1"c."4W2('524+"

7*"='66f0"(4'-4.2"A&S:'2,/."TU<P?"='7)4"TU<EG<"=3,0"6/+4)"4W;)',.4+"PP_"/1"234"2/2')">'(,'.54"

/1" 234"-(',."8+"5/.24.20<"=34">'(,'.54",.1)'2,/."1'52/("AUTHG"+,+"./2" ,+4.2,1*"02(/.-"5/((4)'2,/.0"

742944."234"(4-(400/(0"1/))/9,.-"234"(:)4"/1"23:67"23'2"0:--4020"4W'6,.,.-"5/)),.4'(,2*"1/(">'):4"

'7/>4"$<"

"

M$(%'- ./0F2- E'6;- 549'%6- ;4- !,'9*:;- 39- :47;'7;6- *7- 9&,&5- O<'$;- +,$*76- $79- $664:*$;'9- 6;$;*6;*:62- ,@$9T-

$9T&6;'9-,"6K&$,'9P-HUVJ2-,44;-5'$7-6K&$,'-',,4,P-HUVJGWW3/-,44;-5'$7-6K&$,'-',,4,-8,45-;<'-%'$#'"

47'-4&;-:,466"#$%*9$;*47P-/.)5$S2-5$S*5&5-#$%&'-48-;<'-#$,*$7:'-*78%$;*47-8$:;4,P-X-7&5(',-48-4(6',#$;*4760-

&S<" c/+4)" ($'+i"
LcM&"

A6-<@-!#G"
LcM&Vbb8U" UTH6'W" Q"

&S:'2,/."TU<R"

)/-#DA8+-(',.G"C"O<NE%"d"D<R%Ojjj"
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!"#<D#Kjjj";`"8'8)$"
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)/-#DA8+-(',.G"C"!N<EPKjjj"d"D<NN%j"

)/-#DA8+$dG""

d"#<O$$jjj")/-#DA8&8G"!"D<PRKjjj"

)/-#DAc.='66G"
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&S:'2,/."TU<P"

)/-#DA8+-(',.G"C"!#<%O%"d"D<EENjjj"

)/-#DA8+;/(4"9'24(G"!"D<NKOj";`"8'8)$"

d"#<RNDjjj")/-#DA8&8G""

!"D<RPEjjj")/-#DAc.='66G"

D<PP" D<D#D$" D<D#$E" $<$" $O"

M2'2,02,5')"0,-.,1,5'.54X"jjj"1/("!"#$%&'"F"D<DD#?"jj"1/("!"#$%&'"F"D<D#?"j"1/("!"#$%&'"F"D<DE"

"
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!"#NE"!"

H,-:(4"TU<#<4"03/90"234"(4-(400,/."742944."/704(>4+"-(',."8+"5/.24.20"'.+";(4+,52,/.0"6'+4"

7*"&S:'2,/."TU<P<"=34"0)/;4",0"5)/04"2/"/.4"A#<D#$G"9,23"'"./.!0,-.,1,5'.2",.24(54;2"A!"#$%&'-C"D<%G"

'.+"%#_"/1"234">'(,'.54"9'0"4W;)',.4+?"03/9,.-"23'2"234"6/+4)"9'0"'55:('24"'.+"./2"7,'04+<"

&S:'2,/."TU<P"3'+"'"LcM&"/1"D<D#N"6-<@-!#?"93,53",0"S:,24")/9"'.+"'55:('24"1/("234";(4+,52,/."/1"

-(',."8+"5/.24.20"93/04">'):40"('.-4+"1(/6"D<D%"2/"D<#KK"6-<"@-!#<"

H,-:(4"TU<$";(404.20"234"LcM&">'):40"1/("4'53"+,114(4.2"0,[4"/1"234"0:7042"24024+"1/(">'),+'2,/."

A7#G<"&S:'2,/."TU<P?"934.";'('6424(,[4+"9,23"Q"C"$O"0/,)0?";(/+:54+"'")/9">'):4"/1"LcM&"A='7)4"

TU<EG?" (4;(404.24+"7*" 234" (4+" ),.4" ,."H,-:(4" TU<$<"k34." 234" 0,[4"/1" 234";'('6424(,[,.-" 0:7042"

+45(4'04+"A7#",.5(4'040G?"234";(4+,52,/."4((/(0"/1"234"6/+4)0",.5(4'04+<"`/94>4(?"./"4W5400,>4"

,.5(4'04",."234"LcM&"9'0"/704(>4+"9,23"'">'),+'2,/."0:7042"/1")400"23'."#N"0/,)0"AH,-:(4"TU<$G<"

=3,0"0:--4020"23'2"934."234"6/+4)",0";'('6424(,[4+"9,23"#K"0/,)0"'.+"24024+"/."234"(46',.,.-"

#N?" 234"6/+4)":.54(2',.2*" (46',.0"'554;2'7)4<"8/.04S:4.2)*?"$R"0/,)0"94(4" 5/.0,+4(4+" 2/"74"

4./:-3"2/"04)452">'(,'7)40"2/";(/+:54"'"(/7:02"6/+4)<"

"

"

)*+&,'-./0@2"HUVJ-48-!,'9*:;*476-8,45-;<'-('6;-549'%-?JK&$;*47-./0LC-84,-9*88','7;-6*Y'6-?7#C-48-#$%*9$;*47-

6&(6';-8,45-$-U47;'-3$,%4-:,466-#$%*9$;*470-M<'-,'9-%*7'-:4,,'6!4796-;4-;<'-#$%&'-48-HUVJ-48-;<'-549'%-

!$,$5';,*Y'9-O*;<-@Z-64*%6-?7#-[-AC"

"

=34"5/.2(,7:2,/.0"/1"4'53"(4-(400/("/1"&S:'2,/."TU<P"6/+4)"2/"234"2/2')"0:6"/1"0S:'(40"94(4"NP_"

1/("234"5/.54.2('2,/.0"/1"8+",."234";/(4"9'24(?"E<O_"1/(";`"8'8)$?"KN<P_"1/("234"8&8"'.+"#$<E_"

1/(" 234"c." ='66f0" 5/.24.20<" T2" ,0" 9/(23" ./2,.-" 23'2" 234" 29/"6',." 5/.2(,7:2/(0" '(4" 234" ,.,2,')"

'>',)'7,),2*"/1"8+",."234"0/,)"0/):2,/."A;/(4"9'24("8+G"'.+"234"8&8?"93,53"5'."74",.24(;(424+"'0"

234"7:114(,.-"5';'5,2*"/1"234"0/),+";3'040"7*",/."4W53'.-4<"=34(41/(4?"234",6;/(2'.54"/1"234"8&8"

,."234"6/+4)",0",."'-(4464.2"9,23"234"1'52"23'2?"'6/.-"234"4W2('52,/.0"24024+?"23/04"23'2"-'>4"234"

7402"5/((4)'2,/.0"9,23"-(',."8+"94(4"23/04"23'2":04+")/9"02(4.-23"4W2('52'.20<"=34",6;/(2'.54"/1"

5 10 15 20

1e+13

1e+30

nv values for validation subset 

R
M

S
E

 (
m

g
.k

g
-1
)

RMSE = 0.0102 mg.kg-1
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!"#NR"!"

234"8&8",."234"6/+4)",0"')0/"5/.0,024.2"9,23"234"6453'.,02,5"6/+4)),.-"/1"8+";3*2/'>',)'7,),2*?"

93,53"03/94+"23'2"+40/(;2,/.",0"-4.4('))*"234"6',."6453'.,06"7:114(,.-"8+",."234"0/,)"0/):2,/."

5/6;'(4+" 2/"+,00/5,'2,/."/1" 234"5/6;)4W?" 234" )'224("74,.-" ),6,24+"7*"@,.42,50" AV,."42"')<?"$D#RG<"

=34(41/(4?"234"29/"6',."4W;)'.'2/(*">'(,'7)40"/1"234"6/+4)"9,23"234,(";/0,2,>4"5/411,5,4.20"5/:)+"

,)):02('24"234"1'52"23'2";)'.2"(//20"2'@4":;"8+"1(/6"234"0/,)"0/):2,/.?"93,53",0",.";'(2"(4;)4.,034+"7*"

234"0/),+";3'04<"`/94>4(?",2",0"-4.4('))*"'00:64+"23'2"/.)*"234"1(44"8+",/.",0"2'@4.":;"7*";)'.20"

A8'6;74))?"#%%EGg"23,0"9/:)+"64'."23'2"234"2/2')"8+",."0/):2,/."'.+"234"8'8)$";`",."&S:'2,/."TU<P"

5'." 74" ,.24(;(424+" '0" >'(,'7)40" (4;(404.2,.-" 234" 1(44" 8+$d" 5/.54.2('2,/." ,." 234" 0/,)" 0/):2,/."

745':04"8+"0;45,'2,/.",0"02(/.-)*"-/>4(.4+"7*";`<"H/))/9,.-"23,0"('2,/.')4?"94"4W'6,.4+"'"6/+4)"

+4(,>4+"1(/6"&S:'2,/."TU<P"7*"(4;)'5,.-"234"2/2')"8+",."0/):2,/."'.+"234"8'8)$";`"7*"234"1(44"8+"

5/.54.2('2,/.0"A&S:'2,/."TU<OG<"=34";4(1/(6'.540"/1"234"(40:)2,.-"6/+4)"94(4"0,-.,1,5'.2)*")/94("

AH$<D$EC#P<DE?"!"#$%&'"F"D<DD#"1/("234"6/+4)"5/6;'(,0/.G"9,23"'."(!0S:'(4+"23'2"+45(4'04+"1(/6"

D<PP"2/"D<O%<"=3,0"5/:)+"64'."23'2"234"2/2')"8+",."0/):2,/."'.+"234";`"+,+"./2"/.)*"(4;(404.2"234"

1(44"8+",."0/):2,/.<"=34"+,00/5,'2,/."/1"8+"5/6;)4W40"6,-32"3'>4"34);4+"2/"7:114("8+$d"'>',)'7,),2*"

+:(,.-":;2'@4"/1"234"642')"7*"(//20<"\0",.+,5'24+"'7/>4?"234"5/.2(,7:2,/."/1"234"5/6;)4W40"2/"234"

7:114(,.-"/1"8+$d",."234"0/):2,/.",0"),@4)*"2/"3'>4"744."6:53")400"23'."7:114(,.-"7*"234"8&8"0,.54"

234"+(/;" ,." 234" (!0S:'(4+"742944."&S:'2,/." TU<O" '.+"&S:'2,/." TU<P"9'0" /.)*"D<D%?"934(4'0"

(46/>,.-"234"8&8"1(/6"&S:'2,/."TU<P"(40:)20",."'"+(/;"/1"D<N$"A(B"C"D<ER?"LcM&"C"D<DNN"6-<@-!

#G<"

=34(4"9'0"./",6;(/>464.2" ,."234"/>4('))"-//+.400!/1!1,2"/1"&S:'2,/."TU<P"934."234"Yb8"9'0"

'++4+"2/"234"(4-(400,/."A($CD<PO?"LcM&"C"D<D#"6-<@-!#G<"=3,0"5/:)+"64'."23'2"+:4"2/"234"(4)'2,>4)*"

3,-3"7:114(,.-" 5';'5,2*"/1" 234" 0/),+";3'04" A8&8G"'.+" 234(41/(4?" 234" ),6,24+" 5/.2(,7:2,/."/1"8+"

5/6;)4W40"2/"8+":;2'@4?"234"5/.54.2('2,/."/1"/(-'.,5"8+"5/6;)4W40"'00/5,'24+"9,23"234"Yb8"

9'0"./2"),6,2,.-<"\"045/.+";/00,7)4"3*;/2340,0",0"23'2"234"5/.2(,7:2,.-"5/6;)4W40"94(4"./2"/(-'.,5"

7:2" ,./(-'.,5?" ,.5):+,.-" 23/04"9,23"`8bN" Ac5V':-3),."42"')<?" #%%%G?"6'*74"745':04" 234" )'224("

94(4"6/(4")'7,)4<"

T."&S:'2,/."TU<P?"934."234";`"64'0:(4+",."'"D<D#c"8'8)$"9'0"(4;)'54+"7*"234";`"`$b"/("7*"234"

;`"/1"234"0/,)";/(4"9'24("4W2('524+"7*"54.2(,1:-'2,/.?"234"($"+(/;;4+"1(/6"D<PP"2/"D<PK"9,23"LcM&"

4S:')" 2/" D<D#E"6-<@-!#" 1/(" 7/23<" =34" 0),-32)*" 74224(" ;(4+,52,>4" >'):4" /1" 234" 8'8)$" ;`" 5'." 74"

4W;)',.4+"'0"1/))/90X"234"8'8)$";`"(41)4520"234";(/2/."7:114(,.-";/94("/1"234"0/,)"745':04",2"-,>40"

234"'6/:.2"/1";(/2/.0"+40/(74+"+:4"2/"8'"5/6;42,2,/."Ac,))4("'.+"J,004)?"$D#DG"'.+",0"234(41/(4"

)/94("23'."234";`"/1"`$b"/("234";`"/1"234"0/,)";/(4"9'24("/72',.4+"7*"54.2(,1:-'2,/.<"=34";`"93,53"

,.1):4.540"8+":;2'@4"7*" (//20" ,0" 234";`"/1" 234" (3,[/0;34(4?"93,53" ,0" '114524+"7*"4W5(42,/."/1"

/(-'.,5"'5,+0"/(";(/2/.0"7*"234"(//20"(40:)2,.-"1(/6"234"+,114(4.2,')"('240"/1"5'2,/."'.+"'.,/.":;2'@4"

'.+a/("1(/6"6,5(/.:2(,4.2"6/7,),0'2,/.?";'(2,5:)'()*",."')@'),.4"0/,)0"AQ*4?"#%P#G?"),@4",."/:("02:+*<"

=34";`"/1"234"(3,[/0;34(4"5'."')0/"53'.-4"+:4"2/"1):52:'2,.-"4.>,(/.64.2')"5/.+,2,/.0?",.5):+,.-"

+(*,.-"/1"234"0/,)"+:(,.-"234"-(',.!1,)),.-";4(,/+"93,53"2'@40";)'54",.")'24"0;(,.-"'.+"4'()*"0:664("
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!"#NO"!"

