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1. Introduction 

"

1.1 Consequences of greenhouse gas emissions: focus on Nitrous Oxide 
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1.2 Anthropogenic activities altering the nitrogen cycle 
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>,')>)0&"5&.-,$/."%)(2.!0/",3"68O
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1.3 Anthropogenic sources of nitrous oxide 
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1.4  Microbial production of nitrous oxide  
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Adapted from Firestone and Davidson 1989 as cited by (Keller 1995) 
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1-)+)0&"!0"("+,!%"5(**)*"*!-)2&%F"(+"3)-&!%!J)-",-"*)1,+!&)*"!0*!-)2&%F"&.-,$/."2F2%!0/9:"&.)">,-)"0!&-,$+"

,4!*)"!+")>!&&)*"3-,>"&.)"+,!%"&.-,$/.">!2-,=!(%"(2&!'!&F"5&.-,$/."0!&-!3!2(&!,0"(0*"*)0!&-!3!2(&!,0:"A!&."

=(2&)-!("=)!0/"&.)">,+&"+!/0!3!2(0&"2,0&-!=$&,-+"&,">!2-,=!(%"(2&!'!&F"!0"(/-!2$%&$-(%"+,!%+9;"

@.)"(>,$0&",3"678"g%)(N!0/"3-,>"&.)"1!1)h"!+".,A)')-"0,&"(%A(F+"!0"2,0+&(0&"1-,1,-&!,0"&,"&.)"(>,$0&"

,3"6HC
Q",4!*!J)*"*$-!0/"0!&-!3!2(&!,0",-"&.)"(>,$0&",3"68O

B"-)*$2)*"*$-!0/"*)0!&-!3!2(&!,0"5!;);&.)"+!J)",3"

&.)"g.,%)h"2(0"'(-F9;"\,-)"+1)2!3!2(%%F:"!0"(**!&!,0"&,"&.)"2,02)0&-(&!,0",3"+$=+&-(&)+:",&.)-"3(2&,-+"+$2."
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(+"1H:"('(!%(=%)",-/(0!2"2(-=,0:"('(!%(=!%!&F",3",4F/)0:"(0*"2,02)0&-(&!,0+",3"!0&)->)*!(&)+"(33)2&"&.)"

-)%(&!')"(>,$0&",3"678"1-,*$2)*;"K">)&(B+&$*F",0"678")>!++!,0+"3-,>"2$%&!'(&)*"+,!%+"+$//)+&)*"&.(&"

gj3(2&,-+"&.(&"+!/0!3!2(0&%F"!03%$)02)"(/-!2$%&$-(%"678")>!++!,0+"A)-)"6"(11%!2(&!,0"-(&):"2-,1"&F1):"

3)-&!%!J)-"&F1):"+,!%",-/(0!2"#"2,0&)0&:"+,!%"1H"(0*"&)4&$-)h"5G&).3)+&"(0*"`,$A>(0"7EED9;"83"&.)"&A,"

>)0&!,0)*"1-,2)++)+:"*)0!&-!3!2(&!,0"A!%%"=)"!0')+&!/(&)*"!0"&.!+"&.)+!+;"@.)"&)->"g*)0!&-!3!2(&!,0"1-,*$2&"

-(&!,h"!+"$+)*"&,"*)+2-!=)"&.)"-(&!,"678P567Q6789:"(0*"&.)"Z$(0&!&F"-)1-)+)0&+"&.)")33!2!)02F"A!&."A.!2."

+,!%"*)0!&-!3F!0/"2,>>$0!&!)+"(-)"(=%)"&,"1)-3,->"2,>1%)&)"*)0!&-!3!2(&!,0"5!;);"-)*$2!0/"68O
B"(%%"&.)"A(F"

&,"679;""@.)"3,%%,A!0/"+)2&!,0"!+"("=-!)3"-)'!)A"(=,$&")33)2&+",3"1H:"3)-&!%!J(&!,0:"(0*"&!%%(/)",0"&.)"(2&!'!&F"

(0*"1-,*$2&"-(&!,",3"*)0!&-!3F!0/"=(2&)-!(:"(0*"!&+")33)2&+",0"0!&-,$+",4!*)")>!++!,0+"3-,>"+,!%+;"

"

"  
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2. Background 

 

2.1 Denitrification 

<)0!&-!3!2(&!,0"!+"(0"!>1,-&(0&"=!,/),2.)>!2(%"1-,2)++"*!++!1(&!0/"-)(2&!')"0!&-,/)0"!0"&)--)+&-!(%"(0*"

(Z$(&!2")2,+F+&)>+;"@.)"1-,2)++"A(+"0(>)*"=F"&.)"L-)02.">!2-,=!,%,/!+&"^%F++)"](F,0:"A.,"+$//)+&)*"

2%,+$-)",3"&.)"0!&-,/)0"2F2%)"=F"*)0!&-!3!2(&!,0"!0"MUUD"5G>!%"MffD9;"<)0!&-!3!2(&!,0"!+"2(--!)*",$&"=F"

3(2$%&(&!')".)&)-,&-,1.!2",-"2.)>,%!&.,&-,1.!2"=(2&)-!(:"(0*"+,>)"3$0/!"(0*"(-2.()("$0*)-"(0()-,=!2"

2,0*!&!,0+:"*$-!0/"A.!2.",4!*!J)*"3,->+",3"0!&-,/)0"(-)"-)*$2)*"5&.,$/.",4F/)0"!+"(">,-)")0)-/)&!2(%%F"

3(',-(=%)")%)2&-,0"(22)1&,-9;"b%)2&-,0"*,0,-+"+$2."(+",-/(0!2">(&&)-",-"-)*$2)*"!0,-/(0!2"2,>1,$0*+"

(-)",4!*!J)*"!0"-)&$-0;"@.)">,+&"2,>>,0"*)0!&-!3F!0/".)&)-,&-,1.!2"/)0)-("(-)"8-(6)%+%$/-:":/"5''6-:"

(0*"!'"/'5*($(-"5G>!%"MffD9;"G,>)",3"&.)"0!&-,/)0B3!4!0/"-.!J,=!("(0*"(>>,0!(B,4!*!J!0/"=(2&)-!("(-)"

(%+,"2(1(=%)",3"*)0!&-!3!2(&!,0"5I-I-I:"&.,$/."&.)!-"-,%)+"(-)">$2."%)++"+!/0!3!2(0&"5c.!%!11,&:"H(%%!0")&"(%;"

7EEX9;"80%F"$0*)-".!/."1H".(+"*!++!>!%(&,-F"0!&-(&)"-)*$2&!,0"&,"(>>,0!("5<6SK9"=))0"-)1,-&)*"&,"=)"

+!/0!3!2(0&"5G&)')0+:"_($/.%!0")&"(%;"MffU9;"#.)>,*)0!&-!3!2(&!,0"(0*",&.)-"&F1)+",3"*)0!&-!3!2(&!,0"(-)"

%!N)%F"&,"1%(F"(">!0,-"-,%)"3,-"0!&-,$+",4!*)"1-,*$2&!,0"!0"(/-!2$%&$-(%"+,!%+"5`)($2.(>1"MffX9;"

<)0!&-!3!2(&!,0"+))>+"&,".(')")',%$&!,0(-F"(*'(0&(/)+"3,-">!2-,,-/(0!+>+"!0".(=!&(&+"=)!0/"3-)Z$)0&%F"

)41,+)*"&,"+.!3&!0/"9872,0*!&!,0+;"`(2&)-!("-)+1,0+!=%)"3,-"*)0!&-!3!2(&!,0"(-)"&.)">,+&"(=$0*(0&"

3$02&!,0(%"/-,$1"A!&.!0"&.)"0!&-,/)0"2F2%)"-)1-)+)0&!0/"$1"&,"Wi",3"&.)"&,&(%">!2-,=!(%"=!,>(++"5H)0-F:"

`-$")&"(%;"7EEDl"c.!%!11,&:"H(%%!0")&"(%;"7EEX9;"b')0"&.,$/."*)0!&-!3!2(&!,0"!+"1)-3,->)*"=F"("*!')-+)"/-,$1"

,3"=(2&)-!(:"(-2.()(:"(0*")')0"+,>)"3$0/!:"&.)"&-(0+3,->(&!,0+",3"&.)"0!&-,/)0"+1)2!)+"(%A(F+",22$-"!0"

&.)"3,%%,A!0/"+)Z$)02);""

" " " 0(-"""""" """"""""""""""0!-""""""""""""""""""""0,-"""""""""""""""""""""0,+"

  NO3 
- 
  !    NO2 

-
   !    NO   !    N2O   !   N2 

@.)"&.-))B%)&&)-"(==-)'!(&!,0+"(=,')"&.)"(--,A+"-)1-)+)0&"&.)")0JF>)+"-)+1,0+!=%)"3,-")(2.",3"&.)"-)(2&!,0+e"0(-e"
Nitrate reductase, nir: Nitrite reductase, nor: Nitric reductase, and nos: Nitrous oxide reductase (also N2OR)"

"

"#$%&'!*e"G)-!)+",3"+&)1+"!0"*)0!&-!3!2(&!,0"

[0&)-)+&!0/%F:"=,&."&.)"(2&!'!&F"(0*"+F0&.)+!+",3"*)0!&-!3!2(&!,0")0JF>)+"5+.,A0"(=,')"&.)"(--,A+"!0"&.)"

-)(2&!,0"+2.)>)9"(-)"-)1-)++)*"=F",4F/)0"5c(F0)"MfXO"(+"2!&)*"=F"5G>!&."(0*"@!)*?)"MfXf99:"=$&"&.)"

+)0+!&!'!&F"&,",4F/)0"'(-!)+"A!*)%F"(>,0/"*!33)-)0&"*)0!&-!3!)-+"5#('!/)%%!"(0*"S,=)-&+,0"7EEM9;"@.!+"

+.,A+"&.(&"0,&",0%F"3(2&,-+"+$2."(+"3)-&!%!J(&!,0:"1H:"(0*"&!%%(/)"!03%$)02)".,A">$2."678"!+")>!&&)*"3-,>"

("1%,&:"=$&"(%+,"&.)"&F1)+",3"*)0!&-!3F!0/"=(2&)-!("1-)+)0&;""<)0!&-!3!)-+"2(0"(%+,"3$02&!,0"&.-,$/."

&-$02(&)*"1(&.A(F+:",0%F"-)*$2!0/"678"&,"67"3,-")4(>1%)"5`(JF%!0+N!")&"(%"MfUD"(+"2!&)*"=F"5#.(1$!+B

_(-*F:"Y-(/)")&"(%;"7EEX99;"[0"/)0)-(%".,A)')-:"gj"&.)")0JF>)+"!0',%')*"!0"&.)"*)0!&-!3!2(&!,0"2.(!0"(-)"

*!33)-)0&!(%%F"(33)2&)*"=F"'(-!,$+"+&-)++"3(2&,-+:"A!&."678"-)*$2&(+)"=)!0/"&.)">,+&"+)0+!&!')h"5c.!%!11,&:"

H(%%!0")&"(%;"7EEX9;"@.)-)3,-):"*)0!&-!3F!0/"=(2&)-!("1-,*$2)"678"!0"'(-F!0/"(>,$0&+:")')0"A.)0"&.)F"

.(')"&.)")0JF>(&!2"1,&)0&!(%"&,"2(--F",$&"&.)")0&!-)"+)Z$)02)"+.,A0"(=,'):"-)+$%&!0/"!0"*!33)-)0&"-(&!,+"
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,3"*)0!&-!3!2(&!,0"1-,*$2&+"3-,>"&.)"*!33)-)0&"*)0!&-!3F!0/"2,>>$0!&!)+"!0"-)+1,0+)"&,"&.)"*!33)-)0&"

)0'!-,0>)0&(%"!03%$)02)+;"

[0"&$-0:"&.!+",1)0+"3,-"("&.),-)&!2"1,++!=!%!&F"&,"+)%)2&!')%F">(0!1$%(&)"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,+"

&.-,$/."&(-/)&)*"(/-!2$%&$-(%"1-(2&!2);"[&"!+"&.)-)3,-)"!>1,-&(0&"&,"+&$*F".,A"'(-!,$+"(/-!2$%&$-(%"

>(0(/)>)0&"1-(2&!2)+"(33)2&"&.)"3$02&!,0!0/",3"*)0!&-!3!)-+:"(0*")+1)2!(%%F"&,"0,&)"(0F"(11(-)0&"

*!33)-)02)+"!0"1-,*$2&"+&,!2.!,>)&-F"!0"-)+1,0+)"&,"2,0&-(+&!0/">(0(/)>)0&"-)/!>)+;"[0.)-)0&"

*!33)-)02)+"!0"*)0!&-!3!)-"1-,*$2&"+&,!2.!,>)&-!)+">(F"=)"2,00)2&)*"&,"*!33)-)02)+"!0"&(4,0,>!2"

2,>1,+!&!,0"5#('!/)%%!"(0*"S,=)-&+,0"7EEM9"A.!2."!0"&$-0">(F"=)"(33)2&)*"=F"%,0/B&)->"+,!%"2,0*!&!,0+;"

H,A)')-:"&.)"1-)+)0&"+&$*F"A!%%"0,&")'(%$(&)"2,>>$0!&F"2,>1,+!&!,0"*!-)2&%Fl"!0+&)(*"&.)"-)%(&!')"

1-,*$2&!,0",3"678"(+"(33)2&)*"=F"&.)"'(-!,$+"&-)(&>)0&+"A!%%"=)"+&$*!)*"(+"("m1.)0,&F1!2"&-(!&R"A.!2."A!%%"

=)"%!0N)*"&,"%,0/B&)->"+!&)"2,0*!&!,0+"(&"&.)")41)-!>)0&(%"1%,&+;"K11(-)0&"2,0&-(+&+"2(0"&.)0"=)"

!0&)-1-)&)*"(+"!0*!2(&,-+"3,-"1,++!=%)"*!33)-)02)+"!0"2,>>$0!&F"2,>1,+!&!,0:"&.)">,%)2$%(-")'!*)02)",3"

A.!2.".(+"&,"=)"+2-$&!0!J)*"!0"3$&$-)"+&$*!)+;"

@.)"3,%%,A!0/"!+"("=-!)3",')-'!)A",3"&.)"!>1,-&(0&"3(2&,-+"-)%(&)*"&,"&.)"&.-))"(/-!2$%&$-(%"1-(2&!2)+"

(**-)++)*"!0"&.!+"&.)+!+:"3)-&!%!J(&!,0:"%!>!0/",-"1H:"(0*"&!%%(/)">)&.,*+:"(0*"&.)!-")33)2&+",0"&.)"

