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Abstract 10 

CURS gURZWh SURPRWiRQ XWiOi]iQg eOeYaWed caUbRQ diR[ide cRQceQWUaWiRQV (e[CO2]) Pa\ 11 

be OiPiWed b\ VRiO QXWUieQW aYaiOabiOiW\. AOWhRXgh QXPeURXV VWXdieV haYe VXggeVWed Whe 12 

iPSRUWaQce Rf QiWURgeQ (N) fRU Whe SURPRWiRQ Rf gURZWh XQdeU e[CO2], N UeTXiUePeQW 13 

fRU Pa[iPXP SOaQW gURZWh iV UaUeO\ e[aPiQed. We haYe fRXQd WhaW iQcUeaVe iQ SRWaWR 14 

(SRlaQXP WXbeURVXP L.) biRPaVV deSeQdV RQ ShRVShRUXV (P) aYaiOabiOiW\ XQdeU dRXbOed 15 

[CO2] cRQdiWiRQV. TR addUeVV ZheWheU Whe N UeTXiUePeQW fRU Pa[iPXP gURZWh XQdeU 16 

e[CO2] iV deSeQdeQW RQ P VXSSO\ RU QRW iQ SRWaWReV, Ze TXaQWified SRWaWR gURZWh aQd 17 

ZaWeU cRQVXPSWiRQ iQ UeVSRQVe WR fiYe N VXSSO\ UaWeV aW ORZ P (LP) aQd high P (HP) 18 

cRQdiWiRQV. A SRW e[SeUiPeQW ZaV cRQdXcWed iQ cRQWUROOed-eQYiURQPeQW chaPbeUV ZiWh 19 

aPbieQW CO2 cRQceQWUaWiRQV (a[CO2]) aQd aQ e[CO2] OeYeO Rf dRXbOe a[CO2]. FROiaU 20 

cUiWicaO N cRQceQWUaWiRQ SeU aUea (cUiWicaO [N]aUea), Whe PiQiPXP N UeTXiUePeQW fRU 90% 21 
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Pa[iPXP SOaQW gURZWh, ZaV ViPiOaU (1.43 g N P-2) UegaUdOeVV Rf [CO2] cRQdiWiRQV XQdeU 22 

LP. UQdeU HP, hRZeYeU, Whe cUiWicaO [N]aUea iQcUeaVed XQdeU e[CO2] cRQdiWiRQV (1.65 g 23 

N P-2) cRPSaUed ZiWh a[CO2] cRQdiWiRQV (1.52 g N P-2). WaWeU XVe did QRW chaQge ZiWh 24 

e[CO2] XQdeU HP cRQdiWiRQV, ZheUeaV iW decUeaVed ZiWh e[CO2] XQdeU LP cRQdiWiRQV 25 

deVSiWe Whe iQcUeaVe iQ biRPaVV RZiQg WR higheU ZaWeU-XVe efficieQc\ (WUE). AOWhRXgh 26 

WUE ZiWh e[CO2] RU HP ZaV iQdeSeQdeQW Rf N VXSSO\, biRPaVV iQcUePeQW ZiWh e[CO2] 27 

RU HP deSeQded RQ N VXSSO\. We cRQcOXded WhaW Whe N aQd ZaWeU UeTXiUed b\ SRWaWR 28 

SOaQWV XQdeU e[CO2] ZRXOd be deSeQdeQW RQ P VXSSO\. AOWhRXgh XQdeU HP, e[CO2] 29 

iQcUeaVed N bXW QRW ZaWeU UeTXiUed WR RbWaiQ Pa[iPXP gURZWh dXUiQg Whe eaUO\ gURZWh 30 

VWage, N dePaQd ZaV XQchaQged aQd ZaWeU dePaQd decUeaVed b\ e[CO2] XQdeU LP 31 

cRQdiWiRQV, SURbabO\ RZiQg WR gURZWh OiPiWed b\ P aYaiOabiOiW\.  32 

Keywords 33 

elevated CO2, nitrogen, phosphorus, Solanum tuberosum L., plant growth, water-use 34 

efficiency 35 

1. Introduction 36 

AWPRVSheUic caUbRQ diR[ide cRQceQWUaWiRQ ([CO2]) haV iQcUeaVed WR RYeU 400 SSP aW 37 