Al:.4!l:)*G<"8/6;'(4+"2/"234";`"/1"`$b?"/("2/"234";`"/1"234"0/,)";/(4"9'24(?"745':04",2"2'@40",.2/"

'55/:.2"234";(/2/."7:114(,.-"5';'5,2*"/1"234"0/,)?"234";`"8'8)$",0";(/7'7)*"'"74224(";(/W*"/1"234"

64'."(3,[/0;34(4";`<"H,.'))*?"(4-'(+,.-";`?",2"03/:)+"74"./24+"23'2"234"('.-4"/1">'(,'2,/.",."/:("

02:+*"9'0".'((/9"AP<D!P<OG"'.+";(4+,52,/.0"03/:)+"74":04+"9,23"5':2,/."934."234"0/,)0"'(4"6/(4"

'5,+,5<""

c'.-'.404"4W2('524+"1(/6"'6/(;3/:0"6'24(,')0"7*"='66f0"(4'-4.2"4W;)',.4+"6/(4"23'."#$_"

/1" 234" 2/2')" >'(,'7,),2*" ,." 234"-(',."8+" A!"#$%&'" FD<DD#G<" T20" .4-'2,>4" 5/411,5,4.2" 03/90" 23'2"c."

/W,+40"(4+:54"8+"'>',)'7,),2*"1/("(//2":;2'@4"Ak4.[4)"42"')<?"#%%RG<"c."/W,+40"'(4"/.4"/1"234"6/02"

(4'52,>4"0/(7,.-";3'040"1/("8+"AY/.-?"$DDDG"+:4"2/"234,(")'(-4"0;45,1,5"0:(1'54"'(4'0"'.+"234,("

)/9"[4(/!;/,.2"53'(-4";`?"234";`">'):4"'2"93,53"234"/W,+40"'(4"6',.)*".4-'2,>4)*"53'(-4+"'.+"

./2"'00/5,'24+"9,23"5'2,/.0"AH4.-"42"')<?"$DDOG<"c."/W,+40"3'>4"')(4'+*"744."03/9."2/"74"'."

411,5,4.2"02'7,),[,.-"'64.+64.2"1/("8+?"^7"'.+"I.",."5/.2'6,.'24+"0/,)0"7*"0,-.,1,5'.2)*"(4+:5,.-"

642')"6/7,),2*"'.+":;2'@4"7*";)'.20"AM';;,.!Y,+,4("42"')<?"#%%OG<"

k,23"'70/):24"4((/(0"/1"'(/:.+"D<D$"6-<@-!#" AH,-:(4"TU<NG?" 234"7402"6/+4)"A&S:'2,/."TU<PG"9'0"

'7)4"2/"+,05(,6,.'24"-(',."8+"5/.24.20"/1"D<#E"6-<@-!#"1(/6"23/04"/1"D<$"6-<@-!#<"=34(41/(4?"234"

6/+4)"5/:)+"74":041:)"1/("234";(/i452"/1"234"&:(/;4'."].,/."2/")/94("234"(4-:)'2/(*"),6,2"/1"+:(:6"

934'2"-(',."1(/6"D<$"2/"D<#E"6-"8+<@-!#"-(',."AYZ!M\Q8b?"$D##G<"`/94>4(?" 234"6/+4)" ,0"./2"

0:11,5,4.2)*" '55:('24" 2/" +,02,.-:,03" 234" ,.24(64+,'24" 024;" /1" D<#OE"6-"@-!#" 742944." D<$" '.+"

D<#E"6-"8+"@-!#?"93,53":.+4(),.40" 234".44+" 2/";(/+:54"6/(4"6453'.,02,5"6/+4)0" 2/"34);" 042"

(4'),02,5"(4-:)'2/(*"),6,20<"

"
H,-:(4"TU<NX"H'6*9&$%-',,4,6-?4(6',#'9-5*7&6-!,'9*:;'9-#$%&'6C-48-JK&$;*47-./0L-84,-'$:<-64*%-*7-;<'-9$;$6';0-

>%%-+,$*7-39-9$;$-$,'-'S!,'66'9-$;-1FR-O$;',-:47;'7;0"

"

)

SP

SP

CHA4

SP



Chapitre IV. Modélisation statistique des teneurs en Cd dans le grain de blé dur 

!"#NP"!"

@"$1*20,3&'*2$

"

^(4+,52,/.0" /1" 8+" 5/.24.20" ,." +:(:6" 934'2" -(',.0" 94(4" /72',.4+" 1(/6" '" (4-(400,/." 6/+4)"

,.5):+,.-"234"5/.54.2('2,/."/1"234"8+",."234"0/,)"0/):2,/."/72',.4+"7*"54.2(,1:-'2,/.?"234"0/,)"8'8)$"

;`?"8&8"'.+"='66f0"c."/W,+4"5/.24.2<"=34";(4+,52,>4"6/+4)?";'('642(,[4+"/."$O"'-(,5:)2:(')"

0/,)0?"4W;)',.0"PP_"/1"234">'(,'2,/.",."8+",."+:(:6"934'2"-(',.0"'.+"3'0"'"(4'0/.'7)*")/9"LcM&"

>'):4"/1"'(/:.+"D<D#"6-<@-!#<"=34"(4-(400/(">'(,'7)40"/1"234"6/+4)"0:--402"23'2"8+"'>',)'7,),2*",."

234"')@'),.4"0/,)0"24024+"34(4"9'0"5/.2(/))4+"7*"234",.,2,')"5/.54.2('2,/."/1"8+",."234"0/,)"0/):2,/."
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e('+7:(*?" c<`<?" e'4*4.0?" e<?" #%%O<" \"6453'.,02,5" +405(,;2,/." /1" Q," '.+" I." 0/(;2,/." /." Q'!

6/.26/(,))/.,24<" ^'(2" TTX" 6/+4)),.-<" l<" 8/.2'6<" `*+(/)<" $O?" $$N~$KP<"
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322;0Xaa+/,</(-a#D<#D#Rai<-4/+4(6'<$DDE<DK<D#K"
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e,/'>',)'7,),2*",."\S:'2,5"M*02460<"k,)4*?";;<"KE~#D$<"
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322;0Xaa+/,</(-a#D<#D#Rai<5346/0;34(4<$DD%<DN<D#R"
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322;0Xaa+/,</(-a#D<#D$#a40%DDEEE-"
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L,460+,i@?"k<`<?"#%%R<"c42')"T/."e,.+,.-"7*"`:6,5"\5,+X"\;;),5'2,/."/1"234"QT8\!Y/..'."

c/+4)<"&.>,(/.<"M5,<"=453./)<"ND?"#RPO~#R%P<"322;0Xaa+/,</(-a#D<#D$#a40%EDR%E3"

V'5@/>,5?"J<?"k4))0?"l<Y<?"l/3.0/.?"e<e<?"\.-/>4?"c<l<?"$DDK<"c/+4),.-"234"'+0/(;2,/."/1"8+ATTG"

/.2/"@'/),.,24"'.+"c:)//(,.'",)),24",."234";(404.54"/1"5,2(,5"'5,+<"l<"8/))/,+"T.24(1'54"M5,<"$OD?"

PR~%N<"322;0Xaa+/,</(-a#D<#D#Rai<i5,0<$DDN<D%<DD%"

V'>4:1?"8<?"8/(.:?"M<?"e',[4?"Y<?"`'(+*?"c<?"l/0,4(4?"b<?"Y(/:,.?"M<?"e(:'.+?"\<?"l:,))/2?"H<?"$DD%<"

I,.5"L4+,02(,7:2,/.",."'"M/,)"Y4>4)/;4+"1(/6"V,6402/.4"Y:(,.-"^4+/-4.40,0<"^4+/0;34(4"

#%?"$%$~NDK<"322;0Xaa+/,</(-a#D<#D#RaM#DD$!D#RDAD%GRD#$D!�"

V47/:(-?" \<?" M24(5@46'.?" =<?" 8,40,4)0@,?" `<?" ^(/,W?" Q<?" #%%R<" T.2h(p2" +4" +,11h(4.20" (h'52,10"

+f4W2('52,/."53,6,S:4";/:(" )fh>'):'2,/."+4" )'"7,/+,0;/.,7,),2h"+40"6h2':W"4." 2('540"+:"0/)"

;/:(")fh>'):'2,/."+4")'"7,/+,0;/.,7,),2h"+40"6h2':W<"\-(/./6,4"#R?"$D#~$#E<"

V44?"M<I<?"\))4.?"`<&<?"`:'.-?"8<^<?"M;'(@0?"Y<V<?"M'.+4(0?"^<H<?"^4,i.4.7:(-?"k<l<Z<c<?"#%%R<"

^(4+,52,.-" 0/,)!9'24(" ;'(2,2,/." 5/411,5,4.20" 1/(" 5'+6,:6<" &.>,(/.<" M5,<" =453./)<" ND?" NK#P~

NK$K<"322;0Xaa+/,</(-a#D<#D$#a40%EDO%NN"

V,?"�<?"I,'+,?"Q<?"eh)'.-4(?"Z<?"8',?"I<?"�:?"`<?"$D##<"8'+6,:6"'55:6:)'2,/." ,."934'2"-(',."'0"

'114524+" 7*" 6,.4(')" Q" 14(2,),[4(" '.+" 0/,)" 53'('524(,02,50<" 8'.<" l<" M/,)" M5,<" %#?" E$#~EN#<"

322;0Xaa+/,</(-a#D<K#K#a5i00#DDR#"
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V,?"n<c<?"83'.4*?"L<V<?"M53.4,24(?"\<\<?"c,))4(?"l<H<?"&),'0?"&<c<?"`'66/.+?"l<l<?"#%%O<"M5(44.,.-"

1/(")/9"-(',."5'+6,:6";34./2*;40",."0:.1)/94(?"+:(:6"934'2"'.+"1)'W<"&:;3*2,5'"%K?"$N~

ND<"322;0Xaa+/,</(-a#D<#D$Na\X#DD$%%RKDEKRN"

V,?"I<?"`/16'..?"\<?"k/)234(0?"c<?"=3/6'0?"^<?"$D#$<"L4>4(0,7,),2*"/1"5'+6,:6"0/(;2,/."2/"5')5,24"

(4>,0,24+<"l<"8/))/,+"T.24(1'54"M5,<"NRP?"KNK~KK$<"322;0Xaa+/,</(-a#D<#D#Rai<i5,0<$D##<D%<DPE"

V,.?"I<?"M53.4,+4(?"\<?"M24(5@46'.?"=<?"Q-:*4.?"8<?"$D#R<"L'.@,.-"/1"6453'.,060"-/>4(.,.-"234"

;3*2/'>',)'7,),2*"/1"5'+6,:6",."'-(,5:)2:(')"0/,)0":0,.-"'"6453'.,02,5"6/+4)<"^)'.2"M/,)"N%%?"

P%~#DO<"322;0Xaa+/,</(-a#D<#DDOa0###DK!D#E!$RRN!R"

V,:?"J<?"V>?"l<?"̀ 4?"k<?"I3'.-?"̀ <?"8'/?"n<?"Y',?"n<?"$D#E<"c'i/("1'52/(0",.1):4.5,.-"5'+6,:6":;2'@4"

1(/6" 234" 0/,)" ,.2/" 934'2" ;)'.20<" &5/2/W,5/)<" &.>,(/.<" M'1<" ##N?" $DO~$#N<"

322;0Xaa+/,</(-a#D<#D#Rai<45/4.><$D#K<#$<DDE"

V/120?"M<?"=,;;,.-?"&<?"$D##<"\00400,.-"k`\cac/+4)"UTT"'-',.02"1,4)+"64'0:(464.20"/1"1(44"642')"

,/."5/.54.2('2,/.0X"c/+4)";4(1/(6'.54"'.+"234"(/)4"/1":.54(2',.2*",.";'('6424(0"'.+",.;:20<"

&.>,(/.<"8346<"P?"ED#~E#R<"322;0Xaa+/,</(-a#D<#DO#a&Q##DK%"

V/120?"M<?"=,;;,.-?"&<?"#%%P<"\."'00467)'-4"6/+4)"1/("5'2,/."7,.+,.-"7*".'2:(')";'(2,5:)'24"6'224(<"

Z4/53,6<"8/06/53,6<"\52'"R$?"$RD%~$R$E<"322;0Xaa+/,</(-a#D<#D#RaMDD#R!ODNOA%PGDD#PN!

E"

V/-'.'23'.?" ^<?" U,-.409'('.?" M<?" J'.+'0'6*?" l<?" Q',+:?" L<?" $D#$<" 8'+6,:6" M/(;2,/." '.+"

Y40/(;2,/." ,." M/,)0X" \" L4>,49<" 8(,2<" L4><" &.>,(/.<" M5,<" =453./)<" K$?" KP%~ENN<"

322;0Xaa+/,</(-a#D<#DPDa#DRKNNP%<$D#D<E$D$NK"

V/>4)'.+?"^<l<?"Y,-7*?"^<?"#%PK<"=34"4W2('52,/."/1"H4"'.+"\)"7*"D<#"c";*(/;3/0;3'24"0/):2,/.0X"'"

5/6;'(,0/." /1" 0/64" 2453.,S:40<" l<" M/,)" M5,<" NE?" $KN~$ED<"322;0Xaa+/,</(-a#D<####ai<#NRE!

$NP%<#%PK<27DD$PD<W"

V:/?"l<?"834.-?"`<?"L4.?"l<?"Y'>,0/.?"k<?"I3'.-?"`<?"$D#K<"c453'.,02,5",.0,-320"1(/6"YZ="'.+"

0/,)"0/):2,/."64'0:(464.20"/."234":;2'@4"/1"Q,"'.+"8+"7*"('+,03<"&.>,(/.<"M5,<"=453./)<"KP?"

ONDE~ON#N<"322;0Xaa+/,</(-a#D<#D$#a40EDD#ON4"

c'([/:@?"&<L<?"834.4(*?"M<L<?"n/:.-?"M<Y<?"$D#N<"^(4+,52,.-"234"0/):7,),2*"'.+")'7,),2*"/1"I.?"8+?"

'.+" ^7" ,." 0/,)0" 1(/6" '" 6,.40;/,)!5/.2'6,.'24+" 5'25364.2" 7*" 02'7)4" ,0/2/;,5" 4W53'.-4<"

Z4/53,6<"8/06/53,6<"\52'"#$N?"#~#R<"322;0Xaa+/,</(-a#D<#D#Rai<-5'<$D#N<D%<DDK"

c5e(,+4?"c<e<?"#%%K<"&.>,(/.64.2')"8346,02(*"/1"M/,)0<"bW1/(+"].,>4(0,2*"^(400"T.5?"Q49!n/(@<"

c5J4'-:4?" l<\<?" Y'*?" l<`<?" #%RR<" Y,23,/.,24!" '.+" bW')'24!" &W2('52'7)4" H4" '.+"\)" \0"\,+0" ,."