*)0!&-!3!2(&!,0"1-,2)++;"

 

2.2 Known Effects of liming and pH on denitrification 

G,!%"1H"!+">,+&"*!-)2&%F"(%&)-)*"&.-,$/."%!>!0/:"(0*"1H".(+"&.)"=!//)+&"!03%$)02)",0"*)0!&-!3!2(&!,0"(%,0/"

A!&."+,!%"()-(&!,0"5L,2.&"MfXC9;"K"-)'!)A"A-!&&)0"(=,$&"&.)"!03%$)02)",3"+,!%"1H",0"*)0!&-!3!2(&!,0"%)(*+"

&,"&.)"2,02%$+!,0"&.(&"=,&."&.)"-(&)",3"*)0!&-!3!2(&!,0"(0*"&.)"-(&!,",3"/(+),$+"1-,*$2&+"1-,*$2)*"(-)"

(33)2&)*"5G!>)N"(0*"#,,1)-"7EE79;"\,+&"0,&!2)*"!+"&.(&"$0*)-"(2!*!2"2,0*!&!,0+"5+$2."(+"1H"C;W9:"

*)0!&-!3!2(&!,0"(2&!'!&F"!+"$+$(%%F"-)*$2)*:"&.)-)=F"%,A)-!0/"&.)"(>,$0&",3"0!&-,$+",4!*):"0!&-!2",4!*):"(0*"

0!&-,/)0"/(+")>!++!,0+"5G!>)N"(0*"#,,1)-"7EE79;"K&"&.)"+(>)"&!>)".,A)')-:"&.)"-(&!,"=)&A))0"0!&-,$+"

,4!*)"(0*"0!&-,/)0"/(+"5678e679"!02-)(+)+"A!&."!02-)(+!0/"(2!*!&F"5+.,A0"&.-,$/."%!>!0/",3"+,!%:"5k(>(0:"

6/$F)0")&"(%;"7EEX99:">)(0!0/"&.(&"!&"!+"0,&"2)-&(!0"A.)&.)-",')-(%%"678")>!++!,0+"(-)".!/.)-",-"%,A)-"

3-,>"(0"(2!*!3!)*"+,!%"2,>1(-)*"&,"("0)$&-(%"+,!%;"[0"&.)!-"-)'!)A"(=,$&"&.)"!03%$)02)",3"+,!%"1H",0"

*)0!&-!3!2(&!,0:"G!>)N"(0*"#,,1)-"57EE79"+.,A"-)1,-&+",3"2,0&-(*!2&,-F"-)+$%&+:"!0*!2(&!0/"&.(&"&.)"

)33)2&+"(-)"0,&")0&!-)%F"2%)(-;"@.!+">(F"=)"=)2($+)"1H"(33)2&+"*)0!&-!3!2(&!,0"*!-)2&%F"(+"A)%%"(+"!0*!-)2&%F;""

G,!%"1H">(F"*!-)2&%F"(33)2&"&.)"(>,$0&",3"678")>!&&)*"&.-,$/."&.)"-)/$%(&!,0",3"678"-)*$2&(+)"5678S9"

(2&!'!&F;"K%&)-0(&!')%F:".!/."1-,&,0"2,02)0&-(&!,0"2,$%*"+$11-)++"&.)")41-)++!,0",3"&.!+")0JF>);"@.(&"&.)"

+F0&.)+!+",3"&.!+"-)*$2&(+)")0JF>)"!+"!0.!=!&)*"$0*)-"(2!*!2"2,0*!&!,0+"!+"'!+!=%)"&.-,$/."("%,0/)-"%(/B

1.(+)",3")0JF>)")41-)++!,0"5b%%!+")&"(%;"5MffU9"(+"2!&)*"=F"G!>)N"(0*"#,,1)-"57EE799;"""

G,!%"1H"!+"(">(+&)-"'(-!(=%)"(0*"(%+,".(+"!0*!-)2&"!03%$)02)+"+!02)"!&"!+"%!0N)*"&,">(0F",&.)-"+,!%"

1-,1)-&!)+"+$2."(+"0$&-!)0&"('(!%(=!%!&F"5!0"&.)"3,->",3"&-(2)">)&(%+:">!0)-(%"0!&-,/)0:",-/(0!2"2(-=,0:"

)&2;9"(0*"-)*$2&!,0"1,&)0&!(%;""G,!%"1H"(%+,"(33)2&+">!2-,=!(%"1-,2)++)+"(0*",-/(0!2">(&&)-"3,->(&!,0;""[&"

.(+"=))0"+$//)+&)*"&.(&"g&.)"-(&)",3"2(-=,0">!0)-(%!J(&!,0:"-(&.)-"&.(0"1H:"2,0&-,%+"&.)"-(&)",3"

*)0!&-!3!2(&!,0"!0"+F+&)>+"%!>!&)*"=F"+&,-(/)",3"2(-=,0:"!;);"!0">,+&"+,!%+h"5a,+N!0)0"(0*"a))0F"MfU7"(+"
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2!&)*"=F"G!>)N"(0*"#,,1)-"57EE799;"G,!%"1H"!03%$)02)+"&.)"('(!%(=!%!&F",3"2(-=,0"+,$-2)+"5#$-&!0:"

#(>1=)%%")&"(%;"MffU9"(0*"+$11,-&+".!/.)-">!2-,=!(%"=!,>(++"(0*"*!')-+!&F"5L!)-)-"(0*"n(2N+,0"7EED9;"

G!02)"2(-=,0"(2&+"(+"&.)")%)2&-,0B*,0,-"3,-"*)0!&-!3!2(&!,0"1-,2)++)+:"&.)"('(!%(=!%!&F",3"2(-=,0">(F"=)"("

-)/$%(&!0/"3(2&,-"3,-"*)0!&-!3!2(&!,0"3$02&!,0!0/"!0"&)->+",3"&.)"-)%(&!')")41-)++!,0",-"(2&!'!&F",3"&.)"

*)0!&-!3!2(&!,0")0JF>)+:"A.!2."!0"&$-0"(33)2&+"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,+;"

@.)">)0&!,0)*"-)'!)A"=F"57EE79"(%+,"2,>>)0&)*",0"&.)"2,>1,+!&!,0",3"*)0!&-!3F!0/"1,1$%(&!,0+"!0"

-)+1,0+)"&,"%,0/B&)->"-)/$%(-"(11%!2(&!,0",3"3)-&!%!J)-"(0*"&.)"-)+$%&!0/"*)2-)(+)"!0"1He"gb'!*)0&%F"&.)"

*)0!&-!3!)-"2,>>$0!&!)+"(-)"-)+!%!)0&"&,"2.(0/)+"!0"1H"(0*"&.)-)"!+"0,">(-N)*"2.(0/)",3"&.)",1&!>(%"1H"

3,-"1,&)0&!(%"*)0!&-!3!2(&!,0h;"\,-)"-)2)0&%F".,A)')-:"!&".(+"=))0"3,$0*"&.-,$/."3$02&!,0(%"/)0)"(0(%F+!+"

&.(&"&.)"+,!%"1H".(+")33)2&+",0"&.)"+&-$2&$-)",3"&.)"0!&-(&)B-)*$2!0/"2,>>$0!&F"A.!%)",&.)-"3(2&,-+"+$2."

(+"#87")0-!2.>)0&:"1%(0&"+1)2!)+",-"3)-&!%!J)-"&-)(&>)0&".(')"0,"(11(-)0&")33)2&"5<)!/%>(F-:"c.!%!11,&")&"

(%;"7EEC9;"Y.)0"%,,N!0/"(&"+,!%"=(2&)-!(%"2,>>$0!&!)+"!0"/)0)-(%:"!&"!+")'!*)0&"&.(&")2,+F+&)>"&F1)"

*)&)->!0)+"&.)"*!')-+!&F"(0*"-!2.0)++",3"+,!%"=(2&)-!(%"2,>>$0!&!)+:"(0*"&.(&"1H"2(0"%(-/)%F")41%(!0"

&.)+)"*!33)-)02)+"5L!)-)-"(0*"n(2N+,0"7EED9;"b0A(%%")&"(%;",=+)-')*"*!33)-)02)+"!0"*)0!&-!3!)-"2,>>$0!&F"

2,>1,+!&!,0"!0"-)+1,0+)"&,"3)-&!%!J(&!,0"(0*".F1,&.)+!J)*"&.(&"&.)"*!33)-)02)"!+"(&"%)(+&"1(-&!(%%F"

(&&-!=$&)*"gj&,"(0"!0*!-)2&")33)2&",3"+,!%"(2!*!3!2(&!,0:"A.!2.".(+"-)+$%&)*"!0"("+)%)2&!,0",3"=(2&)-!("

(*(1&)*"&,"%,A"1Hh"57EEW9;""G,!%"(2!*!&F"!+"("3$0*(>)0&(%"'(-!(=%)"!03%$)02!0/"(%%",&.)-"+,!%"Z$(%!&!)+"

!02%$*!0/"+,!%"3,->(&!,0;""1

 

2.3 Known Effects of mineral fertilization on denitrification 

K11%F!0/"3)-&!%!J)-"5!0,-/(0!2",-",-/(0!29"!02-)(+)+"&.)"(>,$0&",3"-)(2&!')"0!&-,/)0"!0"&.)"+,!%:"1-,'!*!0/"

+$=+&-(&)"3,-"+,!%">!2-,=!(%"1-,2)++)+"!0"/)0)-(%;"6!&-,/)0"3)-&!%!J(&!,0".(+"(%+,"=))0"+.,A0"&,"+&!>$%(&)"

*)0!&-!3!2(&!,0"(2&!'!&F"5\$%'(0)F:"a.(0")&"(%;"MffX9:"&.)-)=F"!02-)(+!0/"0!&-,$+",4!*)")>!++!,0+"5GN!=(:"

G>!&.")&"(%;"MffO9;"@.!+"&-)0*"!+")41%(!0)*"=F"&.)"m.,%)"!0"&.)"1!1)">,*)%R"3-,>"L!-)+&,0)"(0*"<('!*+,0:"

(+">)0&!,0)*"1-)'!,$+%F;"

[01$&+",3"0!&-,/)0">(F"(%+,"2.(0/)"&.)"1H",3"("+,!%;"K>>,0!("3)-&!%!J)-+"(-)"N0,A0"&,"2($+)"(2!*!3!2(&!,0"

=F"+&!>$%(&!0/"0!&-!3!2(&!,0:"=$&"*!33)-)0&"3)-&!%!J)-+"(33)2&"1H"*!33)-)0&%F:"(0*"&.)F"2(0"=)"2%(++!3!)*"(+"

(%N(%!0)"3,->!0/",-"(2!*"3,->!0/"3)-&!%!J)-+;"L,-")4(>1%):"b0A(%%"(0*"2,BA,-N)-+"$+)*"%,0/B&)->"

3)-&!%!J(&!,0"3!)%*"&-!(%+"5+&(-&)*"!0"MfWD9"&,"+&$*F"*)0!&-!3!2(&!,0"(0*"1,!0&)*",$&"&.(&"(>>,0!$>B+$%3(&)"

&-)(&>)0&"-)+$%&)*"!0"+,!%"1H",3"O;fX"A.!%)"3)-&!%!J!0/"A!&."2(%2!$>"0!&-(&)"1-,*$2)*"1H",3"D;7D"57EEW9;"

`(+)*",0"(".,%!+&!2"'!)A",3"0!&-,/)0"2F2%!0/"!0"+,!%:"a;S;"H)%F(-"+$//)+&)*"&.(&"g+!02)"&.)"2F2%!0/",3"

0!&-,/)0"!0"("2%,+)*")2,+F+&)>"!+"0)$&-(%:"&.)")33)2&+",3"0!&-,/)0",0"+,!%"(2!*!&F"(-)"(++,2!(&)*"A!&."/(!0+"

,-"%,++)+",3"0!&-,/)0"3-,>"&.)"+F+&)>h5MfXD9;"\,-)"+1)2!3!2(%%F:"!3"&.)"0!&-,/)0"+1)2!)+")0&)-!0/"&.)"

+F+&)>"(-)"&.)"+(>)"(+"&.)"0!&-,/)0"+1)2!)+")4!&!0/"&.)"+F+&)>"5!0"=,&."&F1)"(0*"Z$(0&!&F9:"(2!*!3!2(&!,0"

*,)+"0,&",22$-;"6!&-,/)0"!0"(-(=%)"%(0*"!+"%,+&"=F"1%(0&"$1&(N):"0!&-(&)"%)(2.!0/:"(0*"*)0!&-!3!2(&!,0"(0*"

(**)*"(>,$0&+",3"0!&-,/)0"&.-,$/."3)-&!%!J)-"5)+1)2!(%%F"(2!*B3,->!0/"3)-&!%!J)-+"+$2."(+"(>>,0!$>9"

!02-)(+)"&.)"%!N)%!.,,*",3"(2!*!3!2(&!,0;"G,!%"(2!*!3!2(&!,0"!+"(++,2!(&)*"A!&."+%,A"*!++,%$&!,0",3"=(+!2"

2,>1,$0*+"A.!2."=$33)-"&.)"+,!%;"@.)-)3,-):"*!33)-)0&"+,!%+".('!0/"=)&&)-",-"A,-+)"=$33)-!0/"2(1(2!&!)+"

(-)"(33)2&)*"=F"(2!*!3F!0/"3)-&!%!J)-+"!0"*!33)-)0&"A(F+;"



ME"

"

80"("+!>!%(-"%!0)",3"&.,$/.&:"&.)"(11%!2(&,0",3"(%N(%!0)"3,->!0/"3)-&!%!J)-+".(+"=))0",=+)-')*"&,"(33)2&"&.)"

*!++,%$&!,0",3",-/(0!2">(&&)-"56,->(0")&"(%"MfUX:"G)0"(0*"#.(N"MffC"(+"2!&)*"=F"c.!%!11,&")&"(%;57EEX99"

A.!2."(%+,"!03%$)02)+"*)0!&-!3!2(&!,0;"@.)"(%N(%!0)"3,->!0/"3)-&!%!J)-"+))>+"&,"2($+)"("&)>1,-(-F"=,,+&"!0"

>!2-,=!(%"-)+1!-(&!,0"A.!2."%)(*+"&,"&.)"+,%$=!%!J(&!,0",3">,-)"2(-=,0"(0*"0!&-,/)0;"@.)"-)+$%&!0/"(0,4!2"

2,0*!&!,0+"!0"&.)"+,!%">(F"!02-)(+)"*)0!&-!3!2(&!,0"(2&!'!&F"A!&.">,-)",')-(%%"678")>!++!,0+"2,>1(-)*"&,"

(2!*B3,->!0/"3)-&!%!J)-+"5\$%'(0)F")&"(%"MffX"(+"2!&)*"=F"c.!%!11,&")&"(%;"57EEX99;"@.)"!03%$)02)",3"%(=!%)"

,-/(0!2"2(-=,0"!0"&.)"+,!%",0"*)0!&-!3!2(&!,0"!+"*!+2$++)*"!0"("3,%%,A!0/"+)2&!,0"(=,$&"&!%%(/)")33)2&+;"

@.)"(>,$0&",3"('(!%(=%)"0!&-,/)0"+1)2!)+"(%,0)"&.-,$/."3)-&!%!J(&!,0".(+"0,&"=))0"3,$0*"&,".(')"(0"

)33)2&",0"&.)"2,>>$0!&F"2,>1,+!&!,0",3"*)0!&-!3F!0/"=(2&)-!(;""@.)"&F1)",3">!0)-(%"3)-&!%!J)-",0"&.)",&.)-"

.(0*".(+"=))0"+.,A0"&,"2($+)"*)&)2&(=%)"/)0)&!2"*!33)-)02)+"(>,0/"*)0!&-!3F!0/"=(2&)-!("5Y,%+!0/"(0*"

c-!)>)"7EEC9;"""

!