SUeVeQW aQd iV SUedicWed WR NeeS UiViQg iQ Whe fXWXUe (IPCC, 2014). RegaUdOeVV Rf gORbaO 38 

ZaUPiQg dXe WR eOeYaWed [CO2] (e[CO2]), e[CO2] caQ efficieQWO\ SURPRWe cURS gURZWh, 39 

NQRZQ aV Whe CO2-feUWiOi]aWiRQ effecW, eVSeciaOO\ iQ C3 SOaQWV (KiPbaOO, 1983; KiPbaOO, 40 

2016). PhRWRV\QWheViV iQ C3 cURSV ZiOO diUecWO\ beQefiW fURP aQ iQcUeaVe iQ aWPRVSheUic 41 

[CO2] becaXVe RXbiVcR acWiYiW\ iV QRW cXUUeQWO\ CO2-VaWXUaWed, WhXV e[CO2] caQ 42 

cRPSeWiWiYeO\ iQhibiW Whe R[\geQaWiRQ UeacWiRQ Rf Whe eQ]\Pe (DUaNe eW aO., 1997; 43 

LePRQQieU aQd AiQVZRUWh, 2018). HRZeYeU, ZheQ cURSV aUe gURZQ XQdeU e[CO2] iQ Whe 44 

ORQg WeUP, dRZQ-UegXOaWiRQ Rf ShRWRV\QWheWic caSaciW\, RU ShRWRV\QWheWic accOiPaWiRQ 45 

WR aQ e[CO2] eQYiURQPeQW iV fUeTXeQWO\ UeSRUWed (AiQVZRUWh aQd LRQg, 2005; RRgeUV 46 

aQd HXPShUieV, 2000; SWiWW aQd KUaSS, 1999), Zhich iQ WXUQ iQhibiWV Whe CO2-47 
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feUWiOi]aWiRQ effecW. DRZQ-UegXOaWiRQ Rf ShRWRV\QWheViV XQdeU e[CO2] iV RfWeQ 48 

aWWUibXWabOe WR iQVXfficieQW ViQN caSaciW\ WR XVe RU VWRUe caUbRh\dUaWeV (LePRQQieU aQd 49 

AiQVZRUWh, 2018). FXUWheU, Whe accXPXOaWiRQ Rf caUbRh\dUaWeV (e.g., VWaUch) iQ VRXUce 50 

OeaYeV cRXOd diUecWO\ Oead WR Whe iQhibiWiRQ Rf ShRWRV\QWheViV (AiQVZRUWh aQd BXVh, 51 

2011; SWiWW, 1991). PRWaWR (SRlaQXP WXbeURVXP L.) iV Whe PRVW iPSRUWaQW QRQ-gUaiQ cURS 52 

iQ Whe ZRUOd (Ra\PXQdR eW aO., 2018). IW haV gUeaW SRWeQWiaO fRU iQcUeaVed gURZWh iQ aQ 53 

e[CO2] eQYiURQPeQW becaXVe Rf iWV OaUge ViQN caSaciW\, Zhich haV geQeUaOO\ beeQ 54 

SURSRVed aV a cUiWicaO facWRU fRU Pa[iPi]iQg SOaQW SURdXcWiRQ XQdeU e[CO2] cRQdiWiRQV 55 

(MaUVchQeU, 1995).  56 

IW haV beeQ fUeTXeQWO\ RbVeUYed WhaW QiWURgeQ (N) deficieQc\ acceOeUaWeV dRZQ-57 

UegXOaWiRQ Rf ShRWRV\QWheViV ZiWh e[CO2] (PeWWeUVVRQ aQd McDRQaOd, 1994; SWiWW aQd 58 