Y,114(4.2,'2,.-" U'(,/:0" 8)'0040" /1" M/,)0<" 8'.<" l<" M/,)" M5,<" KR?" #N~$$<"

322;0Xaa+/,</(-a#D<K#K#a5i00RR!DDN"

c5V':-3),.?" c<l<?" ^'(@4(?" Y<L<?" 8)'(@4?" l<c<?" #%%%<" c42')0" '.+"6,5(/.:2(,4.20" !" H//+" 0'142*"

,00:40<"H<"8(/;<"L40<"RD?"#KN~#RN<"322;0Xaa+/,</(-a#D<#D#RaMDNOP!K$%DA%PGDD#NO!N"

c44(0?"&<?"Y:"V',.-?"Z<?"].'6:./?"U<?"L:224.0?"\<?"U'.-(/.0>4)+?"l<?"='5@?"H<c<Z<?"U4()//?"c<Z<?"

$DDO<"8/6;'(,0/."/1"5'+6,:6"4W2('52'7,),2*"1(/6"0/,)0"7*"5/66/.)*":04+"0,.-)4"4W2('52,/."

;(/2/5/)0<"Z4/+4(6'"#K#?"$KO~$E%<"322;0Xaa+/,</(-a#D<#D#Rai<-4/+4(6'<$DDO<DR<DD$"
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c44(0?"&<?"].'6:./?"U<?"U'.+4-43:5324?"c<?"U'.7(/4@3/>4.?"J<?"Z4474)4.?"k<?"M'60/.?"L<?"

U'.-(/.0>4)+?"l<?"Y,4)0?"V<?"L:224.0?"\<?"Y:"V',.-?"Z<?"='5@?"H<?"$DDE<"M/,)!0/):2,/."0;45,'2,/."

/1"8+"'0"'114524+"7*"0/,)"53'('524(,02,50" ,.":.;/)):24+"'.+";/)):24+"0/,)0<"&.>,(/.<"=/W,5/)<"

8346<"$K?"K%%~ED%<"322;0Xaa+/,</(-a#D<#P%OaDK!$N#L<#"

c4.53?"c<?"e',[4?"Y<?"c/5S:/2?"e<?"#%%O<"8'+6,:6"'>',)'7,),2*"2/"934'2",."1,>4"0/,)"04(,40"1(/6"

234" n/..4" +,02(,52?" e:(-:.+*?" H('.54<" &.>,(/.<" ^/)):2<" %E?" %N~#DN<"

322;0Xaa+/,</(-a#D<#D#RaMD$R%!OK%#A%RGDDDOP!K"

c4(5@W?"L<?"e('.0?"J<?"M6/)+4(0?"&<?"$DD#<"Y45/6;/0,2,/."/1"+,00/)>4+"/(-'.,5"5'(7/."'124("0/,)"

+(*,.-"'.+"(49422,.-"'0"'.",.+,5'2/("/1"642')"2/W,5,2*",."0/,)0<"M/,)"e,/)<"e,/5346<"NN?"$NE~

$KD<"322;0Xaa+/,</(-a#D<#D#RaMDDNP!DO#OADDGDD#NE!P"

c,))4(?"L<b<?"J,004)?"Y<&<?"$D#D<"8/6;'(,0/."/1"M/,)";`"c423/+0"/."M/,)0"/1"Q/(23"\64(,5'<"M/,)"

M5,<"M/5<"\6<"l<"OK?"N#D<"322;0Xaa+/,</(-a#D<$#NRa000'i$DDP<DDKO"

c,).4?"8<l<?"J,..,7:(-3?"Y<Z<?"=,;;,.-?"&<?" $DD#<"Z4.4(,5"QT8\!Y/..'."6/+4)" ;'('6424(0" 1/("

;(/2/." 7,.+,.-" 7*" 3:6,5" 0:702'.540<" &.>,(/.<" M5,<" =453./)<" NE?" $DK%~$DE%<"

322;0Xaa+/,</(-a#D<#D$#a40DDD#$Ni"

c,).4?"8<l<?" J,..,7:(-3?"Y<Z<?" >'."L,460+,i@?"k<`<?" =,;;,.-?" &<?" $DDN<"Z4.4(,5"QT8\!Y/..'."

c/+4)"^'('6424(0"1/("c42')!T/."e,.+,.-"7*"`:6,5"M:702'.540<"&.>,(/.<"M5,<"=453./)<"NO?"

%EP~%O#<"322;0Xaa+/,</(-a#D<#D$#a40D$EPPO%"

c/(4)?"H<?"`4(,.-?"l<Z<?"c/(4)?"H<?"#%%N<"^(,.5,;)40"'.+"';;),5'2,/.0"/1"'S:'2,5"5346,02(*<"k,)4*<"

c:(('*?"Y<l<?"̀ 4')*?"=<k<?"H:4(024.':?"Y<k<?"#%RP<"=34"\+0/(;2,/."/1"\S:4/:0"c42')"/."8/))/,+')"

`*+(/:0" c'.-'.404" bW,+4<" \+0/(;2<" H(/6" \S:4/:0" M/):2<" OK~P#<"

322;0Xaa+/,</(-a#D<#D$#a7'!#%RP!DDO%<53DDO"

Q',+:?"L<?"e/)'.?"Q<M<?"J//@'.'?"L<M<?"=,))4(?"J<Z<?"#%%K<"T/.,5!02(4.-23"'.+";`"4114520"/."234"

0/(;2,/." /1" 5'+6,:6" '.+" 234" 0:(1'54" 53'(-4" /1" 0/,)0<" &:(<" l<" M/,)" M5,<" KE?" K#%~K$%<"

322;0Xaa+/,</(-a#D<####ai<#NRE!$NP%<#%%K<27DDE$O<W"

Q'.?"I<?"V,?"l<?"I3'.-?"l<?"834.-?"Z<?"$DD$<"8'+6,:6"'.+"[,.5",.24('52,/.0"'.+"234,("2('.014(",."

0/,)!5(/;" 0*0246" :.+4(" '52:')" 1,4)+" 5/.+,2,/.0<" M5,<" =/2')" &.>,(/.<" $PE?" #PO~#%E<"

322;0Xaa+/,</(-a#D<#D#RaMDDKP!%R%OAD#GDD%#%!R"

Q'9(/2?"=<?"^):0S:,.?"c<?"`/-4(>/(02?"l<?"L/4)0?"`<\<?"84),0?"`<?"=3,i0?"V<?"U'.-(/.0>4)+?"l<?"U'."

`45@4?"&<?"M2'4004.?"l<\<?"$DDR<"&.>,(/.64.2')"4W;/0:(4"2/"5'+6,:6"'.+"(,0@"/1"5'.54(X"\"

;(/0;452,>4" ;/;:)'2,/.!7'04+" 02:+*<" V'.542" b.5/)<" O?" ##%~#$R<"

322;0Xaa+/,</(-a#D<#D#RaM#KOD!$DKEADRGODEKE!%"

QH"TMb"#DN%D"T.24(.'2,/.')"b(-'.,['2,/."1/("M2'.+'(+,['2,/."ATMbG?"$DDE<"M/,)"S:'),2*"~"M/,)";`"

+424(6,.'2,/.<"

QH" TMb" #DR%K" T.24(.'2,/.')" b(-'.,['2,/." 1/(" M2'.+'(+,['2,/." ATMbG?" #%%E<" M/,)" S:'),2*<"

Y424(6,.'2,/."/1"/(-'.,5"'.+"2/2')"5'(7/."'124("+(*"5/67:02,/."A4)464.2'(*"'.')*0,0G<"

QH" TMb" ##KRE" T.24(.'2,/.')" b(-'.,['2,/." 1/(" M2'.+'(+,['2,/." ATMbG?" #%%K<" M/,)" S:'),2*" !!"

Y424(6,.'2,/."/1"+(*"6'224("'.+"9'24("5/.24.2"/."'"6'00"7'0,0"!!"Z('>,642(,5"6423/+<"
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QH"�"N#~#DE"02'.+'(+"\00/5,'2,/."H('.r',04"+4"Q/(6'),0'2,/." A\HQbLG?"$D#K<"M/,)"S:'),2*" !"

Y424(6,.'2,/."/1"5'(7/.'24"5/.24.2"!"U/):642(,5"6423/+<"

QH"�"N#!#DO"02'.+'(+"\00/5,'2,/."H('.r',04"+4"Q/(6'),0'2,/." A\HQbLG?"#%PN<"M/,)"}:'),2*" !"

^'(2,5)4"0,[4"+424(6,.'2,/."7*"04+,64.2'2,/."!"^,;4224"6423/+<"

QH"�"N#!#ND"02'.+'(+"\00/5,'2,/."H('.r',04"+4"Q/(6'),0'2,/." A\HQbLG?" #%%%<"M/,)" S:'),2*" !"

8346,5')" 6423/+0" !" Y424(6,.'2,/." /1" 5'2,/.,5" 4W53'.-4" 5';'5,2*" A8&8G" '.+" 4W2('52,7)4"

5'2,/.0<"

QH"�" N#~#KO" 02'.+'(+"\00/5,'2,/." H('.r',04"+4"Q/(6'),0'2,/." A\HQbLG?" #%%R<" M/,)" S:'),2*<"

M/,)0?"04+,64.20<"=/2')"0/):7,),[,.-"7*"'5,+"'22'5@<"

Q-:*4.?"8<?"Z/:(+',.?"&<?"Z(,-./.?"Z<?"e'((,4(!Z:,))/2?"e<?"ch)h'(+?"e<?"$D#O<"8/.2'6,.'2,/."/1"

Y:(:6"k34'2"7*"8'+6,:6xX"V400/.0"1(/6"234"H,4)+<"8/.14(4.54X"T5/724"5/.14(4.54"$D#O?"

&=`" I:(,53?" M9,2[4()'.+?" l:)*" $D#O<" YbT#D<#N#KDaLZ<$<$<$OOD#<NORDN<"

322;0Xaa+/,</(-a#D<#N#KDaLZ<$<$<$OOD#<NORDN"

Q/(+02(/6?"Y<J<?"^):664(?"V<Q<?"V'.-6:,(?"Y<?"e:04.74(-?"&<?"c'*?"`<c<?"l/.40?"e<H<?"^'(@3:(02?"

Y<V<?"#%%D<"L4>,04+"8346,5')"&S:,),7(,:6"Y'2'" 1/("c'i/("k'24(�c,.4(')"L4'52,/.0"'.+"

=34,("V,6,2'2,/.0<";;<"N%P~K#N<"322;0Xaa+/,</(-a#D<#D$#a7@!#%%D!DK#R<53DN#"

Q/(>4))?"k<"'<?"k:?" l<?"`/;@,.0?"Y<Z<?"k4)53?"L<c<?" $DDD<"\00/5,'2,/."/1"8'+6,:6" ,."Y:(:6"

k34'2"Z(',."9,23"M/,)"83)/(,+4"'.+"834)'24!&W2('52'7)4"M/,)"8'+6,:6<"M/,)"M5,<"M/5<"\6<"l<"

RK?"$#R$<"322;0Xaa+/,</(-a#D<$#NRa000'i$DDD<RKR$#R$W"

Q*4?"^<`<?"#%P#<"83'.-40"/1";`"'5(/00"234"(3,[/0;34(4",.+:54+"7*"(//20<"^)'.2"M/,)"R#?"O~$R<"

322;0Xaa+/,</(-a#D<#DDOaeHD$$OONE%"

bf8/../(?"Z<\<?"bf8/../(?" 8<?" 8),.4?"Z<L<?" #%PK<" M/(;2,/."/1"8'+6,:6"7*"8')5'(4/:0"M/,)0X"

T.1):4.54"/1"M/):2,/."8/6;/0,2,/.<"M/,)"M5,<"M/5<"\6<"l<"KP?"#$KK~#$KO<"

b),>4(?"Y<^<?"M53:)2[?"l<&<?"=,))4(?"J<Z<?"c4((*?"L<`<?"#%%N<"=34"411452"/1"5(/;"(/2'2,/.0"'.+"2,))'-4"

;('52,540"/."5'+6,:6"5/.54.2('2,/." ,."934'2"-(',.<"\:02<" l<"\-(,5<"L40<" KK?"#$$#~#$NK<"

322;0Xaa+/,</(-a#D<#DO#a\L%%N#$$#"

b024?"V<\<?"=466,.-3/11?"&<l<c<?"U'."L,460+,i@?"k<`<?"$DD$<"M/),+!0/):2,/.";'(2,2,/.,.-"/1"/(-'.,5"

6'224(",."0/,)0"'0",.1):4.54+"7*"'.",.5(4'04",.";`"/("8'"5/.54.2('2,/.<"&.>,(/.<"M5,<"=453./)<"

NR?"$DP~$#K<"322;0Xaa+/,</(-a#D<#D$#a40D#DDEO#"

^'-4.@/;1?"Z<J<?"#%PN<"Z,))"0:(1'54" ,.24('52,/."6/+4)" 1/(" 2('54!642')" 2/W,5,2*" 2/"1,0340X" (/)4"/1"

5/6;)4W'2,/.?" ;`?" '.+" 9'24(" 3'(+.400<" &.>,(/.<" M5,<" =453./)<" #O?" NK$~NKO<"

322;0Xaa+/,</(-a#D<#D$#a40DD##$'DDO"

^'.?" n<?" J//;6'.0?" Z<H<?" e/.24.?" V<=<8<?" M/.-?" l<?" V:/?" n<?" =466,.-3/11?" &<l<c<?" 8/6'.0?"