2.4 Known Effects of tillage on denitrification  

JK%7(1,;/$1$5$(>,($,;-1%21,;(1$5,7%*($15$1-%5'15-10%6$)15$1%7*/$5"1+/,,(7G1

)(/)1%71'5?5$*L1AAB+5'1CDDEF19*IEMF1

6,B&!%%"56@9"!+"(%+,"N0,A0"(+"J)-,"&!%%(/):"(0*"(%,0/"A!&."-)*$2)*"&!%%(/)"5S@9:"!&"!+"("3,->",3"2,0+)-'(&!,0"

&!%%(/);"#,>1(-)*"&,"2,0')0&!,0(%"&!%%(/)"5#@9:"2,0+)-'(&!,0"&!%%(/)">)&.,*+"(!>"&,"-)*$2)"&.)"(>,$0&",3"

*!+&$-=(02)"&,"&.)"+,!%;"#,0+)-'(&!,0"&!%%(/)".(+"-)2)0&%F"=)2,>)"1,1$%(-"=)2($+)",3"!&+"(=!%!&F"&,"

)0.(02)"2(-=,0"+)Z$)+&-(&!,0"!0"+,!%:"-)*$2)")-,+!,0:"(0*"-)*$2)"+,!%"2,>1(2&!,0;"

b33)2&+",3"&!%%(/)">)&.,*",0"*)0!&-!3!2(&!,0"2,$%*"=)")41%(!0)*"=F"2.(0/)+"!0"2(-=,0"(0*"0!&-,/)0"

('(!%(=!%!&F;"c%,$/.!0/"!+"N0,A0"&,"2.(0/)"&.)"2.)>!2(%"(0*"1.F+!2(%"2,>1,+!&!,0",3"+,!%",-/(0!2">(&&)-"

5G8\9"&.-,$/."!02-)(+!0/"&.)"-(&)"(&"A.!2.",-/(0!2">(&&)-"!+"*)2,>1,+)*"5GJ(?*(N")&"(%;"57EEO9"(+"2!&)*"

=F"<,)%>(0"57EEC99;"G,!%"(//-)/(&)+"(-)"&.,$/.&"&,"=)"*!+-$1&)*"&.-,$/."&!%%(/):"%)(*!0/"&,"&.)")41,+$-)"

,3"1.F+!2(%%F"1-,&)2&)*"+,!%",-/(0!2">(&&)-;"g6!&-,/)0"!+"*!-)2&%F"=,0*)*"&,"&.)"2(-=,0"+N)%)&,0",3"

,-/(0!2">(&&)-"5#B69"(0*"!+"/)0)-(%%F"-)%)(+)*"=F"=-)(N*,A0",3"&.)"2(-=,0"+N)%)&,0"!0&,"(>!0,"(2!*+"

(0*",&.)-"3,->+",3"*!++,%')*",-/(0!2"0!&-,/)0h"55#.(1!0:"\(&+,0")&"(%;"7EE799;"@.!+">(F")41%(!0"&.)"

,=+)-'(&!,0"&.(&"">!2-,=!(%"-)+1!-(&!,0"(+"A)%%"(+"*)0!&-!3!2(&!,0"!02-)(+)"(3&)-"&!%%(/):"(&"%)(+&"

&)>1,-(-!%F:"=(+)*",0"("+,!%B2,-)"+&$*F"(&"E"&,"OE"2>"*)1&."5#(%*)-,0:"n(2N+,0")&"(%;"7EEM9;"#(%*)-,0")&"

(%;".F1,&.)+!J)*"&.(&"gj%,A"#e6"-(&!,"2,>1,$0*+">(F".(')"=))0">!0)-(%!J)*"3,%%,A!0/"&!%%(/)h"57EEM9:"

!0*!2(&!0/"&.)"1-)3)-)0&!(%"=-)(N*,A0",3"3$%'!2"(2!*+",')-".$>!2"(2!*+"5.$>!2"(2!*+"(-)"%)++"A(&)-"

+,%$=%)"(0*".(')"("%,A)-">,=!%!&F"!0"+,!%"5<,)%>(0"7EEC99;""@.!+"A,$%*"(%+,"(%&)-"&.)"2.)>!2(%"

2,>1,+!&!,0",3"+,!%+"!0"&.)"%,0/"&)->:"(+"+))0"&.-,$/."&.)"(0(%F+!+",3".$>!2"2,>1,$0*+"3-,>"%,0/B&)->"

&!%%(/)"3!)%*"&-!(%+"5@(&J=)-:"G&)>>)-")&"(%;"7EEU9;"[0"(0,&.)-"+&$*F"A.)-)"+,!%"2,-)+"A)-)"&(N)0"$1"&,"CW"

2>"*)1&.+:"%)++"0!&-(&)"A(+"*)&)2&)*"!0"&.)"+,!%"1-,3!%)"$0*)-"6@"2,>1(-)*"&,"S@"(0*"#@"5b%>!:"

\(*-(>,,&,,")&"(%;"7EEO9:"=$&"S@"A(+"$0!Z$)"!0"&.(&">,-)"0!&-(&)".(*"=))0"+.,A0"&,"%)(2."&,"%,A)-"

%(F)-+"2,>1(-)*"&,"&.)",&.)-"&!%%(/)">)&.,*+;"
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"

@.)"-)*!+&-!=$&!,0",3"+$=+&-(&)+"&.-,$/."&.)"*!+-$1&!,0"!0*$2)*"=F"&!%%(/)"!+"(%+,"&.,$/.&"&,"%)(*"&,"&.)"

3,->(&!,0",3"*)0!&-!3!2(&!,0"g.,&B+1,&+h"5#(%*)-,0:"n(2N+,0")&"(%;"7EEM9;"b')0"&.,$/."&!%%(/)"!0!&!(%%F"

()-(&)+"&.)"+,!%"(0*"-)*$2)+"!&+"*)0+!&F:"(0()-,=!2!&F".(+"=))0"+.,A0"&,"*,>!0(&)"3,%%,A!0/"&!%%(/)"

5#(%*)-,0:"n(2N+,0")&"(%;"7EEM9:"1-,'!*!0/",1&!>(%"2,0*!&!,0+"3,-"*)0!&-!3!2(&!,0"&,"&(N)"1%(2);"80"("

*))1)-"%)')%:"!&".(+"=))0"+.,A0"&.(&"&!%%(/)"-)(--(0/)+"1,-)"+1(2)"(0*"&.)"(++,2!(&)*"A(&)-"3!%>:"A.!2."

!0"&$-0"(33)2&+"g*!33$+!,0"-(&)+"&,"(0*"3-,>"(2&!')">!2-,=!(%"1,1$%(&!,0+h"5o,$0/"(0*"S!&J"7EEE9;"_!$")&"(%;"

57EEX9"!0"(0,&.)-"+&$*F",0"+,!%"2,-)+"$1"&,"ME"2>"*)1&."+.,A)*"&.(&"678"-(&!,+"A)-)".!/.)-"3,-"#@"

2,>1(-)*"&,"6@:"!0*!2(&!0/"%)++")33!2!)0&"*)0!&-!3!2(&!,0"$0*)-"&.)">,-)"!0&)0+)"&!%%(/);"@.!+">(F"%)(*"

=(2N"&,"&.)"#(%*)-,0")&"(%"+&$*F"A.)-)"&.)">!0)-(%!J(&!,0",3"%,A"#e6"-(&!,"2,>1,$0*+"&)>1,-(-!%F"

2-)(&)+">,-)"+$=+&-(&)"3,-"*)0!&-!3!2(&!,0"3,%%,A!0/"&!%%(/)"A.!%)"%)++"2(-=,0"!+"('(!%(=%)"&,"(2&"(+"&.)"

)%)2&-,0"*,0,-"!0"&.)"*)0!&-!3!2(&!,0"1-,2)++;"@.)-)3,-):"&!%%(/)"1-(2&!2)+".(')"=))0"+.,A0"&,".(')"&.)"

1,&)0&!(%"&,"&)>1,-(-!%F"(33)2&"*)0!&-!3!2(&!,0",0"&A,"%)')%+e"=F"!02-)(+!0/"&.)",')-(%%"*)0!&-!3!2(&!,0"-(&)"

(0*"=F"2.(0/!0/"&.)"1-,*$2&"-(&!,;"#,0&-(*!2&,-F"-)+$%&+"3-,>"(0,&.)-"+&$*F"A.)-)",0%F"&.)"&,1"W"2>",3"

+,!%"A)-)"+(>1%)*"+.,A)*"&.(&">,-)"678"A(+")>!&&)*"3-,>"S@"&.(0"#@"5<pH()0):"G%)$&)%")&"(%;"7EEf9;"

@!%%(/)"!+"(%+,"N0,A0"&,".(')"%,0/B&)->")33)2&+",0"&.)"1.F+!2(%"1-,1)-&!)+",3"+,!%"A!&."1,++!=%)"!0*!-)2&"

)33)2&+",0"*)0!&-!3!2(&!,0;"L,-")4(>1%):"6@"!+"N0,A0"&,"-)+$%&"!0"%,A)-"+,!%"&)>1)-(&$-)+"(0*".!/.)-"+,!%"

A(&)-"2,0&)0&"2,>1(-)*"&,"#@"5_!$:"\,+!)-")&"(%;"7EEX9;"`(2&)-!("(-)"(%+,"=)&&)-"3!&&)*"3,-"&!%%)*"+,!%+"

2,>1(-)*"&,"3$0/!:"(0*"=)2($+)"3$0/!"3,->"2,>1,$0*+"&.(&".)%1"3,->"(0*"+&(=!%!J)"(//-)/(&)+:"

(//-)/(&)"+&(=!%!&F"!+"!03%$)02)*"5`()-)")&"(%"Mff7"(+"2!&)*"=F"o,$0/"(0*"S!&J57EEE99;""K+"("-)+$%&",3".!/.)-"

+,!%"A(&)-"-)&)0&!,0"(+"A)%%"(+"=)&&)-"+,!%"+&-$2&$-)"+$11,-&!0/"(0,4!2">!2-,+!&)+"!0"$0*!+&$-=)*"+,!%+:"

(0,4!2"2,0*!&!,0+"(-)">,-)"1-,>!0)0&"$0*)-"6@">(0(/)>)0&:")0.(02!0/"*)0!&-!3!2(&!,0"(2&!'!&F"(+"A)%%"

(+")33!2!)02F;"

1

Purpose 

@.)"1$-1,+)",3"&.!+"+&$*F"!+"&,")'(%$(&)"&.)")33)2&+",3"&.-))"2,>>,0"&F1)+",3"(/-!2$%&$-(%"1-(2&!2)+"

5&!%%(/):"3)-&!%!J(&!,0:"(0*"%!>!0/9",0"1,&)0&!(%"0!&-,$+",4!*)")>!++!,0+"3-,>"*)0!&-!3F!0/"=(2&)-!(;""L!-+&:"!&"

!+">F".F1,&.)+!+"&.(&"(2!*!&F",3"+,!%"-)+$%&+"!0"(".!/.)-"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,"5678P567Q67899:"(0*"["

A!%%"&-F"&,"+)1(-(&)"&.!+"1H")33)2&"3-,>"("3)-&!%!J)-")33)2&"!3"&.)-)"!+",0);"@.)0"$+!0/"+,!%"3-,>"(0,&.)-"

%,0/B&)->"3!)%*")41)-!>)0&:"["+&$*F")33)2&+",3"&!%%(/)",0"&.)"*)0!&-!3!2(&!,0"-(&)"(0*"1-,*$2&"-(&!,;""802)"

(0")33)2&".(+"=))0"!*)0&!3!)*:"&.)"+!/0!3!2(02)",3"&.)"-)+$%&+"!+")'(%$(&)*"A!&.!0"(0"(/-,B)2,%,/!2(%"

2,0&)4&"(0*"(/-,B)2,%,/!2(%"+$//)+&!,0+"3,-"=)&&)-">(0(/)>)0&"1-(2&!2)+"(-)"1-,'!*)*;"""

"

"

! !
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3. Materials and Methods 

"

3.1 Soils and sites  

b4!+&!0/"%,0/B&)->"(/-!2$%&$-(%"+&$*!)+"A)-)"+)%)2&)*"3,-"+,!%"+(>1%!0/:",0)"!0"H$0/(-F"56F!-%$/,+9"(0*"

&.)",&.)-"!0"K$+&-!("5L$2.+)0=!/%9;"L,-"&.)"1$-1,+)",3"+&$*F!0/">(0(/)>)0&")33)2&+",0"*)0!&-!3F!0/"

1,1$%(&!,0+:"!&"A(+"!>1,-&(0&"&.(&"&.)"3!)%*")41)-!>)0&+"A)-)"%,0/B&)->;"80)",3"&.)"3!)%*"&-!(%+".(*"=))0"

*)'!+)*"3,-"+&$*F!0/"3)-&!%!J(&!,0"(0*"%!>!0/"A.!%)"&.)",&.)-"3,2$+)*",0"&!%%(/)")33)2&+;""G)%)2&)*"+!&)"(0*"

+,!%"1(-(>)&)-+"(-)"/!')0"!0"&(=%)"M;"@.)"+,!%+"*!33)-)*"!0"&)4&$-):"1H:"(0*"2(-=,0"(0*"0$&-!)0&"2,0&)0&:"

A.!%)"2%!>(&!2"2,0*!&!,0+"A)-)"-)%(&!')%F"+!>!%(-;""

"

" "
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"

"

"

"

+,-.'!(e"G!&)"(0*"+,!%"1-,1)-&!)+"5a from Tatzber et al. 2008, 
b
 from Kadar et al. 2007) 

 
Climate Soil chemical properties   Soil physical properties     

 
Elevation MAT MAP pH CEC C N sand silt clay BD soil type 

 
m ab.sea 

o
C m m  in KCl me/100g % % % % % g cm

-3
   

Nyirlugos fertilization and liming field trial in Hungary 

control 100 
b
 9,8 

b
 550-600 

b
 4,3 5-10 

b
 0,43 poor 

b
 70-85 

b
 8-20 

b
 3-6 

b
 n.d. 

brown forest soil, 
acid sand 

b
 

Fuchsenbigl tillage field trial in Austria 

MT 

150 
a
 9,4 

a
 529 

a
 

7,6 

n.d. 

2,18 0,23 
a
 

37 
a
 41 

a
 22 

a
 

1,38 
a
 

fine sandy loamy 
Haplic Chernozem 

a
 

CT 7,7 1,57 0,19 
a
 1,44 

a
 

RT 7,7 1,49 0,20 
a
 1,35 

a
 

"
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/0#&.%$12!3'&4#.#5,4#16!,67!.#8#6$!3#'.7!4&#,.!