KUaSS, 1999), becaXVe N-deficieQc\ ZiOO OiPiW gURZWh aQd acWiYiW\ Rf ViQN WiVVXeV. 59 

PUeYiRXV VWXdieV VXggeVWed WhaW cURS gURZWh XQdeU e[CO2] cRQdiWiRQV ZaV iQhibiWed b\ 60 

N deficieQc\ (AiQVZRUWh aQd LRQg, 2005; Reich eW aO., 2014). FXUWheUPRUe, ORZ N 61 

VXSSO\ ZaV aOVR UeSRUWed WR acceOeUaWe VeQeVceQce WhaW iV aOVR iQdXced XQdeU e[CO2] 62 

(Ag�eUa aQd de Oa Haba, 2018; AR\aPa eW aO., 2014). TheUefRUe, iQcUeaViQg Whe N VXSSO\ 63 

Pa\ be aQ efficieQW PeaQV WR eQhaQce Pa[iPXP gURZWh iQ aQ e[CO2] eQYiURQPeQW b\ 64 

iQhibiWiQg acceOeUaWed VeQeVceQce. HRZeYeU, deVSiWe Whe facW WhaW WheUe aUe QXPeURXV 65 

VWXdieV RQ SRWaWR UeVSRQVe WR N VXSSO\ (MRNUaQi eW aO., 2018; VRV, 1997; VRV aQd VaQ 66 

deU PXWWeQ, 1998) aQd e[CO2] (FiQQaQ eW aO., 2005; LahiMaQi eW aO., 2018; MigOieWWa eW aO., 67 

1998; SchaSeQdRQN eW aO., 2000), Whe iQWeUacWiRQ beWZeeQ [CO2] aQd N RQ SRWaWR SOaQWV 68 

haV QRW beeQ e[aPiQed. FXUWheUPRUe, hRZ e[CO2] affecWV Whe N UeTXiUePeQW fRU Whe 69 

Pa[iPXP gURZWh iQ SRWaWR SOaQWV iV aOVR XQcOeaU. TR addUeVV Whe iVVXe, Ze XVed cUiWicaO 70 

QiWURgeQ cRQceQWUaWiRQ (cUiWicaO [N]), defiQed aV Whe PiQiPXP [N] Whe cURS UeTXiUeV WR 71 

Ueach 90% Rf iWV Pa[iPXP gURZWh (ChiVhROP eW aO., 1981; CRQUR\, 1992), WR eYaOXaWe 72 

N VWaWXV iQ SOaQWV. CUiWicaO [N] UeSRUWedO\ becaPe ORZeU XQdeU e[CO2] iQ cRWWRQ aQd 73 

ZheaW (RRgeUV eW aO., 1993), Zhich iQdicaWeV WhaW N dePaQd b\ cURS SOaQWV QeedV WR be 74 

UeaVVeVVed fRU UiViQg CO2 cRQceQWUaWiRQV iQ Whe fXWXUe. TheUefRUe, Ze aWWePSWed WR 75 
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TXaQWif\ Whe PiQiPXP N VXSSO\ fRU Whe Pa[iPXP biRPaVV aV ZeOO aV fROiaU cUiWicaO [N] 76 

iQ SRWaWR SOaQWV fRU e[CO2]. 77 

AQRWheU PaMRU facWRU WhaW OiPiWV SOaQW gURZWh iV ZaWeU (PXgQaiUe eW aO., 1999). 78 

TeUUeVWUiaO SOaQWV acTXiUe CO2 aQd ViPXOWaQeRXVO\ ORVe ZaWeU Yia VWRPaWa. SWRPaWaO 79 

cORVXUe iQcUeaVeV ZaWeU-XVe efficieQc\ (WUE) RZiQg WR UedXced ZaWeU ORVV aW Whe 80 

e[SeQVe Rf CO2 acTXiViWiRQ, cRPPRQO\ UeVXOWiQg iQ gURZWh UedXcWiRQ. HRZeYeU, e[CO2] 81 

acWXaOO\ aOORZV iQcUeaVed WUE ZiWhRXW gURZWh UedXcWiRQ, eVSeciaOO\ iQ C3 SOaQWV 82 