L<Q<l<?"$D#E<"T.!0,2:"64'0:(464.2"/1"1(44"2('54"642')"5/.54.2('2,/.0",."'"1)//+4+";'++*"0/,)"

:0,.-" 234" Y/..'." c467('.4" =453.,S:4<" Z4/+4(6'" $K#~$K$?" E%~RO<"

322;0Xaa+/,</(-a#D<#D#Rai<-4/+4(6'<$D#K<##<DDN"

^';'+/;/:)/0?"^<?"L/94))?"Y<V<8<Q<!^<?"#%PP<"=34"(4'52,/.0"/1"5'+6,:6"9,23"5')5,:6!5'(7/.'24"

0:(1'540<"l<"M/,)"M5,<"N%?"$N!NR"M=!=34"(4'52,/.0"/1"5'+6,:6"9,23"5')5,:6!<"
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322;0Xaa+/,</(-a#D<#D#Rai<'5'<$DD%<DR<DE$"
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0/):2,/.X" 8/6;'(,0/." /1" c/+4)" UT" '.+" QT8\!Y/..'.<" l<" Z4/5346,5')" &W;)/(<" #RE?" #~O<"
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Modèle r²obs/pred r²aj RMSE BIC pmax VIF 

Cd2+~ CdCdL+DOC+Cass+CO3ss 0.74978718 0.74626306 0.2545964 42.79088369 0.06986021 2.45724208

Cd2+~ CdCdL+DOC+CaMgss+CO3ss 0.74848568 0.74494322 0.25523214 43.92189101 0.06021686 2.38791342

Cd2+~ CdCdL+Cass+CO3ss 0.7458876 0.74351272 0.25527216 40.77772792 2.02E-10 1.9987604

Cd2+~ CdCdL+CaMgss+CO3ss 0.74427102 0.74188103 0.25605905 42.16017677 4.04E-10 1.95226332

Cd2+~ CdCdL+pHss+DOC+SO4ss 0.74435017 0.74074947 0.25695298 47.47719158 0.0008323 1.68968669

Cd2+~ CdCdL+pHss+Cuss+SO4ss 0.74106569 0.73741873 0.25827526 50.26012735 0.00364039 1.22403901

Cd2+~ CdCdL+pHss+CaMgss+SO4ss 0.73566675 0.73194374 0.26058103 54.75882405 0.04365766 1.51556624

Cd2+~ CdCdL+pHss+Cass+SO4ss 0.73560415 0.73188026 0.26061839 54.81044251 0.04497874 1.50032014

Cd2+~ CdCdL+pHss+SO4ss 0.73055554 0.72803737 0.26207665 53.54938964 6.65E-07 1.21903

Cd2+~ CdCdL+pHss+DOC+CaMgss 0.727645 0.72380902 0.26518296 61.27609151 0.01719358 1.83604933

Cd2+~ CdCdL+pHss+DOC+Mgss 0.72730549 0.72346472 0.26544416 61.54767648 0.02000144 1.68680023

Cd2+~ CdCdL+pHss+DOC+Cass 0.72707573 0.72323173 0.26548797 61.73127468 0.02216482 1.83243332

Cd2+~ CdCdL+DOC+Cuss+CO3ss 0.72565355 0.72178952 0.26710871 62.86430054 0.00825886 1.6490886

Cd2+~ CdCdL+pHss+DOC+NO3ss 0.72444696 0.72056593 0.26648625 63.8209737 0.07382756 1.77618294

Cd2+~ CdCdL+pHss+DOC 0.72027161 0.71765732 0.26746319 61.71497664 4.34E-05 1.62426127

Cd2+~ CdCdL+DOC+Mgss+CO3ss 0.72058837 0.71665299 0.26906049 66.85247235 0.07882976 1.67655288

Cd2+~ CdCdL+DOC+CO3ss 0.71649725 0.71384769 0.26977788 64.63677194 3.59E-05 1.6225921

Cd2+~ CdCdL+pHss+CaMgss 0.71492113 0.71225684 0.26918813 65.84537228 0.00037136 1.42985219

Cd2+~ CdCdL+pHss+Cass 0.71401093 0.71133814 0.26964279 66.54029376 0.00053473 1.43420795
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Modèle r²obs/pred r²aj RMSE BIC pmax VIF max

K’n ~Cass+CO3ss 0.86073933 0.55396621 0.18733277 178.1522185 1.30E-15 1.620679

K’n ~CaMgss+CO3ss 0.85945218 0.5488392 0.18817235 180.746623 4.76E-15 1.57147777

K’n ~pHss+CaMgss+NO3ss 0.84597182 0.5252696 0.19800193 196.7154887 1.68E-07 1.50235538

K’n ~pHss+Cass+NO3ss 0.84322915 0.51842127 0.19975678 199.9667325 4.59E-07 1.49490693

K’n ~pHss+CaMgss+SO4ss 0.83016439 0.49571868 0.20663783 210.42339 0.00030703 1.50632283

K’n ~pHss+Cass+SO4ss 0.83007512 0.49549811 0.20669687 210.5226551 0.00032341 1.48505466

K’n ~pHss+Cuss+SO4ss 0.81959234 0.47001841 0.21255794 204.9725966 9.22E-05 1.09486679

K’n ~pHss+CaMgss 0.8190433 0.46551834 0.21378606 219.2171308 3.63E-07 1.31048397

K’n ~pHss+Cass 0.81782527 0.46252564 0.21454052 220.4846168 6.93E-07 1.31992039

"
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Modèle r²obs/pred r²aj RMSE BIC pmax VIF 

Cd2+~Cd NH4+pHss+ArgLF+Cass 0.83806115 0.83206342 0.1900954 -24.2845344 0.00623936 2.31961498

Cd2+~Cd NH4+pHss+Argile+Cass 0.83779029 0.83178252 0.18977241 -24.1408086 0.00672387 2.32893453

Cd2+~Cd NH4+pH+MnO+Cass 0.83983872 0.82839863 0.16901842 -23.4690423 0.05901908 2.33437316

Cd2+~Cd NH4+pHss+MOS+Cass 0.8344529 0.82832153 0.19153627 -22.3893576 0.01691009 2.32042772

Cd2+~Cd NH4+pHss+CEC+Cass 0.83240683 0.82619967 0.19393277 -21.332956 0.02987005 2.33678422

Cd2+~Cd NH4+pHss+COS+Cass 0.83204732 0.82582685 0.19296263 -21.1486716 0.03302962 2.32011093

Cd2+~Cd NH4+pHss+Cass 0.82229413 0.81795984 0.19741353 -20.7485351 5.25E-07 2.31559271

Cd2+~Cd NH4+Calcaire+MnO+Cass 0.82856985 0.81632484 0.1746921 -20.2732969 0.08539028 2.0849842

Cd2+~Cd H2O+pH+CEC+MnO 0.81544498 0.80226248 0.18156335 -16.8060266 0.00731796 2.44022721

Cd2+~Cd Pyro+pH CaCl2+NO3ss+Cass 0.81019519 0.7966377 0.17984719 -15.4877412 0.00012348 1.42017093

Cd2+~Cd NH4+pHss+AlO+Cass 0.80862534 0.79495572 0.18371532 -15.1006107 0.03861831 1.62941473

Cd2+~Cd H2O+pH+CEC+AlO 0.80015637 0.78588182 0.18786145 -13.0654087 0.04859733 1.96132966

Cd2+~Cd Pyro+pHss+NO3ss+Cass 0.7955028 0.78089586 0.19183098 -11.9835131 1.99E-06 1.40581723
"
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Modèle r²obs/pred r²aj RMSE BIC pmax VIF 

Cdss~Cd NH4+ArgLF+MnO+Cass 0.85494738 0.84458647 0.14491465 -38.4229713 0.07020877 1.27522117

Cdss~Cd NH4+ArgLF+AlO+Cass 0.85308517 0.84259126 0.14555872 -37.8234209 0.09733799 1.47548987

Cdss~Cd H2O+Calcaire+CEC+FeO 0.83233615 0.82036016 0.15285116 -31.6143405 0.00125315 1.93309086

Cdss~Cd H2O+Calcaire+AlO+Mn_t 0.8309984 0.81892686 0.16106724 -31.2408286 0.0812079 1.84103643

Cdss~Cd H2O+Calcaire+CEC+MnO 0.82627217 0.81386304 0.15911296 -29.944488 0.0027975 2.07031475

Cdss~Cd H2O+pH+CEC+MnO 0.82500728 0.8125078 0.15830365 -29.6035251 0.00280909 2.44022721

Cdss~Cd NH4+Argile+FeO+Cass 0.82438361 0.81183958 0.15438472 -29.4363176 0.02053552 1.64062649

Cdss~Cd NH4+NO3ss+AlO+Cass 0.82164365 0.80890392 0.16005249 -28.7086879 0.01836349 1.55250064

Cdss~Cd NH4+Argile+MnO+Cass 0.82147044 0.80871833 0.15511344 -28.6630648 0.03046595 1.23053897

Cdss~Cd H2O+pH+CEC+AlO 0.8208743 0.80807961 0.16019467 -28.5063861 0.03972544 1.96132966

Cdss~Cd H2O+pH+CEC+FeO 0.8190832 0.80616057 0.15907141 -28.0387612 0.00601703 1.97919191

Cdss~Cd NH4+NO3ss+MnO+Cass 0.81657253 0.80347057 0.16069801 -27.391004 0.01779625 1.44862496

Cdss~Cd H2O+Calc+CEC+AlO 0.81434683 0.80108589 0.16465394 -26.8241411 0.09763064 1.91454754

)
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Modèle r²obs/pred r²aj RMSE BIC pmax 

Cd grain~Cd_ss+Calcaire+CEC+MnO 0.82351523 0.81120234 0.03422531 -27.2117745 2.24E-05 1.96094627

Cd grain~Cd CaCl2+CEC+MnO+NO3ss 0.82032137 0.80778565 0.03602845 -26.3508816 0.00520503 1.6107394

Cd grain~Cdss+pH+CEC+MnO 0.81669977 0.80391138 0.04181363 -25.393014 0.00112337 2.1284317

Cd grain~Cd CaCl2+CEC+MnO+SO4ss 0.81331555 0.80029106 0.03491231 -24.5148877 0.01291633 1.28798989

Cd grain~Cd CaCl2+CEC+AlO+Mgss 0.81189882 0.79877548 0.04471748 -24.1519951 0.00641419 2.19017242

Cd grain~Cd CaCl2+CEC+MnO+Mgss 0.80933457 0.79603233 0.03608196 -23.5020648 0.02152887 1.53205015

Cd grain~Cd2++Calcaire+CEC+MnO 0.80796156 0.79456353 0.03506492 -23.1576484 0.00014937 2.04612625

Cd grain~Cd CaCl2+CEC+Mg_ss+SO4ss 0.80047702 0.78655681 0.02953821 -21.3224229 0.02648829 

Cd grain~Cd CaCl2+Argile+MnO+NO3ss 0.79961068 0.78563003 0.03646627 -21.1144558 0.00434399 1.60943188

Cd grain~Cd2++pH+CEC+MnO 0.7994198 0.78542583 0.04706426 -21.0687542 0.00920946 2.31081701

Cd grain~Cdss+Calcaire+Argile+MnO 0.79885676 0.78482351 0.04595189 -20.9342042 1.15E-05 1.90348837

Cd grain~Cd CaCl2+pHss+CEC+Mgss 0.79683218 0.78265768 0.03161554 -20.4534816 0.04152969 2.34799911
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Abstract Regulatory limits on cadmium (Cd) content in food
products are tending to become stricter, especially in cereals,
which are a major contributor to dietary intake of Cd by
humans. This is of particular importance for durum wheat,
which accumulates more Cd than bread wheat. The contami-
nation of durum wheat grain by Cd depends not only on the
genotype but also to a large extent on soil Cd availability.
Assessing the phytoavailability of Cd for durum wheat is thus
crucial, and appropriate methods are required. For this pur-
pose, we propose a statistical model to predict Cd accumula-
tion in durum wheat grain based on soil geochemical proper-
ties related to Cd availability in French agricultural soils with
low Cd contents and neutral to alkaline pH (soils commonly
used to grow durum wheat). The best model is based on the
concentration of total Cd in the soil solution, the pH of a soil
CaCl2 extract, the cation exchange capacity (CEC), and the
content of manganese oxides (Tamm’s extraction) in the soil.
The model variables suggest a major influence of cadmium
buffering power of the soil and of Cd speciation in solution.
The model successfully explains 88% of Cd variability in
grains with, generally, below 0.02mgCd kg−1 prediction error
in wheat grain. Monte Carlo cross-validation indicated that
model accuracy will suffice for the European Community
project to reduce the regulatory limit from 0.2 to 0.15 mg
Cd kg−1 grain, but not for the intermediate step at 0.175 mg

Cd kg−1. The model will help farmers assess the risk that the
Cd content of their durum wheat grain will exceed regulatory
limits, and help food safety authorities test different regulatory
thresholds to find a trade-off between food safety and the
negative impact a too strict regulation could have on farmers.

Keywords Cadmium . Durumwheat . Soil contamination .

Statistical predictivemodel . Chemical extraction

Introduction

Cadmium is a non-essential, highly toxic metal, and was clas-
sified by the International Agency for Research on Cancer
(IARC 1993) as carcinogenic for humans. Chronic exposure
to Cd, including through food, can cause damage to different
organs as well as cancer (Cho et al. 2013; Jancic and Stosic
2014; Nawrot et al. 2006). Cd occurs naturally in agricultural
soils, and its concentration generally depends on the parent
material (Kabata-Pendias 2004). Although Cd contents are
usually low in agricultural soils, they sometimes tend to in-
crease due to anthropogenic inputs, including atmospheric
deposition and mineral fertilizers (Hutton 1983). Despite these
low or moderate contents, Cd can represent a threat to human
health because the main pathway of exposure for the general
population is consuming food made from contaminated plant
products (Satarug et al. 2003). Therefore, in Europe, some
regulatory limits have been established for maximum Cd con-
tent in some but not all foodstuffs (European Union 2006). For
cereal grains except rice and wheat, the maximum Cd content
is 0.1 mg kg−1 (15% water content). For rice and wheat, the
limit is 0.2 mg kg−1 (European Union 2006). Wheat is one of
the most widely produced and consumed cereals worldwide
(FAO 2015), and, among wheat subspecies, durum wheat
(Triticum turgidum subsp. durum) has been shown to
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accumulate much more Cd than bread wheat (Li et al. 1997;
Stolt et al. 2003). Consequently, durum wheat, which is wide-
ly consumed as semolina and pasta, is an important contribu-
tor to the dietary intake of Cd by European populations.
Following the recommendation of the European Food Safety
Authority to reduce the dietary exposure of humans to Cd
almost threefold (EFSA 2009), the European Union proposed
to reduce the maximum Cd content of durum wheat grain
from 0.2 to 0.15 mg kg−1 with an intermediate limit of
0.175 mg kg−1 (DG SANCO 2011). These new limits call
for simple predictive models to assess the risk of contamina-
tion of durum wheat grain by Cd.

Cadmium uptake by plants mainly depends on the plant
genotype but also on Cd availability in soils, which is driven
by different mechanisms, and which, in turn, can be affected
by agricultural practices including crop rotation and tillage
(Oliver et al. 1993). Total cadmium content in the soil is usu-
ally a poor indicator of the quantity of metal transferred to
plants, as it is well established that only part of the total con-
tent can be transferred from the solid phases of the soil to the
soil solution from which it is taken up by roots as free Cd2+

(Campbell 1995). Exchanges of Cd between the soil solid
phase and the soil solution are controlled by different mecha-
nisms including ion exchange, specific adsorption, or com-
plexation involving chemical bonds of variable strength like
Van der Waals interactions or covalent bonds. Clay minerals,
organic matter, metallic oxides, or oxi-hydroxides are the
main constituents involved in the sorption of Cd onto the soil
solid phase. In alkaline pH conditions, the availability of Cd
for root uptake can decrease due to the precipitation of the
metal, particularly with carbonates. In solution, Cd speciation
is governed by complexation with organic and inorganic li-
gands. Protons and other cations (mainly Ca2+ and Mg2+)
compete with Cd2+ for both sorption and complexation in
solution (Del Castilho and Chardon 1995; Naidu et al. 1994;
Ross 1994).