@.)"3!)%*"&-!(%"!0"H$0/(-F"A(+"+&(-&)*"!0"MfD7"5CD"F)(-+"(/,9"(0*"!+"0(>)*"gL)-&!%!J(&!,0"(0*"%!>!0/"

)33)2&+",0"+(0*F"(2!*"+,!%h5a(*(-"7EEX9;"@.)"3!)%*"2,0+!+&+",3"M7U"1(-2)%+:"("-(0*,>"=%,2N"*)+!/0",3"

O7"&-)(&>)0&+"!0"C"-)1%!2(&)+")(2.:"(0*"&.)"+!J)",3")(2."1(-2)%"!+"WE">7"5W>"A!*)"(0*"ME>"%,0/9;"""

83"&.)"O7"&-)(&>)0&+:"X"A)-)"+(>1%)*",0"(%%"3,$-"-)1%!2(&)+"-)+$%&!0/"!0"7U"+(>1%)+;"@.)"X"

&-)(&>)0&+"A)-)"+)%)2&)*"3,-"&.)"1$-1,+)",3"1-,'!*!0/"2%)(-"2,0&-(+&+"!0"3)-&!%!J)-"(11%!2(&!,0"-(&)"

5("2,0&-,%"A!&.,$&"3)-&!%!J)-"(0*"&.-))"%)')%+",3"6ca9"(0*"%!>)"(11%!2(&!,0"&,"+,!%"3)-&!%!J)*"(&"("

>)*!$>"6"-(&)"53)-&!%!J)-"A!&.,$&"%!>!0/"(2&+"(+"&.)"2,0&-,%9;"@-)(&>)0&"%)')%+"(-)"/!')0"!0"&(=%)"7e"

+,-.'!)e"L)-&!%!J)-"(0*"%!>)"(11%!2(&!,0"-(&)+"

" " K11%!)*"0$&-!)0&+"5N/q.(BMqF-BM9" ""

%)')%+" 6" c78W" a78" #(#8O"

E" E" E" E" E"

M" WE" DE" DE" 7WE"

7" MEE" M7E" M7E" WEE"

O" MWE" MUE" MUE" MEEE"

"

+,-.'!*e"@-)(&>)0&"0(>)+"=(+)*",0"3)-&!%!J)-"(0*"%!>)"(11%!2(&!,0"-(&)+"

 
Fertilization Liming 

Control control N2P2K2* 

Level 1 N1P1K1 N2P2K2Ca1 

Level 2 N2P2K2* N2P2K2Ca2 

Level 3 N3P3K3 N2P2K2Ca4 

@.)"%)')%+"M:"7:"(0*"O"(11)(-"(+"+$=+2-!1&+"(3&)-"&.)"2,>1,$0*"6:"c:"a:",-"

#("&,"!0*!2(&)"&.)+)"-)+1)2&!')"(11%!2(&!,0"2,02)0&-(&!,0+;"qc%)(+)"0,&!2)"
&.(&" 67c7a7" !+" -)1)(&)*" =)2($+)" !&" (2&+" (+" (0" !0&)->)*!(&)" %)')%" !0" &.)"

3)-&!%!J(&!,0"+)-!)+"(0*"(+"&.)"2,0&-,%"!0"&.)"%!>!0/"+)-!)+:"F!)%*!0/"("&,&(%"

,3"+)')0"&-)(&>)0&+"3,-"=,&."3)-&!%!J(&!,0"(0*"%!>!0/"!02-)>)0&+;"

@.)"0!&-,/)0">!0)-(%"3)-&!%!J)-"$+)*"!+"(>>,0!$>"0!&-(&):"1.,+1.(&)"3)-&!%!J)-"!+"!0"&.)"3,->",3"

+$1)-1.,+1.(&):"1,&(++!$>"3)-&!%!J)-"!+"!0"&.)"3,->",3"1,&(++!$>",4!*):"(0*"%!>)"!+"!0"&.)"3,->",3"

1,A*)-)*"%!>)+&,0);"

L)-&!%!J)-"(0*"%!>)"(11%!2(&!,0"(-)"1)-3,->)*"=F".(0*"!0"($&$>0"=)3,-)"&!%%(/)"5A!&."&.)")42)1&!,0"

&.(&".(%3",3"&.)"0!&-,/)0"3)-&!%!J)-"!+"(11%!)*"!0"&.)"+1-!0/9;"H)-=!2!*)+"(0*",&.)-"1%(0&"1-,&)2&!,0"

>)&.,*+"(-)"(11%!)*",0%F"A.)0"0))*)*;"#-,1"-,&(&!,0".!+&,-F"+!02)"MfDO"!02%$*)*"1,&(&,:"-F):"

A.)(&:"%$1!0:"+$03%,A)-:"/-(++:"=(-%)F:"(0*"&,=(22,:"(0*"+!02)"MffM"&.)"-,&(&!,0".(+"=))0"&-!&!2(%)"

>,0,2$%&$-);"""
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@.)"+,!%"&F1)"!+"(1-/$)<1/"5)107%&$12%7(-,1-%5'"5&(=;"M9"A!&."&.!0"!0&)-+&-(&!3!)*"%(F)-+",3"2,%%,!*"(0*"

+)+Z$!,4!*)"(22$>$%(&!,0".,%*!0/"ME"&,"MUi",3"&.)"&,&(%"2%(F"2,0&)0&;"@.!+"+(0*F"+,!%"!+"1,,-"!0"

.$>$+"5E:W"r"E:Ui9"(0*">(?,-"0$&-!)0&+:"(0*"&.)"1H"A!&.,$&"3)-&!%!J(&!,0"(0*"%!>!0/"!+"C;O"

5>)(+$-)*"!0"a#%9;"@.)"2%!>(&)"!0*!2(&)+")4&-)>)"*-,$/.&"+)0+!&!'!&F"A!&."F)(-%F"MfEE"&,"7EEE;""

+$00F".,$-+;"

"%9:2'6-#$.!4#..,$'!3#'.7!4&#,."

@.)"3!)%*"&-!(%"!0"K$+&-!("A(+"+&(-&)*"!0"MfUU""(0*"!+"1(-&",3"("1-,?)2&"0(>)*"g[>1(2&+",3"*!33)-)0&"

&!%%(/)")41)-!>)0&+",0">,%)2$%(-"2.(-(2&)-!+&!2+",3".$>!2"(2!*+h5@(&J=)-:"G&)>>)-")&"(%;"7EEU9;"

@.-))"&!%%(/)">)&.,*+:">!0!>$>"&!%%(/)"5\@:"A!&."("2$%&!'(&!,0"*)1&.",3"WBU"2>9:"2,0')0&!,0(%"

&!%%(/)"5#@"A!&."("1%,$/.!0/"*)1&.",3"7W"&,"OE"2>9:"(0*"-)*$2)*"&!%%(/)"5S@"A!&."("2$%&!'(&!,0"*)1&."

,3"s"MW"2>9:"(-)"$+)*"!0"&.-))"-)1%!2(&)+")(2."/!'!0/"("&,&(%",3"0!0)"1(-2)%+",3"X7E">7"5M7">"A!*)"

(0*"DE">"%,0/9;"L,-">,-)"*)&(!%+"!02%$*!0/"("+2.)>)",3"&.)"&!%%(/)"3!)%*")41)-!>)0&"(0*"2-,1"

-,&(&!,0".!+&,-F"$0&!%"7EEW:"+))"G1!)/)%"57EEX9;"G$/(-"=))&"A(+"&.)"2$%&!'(&)*"2-,1"!0"&.)"+)(+,0"

=)3,-)"+(>1%!0/;"K%%",3"&.)"0!0)"1(-2)%+"A)-)"+(>1%)*"F!)%*!0/"&.-))"&-)(&>)0&+"A!&."&.-))"&-$)"

3!)%*"-)1%!2(&)+;"""

L)-&!%!J)-"!+"(11%!)*")(-%F"!0"&.)"F)(-"&,"(%%"1(-2)%+:"UE"N/P.("0!&-,/)0"!0"&.)"3,->",3"6K#:"WWN/P.("

1.,+1.(&)"!0"&.)"3,->",3"&-!1%)"1.,+1.(&):"(0*"UE"N/P.("1,&(++!$>"!0"&.)"3,->",3"DEa(%!"

51,&(++!$>",4!*)9;"

@.)"&.-))"&!%%(/)"&-)(&>)0&+".(')"=))0"*)+2-!=)*"!0"*)&(!%"=F"a(0*)%)-")&"(%;"5Mfff9"!0"(0,&.)-"

+&$*Fe""#,0')0&!,0(%"1%,$/.!0/"!+"1)-3,->)*"!0"($&$>0"A.)-)"2-,1"-)+!*$)+"(-)"!02,-1,-(&)*"

A.!%)"&.)"+,!%"!+"&$-0)*",')-;""<$-!0/"2$%&!'(&!,0"$0*)-"-)*$2)*"&!%%(/):"&.)"+,!%"!+"%,,+)0)*"(0*"

>!4)*"=$&"0,&"&$-0)*",')-;""[0"=,&.",3"&.)+)"&-)(&>)0&+:"&.)"+))*"=)*"!+"1-)1(-)*"A!&."("J!/BJ(/"

*-(A".(--,A"(0*"("2-$>=%!0/"-,%%)-"!>>)*!(&)%F"=)3,-)"&.)"+))*"!+"+,A0;""\!0!>$>"&!%%(/)"

1-,2))*+"A!&."("-,&(-F"*-!%%)-"A!&.,$&"(0F"1-)%!>!0(-F"&-)(&>)0&"=)3,-)"+))*!0/;""<$-!0/"&.)"

>!0!>$>"&!%%(/)"&-)(&>)0&:"&.)"+,!%"!+"%,,+)0)*"&,"("*)1&.",3"WBU"2>"(0*"A.!-%)*"$1"!0&,"&.)"(!-:"

3(%%!0/"$1+!*)"*,A0"&,"2,')-"&.)"+))*"(0*"!02,-1,-(&)*"2-,1"-)+!*$)+;"

"

3.2 Sampling method and storage 

@.)"&,1"ME"2>",3"+,!%"A)-)"+(>1%)*"(&")(2."%,2(&!,0"$+!0/"("+,!%"2,-)"+(>1%)-"A!&."("*!(>)&)-",3"(=,$&"O"

2>;"b(2."1%,&"A(+"1-,=)*"7U"&!>)+:"&.)"2,0&)0&+",3"A.!2."A)-)">!4)*"!0"("=$2N)&"&,"F!)%*"("2,>1,+!&)"

+(>1%);"@.)"+(>1%)+:"2,0+!+&!0/",3"7EE"&,"OEE"/-(>+",3"+,!%"A)-)"1%(2)*"!0"cb"1%(+&!2"=(/+:"+.!11)*"&,"

6,-A(F"(0*"+&,-)*"(&"C,#;"@.)"=(/+"A)-)"0,&"2%,+)*"(0*"+&,-)*"&,/)&.)-"A!&.">,!+&"1(1)-"&,A)%+"&,"

1-)')0&"*-F!0/;"K$+&-!(0"+,!%"(&"&.)"L$2.+)0=!/%)"+!&)"A(+"+(>1%)*",0"6,')>=)-"7X:"7EEU"(0*"H$0/(-!(0"

+,!%"(&"&.)"6F!-%$/,+"+!&)"A(+"+(>1%)*",0"<)2)>=)-"W:"7EEU;"_(=,-(&,-F"!02$=(&!,0">)(+$-)>)0&+"A)-)"

2(--!)*",$&"!0"&.)"1)-!,*"\(-2."C&."&,"\(F"M+&",3"7EEf;"
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"

3.3 Measurements 

;1#.!<=!!

G,!%"1H"A(+"*)&)->!0)*"3,%%,A!0/"("1-,&,2,%"3,-"*-!)*".,>,/)0!J)*"+(>1%)+"5c))2.)"MfDW9"A!&."+%!/.&"

>,*!3!2(&!,0+;"K11-,4!>(&)%F"W"/",3"+,!%"5=)&A))0"C"(0*"W"/"*-F"A)!/.&9"A)-)"A)!/.)*"!0&,"+2-)AB&,1"

2,0!2(%"'!(%+"(0*"-)%(&!')"(>,$0&+"5&A!2)"&.)"/"*-F"A)!/.&"!0">%9:"=)&A))0"U"(0*"ME">%",3"E;EM"\"#(#%7"

A)-)"(**)*;""@.)"+(>1%)+"A)-)"+.(N)0"(0*"%)3&",')-0!/.&;""@.)"+(>1%)+"A)-)"+.(N)0"(/(!0",0)".,$-"

=)3,-)"(0*"(/(!0"*!-)2&%F"=)3,-)">)(+$-)>)0&"=F"(0"8S[86">,*)%"GKX7E")%)2&-,*)"1H">)&)-;"

"

>?1&$!9164'64!8',2%&'8'64!

c)-2)0&"+,!%",-/(0!2"2(-=,0"2,0&)0&"A(+"*)&)->!0)*"=F"(0")%)>)0&"(0(%F+)-:"=$-0!0/"+,!%"+(>1%)+"(3&)-"

(2!*!3!2(&!,0"(&"MOEE"&,"MCEE,#:"(0*">)(+$-!0/"#87"A!&."&.)".)%1",3"!03-(B-)*"%!/.&"5(0"[SB2)%%9;"@.)"

!0+&-$>)0&"_)2,"#(-=,0"(0(%FJ)-"b#M7"(0*">)&.,*"*)+2-!=)*"=F"5MfU79"A)-)"$+)*"3,-"&.!+"1$-1,+);""

G,!%"+(>1%)+"A)-)"*-!)*"(&"DW,#"$0&!%"2,0+&(0&"A)!/.&"A(+"(2.!)')*"5(=,$&",0)"A))N9:"+!)')*"A!&."("7"

>>"+!)')"(0*"/-,$0*"$+!0/"("N(,-";"/-!0*)-"&,"(".,>,/)0),$+"1,A*)-;"b(2."+(>1%)"A(+"A)!/.)*",0&,"

("Y.(&>(0"]LPL"3!%&)-",0"("/%(++"3$00)%"5(11-,4!>(&)%F"E;MO"/"3,-"H$0/(-!(0"+,!%+:"(0*"E;E7"/"3,-"

K$+&-!(0"+,!%+9;"@.)"3!%&)-+"(0*"+,!%"+(>1%)+"A)-)"A(+.)*"+!4"&!>)+"A!&."7\"H#%"=F"*-!11!0/"&.)"(2!*",0"

&.)"+(>1%)"$+!0/"("1(+&)$-"1!1)&&):"(0*"(/(!0"+!4"&!>)+"A!&."A(&)-"&,"-)>,')"&-(2)+",3"#%"3-,>"&.)"+,!%"

(0*"3!%&)-+;"`%(0N"3!%&)-+"A!&.,$&"+,!%"A)-)"(%+,"A(+.)*;"@.)"+(>1%)+"A)-)"&.)0"*-!)*"3,-"&A,"*(F+"(&"

DE,#"(0*">)(+$-)*"$+!0/"&.)"_)2,"#(-=,0"(0(%FJ)-"5b#M7:"G&;"n,+)1.:"\!2.!/(0:"^GK9;"@.)"!0+&-$>)0&"

A(+"2(%!=-(&)*"$+!0/"("M"/">)&(%"-!0/"3-,>"_b#8"2,-1,-(&!,0"2,0&(!0!0/"E:UEOi",-/(0!2"2(-=,0:"(0*"&.)"

(>,$0&",3"+(>1%)"A)!/.)*",0&,"&.)"3!%&)-+"A(+"(22,$0&)*"3,-"!0"&.)">)(+$-)*"'(%$)+",3",-/(0!2"2(-=,0"

2,0&)0&"$+!0/"&.)")Z$(&!,0e"

" i"#,-/"T"5MPA)!/.&9q5-)(*!0/",3"+(>1%)"r"-)(*!0/",3"=%(0N9"

"

;1#.!$&,@#8'4&#9!A,4'&!9164'64!

Y(&)-"2,0&)0&"(&"3!)%*"2,0*!&!,0"A(+"2(%2$%(&)*"/-('!>)&-!2(%%F"3-,>"&.)"A)!/.&",3"&.)"+,!%"=)3,-)"(0*"

(3&)-"*-F!0/"(&"MEW,#;"\(++",3"&.)"+,!%"A(&)-"*!'!*)*"=F"&.)"=$%N">(&)-!(%">(++"!+")41-)++)*"=F"&.)"

)Z$(&!,0""

"

@.)"+(>)">)&.,*"A(+"(11%!)*"&,"2(%2$%(&)"A(&)-"2,0&)0&"(3&)-"A(+.!0/"+,!%"+(>1%)+"A!&."("0!&-(&)"

+,%$&!,0"5+))"=)%,A9;"@.)">,!+&$-)"2,0&)0&"A(+"$+)*"3,-"2(%2$%(&!,0+",3"3%(+N".)(*+1(2)"(0*"3,-"

2,--)2&!0/"678"(0*"#87"1-,*$2&!,0"-(&)+"3,-"*!++,%$&!,0"5Y!%.)%>:"`(&&!0,")&"(%;"MfXX9;"
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3.4 Incubation measurements 

a))1!0/"=(+!2"1(-(>)&)-+"+$2."(+"&)>1)-(&$-):"+,!%">,!+&$-):"187"(0*"68O"(0*"2(-=,0"+,$-2)")Z$(%:"

(=+,%$&)"(0*"-)%(&!')"678"1-,*$2&!,0"-(&)+"2(0"=)"2,0+!*)-)*"&,"-)3%)2&"&.)"!0&-!0+!2"1)-3,->(02)",3"&.)"

!0*$2!=%)"*)0!&-!3F!0/"1,1$%(&!,0+"!0"("+,!%"+(>1%);"@.!+"2,02)1&"!+"2,>>,0%F"(11%!)*"A.)0"*)&)->!0!0/"

*)0!&-!3!2(&!,0")0JF>)"(2&!'!&F:"$+!0/"(0,4!2"!02$=(&!,0",3"(/!&(&)*"+,!%"+%$--!)+"A!&."(0*"A!&.,$&"

(2)&F%)0)"5#7H79"A.!2."=%,2N+"&.)"678"-)*$2!0/")0JF>)"5G>!&.:"L!-)+&,0)")&"(%;"MfXU9;"^+!0/"+,!%"+%$--F"

)%!>!0(&)+"+,!%">(&-!4")33)2&+"(0*"*!33$+!,0"2,0+&-(!0&+:"&.$+"&(-/)&!0/"&.)">!2-,=!(%"1,1$%(&!,0+"

!0*)1)0*)0&%F",3"&.)!-".(=!&(&+;"

@.)"+,!%"!02$=(&!,0">)&.,*"$+)*"!0"&.)"1-)+)0&"+&$*F"$+)+"2,(-+)%F".,>,/)0!J)*"+,!%"+(>1%)+"(0*"A!%%"

=)"-)3)--)*"&,"(+"m+,%!*"1.(+)"!02$=(&!,0R;"b')0"&.,$/."&.)",')-(%%"(//-)/(&)"+&-$2&$-)"!+"0,&"

>(!0&(!0)*:"&.!+"(11-,(2."1-)+)-')+"=(+!2">(&-!4")33)2&+"51H:">!2-,=!(%"r">!0)-(%"(++,2!(&!,0+:")&2;9:"

&.$+"(%%,A!0/"&,"+&$*F"*)0!&-!3!)-"2,>>$0!&F"1)-3,->(02)"!0"("+!&)B+1)2!3!2"2,0&)4&;"@,")42%$*)"+$=+&-(&)"

%!>!&(&!,0"A!&."-)+1)2&"&,")%)2&-,0B(22)1&,-+:"+,!%"+(>1%)+"A)-)"+(&$-(&)*"A!&."("68O
B"+,%$&!,0"(0*"

*-(!0)*"&,")Z$(%"+$2&!,0;"@.!+"(%%,A+"*)0!&-!3F!0/"1,1$%(&!,0+"&,"3$02&!,0"(&"&.)!-">(4!>$>"2(1(2!&F:"

=!,B('(!%(=%)"2(-=,0"=)!0/"&.)!-",0%F"%!>!&(&!,0;"K%&)-!0/"&.)"0!&-(&)"2,0&)0&"*,)+"0,&"(33)2&"&.)"

!0&)-1-)&(&!,0",3"&.)"-)+$%&+"-)/(-*!0/"%,0/B&)->")33)2&+",0"*)0&-!3!)-"1,1$%(&!,0+"+!02)"*)0!&-!3!)-"

2,>>$0!&F"+&-$2&$-)"(0*"(=$0*(02)"!+"1-!>(-!%F"2,0&-,%%)*"=F"3(2&,-+",&.)-"&.(0"68O
B"+$11%F"

5Y(%%)0+&)!0:"\F-,%*")&"(%;"7EED9;"

G.,-&B&)->"')-+$+"%,0/B&)->">)(+$-)*"*)0!&-!3!2(&!,0"-(&)+"51.(+)"M"(0*"1.(+)"7:"+))"G>!&."(0*"@!)*?)"

5MfXf99")(2."1-,'!*)"*!33)-)0&"!03,->(&!,0"(=,$&"*)0!&-!3F!0/"=(2&)-!(;"@.)"3!-+&"2(0"=)"-)3)--)*"&,"(+"

*)0!&-!3!2(&!,0")0JF>)"(2&!'!&F"5<bK9"A.!%)"&.)"+)2,0*"!+"2(%%)*"*)0!&-!3!2(&!,0"1,&)0&!(%"5<c9;"@.)"%)0/&."

,3"!02$=(&!,0"!0"&.)"1-)+)0&"+&$*F"A(+"WE"&,"DE".,$-+"A.!2."!+"=)F,0*"<bK">)(+$-)>)0&+:"&.$+"

)+&!>(&!0/"<c"-(&.)-"&.(0"<bK"!0"+,%!*"1.(+)"+,!%;"<c"A(+")+&!>(&)*"3-,>"&.)"%!0)(-"1,-&!,0",3"&.)"

67Q678"(22$>$%(&!,0"2$-')"5(=,$&"7E".,$-+"(3&)-"&.)",0+)&",3",4F/)0"*)1%)&!,09"!0"&.)"1-)+)02)",3"

(2)&F%)0);"

@A,"&F1)+",3"!02$=(&!,0")41)-!>)0&+"A)-)"1)-3,->)*;"L!-+&:"&.)"+,!%"+(>1%)+"A)-)"!02$=(&)*"!0"("H)"

(&>,+1.)-)"A!&."(11-,4!>(&)%F"W"1)-2)0&",4F/)0"&,"*)&)->!0)">!2-,=!(%"-)+1!-(&!,0"52,0+$>1&!,0",3"

,4F/)0"(0*"1-,*$2&!,0",3"2(-=,0"*!,4!*)9"$0*)-",4!2"2,0*!&!,0+;"@.)-)(3&)-:"&.)"!02$=(&!,0"=,&&%)+"A)-)"

H)BA(+.)*"(0*"!02$=(&)*"!0"&.)"(=+)02)",3",4F/)0"3,-">)(+$-!0/"*)0!&-!3!2(&!,0;"

c-)B&-)(&>)0&",3"+,!%e"6!&-(&)"A(+.!0/"

[0",-*)-"&,")%!>!0(&)"*!33)-)02)+"!0"6B,4!*)"('(!%(=!%!&F:"(%%"+,!%"+(>1%)+"A)-)"A(+.)*"A!&."("7">\"a68O"

+,%$&!,0;"OE"/",3"+,!%"A)-)"1%(2)*",0"]LP#"Y.(&>(0"3!%&)-+"!0"("`$2N0)-"3$00)%:"(0*"68O
B"+,%$&!,0"A(+"

(**)*"$0&!%"+,!%"+(>1%)+"A)-)"!>>)-+)*;"@.)-)(3&)-:"&.)"+(>1%)+"A)-)"*-(!0)*")Z$(%%F"=F"(11%F!0/"

'(2$$>;"@.!+"1-,2)++"A(+"-)1)(&)*"&.-))"&!>)+"A!&."&.)"'(2$$>"%)3&",0"3,-"("3!0(%"*-F!0/",3"&.)"+,!%"&,"

0)(-"3!)%*B2(1(2!&F;"

"
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c-)B&-)(&>)0&",3"+,!%e"H)%!$>"A(+.!0/"

K3&)-"68O
B"A(+.!0/"(0*"*-F!0/:"(11-,4!>(&)%F"MW"/",3"&.)"+(>1%)+"A)-)"&-(0+3)--)*"&,"M7E">%"+)-$>"

=,&&%)+"(0*"2-!>1B+)(%)*"A!&."=$&F%"+)1&(;"c-!,-"&,"!02$=(&!,0:"&.)"=,&&%)"(&>,+1.)-)"A(+"H)BA(+.)*"&,"

-)>,')"(%%"/(+)+;"@.!+"A(+"(2.!)')*"=F"-)1)(&)*"2F2%)+",3")'(2$(&!,0"(0*"H)B3!%%!0/"=F">)(0+",3"(0"

($&,>(&)*">(0!3,%*"5\,%+&(*:"<,-+2.")&"(%;"7EEX9;"@.)",')-1-)++$-)"3-,>"&.)"%(+&"H)B3!%%!0/"A(+"

-)%)(+)*",02)"&.)"3%(+N+".(*")Z$!%!=-(&)*"&,"MW,#"!0"&.)"A(&)-"=(&."$+!0/"("+F-!0/)"A!&.,$&"1%$0/)-"3!%%)*"

A!&."+,>)">%",3"A(&)-;""

c-)B&-)(&>)0&",3"+,!%e"K**!&!,0",3"87"(0*"(2)&F%)0)"

<)+1!&)"&.)"-)1,-&)*"(=!%!&F",3"&.)"!02$=(&!,0"+F+&)>"&,"Z$(0&!3F"67"1-,*$2&!,0"*!-)2&%F:"(2)&F%)0)"

=%,2N(/)"A(+"$+)*"&,">)(+$-)"&,&(%"*)0!&-!3!2(&!,0"5678"(0*"679;"K"1-)%!>!0(-F"+&$*F"1)-3,->)*",0"+,!%"

+%$--!)+"(0*"+,%!*"1.(+)"+,!%"3-,>"+,>)",3"&.)"+(>1%)+"-)')(%)*"&.(&">)(+$-)*"67"1-,*$2&!,0"*!*"0,&"

2,--)%(&)"A!&."67"1-,*$2&!,0"2(%2$%(&)*"3-,>"&.)"(2)&F%)0)"=%,2N(/)"&)2.0!Z$):"+$//)+&!0/"&.(&"

(&>,+1.)-!2"67"2,$%*"0,&"2,>1%)&)%F"=)"-)>,')*"3-,>"&.)"+,!%+"=F"H)BA(+.!0/;"G,!%"+(>1%)+"A)-)"

&.)-)3,-)"!02$=(&)*"!0"*$1%!2(&)"3%(+N+"&,"A.!2."(2)&F%)0)"5ME">%",3"#7H7"/(+"(&"M"(&>9"A(+"(**)*"&,",0)"

,3"&.)"*$1%!2(&)+;"K2)&F%)0)"A(+"/)0)-(&)*"3-)+.%F"=F"(**!0/"<["A(&)-"&,"/-(!0+",3"UEi"2(%2!$>2(-=!*)"!0"

)'(2$(&)*"3%(+N+;"

@,"(++)++"-)+1!-(&!,0"(2&!'!&F:"87")Z$!'(%)0&"&,"W"',%i",3"=,&&%)".)(*+1(2)"A(+"(**)*"*$-!0/"("3!-+&"-,$0*"

,3"!02$=(&!,0;"W"',%i"87"-(&.)-"&.(0"(&>,+1.)-!2"87"2,02)0&-(&!,0"57M"',%i9"A(+"2.,+)0"&,"3(2!%!&(&)"&.)"

*)&)2&!,0",3"87"$1&(N)"51(-&!2$%(-%F"!0"&.)"(2!*"H$0/(-!(0"+,!%+"A!&."%!&&%)">!2-,=!(%"(2&!'!&F9"A.!%)"

+!>$%&(0),$+%F")0+$-!0/",4!2"2,0*!&!,0+"*$-!0/"("+.,-&"&)->"!02$=(&!,0"5(-,$0*"7E".-+9;"b+&!>(&!,0",3"

-)+1!-(&!,0"=F"87"$1&(N)"A(+"0)2)++(-F"=)2($+)"=!2(-=,0(&)B)Z$!%!=-!("!0"%!>!0/B&-)(&>)0&+"(0*"0)$&-(%"

+,!%+"(-)"*!33!2$%&"&,"2(%2$%(&)"!0"+,%!*"1.(+):"&.$+"1-)')0&!0/"-)+1!-(&!,0">)(+$-)>)0&+"=F"#87"

(22$>$%(&!,0;"

[0+&-$>)0&(&!,0e"]#"(0*"K$&,+(>1%)-"

@,"(++)++"*)0!&-!3!)-"1)-3,->(02)"!0"&.)"+,!%"+(>1%)+:"&.)"($&,>(&)*"!02$=(&!,0"+F+&)>"*)+2-!=)*"=F"

\,%+&(*")&"(%;"57EEX9"A(+"$+)*e"`-!)3%F:""(22$>$%(&!,0"N!0)&!2+",3"87:"#87:"67:"(0*"678"A)-)",=+)-')*"

+)>!B2,0&!0$,$+%F"!0"7M"1(-(%%)%"=,&&%)+"$+!0/"&.)"-,=,&!2"(->",3"(0"($&,+(>1%)-"5]!%+,0"\,*)%"777l"

]!%+,0:"%)`)%:"L-(02)9"2,$1%)*"&,"("/(+"2.-,>(&,/-(1.;"



Mf"

"

"

5\,%+&(*:"<,-+2.")&"(%;"7EEX9"

6,&)e"&.)"68"(0(%FJ)-"A(+"0,&"$+)*"*$-!0/"&.)+)")41)-!>)0&+"

"#$%&'!Be"c(-&!(%"*!(/-(>",3"($&,+(>1%)-"(0*"/(+"2.-,>(&,/-(1."

K$&,>(&!2"+(>1%!0/"=F"-,&(-F"1)-!+&(%&!2"1$>1"5]!%+,0"\!0!1$%+"O9"A(+"1-,/-(>>)*"3,-"$1"&,"DE".,$-+"

(&"O".,$-"!0&)-'(%+"=F"("]!%+,0"\,*)%"777"5]!%+,0:"%)`)%:"L-(02)9;"L,-".)(*+1(2)"(0(%F+!+:"&.)"($&,B

+(>1%)-"1!)-2)+"&.)"=,&&%)"+)1&$>"A!&."("+>(%%"*!(>)&)-"+&))%"0))*%)"5E;CtCE">>"57XDtMMP79:"`-($0:"

`-($0B\)%+$0/)0"])->(0F9"5L!/;"C9"2,$1%)*"&,"("/(+"%!0);"c!)-2!0/"!+"-(0*,>!J)*"A!&.!0"("1-)B*)3!0)*"

-(*!$+"5E;X">>"!0"&.!+"2(+)9"&,"(',!*"&.(&"&.)"0))*%)"1!)-2)*"&.)"+)1&("(&"&.)"+(>)"+1,&"A.!2."2,$%*"

2($+)"%)(N(/);"K3&)-"1$>1!0/"$1"(11-,4!>(&)%F"E;Di",3".)(*+1(2)"/(+:"&.)"1$>1"!+"-)&$-0)*"

($&,>(&!2(%%F"(0*"-)&$-0+"(0")Z$(%"',%$>)",3".)%!$>"&,"&.)"3%(+N+"!0",-*)-"&,">(!0&(!0"(&>,+1.)-!2"

1-)++$-);"@.)"-)+$%&!0/"*!%$&!,0"(0*"*!++,%$&!,0",3"/(+)+"!0"+,!%"A(&)-"(-)"(22,$0&)*"3,-"A.)0"2(%2$%(&!0/"

1-,*$2&!,0"-(&)+"3-,>"&.)"(22$>$%(&!,0"N!0)&!2+"5\,%+&(*:"<,-+2.")&"(%;"7EEX9;""G(>1%)"*!%$&!,0"(0*"

%)(N(/)",22$--!0/"&.-,$/.,$&"&.)"!02$=(&!,0"!+")'(%$(&)*"3-,>"=%(0N"(0*"+&(0*(-*"=,&&%)+"!02%$*)*"!0"

&.)")41)-!>)0&;"

<)0!&-!3!2(&!,0"1-,*$2&"-(&!,"

@.)"1-,*$2&"-(&!,",3"*)0!&-!3!2(&!,0"2(0"=)")41-)++)*"(+"&.)"-(&!,",3"678"0)&"1-,*$2&!,0"&,"&,&(%"

*)0!&-!3!2(&!,0"5678P567Q67899"(0*"!+")41-)++)*"(+"("1)-2)0&(/)"!0"&.!+"+&$*F;"@.-,$/."$&!%!J!0/"&.)"