In France, durum wheat is usually cultivated on alka-
line and calcareous soils with low Cd contents (median of
0.3 mg Cd kg−1 dry soil) (Arvalis, personal communica-
tion, https://www.english.arvalisinstitutduvegetal.fr/index.
html). Although Cd phytoavailability could be expected to
be lower due to the high pH values and carbonate
contents, durum wheat crops can accumulate Cd in
grains at levels close to the regulatory limit (Arvalis,
personal communication). This means that a significant
part of the soil Cd is probably solubilized and taken up
by wheat, but is not taken into account by the statistical
models used to predict the soil-solution partitioning of
total or free Cd (Degryse et al. 2009). In the literature,
plant available Cd is typically based on a single extraction
or on sequential extractions, using chemical extractants
that differ in their ability to selectively extract metals
bound to different soil fractions (Harmsen et al. 2005;

Lebourg et al. 1996; Meers et al. 2007; Tessier et al.
1979). However, these extractions cannot perfectly mimic
resupply of Cd2+ from the solid phase to the soil solution
during depletion resulting from root uptake. Yet, because
of the initial low concentration of soluble Cd2+, resupply
is expected to play an important role in soils with alkaline
pH and should therefore also be taken into account in the
models. This can be accomplished by testing the cationic
exchange capacity and the clay and organic matter con-
tents as explanatory variables in the model used to predict
Cd accumulation in the grain. Another possibility is to test
the predictive value of the diffusion gradient in the thin
film (DGT) technique developed by Zhang et al. (2001).
DGT is a passive device that acts, like a root, as a sink for
Cd2+. It creates Cd depletion at the interface with the soil
solution and can hence account for resupply from the
solid phase. Finally, in the modelling approach, competi-
tion for sorption and complexation with soil cations can
be included by considering the pH and the concentrations
of Ca and Mg in the soil solution.

Most statistical models which predict Cd content in wheat
grain from soil variables are designed for bread wheat (Adams
et al. 2004; Baize et al. 2009; Brus et al. 2005; François et al.
2009; Gray et al. 2001; Hough et al. 2003; Liu et al. 2015;
Mench et al. 1997; Nan et al. 2002; Ran et al. 2016; Zogaj and
Düring 2016), whereas few are devoted to durum wheat
(Garrett et al. 1998; Norvell et al. 2000). Furthermore, in the
latter above-cited durum wheat models, the goodness of fit (r2

of 0.74 and 0.84, respectively) was likely linked to specific
soil characteristics. Garrett et al. (1998) postulated that in their
soils, Cd availability was mainly controlled by Cd-organic
matter complexes and their model only included the Cd and
the soil organic C extractable by pyrophosphate. In the study
by Norvell et al. (2000), the authors reported highly variable
soil salinity in their soils. The first goal of the present work
was thus to extend the number of candidate variables to build
a predictive model of the availability of Cd for durum wheat.
In addition to classical extractions and soil characteristics (soil
total Cd content, clay, loam, and organic carbon, pH), we
tested the concentration of Cd in the soil pore water, the free
ionic fraction of Cd in solution, contents of calcareous and
amorphous material, the Cd accumulated by DGT during a
48-h test, dissolved organic carbon, and finally concentrations
of soluble Ca, Mg, and K. These variables were tested in
multiple linear models to account for soil-solution Cd
partitioning, the buffering capacity of the soil, speciation in
solution, the carbonated fraction of Cd, and competition with
major cations in the soil. The second goal of this work was to
assess the predictive value of the models by cross-validation
in order to estimate the error of prediction with respect to the
current project of lowering the regulatory limits from 0.2 to
0.15 mg Cd/kg grain with an intermediate step at 0.175 mg
Cd/kg (DG SANCO 2011).
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Materials and methods

Sampling and preparation

Nine French agricultural sites were chosen for this study. Each
site corresponded to a cultivar comparison trial with three
blocks, of 1000 m2, per cultivar. Paired samples of topsoil
and wheat (T. turgidum subsp. durum, Miradoux) were col-
lected at the heading stage (around 60 days after sowing) from
each of the three blocks. The soil was sampled in the 0–30-cm
ploughed layer where most of the root system developed. A
total of 27 paired samples of soil and wheat were used. Soil
samples were air dried and sieved at 2 mm. The residual water
content was determined after drying at 105 °C until constant
weight (NF ISO 11465:1994).

The plants were also sampled at maturity (around 90 days
after sowing) to determine the grain Cd content and in the
immediate vicinity of the previous sampling (soil and plants)
so that soil conditions are assumed to be homogeneous. The
plants were divided into shoots (stems and leaves) and grains
for the last sampling. Four to five plants were collected for
each sampling, and a composite sample was made. Plant parts
were carefully rinsed with permuted water and then with dis-
tilled water. These samples were dried at 60 °C for 48 h to
constant weight and ground (<1 μm) using a Retsch Planetary
Ball Mill PM 400. Aliquots of powdered samples were
digested using a mixture of HNO3 69% (Aristar® for trace
analysis, VWR Chemicals) and H2O2 30% (Ultratrace®, ppt-
trace analysis grade, Scharlau), and the Cd in the extracts was
quantified by furnace atomic absorption spectrometry
(PinAAcle 900T, PerkinElmer). Grains sampled at maturity
were air dried to a final constant water content of 15% as
stated for the regulatory limit for Cd. The Cd contents of
grains were determined by atomic absorption spectrometry
after wet digestion (http://www.capinov.fr/).

Soil characteristics

The following parameters were determined from air-dried soil
subsamples according to French standardized procedures. Soil
pH was determined in a distilled water (1:5 soil to solution
ratio) and 0.01 M CaCl2 extract (1:10 soil to solution ratio)
(NF ISO 10390:2005). Total CaCO3 content was quantified
using the acid neutralisation method (NF X 31–105:2014).
The total soil organic carbon fraction (SOC) was determined
by dry combustion after correction for carbonate (NF ISO
10694:1995). The soil texture was determined using the
Robinson pipette method (NF X 31–107:1983), and the cat-
ionic exchange capacity (CEC) was measured at soil pH using
the cobaltihexamine chloride method (NF X 31–130:1999).
The concentration of dissolved organic carbon (DOC) was
measured in the 0.01 M CaCl2 extract by oxidative combus-
tion (TOC-VCSH, Shimadzu).

Soil and soil solution extraction and analyses

Total Cd soil content was quantified after solubilisation by
fluorhydric and perchloric acids (NF X 31–147:1996). After
complete dissolution, the concentrations of Ca and Mg in the
extracts were also analysed by ICP-AES (inductively coupled
plasma atomic emission spectrometry) and in Cd by ICP-MS
(inductively coupled plasma mass spectrometry).

Seven soil extractions were performed; the procedures, re-
agents, and soil/solution ratios are detailed in Table 1. At the
end of the extraction, the soil suspensions were centrifuged at
7500 rpm at 20 °C for 15 min and the supernatants were filtered
through a 0.2-μm cellulose acetate filter. The Cd was then quan-
tified by ICP-MS, and Mn, Al, and Fe on Tamm’s extracts by
ICP-AES. All trace metal analyses and soil characterisations
were performed by the INRA soil testing laboratory (http://
www6.lille.inra.fr/las).

The soil pore solution was obtained by centrifugation as
described by Schneider (2006). Briefly, soils were moisturized
to pF 1.7, using the model from Jong et al. (1983) to calculate
the right amount of ultra-pure water to add. After equilibrating
overnight, approximately 12 ml of the non-water miscible
organic solvent C2F3Cl3 (ACS, Reag. Ph. Eur, Merck) was
added to displace the soil solution during centrifugation at
13,000 rpm for 1 h. The aqueous supernatants were carefully
separated from the solvent and filtered through a 0.2-μm cel-
lulose acetate filter.

These solutions were used to determine the pH using a mi-
croelectrode (pHC4000-8, Radiometer Analytical), and to quan-
tify the major cations Ca, Mg, and K by flame-AAS, and Cd by
furnace-AAS (Solaar M6, TJA Solutions). The free fraction of
Cd (Cd2+) in these soil solutions was measured using the ion
exchange method developed by Schneider (2006). This method
is based on the Ca/Cd exchange properties of a cation exchange
resin (Amberlite IR120, Aldrich) converted to Ca form. The soil
pore solution (around 2 ml) was mixed with the Ca resin at a
500:1 v/w solution/solid ratio (determined precisely) and shaken
at 20 °C for 24 h, after which 0.2 ml of the soil pore solution was
sampled to determine the concentration of Ca after contact. Next,
a known amount of radioactive 109Cd (Perkin-Elmer) was added
to the resin/solution mixture. The vials were shaken at 20 °C for
24 h, after which the radioactivity remaining in solution was
quantified in a 0.5-ml aliquot of solution by liquid scintillation
counting (Tri-Carb 2100TR, Packard BioScience), after addition
of 2.5 ml of scintillation cocktail (Insta-Gel Plus, Packard
BioScience) and correction for quenching. The fraction of free
Cd (FCd) was calculated from the resin Vanselow selectivity co-
efficient for Cd/Ca exchange (VKCd/Ca), using Eq. (1)

FCd ¼

R

r
−1

� �

� CCa � V

VKCd � RCa; f � m
� 100 ð1Þ
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where R/r is the ratio of added (R) to remaining (r) radioactivity,
CCa is the concentration of calcium in the solution after contact,
V/m is the soil solution/resin ratio, and RCa,f is the content of Ca
on the resin after contact calculated by Eq. (2).

RCa; f ¼ RCa;i þ CCa;i−CCa;eq

� �

�
V

m
ð2Þ

Free Cd (Cd2+) concentrations were calculated using this
fraction of free Cd and the concentration of total Cd in the soil
pore solution obtained by centrifugation, with Eq. (3):

Cd2þ
� �

¼ FCd=100 � Cd½ �porewater ð3Þ

DGT experiments

DGT experiments were performed in the laboratory using
fresh soils stored at 4 °C. Approximately 700 g of fresh soil
was weighed, and ultra-pure water was added to reach approx-
imately 50% of the maximum water holding capacity
(WHCmax). The soils were incubated at 28 °C for 24 h in
closed plastic containers. Next, the soils were moistened to
100% of their WHCmax and allowed to equilibrate at 28 °C
in the dark for 24 h. Then, three DGT devices were applied to
each soil, avoiding any free air space between the filter and the
soil surface. The containers were closed and left at 28 °C in the
dark for 48 h before collecting the DGTs. The 48-h period of
contact between the DGT and the soil was chosen to obtain a
quantifiable amount of Cd on the resin while minimising
changes in the soil conditions during the contact (Harper
et al. 1998). Each resin was individually bathed in 2 ml of
1 M HNO3 for 24 h to eluate the sorbed Cd. In addition, after
the DGTs had been used, the soil solutions from the containers
were sampled with Rhizon microcups (Rhizosphere Research
Products, Wageningen) inserted horizontally. Cadmium in the
soil solutions and in the resin eluates was quantified using
furnace-AAS (PinAAcle 900T, PerkinElmer).

An indicator of the Cd buffering power of the soil can be
derived from DGT data (Zhang et al. 2001). Indeed, the ratio
(b) between the calculated Cd concentrations at the interface
between the gel and the resin of the DGT (CDGT) and the Cd
concentrations in the soil solution obtained by the rhizons
(Crhizon, Eq. (4)) reflects the capacity of the solid phase to
resupply the soil solution with Cd.

b ¼
CDGT

Crhizon

ð4Þ

If the resupply is fast, and the solid phase contains a large
amount of mobile Cd, the concentration at the interface will
not diminish significantly and bwill be close to 1. Conversely,
if little is resupplied from the solid phase, CDGTwill tend to be
0 because the resin behaves as an infinite sink and b also tends
to be 0 (Harper et al. 1998; Zhang et al. 2001).

Testing statistical models from the literature

We conducted an extensive search of the literature to find
statistical models based on soil properties for the prediction
of Cd contents in wheat grains that could be tested on our
dataset. The following models were found for bread wheat
(Adams et al. 2004; Baize et al. 2009; Brus et al. 2005;
François et al. 2009; Gray et al. 2001; Hough et al. 2003;
Liu et al. 2015; Mench et al. 1997; Nan et al. 2002; Ran
et al. 2016; Zogaj and Düring 2016) and for durum wheat
(Garrett et al. 1998; Norvell et al. 2000). We discarded all
the models which included soil variables not measured in
our study. Finally, four models were retained and are detailed
in Table 2. These models include total Cd and pH, and in one
model, soil organic matter, all these variables being highly
relevant to explain Cd partitioning from soil to solution
(Degryse et al. 2009; Sauvé et al. 2000). Unfortunately, the
selected models were developed for bread wheat, but we hy-
pothesized that if the models are valid, the effect of the species

Table 1 Summary of the
extraction methods used as single
extractants to evaluate the
phytoavailability of Cd for durum
wheat

Extracting solution References Soil/solution
ratio (w/v)

Extraction
time (h)

HF/HClO4 acid extraction (total extraction) NF X 31–147 – –

0.05 M EDTA at pH 7 Ure 1996 1:10 1

1 M sodium acetate adjusted to pH 5
with acetic acid

Tessier et al. 1979 1:8 3

0.1 M Na4P2O7 (pyrophosphate) at pH 10 Loveland and Digby
1984

1:100 16

0.2 M oxalic acid + 0.2 M ammonium oxalate
(Tamm’s reagent) at pH 3

McKeague and Day
1966

1:100 4

1 M NH4NO3 at pH 5 Symeonides and
McRae 1977

1:2.5 1

0.01 M CaCl2 at soil pH Houba et al. 1990 1:10 2

Ultra-pure (UP) water at soil pH Reported by Lebourg
et al. 1996

1:5 1
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(bread wheat versus durum wheat) would possibly affect the
slope of the relationship between the predicted and the mea-
sured Cd content in grains, but not the strength of the
relationship.

Statistical modelling

The content of Cd in durum wheat grain was modelled by
multiple linear regressions with the soil variables as regres-
sors. The models tested included one to a maximum of four
regressors to avoid over-parameterisation. The rationale used
to select the regressors in a hierarchical way was the follow-
ing. For the one-regressor models, we selected variables that
could reflect the soil available Cd, namely, the Cd in soil
derived from the different extractions (Table 1). For the two-
regressor models, we crossed the previous models with the
soil pH, measured in water, in CaCl2 extract, or in the soil
pore solution. Indeed, the proton competes with Cd for both
the complexation and the sorption of Cd and is therefore ex-
pected to be among the most influential parameters in soils
(Adriano 2001). The three- and four-regressor models crossed
the two-regressor models with one or two additional variables,
respectively. The additional variables were related to sorption,
speciation in solution, and competition for sorption and com-
plexation: SOC, contents of carbonates and amorphous ox-
ides, CEC, texture, DOC, and cations and anions in solution.
A total of 3065 models were tested.