(2)&F%)0)"!0.!=!&!,0">)&.,*:"&.!+"-(&!,"!+"3,$0*"=F"*!'!*!0/"&.)"(>,$0&",3"678"(22$>$%(&)*"&5,;%6,"

(2)&F%)0)"A!&."&.)"(>,$0&",3"678"(22$>$%(&)*"&5,;"(2)&F%)0)"(&"'(-!,$+"&!>)"+&)1+;"@.!+">)(0+"&.(&"

&.)"*)0!&-!3!2(&!,0"-(&!,"2(0"=)"2(%2$%(&)*"3,-"*!33)-)0&"1.(+)+",3"&.)"!02$=(&!,0:"&.$+"&(N!0/"(22,$0&"3,-"
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!&+"*F0(>!2"0(&$-)"2($+)*"=F"*)%(F+"5%(/+9"!0"*)0!&-!3!2(&!,0")0JF>)"!0*$2&!,0"(3&)-"&.)",0+)&",3"

(0()-,=!,+!+;"[0"&.)"1-)+)0&"+&$*F:"-(&!,+",=&(!0)*"ME".,$-+"(0*"CE".,$-+"(3&)-",0+)&",3"(0,4!2"

2,0*!&!,0+"A)-)"3,$0*"&,"=)">,+&"+!/0!3!2(0&"A!&."-)+1)2&"&,"&-)(&>)0&")33)2&+;""

b+&!>(&!,0",3">(4!>!J)*")>!++!,0"1,&)0&!(%""

c,&)0&!(%")>!++!,0"A(+"2(%2$%(&)*"=F">$%&!1%F!0/"&.)"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,"A!&."&.)">)(+$-)*"

1,&)0&!(%"*)0!&-!3!2(&!,0"-(&);"@.)+)"'(%$)+"(-)"0,&"2,>1(-(=%)"&,"3!)%*"'(%$)+"(0*"(-)"-(&.)-")+&!>(&!,0+"

,=&(!0)*"$0*)-",1&!>!J)*"%(=,-(&,-F"2,0*!&!,0+"A!&."3$%%F"(0,4!2"2,0*!&!,0+;"""

"

3.5 Data analysis 

<(&("A)-)"(0(%FJ)*"$+!0/"("+1-)(*+.))&"*)')%,1)*"=F"_(-+"`(NN)0"(0*"2,%%)(/$)+"5S8`8@G8S@9;"^+!0/"

&.!+"+1-)(*+.))&:"-)+1!-(&!,0">)(+$-)>)0&+"=(+)*",0"=,&."#87"1-,*$2&!,0"(0*"87"2,0+$>1&!,0"A)-)"

(*?$+&)*"3,-"1H"(0*"+,!%"A(&)-"2,0&)0&"$+!0/"("2,0+&(0&"3,-"+,%$=!%!&F",3"/(+"!0"%!Z$!*"5Y!%.)%>:"`(&&!0,")&"

(%;"MfXX9;""K**!&,0(%%F:"(%%">)(+$-)>)0&+"A)-)"(*?$+&)*"$+!0/"2(%2$%(&)*"-)+1,0+)"3(2&,-+:"%)(N(/)"

3(2&,-+:"*!%$&!,0"3(2&,-+:"(0*"=!,%,/!2(%"2,0+$>1&!,0",3"/(++)+"*$-!0/"&.)"!02$=(&!,0+;"

@.)"-)+1,0+)"3(2&,-+"3,-"&.)"/(+"2.-,>(&,/-(1."A)-)"3,$0*")>1!-!2(%%F"=F"+(>1%!0/"+&(0*(-*"/(++)+"

A!&."N0,A0"2,02)0&-(&!,0+"5!0"11>9"*$-!0/"("&)+&"-$0;"@.)+)"2,0+&(0&+"A)-)"&.)0"$+)*"3,-"2,0')-&!0/"

1)(N"(-)(+"&,"/(+"2,02)0&-(&!,0+"3,-"&.)"-)+&",3"&.)">)(+$-)>)0&+;"K"2,--)2&!,0"3,-"*!%$&!,0"A(+"(%+,"

2(%2$%(&)*"*$-!0/"&.)"&)+&"-$0"$+!0/"+&(0*(-*+:"-)+$%&!0/"!0"("2,0+&(0&"*!%$&!,0"3(2&,-"A.!2."2,$%*"&.)0"=)"

(*?$+&)*"&,"2.(0/)+"!0"&.)".)(*+1(2)"!0"&.)"3%(+N+"A.)0"'(-F!0/"(>,$0&+",3"+,!%"A)-)"(**)*;"#,--)2&!,0"

3(2&,-+"3,-"%)(N(/)"A)-)"2(%2$%(&)*"+)1(-(&)%F"3,-")(2.")41)-!>)0&"=F"!02%$*!0/"(".)%!$>"+&(0*(-*"!0"

)')-F"-$0;"<!33)-)02)+"=)&A))0"%)(N(/)"-(&)+",3"84F/)0"(0*"6!&-,/)0"2,$%*"=)"$+)*"&,"(++)++"&.)"

0(&$-)",3"&.)"%)(N"=)2($+)"*!33$+!,0"-(&)+"&.-,$/."&.)"-$==)-"+)1&("$+)*"!0"&.)")41)-!>)0&+"*!33)-"3,-"

&.)"&A,"/(++)+;""`(+)*"$1,0"&.!+:",4F/)0"2,0+$>1&!,0"-(&)+"3-,>",0)",3"&.)")41)-!>)0&+"A)-)")42%$*)*"

3-,>"&.)"3!0(%"-)+$%&+"*$)"&,"!--)/$%(-"%)(N(/)"-(&)+;""

"

;4,4#24#9,.!,6,.02#2!

\$%&!'(-!(&)"-)/-)++!,0"(0(%F+!+"$+!0/"&.)"G&(&!+&!2%"K0(%F+!+"GF+&)>"5GKGPG@K@"@bG@9"A(+"1)-3,->)*"3,-"

&.)"*(&("+)&+;"

"  
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4. Results 

 

4.1 Site Effects and Activities 

G,!%+"3-,>"&.)"&A,"+!&)+"*!33)-"/-)(&%F"!0"&.)!-"1.F+!2(%"(0*"2.)>!2(%"1-,1)-&!)+;""@.)"+,!%"3-,>"&.)"

H$0/(-!(0"+!&)"5+))"3)-&!%!J(&!,0"(0*"%!>!0/"-)+$%&+"!0"&(=%)"C9"!+")4&-)>)%F"1,,-"(0*"(2!*!2"51Ha#%"C"&,"C;C"

3,-"1%,&+"A!&.,$&"(**)*"%!>)9"A.!%)"&.)"+,!%"3-,>"&.)"K$+&-!(0"+!&)"5+))"&!%%(/)"-)+$%&+9"!+"0)$&-(%"&,"

+%!/.&%F"=(+!2"51Ha#%"X;X9"A!&.">,-)"0$&-!)0&+"(0*"=)&&)-"+,!%"+&-$2&$-)"5A.!%)".(0*%!0/"&.)"+,!%+"!&"A(+"

0,&!2)*"&.(&"A.!%)"&.)"H$0/(-!(0"+,!%+"A)-)"%!/.&"!0"2,%,-"(0*")(+!%F"3)%%"(1(-&:"&.)"*(-N"K$+&-!(0"+,!%+".(*"

(0"(//-)/(&)*"+&-$2&$-)"A!&."*!33)-)02)+"=)&A))0"&!%%(/)">)&.,*+"$+)*:"&.)">,+&",='!,$+"=)!0/"&.(&"

>!0!>$>"&!%%(/)"+,!%+".(*"%(-/)-"2%$>1+"&.(0"&.)"-)*$2)*",-"2,0')0&!,0(%"&!%%(/)"+,!%+9;"@.)"+,!%+"*!33)-)*"

>(-N)*%F"!0",-/(0!2"2(-=,0"2,0&)0&:"A!&."E;OU"&,"E;X7">/"#,-/"q/
BM"+,!%"3,-"&.)"+(0*F"(2!*!2"H$0/(-!(0"

+,!%+"(0*"=)&A))0"M;O"(0*"7;W">/"#,-/"q/
BM"+,!%"3,-"&.)"K$+&-!(0"+,!%+;"<)+1!&)"&.)+)"*!33)-)02)+".,A)')-:"

(%%"%)')%+",3",4F/)0"2,0+$>1&!,0:"2(-=,0"*!,4!*)"1-,*$2&!,0"(0*">)(+$-)*"1,&)0&!(%"*)0!&-!3!2(&!,0"(-)"

2,>1(-(=%)"3,-"=,&."+,!%+"A!&."&.)")42)1&!,0",3"'(%$)+",=&(!0)*"3,-">!0!>$>"&!%%(/)"A.)-)"'(%$)+"(-)"

.!/.)-;"""

K1(-&"3-,>"&.)",-/(0!2"2(-=,0"2,0&)0&:"%(-/)"*!33)-)02)+"A)-)"+))0"!0"&.)"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,"

,3"&.)"&A,"*!33)-)0&"+,!%+;"G(0*F"+,!%+"3-,>"H$0/(-F"1-,*$2)*"678"(&".!/.)-"-(&!,+"5CEi"&,"MEEi9:"

A.)-)(+"&.)"%,(>F"K$+&-!(0"+,!%+"1-,*$2)*"0!&-,$+",4!*)"(&"-(&!,+"=)&A))0"E"(0*"CEi;"K+"("-)+$%&:"&.)"

)+&!>(&)*")>!++!,0"1,&)0&!(%+"(%+,"/-)(&%F"*!33)-)*"=)&A))0"&.)"&A,"+,!%+:"A!&."!0!&!(%")>!++!,0"1,&)0&!(%"

5(3&)-"ME".-+",3"(0,4!2"!02$=(&!,09"=)!0/"$1"&,"3,$-"&!>)+".!/.)-"3-,>"&.)"H$0/(-!(0"+,!%+"&.(0"3-,>"&.)"

K$+&-!(0;"@.!+"*!33)-)02)"=)2,>)+")')0"/-)(&)-"A.)0"2,0+!*)-!0/"1-,*$2&"-(&!,+",=+)-')*"(3&)-"CE".,$-+"

,3"!02$=(&!,0;
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+,-.'!Be""G,!%"c-,1)-&!)+"(0*"(2&!'!&!)+;""0TO:")42)1&"0T7"A.)-)"q;""L)-&!%!J(&!,0"(0*"%!>!0/"*(&("A(+",=&(!0)*"3-,>"&.)"H$0/(-!(0"%,0/B&)->"3!)%*"

&-!(%:"A.)-)(+"&!%%(/)"*(&("A(+",=&(!0)*"3-,>"&.)"K$+&-!(0"%,0/B&)->"3!)%*"&-!(%;"

"

"

 
Soil Properties 5 to 20 hrs 5 to 35 hrs First 20 hrs incub. At 10 hrs of incub. At 40 hours of incubation 

 
pH SOC O2 consumption * CO2 production potential Denit. product ratio product ratio 

Max. Emission 
potential 

 
in KCl mg C*g

-1
soil nmol O2*g

-1 
soil*h

-1
 nmol CO2*g

-1
soil*h

-1
 nmol N2O*g

-1
soil*h

-1
 N2O/(N2+N2O)*100 N2O/(N2+N2O)*100 nmol N2O*g

-1
soil*h

-1
 

 
  std   std   std   std   std   std   std   std 

fertilization                                 

Control 4,4 0,5 0,43 0,08 115 42 105 22 8,40 1,97 73 16 77 17 6,32 1,39 

N1P1K1 4,1 0,2 0,45 0,06 139 32 108 13 8,53 1,52 79 11 80 7 6,75 0,62 

N2P2K2 4,0 0,3 0,53 0,10 95 19 96 15 7,72 2,01 110 18 106 12 8,02 1,50 

N3P3K3 4,1 0,4 0,63 0,10 111 48 121 6 9,74 1,15 88 9 89 9 8,61 0,64 

liming                                 

N2P2K2 4,0 0,3 0,53 0,10 95 19 96 15 7,72 2,01 110 18 106 12 8,02 1,50 

N2P2K2Ca1 4,8 0,6 0,56 0,08 127 23 133 27 9,40 0,94 83 6 82 5 7,65 0,36 

N2P2K2Ca2 5,3 0,9 0,57 0,15 134 32 150 56 7,65 1,73 83 24 64 22 4,66 0,93 

N2P2K2Ca4 6,2 1,0 0,54 0,08 175 26 169 32 7,63 1,69 71 2 50 10 3,88 1,40 

tillage                                 

Min. Till. 7,64 0,05 2,18 0,28 323 59 166 49 16,96 1,08 16 15 2 2 0,27 0,34 

Conv. Till. 7,73 0,05 1,57 0,19 150 16 71 32 7,98 3,35 25 9 17 14 1,09 0,81 

Red. Till. 7,71 0,04 1,49 0,24 73 28 54 20 6,81 4,56 41 15 17 15 0,95 0,68 
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4.2 Liming Effects 

_!>!0/",3">!0)-(%"3)-&!%!J)*"+,!%"-)+$%&+"!0"("2%)(-"!02-)(+)"!0"1H"3-,>"C"50,"%!>)9"&,"D"5>(4!>$>"%!>!0/"

-(&)"(&"MEEE"N/"#(7#8O"q.(
BMqF-BM9;""S)+1!-(&!,0"A(+"+!/0!3!2(0&%F"!02-)(+)*"&.-,$/."%!>!0/:"=$&"1,&)0&!(%"

*)0!&-!3!2(&!,0"-(&)+"(0*"+,!%",-/(0!2"2(-=,0"2,0&)0&"A)-)"0,&"(33)2&)*;""_!>!0/"+!/0!3!2(0&%F"*)2-)(+)*"

&.)"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,"5L!/;"W9;"[0"2,>1(-!+,0:"1%,&&!0/"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,+",=+)-')*"

(3&)-"ME".,$-+",3"!02$=(&!,0"-)+$%&)*"!0"%,A)-"'(%$)+"3,-"+%,1)"(0*"2,)33!2!)0&",3"'(-!(&!,0"5*(&("0,&"

+.,A0e"+%,1)"T"BM7;U:"S7"T"E;WW9;"

!