The models were individually tested by leave-one-out
cross-validation (LOOCV). The models were parameterized
on (N − 1) observations, and the remaining observation was
used to calculate the error of prediction. The process was
repeated N = 27 times, and the root mean square error of
predictions (RMSELOOCV) was then calculated for each mod-
el. Models were evaluated using the following criteria: adjust-
ed multiple correlation coefficients (r2adj) calculated from the
multiple linear regressions and from the simple linear regres-
sion between predicted and observed values, the Bayesian
information criterion (BIC) to penalize over-parameterisation
of the models, and the RMSELOOCVand the variance inflation
factor (VIF) to detect multicollinearity between predictors.

In order to test if the dataset used to parameterize was
sufficiently big, a second cross-validation was performed
based on the approach of Shao (1993). This procedure in-
volves the random selection of nv data to validate the model,
while the remaining data (N-nv) are used to parameterize the
model. The size of validation subset (nv) ranged from 1 to a
maximum of 21. This left a minimum of six observations for
parameterisation of the largest models with four regressors.
The case where nv = 1 corresponds to the leave-one-out
cross-validation. There were up to 20 million Nð nvÞ subsets,
and a maximum of 105 distinct possibilities were consequent-
ly randomly chosen and tested. The RMSE was calculated for
each validation subset and compared to the RMSE of the
corresponding model parameterized on the whole dataset.
All statistics and data treatments were conducted using R soft-
ware version 3.3.2. (R Core Team 2017).

Results and discussion

Soil properties and Cd contents in plant materials

All the soils were alkaline with pH values ranging between 8.0
and 8.7 (Table 3 (a)). From field surveys (Arvalis, pers.
comm.), this range was estimated to cover the 60% upper
range of the French agricultural soils used to cultivate durum
wheat. For durum wheat cropped in France, soil pH generally
ranges from 6 to 8.7, meaning that 40% of the cases where pH
is between 6 and 8.0 were not tested in our models, so our
results should be extrapolated with caution to these situations.

The total Cd contents of the soils we studied ranged from
0.14 to 1.00mg kg−1 (Table 3 (b)), which we consider covered
about 80% of the soils under durum wheat, for which the Cd
content ranged between 0.09 and 1.44 mg kg−1 soil according
to the above-mentioned field surveys (Arvalis, pers. comm.).

The other soil characteristics, including texture, CEC, or-
ganic carbon, and calcareous contents, were typical of French
agricultural soils and displayed the necessary variability so
that these characteristics could be used as explanatory vari-
ables (Table 3 (a)).

Table 2 Models found in the literature to predict Cd contents in bread wheat grains

Model Reference N r2adj α RMSE r2

log10(Cdgrain) = 0.28 + 0.44 log10(Cdtotal) − 0.18 pH Adams et al. 2004 162 0.49 1.81 0.033 0.42

log10(Cdgrain) = 1.022 + 0.749 log10(Cdtotal) − 0.257 pH − 0.277 log10(SOM) Brus et al. 2005 84 NA 2 0.041 0.44

log10(Cdgrain) = 1.386 + log10(Cdtotal) − 0.279 pH Liu et al. 2015 14 0.85 0.67 0.029 0.45

log10(Cdgrain) = 0.703 + 1.04 log10(Cdtotal) − 0.175 pH Ran et al. 2016 99 0.61 0.47 0.038 0.44

N number of observations used to parameterize the model, r2 adj adjusted r-squared, α slope of the regression between observed and predicted values for
each model, RMSE root mean square error, r2 r-square of the regression between observed and predicted values
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Table 3 Summary of the characteristics of the soils used in this study (a), of the Cd pools estimated by a single extraction and measured in soil solutions (b), and of Cdmeasured in different wheat organs,
roots, shoots and grains (c)

(a) Soil characteristics

Value Soil pH pH CaCl2 pH pore water Granulometry CEC SOC CaCO3 DOC Ca pore water Tamm extractions

Clay Silt Sand Al Fe Mn
% cmol+/kg g/kg g/kg mg/l mmol/l g/kg g/kg mg/kg

Min. 8 6.8 8.2 18.6 15.2 11 10.7 9.21 27.1 33.9 2.02 0.29 0.54 0.11

Median 8.4 7.3 8.4 30.1 35.6 28.7 18.4 15.7 208.6 49.6 3.11 1.15 1.10 0.30

Max. 8.7 7.5 8.5 53 54 59.4 33.5 40.3 426 70.4 10.88 2.81 1.79 0.69

(b) Soil Cd content according to the extraction

Value Cd HF Cd EDTA Cd sodium acetate Cd pyro-phosphate Cd Tamm Cd NH4NO3 Cd CaCl2 Cd UP water Cd DGT Cd pore water Cd rhizon Cd2+

μg/kg μg/kg μg/kg μg/kg μg/kg μg/kg μg/kg μg/kg μg/kg μg/l μg/l μg/l

Min. 135 63.7 70.05 10.18 0.19 0.3 0.03 0.01 0.003 0.032 0.014 0.014

Median 318 146 129.4 51.29 22.69 0.96 0.24 0.05 0.009 0.101 0.041 0.040

Max. 999 355 259.8 197.2 84.49 2.3 0.89 0.14 0.065 0.327 0.184 0.148

(c) Cd contents in different wheat organs

Value Shoot Cd Grain Cd

mg/kg DW mg/kga

Min. 0.125 0.009

Median 0.329 0.063

Max. 0.652 0.144

aGrain Cd contents are expressed at 15% water content
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Plant Cd contents ranged from 0.125 to 0.652 mg kg−1DW
(dry weight) in the shoots and from 0.009 to 0.144 mg kg−1 in
the grains at 15%water content (Table 3 (c)). These values are
within the range of Cd contents previously reported in durum
wheat grains (Adams et al. 2004; Li et al. 2011) and are below
the maximum admissible content (0.2 mg kg−1) set by the
European Commission (European Union 2006).

Is it possible to predict Cd content in durum wheat grains

at maturity from shoot Cd content at the early heading

stage?

Early diagnosis of the contamination of the grain by Cd would
be possible if the Cd content of wheat shoots at the heading
stage is correlated with that of grains at maturity. This corre-
lation was positive and significant, but too weak to be used as
a valid model of risk assessment (r2 = 0.25, p value <0.05).
From the plant physiological point of view, the weak correla-
tion between the Cd in the shoot at heading and the Cd content
of the grain at maturity could mean that the Cd accumulated in
the grains does not always originate from remobilisation from
shoots but could also be the result of direct uptake during post-
heading growth. The balance between remobilisation and up-
take for the allocation of Cd to the grain could mirror that of
Zn, due to the fact that these two elements could behave sim-
ilarly in plants (Khan et al. 2014). Remobilisation of Zn from
vegetative tissues to the grain is favouredwhen the availability
of Zn for root uptake is low (Sperotto 2013). Therefore, as-
suming that Cd and Zn behave similarly, we introduced the
indicator of the buffer power for Cd b in the regression model
between the grain Cd at maturity and the Cd in the shoot at
heading, and the goodness of fit increased greatly (r2 = 0.78, p
value <0.001, N = 26).

Cdgrain ¼ −0:047** þ 0:242***Cdshoots

þ 0:230***b−0:405**Cdshoots � b ð5Þ

The sign of the coefficients of Eq. (5) are consistent with
the above-mentioned hypotheses. The coefficients of Cdshoots
and of b are positive because they could be a source of Cd
from remobilisation and uptake, respectively. The negative
coefficient of the interaction between Cdshoots and b could
mean that the remobilisation of Cd from shoots to grains is
greater in soils with low buffering power for Cd (low b

values). Conversely, when soils have high buffering power
for Cd, grain Cd might mainly result from direct uptake and
remobilisation could be minimum.

Soil Cd extractions

In unpolluted agricultural soils with low Cd contents, the
availability of Cd and not the root uptake capacity generally

limits accumulation of the metal by the plant (Lin et al. 2016).
Consequently, different extractions were tested to identify the
one that best reflects the amounts of Cd potentially available
to durum wheat: the amounts of Cd recovered in the soil pore
solution, by DGTand Rhizon samplers and by different chem-
ical extractants applied separately and not sequentially
(Table 3 (b)).

As expected, the least Cd was extracted by ultra-pure (UP)
water, from 0.005 to 0.04% of the total Cd (HF/HClO4 extrac-
tion), since water only extracts Cd weakly bound to the soil
matrix. The 0.01 M CaCl2 solution extracted three times more
Cd than the ultra-pure water because this salt also extracted Cd
sorbed onto the soil matrix by ion exchange due to the substi-
tution of Cd by Ca (Houba et al. 1990). NH4NO3 extracted on
average 4.1 times more Cd than CaCl2. The chemical mecha-
nisms reported to explain the action of 1 M NH4NO3 are a
moderate drop in pH values (around pH 5) and the formation
of metal amine complexes, which is favoured in alkaline soils
due to the dissociation of NH4

+ (Gryschko et al. 2005). The
high concentration of NH4

+ strongly competes with cations
for sorption (Barrow 1986) and consequently favours Cd de-
sorption. NH4NO3 extraction also estimates the content of
exchangeable Cd but extracted more exchangeable Cd due
to the higher molarity of the competitive cation NH4

+

(Table 1). Tamm’s reagent was chosen for its ability to dis-
solve amorphous metallic oxides and to release the Cd sorbed
on these constituents into solution. This extractant retrieved
from 0.08 to 21.3% of the total Cd, much less than the Cd
extracted by the sodium pyrophosphate solution, which
ranged from 2.8 to 47.4% of the total Cd. In addition to the
Cd weakly sorbed onto the soil, sodium pyrophosphate en-
ables the extraction of Cd complexed with organic matter and
can slightly dissolve amorphous metallic oxides. This shows
that in our cases, complexation of Cd by the solid organic
matrix was likely to dominate. This is in agreement with the
literature on the modelling of the soil solution partitioning of
Cd which clearly shows that soil organic carbon is a much
more frequent significant regressor than oxides (De Vries et al.
2011; Degryse et al. 2009; Groenenberg et al. 2010; Sauvé
et al. 2000).

Sodium acetate/acetic acid at pH 4.5 released more Cd,
from 25 to 55% of the total Cd, than the previous extractants.
This can be explained by the fact that, in addition to the weak-
ly sorbed Cd, this extractant dissolved Cd carbonates, which
were likely an important fraction because of the high pH and
calcareous contents of the soils. Finally, the 0.05 M EDTA
solution extracted the most Cd, i.e., from 35 to 64% of the
total Cd. EDTA is a strong complexing ligand anion which
can chelate the Cd complexed with organic matter and with
metallic oxides (Ure 1996), like sodium pyrophosphate but
with a greater extraction strength.

The soil pore water solutions collected by centrifugation
contained higher concentrations of Cd than the solutions
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collected by the Rhizons, 118 versus 56.5 ng Cd l−1, respec-
tively. One possible explanation for this difference could be
the length of the period of equilibration after rewetting the
soil: overnight for the centrifugation method compared to
4 days for the Rhizon method. Rhizons extract water poorly
held by the soil constituents, mainly the gravitational water of
the macro porosity, whereas centrifugation also extracts the
capillary water. Due to the buffering capacity of the solid
phase and due to soil tortuosity, 4 days after rewetting may
not have been long enough to reach equilibrium between the
Cd concentration in the capillary water and in the water in the
macroporosity. Furthermore, rewetting a soil generally results
in a transient burst of microbial activity accompanied by the
release of soluble organic matter (Merckx et al. 2001), which
can complex and therefore desorb part of the Cd sorbed onto
the solid phase. The soils used for the extraction by centrifu-
gation were incubated wet for a shorter time than the soils
used for Rhizon extraction. Consequently, the former might
have more soluble organic ligands that may have desorbed
more Cd (Cornu et al. 2007).

The free fractions of Cdmeasured in soil solutions obtained
by centrifugation ranged from 18 to 78% with a median of
44% corresponding to Cd2+ concentrations ranging from
14.53 to 147.50 ng l−1. The high values obtained for the free
fractions were not expected because of the alkaline pH values.
They might be explained by the high concentrations of com-
petitive cations including Ca compared to the concentration of
ligands.

Testing models from the literature for the prediction

of grain Cd in durum wheat

The models from the literature tested on our dataset (Adams
et al. 2004; Brus et al. 2005; Liu et al. 2015; Ran et al. 2016)
explained less than half the variability of the observed grain
Cd contents, and underestimation by the models was not sys-
tematic, as we had expected from the fact that they were pa-
rameterized for bread wheat (Fig. 1a–d). This shows that the
soil total Cd, pH, and soil organic matter can enable a rough
estimate of how Cd in grain is expected to change when these
variables vary, but that the parameterisation in the literature
was not robust. Several explanations are possible. First, the
range of data used for their calibration may not cover the soils
tested in our work. Indeed, the model proposed by Brus et al.
(2005) was parameterized on soils with SOM contents ranging
from 1.4 to 42 g kg−1 and tested on soils with SOM contents
ranging 15.9 to 69.8 g kg−1. The accumulation of Cd in grain
also depends on the plant genotype, which is not explicitly
taken into account in the models in the literature, as they were
parameterized for bread wheat, whereas we tested them on
durumwheat. Furthermore, within the same subspecies (bread
wheat or durum wheat), differences in accumulation between
cultivars can reach a ×2 to ×3 factor (Perrier et al. 2016;

Zimmerl et al. 2014). Finally, in models only based on total
Cd, pH, and soil organic carbon, the speciation and the buffer
capacity of Cd in the soil are poorly taken into account. Total
Cd is unlikely to always be fully mobile. Only pH and soil
organic carbon could be partly linked with the speciation of
Cd in solution, but these variables also reflect sorption and
desorption.

Statistical models to predict Cd in durum wheat grain

at maturity

Among the one-variable models, those with HF/HClO4,
EDTA, sodium acetate, and Tamm extracted Cd showed poor
goodness of fit with r-squared values around 0.15 (Table 4).
The Cd recovered in the soil pore water by centrifugation or
by the Rhizon samplers and even the concentration of the free
ion Cd2+ did not produce good models (Table 4). Intermediate
goodness of fit was obtained for the one-variable models
based on the Cd recovered by the DGT (r2 = 0.40, p value
<0.001) or extracted by water, 0.01 m CaCl2, or pyrophos-
phate solutions (Table 4). The 1 M NH4NO3 solution was the
best extractant, reflecting Cd bioavailability for durum wheat
in the soils studied here (r2 = 0.62, p value <0.001). The
effectiveness of 1 M NH4NO3 extraction in correlating with
Cd accumulation in the plant has also been reported for wheat,
carrot, spinach, and lettuce (Gryschko et al. 2005). As a
whole, even if a particular one-variable model can give a sat-
isfactory goodness of fit, the robustness of these simple
models is—or can be expected to be—low because of the
comp l ex i t y o f t h e mechan i sms gove rn i ng t h e
phytoavailability of Cd in soils.