"#$%&'!Ce"_!>!0/")33)2&",0"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,;"G.,A0"(-)"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,+"

,=&(!0)*"(3&)-"CE".,$-+",3"(0,4!2"!02$=(&!,0"(+"("3$02&!,0",3"+,!%"1H"!0"!0*!'!*$(%"+(>1%)+"3-,>"

O"%!>!0/"%)')%+"(0*"2,0&-,%;"6,&)"'(%$)+"3,-"1)-2)0&"678"(=,')"MEE"(-)"(0"(-&!3(2&",3"&.)"

2(%2$%(&!,0">)&.,*:"-)+$%&!0/"3-,>"$+!0/"&.)"(2)&F%)0)"!0.!=!&!,0">)&.,*;"

K0"!0')-+)"2,--)%(&!,0"=)&A))0"-)+1!-(&!,0"5#87"1-,*$2&!,09"(0*"1)-2)0&"0!&-,$+",4!*)"A!&."(0"S
7"'(%$)"

,3"E;WM"A(+"(%+,",=+)-')*"5*(&("0,&"+.,A09;"

!

4.3 Fertilization Effects 

_,0/B&)->"3)-&!%!J(&!,0"*!*"0,&"-)+$%&"!0"2,0+!+&)0&"2.(0/)+"!0"1H"!0"&.)"(2!*"H$0/(-!(0"+,!%"5&(=;"C9;"1H"

'(-!(&!,0"A(+">$2."+>(%%)-"(+"2,>1(-)*"A!&."&.)"%!>!0/")41)-!>)0&;"6)')-&.)%)++:"("A)(N"&-)0*"

=)&A))0"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,"(0*"+,!%"1H"2,$%*"(%+,"=)",=+)-')*"!0"&.)"3)-&!%!J(&!,0")41)-!>)0&"

5L!/;"D9;"@.)"+%,1)",3"&.!+"-)%(&!,0"A(+"0,&"+&(&!+&!2(%%F"*!33)-)0&"3-,>"&.)"+%,1)",3"&.)"+(>)"-)%(&!,0+.!1"

,=&(!0)*"3,-"&.)"%!>!0/")41)-!>)0&;"@.)-)"A(+"0,"+!/0!3!2(0&")33)2&",3"3)-&!%!J(&!,0"%)')%",0"*)0!&-!3!2(&!,0"

1,&)0&!(%"5&(=;"C9;"H,A)')-:"!3">$%&!1%!)*"A!&."&.)"1-,*$2&"-(&!,:"&.)")+&!>(&)*")>!++!,0"1,&)0&!(%+"

F"T"BMf:f4"Q"MXX:fX

Su"T"E:UDMO

E

7E

CE

DE

UE

MEE

M7E

MCE

O:E C:E W:E D:E X:E U:E

/
)
D
EF
/
)
G
/
)
D
HI
(
J
J
K
!!
,
4!
B
J
!:
&2

<=L>.

M33'94!13!<=!16!4:'!7'6#4&#3#9,4#16!&,4#1!

67c7a7

67c7a7#(M

67c7a7#(7

67c7a7#(C
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2%)(-%F"!02-)(+)*"A!&."3)-&!%!J(&!,0"%)')%"5&(=;"C9;"@.)"+,!%",-/(0!2"2(-=,0"2,0&)0&"!02-)(+)*"A!&."%,0/B

&)->">!0)-(%"3)-&!%!J)-"(**!&!,0"A.!%)"&.)-)"A(+"0,")33)2&",0"-)+1!-(&!,0"5&(=;"C9;"

" "

L!/$-)"De"L)-&!%!J(&!,0")33)2&",0"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,+;""G.,A0"(-)"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,+"

,=&(!0)*"(3&)-"CE".,$-+",3"(0,4!2"!02$=(&!,0"(+"("3$02&!,0",3"+,!%"1H"!0"!0*!'!*$(%"+(>1%)+"3-,>"O"

3)-&!%!J(&!,0"%)')%+"(0*"2,0&-,%;"

 

4.4 Tillage Effects 

@.)",-/(0!2"2(-=,0"2,0&)0&"!0"&.)"&,1"ME"2)0&!>)&)-+",3"+,!%"+(>1%)*"A(+".!/.)-"!0"&.)">!0!>$>"&!%%(/)"

(+"2,>1(-)*"A!&."2,0')0&!,0(%"(0*"-)*$2)*"&!%%(/)"A.!2.".(*"2,>1(-(=%)",-/(0!2"2(-=,0"2,0&)0&+"5&(=;"

C9;"S)+1!-(&!,0"(0*"1,&)0&!(%"*)0!&-!3!2(&!,0"A)-)".!/.)+&"3,-">!0!>$>"&!%%(/)"5(&"%)(+&"&A!2)"(+".!/."(+"

2,>1(-)*"&,"2,0')0&!,0(%"(0*"&.-))"&!>)+".!/.)-"&.(0"-)*$2)*"&!%%(/)9:"(0*"&.)"*)0!&-!3!2(&!,0"1-,*$2&"

-(&!,"A(+"%,A)+&"3,-">!0!>$>"&!%%(/);"K"1,+!&!')"2,--)%(&!,0"=)&A))0"1)-2)0&",-/(0!2"2(-=,0"!0"&.)"+,!%"

(0*">)(+$-)*"1,&)0&!(%"*)0!&-!3!2(&!,0"A(+"3,$0*"5L!/;"X9;"

F"T"BMU:DCW4"Q"MDD:CO

Su"T"E:7MWM

E

7E

CE

DE

UE

MEE

M7E

MCE

O:W C:E C:W W:E

/
)
D
EF
/
)
G
/
)
D
HI
(
J
J
K
!,
4!
B
J
!:
&2

<=L>.

M33'94!13!<=!16!4:'!7'6#4&#3#9,4#16!&,4#1!

#,0&-,%"50,"

3)-&%!J)-9
6McMaM

67c7a7

6OcOaO
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"

"#$%&'!NO"@!%%(/)")33)2&",0"1,&)0&!(%"*)0!&-!3!2(&!,0;""G.,A0"(-)"1,&)0&!(%"*)0!&-!3!2(&!,0"-(&)+"(+"("

3$02&!,0",3"+,!%",-/(0!2"2(-=,0"2,0&)0&"!0"!0*!'!*$(%"+(>1%)+"3-,>"O"&!%%(/)"&-)(&>)0&+;"

#,0')-+)%F:"&.)"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,"A(+"3,$0*"&,"=)"!0')-+)%F"2,--)%(&)*"&,"+,!%",-/(0!2"2(-=,0"

2,0&)0&"5L!/;"U9;"c%,&&!0/"1-,*$2&"-(&!,"'(%$)+",=&(!0)*"(&"CE".,$-+",3"!02$=(&!,0"(/(!0+&"+,!%",-/(0!2"

2(-=,0"F!)%*)*"("A)(N)-"2,--)%(&!,0"5S7TE;OX9"(0*"%,A)-"+%,1)",3"B7E"50,&"+.,A09;"

"

"

"#$%&'!Pe"@!%%(/)")33)2&",0"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,;"G.,A0"(-)"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,+"

,=+)-')*"(3&)-"ME".,$-+",3"!02$=(&!,0"(+"("3$02&!,0",3"+,!%",-/(0!2"2(-=,0"2,0&)0&"!0"!0*!'!*$(%"+(>1%)+"

3-,>"O"&!%%(/)"&-)(&>)0&+;"
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K+"("-)+$%&",3"&.)"*)1)0*)02F",3"*)0!&-!3!2(&!,0"1,&)0&!(%"(0*"1-,*$2&"-(&!,:"1,&)0&!(%"(0*"1-,*$2&"-(&!,"

=)2,>)">$&$(%%F"*)1)0*)0&:"+.,A!0/"("+&-,0/"0)/(&!')"2,--)%(&!,0e"&.)".!/.)-"&.)"*)0!&-!3!2(&!,0"

1,&)0&!(%"&.)"%,A)-"!&+"1-,*$2&"-(&!,"5L!/;"f9;"K/(!0:"("A)(N)-"-)%(&!,0+.!1"5+%,1)"TBM;X:"S7TE;WU9"A(+"

3,$0*"A.)0"1%,&&!0/"1-,*$2&"-(&!,+",=&(!0)*"(&"CE".,$-+"(/(!0+&"1,&)0&!(%"*)0!&-!3!2(&!,0"50,&"+.,A09;"

"

"#$%&'!RO"<)1)0*)02F",3"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,+",0"1,&)0&!(%"*)0!&-!3!2(&!,0;"G.,A0"(-)"

*)0!&-!3!2(&!,0"1-,*$2&"-(&!,+",=+)-')*"(3&)-"ME".,$-+",3"!02$=(&!,0"(+"("3$02&!,0",3"*)0!&-!3!2(&!,0"

1,&)0&!(%"!0"!0*!'!*$(%"+(>1%)+"3-,>"O"&!%%(/)"&-)(&>)0&+;"
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5. Discussion 

 

5.1 Denitrification and pH 

H!/."'(-!(=!%!&F",3"=$%N"+,!%"1H"A(+"3,$0*"A!&.!0"&-)(&>)0&"/-,$1+"!0"&.)"H$0/(-!(0")41)-!>)0&"5@(=;"C9;"

@.)")41)-!>)0&(%"+)&$1",3"&.)"H$0/(-!(0"3!)%*"&-!(%">(F"=)"-)+1,0+!=%)"3,-"&.!+:"&.)"-)(+,0"=)!0/"&.(&"

&.)"1%,&+"(-)"+>(%%"A!&."(".!/."%!N)%!.,,*",3"2(--F,')-"=)&A))0"&.)"1%,&+"*$-!0/"&!%%(/)",-"&.-,$/."0(&$-(%"

)')0&+"+$2."(+")-,+!,0:"%)(*!0/"&,"("-(0/)",3"1H"'(%$)+"-(&.)-"&.(0"A)%%B2,03!0)*"&-)(&>)0&"2%(++)+;"

G!02)"&.)"-)+$%&!0/"'(-!(&!,0"-)+$%&+"!0"("%,A"+&(&!+&!2(%"1,A)-"(0*">(+N+"&-)(&>)0&")33)2&+:"-)/-)++!,0"

(0(%F+)+"=(+)*",0"!0*!'!*$(%"+,!%"+(>1%)+"A(+"2.,+)0"-(&.)-"&.(0"(0(%F+!+",3"'(-!(02)"$+!0/">)(0"'(%$)+;"

@.!+"(11-,(2."!+"'(%!*"&,")%$2!*(&)"&.)"1-!02!1(%")33)2&+",3"+,!%"1H"(+"(33)2&)*"=F"%!>!0/"(0*"3)-&!%!J(&!,0"

-(&)+"!0"("+(0*F"1,,-"+,!%",0"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,+;""

<)0!&-!3!2(&!,0")33!2!)02F"(0*"&.)"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,"+))>"&,"=)"%(-/)%F"-)/$%(&)*"=F"1H:"("

-)+$%&"&.(&"!+"!0"(22,-*(02)"A!&."1-)'!,$+"+&$*!)+"53,-"-)'!)A"+))"G!>)N"(0*"#,,1)-"57EE799;""Y.)0"

'!)A!0/"&.)"1)-2)0&"678"1-,*$2)*",')-"("%(-/)"1H"-(0/)"(+"-)1-)+)0&)*"=F"&.)"H$0/(-!(0"+,!%+"5L!/;"W9:"

!&+"!0')-+)"-)%(&!,0"&,"1H"!+")>!0)0&;"@.!+">(F"=)"!0&)-1-)&)*"(+"("*!-)2&"1H")33)2&",0"&.)"*)0!&-!3!2(&!,0"

1-,2)++"!&+)%3:"=)2($+)"%!>!0/",3"&.)+)"1,,-"+,!%+"*!*"0,&"-)+$%&"!0"("=$!%*$1",3"G8#"5&(=;"C9"&.(&"2,$%*"

)41%(!0"&.)"-)%(&!,0+.!1"=F"2-)(&!0/"2,0*!&!,0+"+$11,-&!')"&,"("/-)(&)-",-">,-)")33!2!)0&"*)0!&-!3!)-"

2,>>$0!&F;"_,0/B&)->"3)-&!%!J(&!,0",0"&.)",&.)-".(0*"+))>)*"&,"0,&",0%F"(33)2&"+,!%"1H"=$&"+,!%",-/(0!2"

2(-=,0"2,0&)0&"(+"A)%%;"L)-&!%!J(&!,0",3"&.)"+(0*F"+,!%+"-)+$%&)*"!0".!/.)-"2-,1"F!)%*+"(0*"#"-)&$-0+"&,"&.)"

+,!%"A.!%)"/-(*$(%"(2!*!3!2(&!,0"!0.!=!&)*"*)2,>1,+!&!,0"5a(*(-"7EEX9:"%!N)%F")41%(!0!0/"&.)".!/.)-"+,!%"

,-/(0!2"2(-=,0"2,0&)0&"(&".!/."3)-&!%!J(&!,0"-(&)+;"H)-):"2,03,$0*!0/")33)2&+",0"&.)"-)%(&!,0+.!1"=)&A))0"

1H"(0*"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,"2(0"=)")41)2&)*"5L!/;"D9"A.!2."(-)"*!33!2$%&"&,"*!+)0&(0/%);"Y.)0"

1)-3,->!0/"("-)/-)++!,0"(0(%F+!+",3"&.)"%!0)(-"-)%(&!,0+.!1"+.,A0"!0"L!/;"D:"0,"+!/0!3!2(02)"52,>1(-)*"&,"

&.)"0$%%".F1,&.)+!+9"2,$%*"=)"+&(&)*:"A.!%)"&.)"&-)0*"!0"L!/;"W"A(+"+!/0!3!2(0&;"H,A)')-:"3)-&!%!J(&!,0",3"

&.)"+(0*FB(2!*!2"H$0/(-!(0"+,!%"-)+$%&)*"!0"(">$2."+>(%%)-"'(-!(&!,0",3"+,!%"1H"(+"2,>1(-)*"&,"%!>!0/:"

(%+,")41%(!0!0/"A.F"&.)"-)%(&!,0"=)&A))0"1H"(0*"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,"A(+"0,&"+!/0!3!2(0&"3,-"&.!+"

)41)-!>)0&;"[&"A(+"&)+&)*"A.)&.)-"&.)"+>(%%)-"-(0/)",3"1H"'(%$)+"A!&."&.)!-"-)%(&!')%F".!/."*)'!(&!,0"

2,$%*"=)"1,!0&!0/"(&"&.)"+(>)"&-)0*"(+"&.)"&-)0*"=)&A))0"1H"(0*"1-,*$2&"-(&!,"!0"&.)"%!>!0/"1%,&+;"

Y.)0"&)+&!0/"&.)"+%,1)+",3"&.)"&A,"-)/-)++!,0+:"0,"+!/0!3!2(0&"*!33)-)02)"=)&A))0"&.)"&-)0*+"3-,>"&.)"