The best two-variable model included Cd from the DGT
and the CaCl2 pH (r2 = 0.66, Eq. (6), Table 5), which showed
that adding the CaCl2 pH to the Cd from the DGT notably
improved the predictive value of the model. One possible
explanation could be that, in alkaline soil, roots can reduce
the pH in the rhizosphere to increase the availability of nutri-
ents (Hinsinger et al. 2003) which is not taken into account if
only the Cd DGT is used in the model.

When the number of regressors was increased to three, the
r2 of the best model was 0.79 (Eq. (7), Table 5).

The model with the best predictive value included the total
Cd in the soil solution obtained by centrifugation, the pH
measured in the CaCl2 extract, the CEC, and the amount of
Mn extracted by Tamm’s reagent (Eq. (8), Table 5). This

�Fig. 1 Comparison of grain Cd contents in this study and the
corresponding predictions made by the model of Adams et al. (2004)
(a), Brus et al. (2005) (b), Liu et al. (2015) (c), and Ran et al. (2016)
(d) and the best model from this study (Eq. (8)) (e). The black line

represents the regression between observed and predicted values; the
red dashed line is the 1:1 line; and the green dotted line represents the
prediction interval at 95%. All grain Cd data are expressed at 15% water
content
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model explained 88% of the total variance of the grain Cd
contents. The variance inflation factor (VIF) did not identify
strong correlations between the regressors following the rule
of thumb that suggests examining collinearity for values
above 2.

Figure 1e shows the regression between observed grain Cd
contents and predictions made by Eq. (8). The slope is close to
1 (1.012) with a non-significant intercept (p value = 0.9), and
91% of the variance was explained, showing that the model
was accurate and not biased. Equation (8) had a RMSE of
0.013, which is quite low and accurate for the prediction of
grain Cd contents whose values ranged from 0.09 to
0.144 mg kg−1.

Figure 2 presents the RMSE values for each different size
of the subset tested for validation (nv). Equation (8), when
parameterized with N = 27 soils, produced a low value of
RMSE (Table 5), represented by the red line in Fig. 2. When
the size of the parameterizing subset decreased (nv increases),
the prediction errors of the models increased. However, no
excessive increase in the RMSE was observed with a valida-
tion subset of less than 13 soils (Fig. 2). This suggests that
when the model is parameterized with 14 soils and tested on

the remaining 13, the model uncertainty remains acceptable.
Consequently, 26 soils were considered to be enough to select
variables to produce a robust model.

The contributions of each regressor of Eq. (8) to the total
sum of squares were 38% for the concentrations of Cd in the
pore water, 5.7% for pH CaCl2, 43.8% for the CEC, and
12.5% for the Mn Tamm’s contents. It is worth noting that
the two main contributors are the initial availability of Cd in
the soil solution (pore water Cd) and the CEC, which can be
interpreted as the buffering capacity of the solid phases by ion
exchange. Therefore, the importance of the CEC in the model
is in agreement with the fact that, among the extractions test-
ed, those that gave the best correlations with grain Cd were
those that used low-strength extractants. The importance of
the CEC in the model is also consistent with the mechanistic
modelling of Cd phytoavailability, which showed that desorp-
tion is generally the main mechanism buffering Cd in the soil
solution compared to dissociation of the complex, the latter
being limited by kinetics (Lin et al. 2016). Therefore, the two
main explanatory variables of the model with their positive
coefficients could illustrate the fact that plant roots take up Cd
from the soil solution, which is in part replenished by the solid
phase. However, it is generally assumed that only the free Cd
ion is taken up by plants (Campbell 1995); this would mean
that the total Cd in solution and the CaCl2 pH in Eq. (8) can be
interpreted as variables representing the free Cd2+ concentra-
tion in the soil solution because Cd speciation is strongly
governed by pH. Following this rationale, we examined a
model derived from Eq. (8) by replacing the total Cd in solu-
tion and the CaCl2 pH by the free Cd concentrations (Eq. (7)).
The performances of the resulting model were significantly
lower (F2.025 = 18.05, p value <0.001, for the model compar-
ison) with an r-square that decreased from 0.88 to 0.79. This
could mean that the total Cd in solution and the pH did not
only represent the free Cd in solution. The dissociation of Cd
complexes might have helped to buffer Cd2+ availability dur-
ing uptake of the metal by roots. As indicated above, the
contribution of the complexes to the buffering of Cd2+ in the
solution is likely to have been much less than buffering by the

Table 4 Adjusted
r-square for the linear
regressions between the
grain Cd (log) contents
and the Cd contents (log)
recovered using different
extraction methods

Extraction method r2adj

HF/HClO3 acids 0.176*

0.05 M EDTA 0.153*

Sodium acetate at pH 5 0.133*

Pyrophosphate at pH 10 0.579***

Tamm’s reagent 0.164*

1 M NH4NO3 at pH 5 0.624***

0.01 M CaCl2 0.543***

Ultra-pure water 0.490***

DGT 0.397***

Pore water by centrifugation 0.467***

Free Cd (Cd2+) 0.493***

*p value <0.05; **p value <0.01; ***p
value <0.001 (statistical significance)

Table 5 Best models to predict
Cd contents in durum wheat
grains and associated statistics

Equation Model r2adj RMSE RMSELOOCV VIF N

[6] log10(Cdgrain) = 7.359 + 0.697***
log10(CdDGT) − 1.014*** pH CaCl2

0.66 0.0219 0.0254 2.2 26

[7] log10(Cdgrain) = −3.584*** + 0.339*
log10(Cd

2+) + 1.722***
log10(CEC) − 0.864*** log10(MnTamm)

0.79 0.0184 0.022 3.0 27

[8] log10(Cdgrain) = −1.979 + 0.553*** log10
(Cdpore water) − 0.347* pH CaCl2 + 1.630***
log10(CEC) − 0.685*** log10(MnTamm)

0.88 0.0102 0.0125 2.2 27

r2 adj adjusted r-square, RMSE root mean square error, RMSELOOCV root mean square error from the leave-one-out
cross validation, VIF variance inflation factor, N number of observations

*p value <0.05; **p value <0.01; ***p value <0.001 (statistical significance)

20650 Environ Sci Pollut Res (2017) 24:20641–20654

Author's personal copy



CEC since the drop in the r-square between Eqs. (7) and (8)
was only 0.09, whereas removing the CEC from Eq. (8) re-
sults in a drop of 0.32 (r2 = 0.56, RMSE = 0.033).

There was no improvement in the overall goodness of fit of
Eq. (8) when the DOC was added to the regression (r2 = 0.87,
RMSE = 0.01). This could mean that due to the relatively high
buffering capacity of the solid phase (CEC) and therefore the
limited contribution of Cd complexes to Cd uptake, the con-
centration of organic Cd complexes associated with the DOC
was not limiting. A second possible hypothesis is that the
contributing complexes were not organic but inorganic, in-
cluding those with HCO3 (McLaughlin et al. 1999), maybe
because the latter were more labile.

In Eq. (8), when the pH measured in 0.01 M CaCl2 was
replaced by the pH of H2O or by the pH of the soil pore water
extracted by centrifugation, r2 dropped from 0.88 to 0.84 with
RMSE equal to 0.015 for both. The slightly better predictive
value of the CaCl2 pH can be explained as follows: the CaCl2
pH reflects the proton buffering power of the soil because it
gives the amount of protons desorbed due to Ca competition
(Miller and Kissel 2010) and is therefore lower than the pH of
H2O or the pH of the soil pore water obtained by centrifuga-
tion. The pH which influences Cd uptake by roots is the pH of
the rhizosphere, which is affected by excretion of organic
acids or protons by the roots resulting from the differential
rates of cation and anion uptake and/or from micronutrient
mobilisation, particularly in alkaline soils (Nye 1981), like
in our study. The pH of the rhizosphere can also change due
to fluctuating environmental conditions, including drying of
the soil during the grain filling period which takes place in late
spring and early summer (June–July). Compared to the pH of

H2O, or to the pH of the soil pore water, because it takes into
account the proton buffering capacity of the soil, the pHCaCl2
is probably a better proxy of the mean rhizosphere pH. Finally,
regarding pH, it should be noted that the range of variation in
our study was narrow (8.0–8.7) and predictions should be
used with caution when the soils are more acidic.

Manganese extracted from amorphous materials by
Tamm’s reagent explained more than 12% of the total vari-
ability in the grain Cd (p value <0.001). Its negative coeffi-
cient shows that Mn oxides reduce Cd availability for root
uptake (Wenzel et al. 1996). Mn oxides are one of the most
reactive sorbing phases for Cd (Dong 2000) due to their large
specific surface areas and their low zero-point charge pH, the
pH value at which the oxides are mainly negatively charged
and not associated with cations (Feng et al. 2007). Mn oxides
have already been shown to be an efficient stabilising amend-
ment for Cd, Pb, and Zn in contaminated soils by significantly
reducing metal mobility and uptake by plants (Sappin-Didier
et al. 1997).

With absolute errors of around 0.02 mg kg−1 (Fig. 3), the
best model (Eq. (8)) was able to discriminate grain Cd con-
tents of 0.15 mg kg−1 from those of 0.2 mg kg−1. Therefore,
the model could be useful for the project of the European
Union to lower the regulatory limit of durumwheat grain from
0.2 to 0.15 mg Cd kg grain (DG SANCO 2011). However, the
model is not sufficiently accurate to distinguish the interme-
diate step of 0.175 mg kg−1 between 0.2 and 0.15 mg Cd kg−1,
which underlines the need to produce more mechanistic
models to help set realistic regulatory limits.

−0.02 −0.01 0.00 0.01 0.02 0.03

Prediction Error (mg Cd.kg−1)

SPA1

ALL2

ETR3

ETR2

MDG1

CHA2

MTQ1

ALL1

GAR3

MTQ2

LCH2

GAR1

ETR1

SPA2

ALL3

GAR2

GRE3

GRE2

CHA1

GRE1

CHA4

LCH3

MDG3

MDG2

MTQ3

LCH1

SPA3

Fig. 3 Residual errors (observed minus predicted values) of Eq. (8) for
each soil in the dataset. All grain Cd data are expressed at 15% water
content

5 10 15 20

1
e

−
0

4
1

e
+

1
3

1
e

+
3

0
1

e
+

4
7

1
e

+
6

4

nv values for validation subset

R
M

S
E

RMSE = 0.0102

Fig. 2 RMSE of predictions from the best model (Eq. (8)) for different
sizes (nv) of validation subset from a Monte Carlo cross-validation. The
red line corresponds to the value of RMSE of the model parametrized
with 27 soils (nv = 0)

Environ Sci Pollut Res (2017) 24:20641–20654 20651

personal copy



Conclusions

Predictions of Cd contents in durum wheat grains were ob-
tained from a regression model including the concentration of
the Cd in the soil solution obtained by centrifugation, the soil
CaCl2 pH, CEC, and Tamm’s Mn oxide content. The predic-
tive model, parametrized on 27 agricultural soils, explains
88% of the variation in Cd in durum wheat grains and has a
reasonably low RMSE value of around 0.01 mg kg−1. The
regressor variables of the model suggest that Cd availability
in the alkaline soils tested here was controlled by the initial
concentration of Cd in the soil solution and by CaCl2 pH and
by the CEC, which can be interpreted as the buffering capacity
of the solid phase. Amorphous manganese content appears to
be the main soil phase restraining Cd availability.

This model will be useful to detect cases where grain Cd
exceeds the planned regulatory limit for durum wheat of
0.15 mg Cd kg−1 compared to the current limit of 0.20 mg
Cd kg−1. However, the model is not sufficiently accurate for
the intermediate step of 0.175 mg Cd kg−1 and the limited
predictive accuracy of this model as well as the limited accu-
racy of the models taken from the literature should be taken
into account when revising the regulatory limits.
Nevertheless, this simple predictive model will be useful not
only for farmers to assess the risk that the Cd contents in their
durum wheat grain exceed the regulatory limit but also for
food safety authorities to test different regulatory thresholds
to identify a trade-off between food safety and the negative
impact on farmers of a lower limit.

Acknowledgements The authors are grateful to Sylvie Bussière and
Cécile Coriou for their technical assistance and want to thank Dr. Jean-
Yves Cornu for useful discussions and his comments. This work was
supported by funding from Arvalis-Institut du végétal (Cadur project)
and from the French National Institute for Agricultural Research.

References

Adams ML, Zhao FJ, McGrath SP, Nicholson FA, Chambers BJ (2004)
Predicting cadmium concentrations in wheat and barley grain using
soil properties. J Environ Qual 33:532–541. doi:10.2134/jeq2004.
0532

Adriano DC (2001) Trace elements in terrestrial environments, environ-
mental chemistry. Springer, New York. doi:10.1007/978-0-387-
21510-5

Baize D, Bellanger L, Tomassone R, Denis B, Lise B, Richard T (2009)
Relationships between concentrations of trace metals in wheat
grains and soil. Agron Sustain Dev 29:297–312. doi:10.1051/agro:
2008057

Barrow NJ (1986) Reaction of anions and cations with variable-charge soils.
Adv Agron 38:183–230. doi:10.1016/S0065-2113(08)60676-8

Brus DJ, De Gruijter JJ, Römkens PFAM (2005) Probabilistic quality
standards for heavy metals in soil derived from quality standards
in crops. Geoderma 128:301–311. doi:10.1016/j.geoderma.2005.
04.014

Campbell PGC, (1995) Interactions between trace metals and aquatic
organisms: a critique of the free-ion activity model In: Tessier A,
Turner DR (Eds.) Metal speciation and bioavailability in aquatic
systems. Wiley, New Jersey, pp. 45–102

Cho YA, Kim J, Woo HD, Kang M (2013) Dietary cadmium intake and
the risk of cancer: a meta-analysis. PLoS One 8:1–8. doi:10.1371/
journal.pone.0075087

Cornu JY, Denaix L, Schneider A, Pellerin S (2007) Temporal evolution
of redox processes and free Cd dynamics in a metal-contaminated
soil after rewetting. Chemosphere 70:306–314. doi:10.1016/j.
chemosphere.2007.06.003

DG SANCO (2011) Summary record of the standing committee on the
food chain and animal health held in Bruxelles on 23 november
2011. SANCO – Ares 2011:1436040

De Vries W, McLaughlin MJ, Groenenberg JE (2011) Transfer functions
for solid-solution partitioning of cadmium for Australian soils.
Environ Pollut 159:3583–3594. doi:10.1016/j.envpol.2011.08.006

Degryse F, Smolders E, Parker DR (2009) Partitioning of metals (Cd, Co,
Cu, Ni, Pb, Zn) in soils: concepts, methodologies, prediction and
applications—a review. Eur J Soil Sci 60:590–612. doi:10.1111/j.
1365-2389.2009.01142.x

Del Castilho P, ChardonWJ (1995) Uptake of soil cadmium by three field
crops and its prediction by a pH-dependent Freundlich sorption
model. Plant Soil 171:263–266. doi:10.1007/BF00010280

Dong D (2000) Adsorption of Pb and Cd onto metal oxides and organic
material in natural surface coatings as determined by selective ex-
tractions: new evidence for the importance of Mn and Fe oxides.
Water Res 34:427–436. doi:10.1016/S0043-1354(99)00185-2

European Union (2006) Commission regulation (EC) no. 1881/2006 of
19December 2006 setting maximum levels for certain contaminants
in foodstuffs. Off J Eur Union L 364:5–24

EFSA (2009) Cadmium in food—scientific opinion of the Panel on
Contaminants in the Food Chain. EFSA J 7:980. doi:10.2903/j.
efsa.2009.980

FAO (2015). FAO Statistical Pocketbook 2015. ISBN: 978-92-5-108802-9
Feng XH, Zhai LM, Tan WF, Liu F, He JZ (2007) Adsorption and redox

reactions of heavy metals on synthesized Mn oxide minerals.
Environ Pollut 147:366–373. doi:10.1016/j.envpol.2006.05.028

François M, Grant C, Lambert R, Sauvé S (2009) Prediction of cadmium
and zinc concentration in wheat grain from soils affected by the
application of phosphate fertilizers varying in Cd concentration.
Nutr Cycl Agroecosystems 83:125–133. doi:10.1007/s10705-008-
9204-0

Garrett RG,MacLaurin AI, Gawalko EJ, TkachukR, Hall GEM (1998) A
prediction model for estimating the cadmium content of durum
wheat from soil chemistry. J Geochemical Explor 64:101–110.
doi:10.1016/S0375-6742(98)00023-5

Gray CW,Mclaren RG, Roberts AHC (2001) Cadmium concentrations in
some New Zealand wheat grain. New Zeal J Crop Hortic Sci 29:
125–136. doi:10.1080/01140671.2001.9514170

Groenenberg JE, Römkens PFAM, Comans RNJ, Luster J, Pampura T,
Shotbolt L, Tipping E, De Vries W (2010) Transfer functions for
solid-solution partitioning of cadmium, copper, nickel, lead and zinc
in soils: derivation of relationships for free metal ion activities and
validation with independent data. Eur J Soil Sci 61:58–73. doi:10.
1111/j.1365-2389.2009.01201.x

Gryschko R, Kuhnle R, Terytze K, Breuer J, Stahr K (2005) Soil extrac-
tion of readily soluble heavy metals and as with 1 M NH4NO3-
solution—evaluation of DIN 19730. J. Soils Sediments 5:101–
106. doi:10.1065/jss2004.10.119

Harmsen J, Rulkens W, Eijsackers H (2005) Bioavailability: concept for
understanding or tool for predicting? L ContamReclam 13:161–171

Harper MP, Davison W, Zhang H, Tych W (1998) Kinetics of metal
exchange between solids and solutions in sediments and soils
interpreted from DGT measured fluxes. Geochim Cosmochim
Acta 62:2757–2770. doi:10.1016/S0016-7037(98)00186-0

20652 Environ Sci Pollut Res (2017) 24:20641–20654

Author's personal copy



Hinsinger P, Plassard C, Tang C, Jaillard B (2003) Origins of root-
mediated pH changes in the rhizosphere and their responses to en-
vironmental constraints: a review. Plant Soil 248:43–59. doi:10.
1023/A:1022371130939

Houba VJG, Novozamsky I, Lexmond TM, van der Lee JJ (1990) As a
single extraction solution for the assessment of the nutrient status of
soils and other diagnostic purposes. Commun Soil Sci Plant Anal
21:2281–2290. doi:10.1080/00103629009368380

Hough RL, Young SD, Crout NMJ (2003) Modelling of Cd, Cu, Ni, Pb
and Zn uptake, by winter wheat and forage maize, from a sewage
disposal farm. Soil Use Manag 19:19–27. doi:10.1111/j.1475-2743.
2003.tb00275.x

Hutton M (1983) Sources of cadmium in the environment. Ecotoxicol
Environ Saf 7:9–24. doi:10.1016/0147-6513(83)90044-1

IARC (1993) Cadmium and cadmium compounds. IARC Monogr Eval
Carcinog Risks to Humans 58:119–237. doi:10.1002/14356007.a04

Jancic SA, Stosic BZ (2014) Cadmium effects on the thyroid gland, 1st
ed. Vitamins and Hormones Elsevier Inc. doi:10.1016/B978-0-12-
800095-3.00014-6

Jong RD, Campbell CA, Nicholaichuk W (1983) Water retention equa-
tions and their relationship to soil organic matter and particle size
distribution for disturbed samples. Can J Soil Sci 63:291–302. doi:
10.4141/cjss83-029

Kabata-Pendias A (2004) Soil-plant transfer of trace elements—an envi-
ronmental issue. Geoderma 122:143–149. doi:10.1016/j.geoderma.
2004.01.004

Khan MA, Castro-Guerrero N, Mendoza-Cozatl DG (2014) Moving to-
ward a precise nutrition: preferential loading of seeds with essential
nutrients over non-essential toxic elements. Front Plant Sci 5:1–7.
doi:10.3389/fpls.2014.00051

Lebourg A, Sterckeman T, Ciesielski H, Proix N (1996) Intérêt de
différents réactifs d’extraction chimique pour l’évaluation de la
biodisponibilité des métaux en traces du sol pour l’évaluation de la
biodisponibilité des métaux. Agronomie 16:201–215

Li X, Ziadi N, Bélanger G, Cai Z, XuH (2011) Cadmium accumulation in
wheat grain as affected by mineral N fertilizer and soil characteris-
tics. Can J Soil Sci 91:521–531. doi:10.4141/cjss10061

Li YM, Chaney RL, Schneiter AA, Miller JF, Elias EM, Hammond JJ
(1997) Screening for low grain cadmium phenotypes in sunflower,
durum wheat and flax. Euphytica 94:23–30. doi:10.1023/A:
1002996405463

Lin Z, Schneider A, Sterckeman T, Nguyen C (2016) Ranking of mech-
anisms governing the phytoavailability of cadmium in agricultural
soils using a mechanistic model. Plant Soil 399:89–107. doi:10.
1007/s11104-015-2663-6

Liu K, Lv J, HeW, ZhangH, Cao Y, Dai Y (2015)Major factors influenc-
ing cadmium uptake from the soil into wheat plants. Ecotoxicol
Environ Saf 113:207–213. doi:10.1016/j.ecoenv.2014.12.005

Loveland PJ, Digby P (1984) The extraction of Fe and Al by 0.1 M
pyrophosphate solutions: a comparison of some techniques. J Soil
Sci 35:243–250. doi:10.1111/j.1365-2389.1984.tb00280.x

McKeague JA, Day JH (1966) Dithionite- and oxalate- extractable Fe and
Al as aids in differentiating various classes of soils. Can J Soil Sci
46:13–22. doi:10.4141/cjss66-003

McLaughlin MJ, Parker DR, Clarke JM (1999) Metals and
micronutrients—food safety issues. F Crop Res 60:143–163. doi:
10.1016/S0378-4290(98)00137-3

Meers E, Du Laing G, Unamuno V, Ruttens A, Vangronsveld J, Tack
FMG, Verloo MG (2007) Comparison of cadmium extractability
from soils by commonly used single extraction protocols.
Geoderma 141:247–259. doi:10.1016/j.geoderma.2007.06.002

Mench M, Baize D, Mocquot B (1997) Cadmium availability to wheat in
five soil series from the Yonne district, Burgundy. France Environ
Pollut 95:93–103. doi:10.1016/S0269-7491(96)00078-4

Merckx R, Brans K, Smolders E (2001) Decomposition of dissolved
organic carbon after soil drying and rewetting as an indicator of

metal toxicity in soils. Soil Biol Biochem 33:235–240. doi:10.
1016/S0038-0717(00)00135-8

Miller RO, Kissel DE (2010) Comparison of soil pH methods on soils of
North America. Soil Sci Soc Am J 74:310. doi:10.2136/sssaj2008.
0047

Naidu R, Bolan N, Kookana R, Tiller K (1994) Ionic-strength and pH effects
on the sorption of cadmium and the surface charge of soils. Eur J Soil
Sci 45:419–429. doi:10.1111/j.1365-2389.1994.tb00527.x

Nan Z, Li J, Zhang J, ChengG (2002) Cadmium and zinc interactions and
their transfer in soil-crop system under actual field conditions. Sci
Total Environ 285:187–195. doi:10.1016/S0048-9697(01)00919-6

Nawrot T, Plusquin M, Hogervorst J, Roels HA, Celis H, Thijs L,
Vangronsveld J, Van Hecke E, Staessen JA (2006) Environmental
exposure to cadmium and risk of cancer: a prospective population-
based study. Lancet Oncol 7:119–126. doi:10.1016/S1470-2045(06)
70545-9

NF ISO 10390, International Organization for Standardization (ISO)
(2005) Soil quality-soil pH determination

NF ISO 10694, International Organization for Standardization (ISO),
1995 Soil quality. Determination of organic and total carbon after
dry combustion (elementary analysis)

NF ISO 11465, International Organization for Standardization (ISO)
(1994) Soil quality-determination of dry matter and water content
on a mass basis-gravimetric method

NF X 31–105, standard Association Française de Normalisation
(AFNOR) (2014) Soil quality-determination of carbonate content-
volumetric method

NF X 31–107, standard Association Française de Normalisation
(AFNOR) (1983) Soil quality-particle size determination by
sedimentation-Pipette method

NF X 31–130, standard Association Française de Normalisation
(AFNOR) (1999) Soil quality-chemical method - determination of
cationic exchange capacity (CEC) and extractible cations

NF X 31–147, standard Association Française de Normalisation
(AFNOR) (1996). Soil quality. Soils, sediments. Total solubilizing
by acid attack

Norvell WA, Wu J, Hopkins DG, Welch RM (2000) Association of cad-
mium in durum wheat grain with soil chloride and chelate-
extractable soil cadmium. Soil Sci Soc Am J 64:2162. doi: 10.
2136/sssaj2000.6462162x

Nye PH (1981) Changes of pH across the rhizosphere induced by roots.
Plant Soil 61:7–26. doi:10.1007/BF02277359

Oliver DP, Schultz JE, Tiller KG, Merry RH (1993) The effect of crop
rotations and tillage practices on cadmium concentration in wheat
grain. Aust J Agric Res 44:1221–1234. doi:10.1071/AR9931221

Perrier F, Yan B, Candaudap F, Pokrovsky OS, Gourdain E, Meleard B,
Bussière S, Coriou C, Robert T, Nguyen C, Cornu JY (2016)
Variability in grain cadmium concentration among durum wheat
cultivars: impact of aboveground biomass partitioning. Plant Soil
404:307–320. doi:10.1007/s11104-016-2847-8

Ran J, Wang D, Wang C, Zhang G, Zhang H (2016) Heavy metal con-
tents, distribution, and prediction in a regional soil-wheat system.
Sci Total Environ 544:422–431. doi:10.1016/j.scitotenv.2015.11.
105

Ross S (1994) Toxic metals in soil-plant systems. Wiley
Sappin-Didier V, Mench M, Gomez A, Masson P (1997) Évaluation par

des extractions sélectives de l’immobilisation du Cd après l’apport
de matériaux inorganiques dans deux terres polluées. Comptes
Rendus l’Académie des Sci - Ser III - Sci la Vie 320:413–419.
doi:10.1016/S0764-4469(97)85030-5

Satarug S, Baker JR, Urbenjapol S, Haswell-Elkins M, Reilly PEB,
Williams DJ, Moore MR (2003) A global perspective on cadmium
pollution and toxicity in non-occupationally exposed population.
Toxicol Lett 137:65–83. doi:10.1016/S0378-4274(02)00381-8

Sauvé S, Hendershot W, Allen HE (2000) Solid-solution partitioning of
metals in contaminated soils: dependence on pH, total metal burden,

Environ Sci Pollut Res (2017) 24:20641–20654 20653

Author's personal copy



and organic matter. Environ. Sci. Technol. 34:1125–1131. doi:10.
1021/es9907764

Schneider A (2006) Adaptation of the ion exchange method for the de-
termination of the free ionic fraction of cadmium in solution. J
Environ Qual 35:394–401. doi:10.2134/jeq2005.0094

Shao J (1993) Linear model selection by cross-validation. J Am Stat
Assoc 88:496–494. doi:10.1080/01621459.1993.10476299

Sperotto RA (2013) Zn/Fe remobilization from vegetative tissues to rice
seeds: should I stay or should I go? Ask Zn/Fe supply! Front Plant
Sci 4:1–4. doi:10.3389/fpls.2013.00464

Stolt JP, Sneller FEC, Bryngelsson T, Lundborg T, Schat H (2003)
Phytochelatin and cadmium accumulation in wheat. Environ Exp
Bot 49:21–28. doi:10.1016/S0098-8472(02)00045-X

Symeonides C, McRae SG (1977) The assessment of plant-available
cadmium in soils. J Environ Qual 6:120. doi:10.2134/jeq1977.
00472425000600020003x

Tessier A, Campbell PGC, Bisson M (1979) Sequential extraction proce-
dure for the speciation of particulate trace metals. Anal Chem 51:
844–851. doi:10.1021/ac50043a017

Ure AM (1996) Single extraction schemes for soil analysis and related
applications. Sci Total Environ 178:3–10. doi:10.1016/0048-
9697(95)04791-3

Wenzel WW, Blum WEH, Brandstetter A, Jockwer F, Köchl A,
Oberförster M, Oberländer HE, Riedler C, Roth K, Vladeva I
(1996) Effects of soil properties and cultivar on cadmium accumu-
lation in wheat grain. Z Pflanzenernähr Bodenkd 159:609–614. doi:
10.1002/jpln.1996.3581590613

Zhang H, Zhao FJ, Sun B, DavisonW,Mcgrath SP (2001) A newmethod
to measure effective soil solution concentration predicts copper
availability to plants. Environ Sci Technol 35:2602–2607. doi:10.
1021/es000268q

Zimmerl S, Lafferty J, Buerstmayr H (2014) Assessing diversity in
Triticum durum cultivars and breeding lines for high versus low
cadmium content in seeds using the CAPS marker usw47. Plant
Breed 133:712–717. doi:10.1111/pbr.12218

Zogaj M, Düring RA (2016) Plant uptake of metals, transfer factors and
prediction model for two contaminated regions of Kosovo. J Plant
Nutr Soil Sci 179:630–640. doi:10.1002/jpln.201600022

20654 Environ Sci Pollut Res (2017) 24:20641–20654

Author's personal copy