%!>!0/"(0*"3)-&!%!J(&!,0"*(&("A(+"3,$0*;"@.)-)3,-)"&.)"Z$)+&!,0"(&".(0*"A.)&.)-"("3)-&!%!J(&!,0")33)2&"2(0"

=)"!+,%(&)*"3-,>"&.)"%!>!0/")33)2&"-)>(!0+"$0(0+A)-)*"(0*"2.(0/)+"!0"&.)"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,"

*$)"&,"%,0/B&)->"3)-&!%!J(&!,0"(-)"&.,$/.&"&,"=)")!&.)-"+,%)%F"*$)"&,"1H",-"*$)"&,"2,>=!0)*")33)2&+",3"1H"

(0*",&.)-"3(2&,-+"+$2."(+"+,!%",-/(0!2">(&&)-"&$-0,')-;"

@.)"=)&&)-"2,--)%(&!,0"=)&A))0"1-,*$2&"-(&!,+"(0*"1H"*)&)->!0)*"(&"CE".,$-+"2,>1(-)*"&,"ME".,$-+",3"

!02$=(&!,0"!0"&.)"%!>!0/")41)-!>)0&+"!0*!2(&)+"&.(&"&.)"1H")33)2&",0"&.)"1-,*$2&"-(&!,"*)1)0*+",0"&.)"

*$-(&!,0",3"(0,4!2"2,0*!&!,0+;""8='!,$+%F:"+,!%+"%!>)*"&,"1H"'(%$)+"(=,')"1HTW;E"567c7a7#(7"(0*"

67c7a7#(O9"A)-)"(=%)"&,"!02-)(+)")41-)++!,0",-"3$02&!,0!0/",3"678"-)*$2&(+)"5678S:"&.)")0JF>)"

-)+1,0+!=%)"3,-"-)*$2&!,0",3"678"&,"679"=)&A))0"ME"(0*"CE".,$-+",3"!02$=(&!,0"(+"2(0"=)"+))0"3-,>"

2,>1(-!0/"&.)"ME"(0*"CE".,$-"-(&!,+"!0"&(=;"C;"@.!+"+$//)+&+"&.(&"%!>!0/"(33)2&+"&.)"(=!%!&F"&,")41-)++"
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678S"3,-)>,+&"*$-!0/"%,0/)-"(0,4!2"+1)%%+;"[0&)-)+&!0/%F:"&.)-)"A(+"0,"*!33)-)02)"=)&A))0"&.)"ME"(0*"CE"

.,$-"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,+"!0"&.)"3)-&!%!J(&!,0"1%,&+"5&(=;"C9:"2,03!->!0/"&.(&"&.)"1H".(+"&,"=)"

-(!+)*"(=,')"("2)-&(!0"&.-)+.,%*"&,"(%%,A"3,-")0.(02)*"678S")41-)++!,0"$1,0"1-,%,0/)*"(0()-,=!,+!+;"

H,A)')-:"!&".(+"&,"=)"N)1&"!0">!0*"&.(&"&.!+"3!0*!0/"!+",0%F"'(%!*"3,-"&.)"1,,-"+(0*F"+,!%"+&$*!)*".)-):"!0"

A.!2."%!>!0/".(+"0,&"2.(0/)*"+,!%",-/(0!2">(&&)-"2,0&)0&;"@.!+"-(!+)+"&.)"!0&)-)+&!0/"Z$)+&!,0"A.)&.)-"

&.)"&!>)"*)1)0*)02F"5ME"'+;"CE".-"!02$=(&!,09",3"&.)"1H")33)2&",0"&.)"*)0!&-!3!2(&!,0"1-,*$2&"-(&!,"

*!33)-+"A!&.",&.)-"+,!%"1-,1)-&!)+"+$2."(+"+,!%"&)4&$-)"(0*"+,!%",-/(0!2"2(-=,0"2,0&)0&"5#,-/9;""

_!>!0/",3"1,,-"+(0*F"(2!*!2"+,!%+"(+"-)1-)+)0&)*"=F"&.!+"%,0/B&)->"3!)%*"&-!(%"!0"H$0/(-F"+))>+"&,"=)"("

+$22)++3$%">)(+$-)"3,-"-)*$2!0/"0!&-,$+",4!*)")>!++!,0+l"2(%2$%(&)*">(4!>$>")>!++!,0"1,&)0&!(%+"

+.,A)*"("+!/0!3!2(0&"*)2-)(+)"A!&."!02-)(+!0/"%!>!0/"-(&)"5&(=;"C9:"+$//)+&!0/"("-)*$2&!,0"1,&)0&!(%",3"$1"

&,"WEi;"#,0+!*)-!0/"%!>!0/"-)+$%&)*"!0"(0"!02-)(+)"!0"/-(!0"F!)%*+"2,>1(-)*"&,"0,0B%!>)*"1%,&+"5$1"&,"

7Wi">,-)"/-(!0",=&(!0)*"3-,>"%!>)*"3!)%*+"=)&A))0"Mfff"(0*"7EED:"+))"a(*(-"57EEX99:"("-)*$2&!,0"

1,&)0&!(%"1)-"$0!&"/-(!0"1-,*$2)*"!+")')0"/-)(&)-;"802)"%!>!0/"!+"*!+2,0&!0$)*".,A)')-:"+,!%"1H"2(0"

Z$!2N%F"5!0"(">(&&)-",3"F)(-+9"*-,1"=(2N"&,"!0!&!(%"%)')%+"5#.(0:"#,0F)-+")&"(%;"7EEX9"=)2($+)"%!>!0/"!&+)%3"

*,)+"0,&"=$!%*"&.)"=$33)-!0/"2(1(2!&F",3"&.)"+,!%;"K+"+))0"3-,>"&.)"-)+$%&+:"%!>!0/",3"&.!+"+,!%"(%+,"*!*"0,&"

(!*"!0"!02-)(+!0/"+,!%",-/(0!2">(&&)-"2,0&)0&;"[&"!+",3&)0",=+)-')*"&.(&"%!>!0/"!02-)(+)+"0)&"1-!>(-F"

1-,*$2&!,0"(0*",-/(0!2">(&&)-"!01$&+"&,"&.)"+,!%:"=$&"&.(&"+,!%"-)+1!-(&!,0"!+"(%+,")0.(02)*"(+",=+)-')*"

!0"&.!+"+&$*F;"@.)"!02-)(+)*"+,!%"-)+1!-(&!,0"A,$%*"%)(*"&,"&.)"*)/-(*(&!,0",3",-/(0!2">(&&)-:"1-)')0&!0/"

(0F"=$!%*$1",3"+,!%",-/(0!2">(&&)-"3-,>"!02-)(+)*"1%(0&"=!,>(++"(0*"(++,2!(&)*"-,,&")4$*(&)+;"Y.)&.)-"

("=$!%*$1",3",-/(0!2">(&&)-"(0*"+,!%"=$33)-!0/"2(1(2!&F",22$-+"!+"*)&)->!0)*"=F"&.)"-(&)+",3"=,&."

1-,2)++)+:"(0*"&.)"-(&)+"(-)"$0!Z$)"3,-"*!33)-)0&"+,!%+"(0*"2(00,&"=)"/)0)-(%!J)*;""c$=%!2(&!,0+"-)/(-*!0/"

&.)")33)2&+",3"%!>!0/",0"+,!%",-/(0!2">(&&)-"2,03!->"&.!+"A!&."%(-/)"*!+2-)1(02!)+"!0"-)+$%&+"5#.(0&!/0F"

7EEO9;""Y.!%)"%!>!0/"!+"("Z$!2N"+,%$&!,0"3,-"&-)(&!0/"+,!%"(2!*!&F:"&.)"1-,2)++",3"(2!*!3!2(&!,0"2(0"=)"

(',!*)*",-"-)')-+)*"!0"&.)"%,0/"&)->"$+!0/",&.)-">)&.,*+"=(+)*",0">,-)"!0.)-)0&"(%N(%!J!0/")33)2&+"(+"

*!+2$++)*"%(&)-;"

"

5.2 Tillage and soil organic carbon 

Y.!%)"+,!%+"3-,>"&.)"H$0/(-!(0"%,0/B&)->"3!)%*"&-!(%"'(-!)*"/-)(&%F"!0"1H:"-)')(%!0/"("+&-,0/"*!-)2&")33)2&"

,3"1H",0"*)0!&-!3!2(&!,0"(0*"!&+"1-,*$2&"-(&!,:"+,!%+"3-,>"&.)"K$+&-!(0"%,0/B&)->"&!%%(/)"3!)%*"&-!(%"*!*"0,&"

'(-F"!0"1H;"8')-(%%:"&.)"K$+&-!(0"+,!%+".(*">$2."%,A)-"678"1-,*$2&"-(&!,+"&.(0"&.)"H$0/(-!(0",0)+:"

+$//)+&!0/"&.(&"&.)"*)0!&-!3!)-"2,>>$0!&!)+"3-,>"&.)"&A,"+!&)+"*!33)-)*"3$0*(>)0&(%%F"!0"&.)!-"

1)-3,->(02);"6)(-"0)$&-(%"+,!%+"+))>"&,"+$11,-&".!/.)-">!2-,=!(%"(2&!'!&F"(%&.,$/."(*(1&(&!,0",3"

>!2-,=!(%"/-,A&."&,"1H".(+"=))0"*)>,0+&-(&)*"5`((&."MffD9;"[0"&.)"1-)+)0&"+&$*F:">!2-,=!(%"-)+1!-(&!,0"

-(&)+"*!*"0,&"*!33)-"/-,++%F"=)&A))0"&.)"1,,-"(2!*!2"H$0/(-!(0"+,!%"(0*"&.)"#B-!2."K$+&-!(0"+,!%"A!&."&.)"

)42)1&!,0",3"&.)">!0!>$>"&!%%(/)"+,!%"A.!2.")4.!=!&)*"-,$/.%F"O"&!>)+".!/.)-"87"2,0+$>1&!,0"-(&)+"(+"

2,>1(-)*"&,"&.)",&.)-"+,!%"&-)(&>)0&+;"K1(-&"3-,>">!2-,=!(%"(2&!'!&F:"0)(-"0)$&-(%"2,0*!&!,0+"!0"&.)"

K$+&-!(0"+,!%+"(-)"%!N)%F"&,"+$11,-&"(".!/.)-"3$02&!,0(%">!2-,=!(%"*!')-+!&F"&.(0"A.(&"2(0"=)")41)2&)*"3,-"

&.)"H$0/(-!(0"+,!%+"523;"5L!)-)-"(0*"n(2N+,0"7EED99;"K"%!0N"=)&A))0"3$02&!,0(%"/)0)&!2"*!')-+!&F",3"&.)"

*)0!&-!3!)-"2,>>$0!&F"(0*"!&+"3$02&!,0(%"1)-3,->(02)".(+"=))0"+$//)+&)*"55#('!/)%%!"(0*"S,=)-&+,0"
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7EEM9:5Y(%%)0+&)!0:"\F-,%*")&"(%;"7EED99"(0*">(F"=)"(0")41%(0(&!,0"3,-"&.)".!/.)-"*)0!&-!3!2(&!,0"

)33!2!)02F"!0"&.)"K$+&-!(0"+,!%+"(+"2,>1(-)*"A!&."&.)"H$0/(-!(0"+,!%+;"[0"(**!&!,0:".!/.)-"#"(0*"6"

&$-0,')-"-(&)+"(&"&.)">,-)"3(',-(=%)"1H"!0"&.)"K$+&-!(0"+,!%">(F"%)(*"&,"(".!/.)-")%)2&-,0"1-)++$-)"

A.!2."A,$%*"3(',-"(">,-)"2,>1%)&)"-)*$2&!,0",3")%)2&-,0"(22)1&,-+"+$2."(+"678"5]-(0%!"MffC9;"

v$(0&!3!2(&!,0",3"#"(0*"6"&$-0,')-"A(+"=)F,0*"&.)"+2,1)",3"&.)"1-)+)0&"+&$*F:"(0*"&.)",0%F"1(-(>)&)-"

>)(+$-)*"=)+!*)+"1H"A(+"G8#;""G,!%",-/(0!2"2(-=,0"2,0&)0&",3"&.)"2.)-0,J)>!2"K$+&-!(0"+,!%"A(+"

!0.)-)0&%F"&.-))"&,"3,$-"&!>)+".!/.)-"&.(0"!0"&.)"1,,-"+(0*F"(2!*"H$0/(-!(0"+,!%"(0*"A(+"2%)(-%F"(33)2&)*"

=F"&!%%(/)"1-(2&!2)"5&(=;"C9;"@.)"*!+&-!=$&!,0",3"G8\"(33)2&+"("-(0/)",3",&.)-"+,!%"2.(-(2&)-!+&!2+"+$2."(+"

+,!%"+&-$2&$-):"()-(&!,0:"#b#"(0*",&.)-+:"(%%",3"A.!2."*!-)2&%F",-"!0*!-)2&%F"(33)2&"*)0!&-!3!2(&!,0;"

\)(+$-!0/"678"1-,*$2&!,0"-(&)+"(+"("3$02&!,0",3"&!%%(/)"&.)-)3,-)"2,>1(-)+",')-(%%")33)2&+:"=$&"&.)"

!0.)-)0&"*!33)-)02)"!0"+,!%"+&-(&!3!2(&!,0"=)&A))0"&.)"&!%%(/)"&-)(&>)0&+"(**+"("*!>)0+!,0"A.!2.">(N)+"!&"

*!33!2$%&"&,"2,>1(-)"&.)"&-)(&>)0&+"*!-)2&%F;"K++$>!0/"&.(&">,+&"*)0!&-!3!2(&!,0",22$-+"!0"&.)"$11)->,+&"

+,!%"%(F)-+"A,$%*"?$+&!3F"&.)"+!>1%!3!)*"(11-,(2."&(N)0"!0"&.!+"+&$*F"!0"A.!2."&.)"&,1"&)0"2)0&!>)&)-+",3"

+,!%"A)-)"+(>1%)*"(0*"$+)*"!0"!02$=(&!,0"+&$*!)+;"""
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2(-=,0"2,0&)0&"5L!/$-)+"X"(0*"U9;"`)2($+)"!02-)(+)*"+,!%",-/(0!2"2(-=,0"2,0&)0&"-)*$2)*"&.)"-(&!,",3"
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5.3 Generalizability of results 
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5.4 Denitrification Efficiency  
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3$&$-)"=F"(%%)'!(&!0/"+,!%"(2!*!3!2(&!,0;"""
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5.5 Sustainable management of pH and soil organic matter 

\(0(/)>)0&"1-(2&!2)+"&.(&"*)')%,1"&.)"+,!%R+"=$33)-!0/"2(1(2!&F"(0*"%)(*"&,"&.)"=$!%*$1",3"+,!%",-/(0!2"

>(&&)-"%)(*"&,"!>1-,')*"+,!%"Z$(%!&F",0"&.)"%,0/"&)->;""_!>!0/"(+"("+,%$&!,0"3,-"-)*$2!0/"678")>!++!,0+"

>(F"=)"%!>!&)*"&,"+(0*F"(2!*!2"+,!%+",0%F;"_!>!0/"+,!%+"-!2."!0",-/(0!2">(&&)-">(F"=)">,-)"1-,=%)>(&!2"

=)2($+)"!02-)(+)*">!2-,=!(%"(2&!'!&F"(3&)-"1H"$1B+.!3&">(F"%)(*"&,",')-(%%"%,++",3"+,!%",-/(0!2"2(-=,0"

A.!2."A(+"+.,A0"&,"+$11,-&"*)0!&-!3!2(&!,0")33!2!)02F"!0"&.)"K$+&-!(0"#.)-0,J)>;"G,!%">(0(/)>)0&"

+&-(&)/!)+"!0"/)0)-(%"0))*"&,"=)"2,0+!*)-)*"!0"%!/.&",3"&.)"+,!%"&F1)"(&".(0*;"#.(-2,(%"(>)0*>)0&+"!0"
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