(BURXdeU aQd VROeQec, 2008). AQ iPSRUWaQW TXeVWiRQ iV hRZ e[CO2] caQ a൵ecW ZaWeU 83 

dePaQd Rf cURS SOaQWV, aV aSSUR[iPaWeO\ 70% Rf Whe fUeVhZaWeU cRQVXPed gORbaOO\ iV 84 

XVed iQ agUicXOWXUe (COaUNe aQd KiQg, 2004). 85 

OXU SUeYiRXV VWXd\ VhRZed WhaW Pa[iPXP gURZWh Rf SRWaWR SOaQWV cRXOd be eQhaQced 86 

b\ 1.5-fROd XQdeU dRXbOed [CO2] ZiWhRXW addiWiRQaO ZaWeU dePaQd becaXVe Rf higheU 87 

WUE (Yi eW aO., 2019). HRZeYeU, iQcUeaVeV iQ biRPaVV aQd WUE iQ SRWaWR SOaQWV XQdeU 88 

e[CO2] cRQdiWiRQV deSeQd RQ ShRVShRUXV (P) QXWUiWiRQ (Yi eW aO., 2019). AV ShRVShaWe 89 

URcN, fURP Zhich ShRVShaWe feUWiOi]eUV aUe Pade, iV a fiQiWe aQd QRQ-UeQeZabOe UeVRXUce 90 

WhaW Pa\ be e[haXVWed iQ Whe QeaU fXWXUe (VaccaUi, 2009), cURSV Pa\ be gURZQ iQ aQ 91 

e[CO2] aQd P-deficieQW cRQdiWiRQ. TheUefRUe, hRZ e[CO2] aQd P QXWUiWiRQ affecW N aQd 92 

ZaWeU dePaQdV iQ SRWaWR SOaQWV VhRXOd be cOaUified WR PaQage N feUWiOi]eU aQd ZaWeU 93 

VXSSO\ iQ Whe fXWXUe.  94 

IQ Whe SUeVeQW VWXd\, Ze e[aPiQed Whe effecWV Rf [CO2] aQd P VXSSO\ aV ZeOO aV N 95 

VXSSO\ RQ biRPaVV SURdXcWiRQ aQd ZaWeU ecRQRP\ iQ SRWaWR SOaQWV. The aiP Rf WhiV 96 

VWXd\ ZaV WR TXaQWif\ Whe gURZWh UeVSRQVe Rf SRWaWR SOaQWV WR N VXSSO\ XQdeU diffeUeQW 97 

[CO2] cRQdiWiRQV aQd P VXSSO\ UaWeV WR cOaUif\ hRZ PXch N aQd ZaWeU aUe UeTXiUed fRU 98 

Pa[iPXP gURZWh XQdeU each [CO2] cRQdiWiRQ aQd P VXSSO\. The fROORZiQg TXeVWiRQV 99 

ZeUe addUeVVed iQ Whe SUeVeQW UeVeaUch: 1) hRZ PXch N iV UeTXiUed WR achieYe Pa[iPXP 100 

biRPaVV accXPXOaWiRQ iQ SRWaWR SOaQWV, aQd ZheWheU iW iV aOWeUed b\ e[CO2] aQd P 101 

QXWUiWiRQ, aQd 2) hRZ e[CO2] aQd P QXWUiWiRQ affecW ZaWeU cRQVXPSWiRQ b\ SRWaWR SOaQWV 102 

WR Ueach Pa[iPXP biRPaVV XQdeU YaU\iQg N VXSSO\ UaWeV? 103 
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2. Materials and Methods 104 

2.1. Experimental design and growth conditions 105 

A SRW e[SeUiPeQW ZaV caUUied RXW iQ cRQWUROOed-eQYiURQPeQW chaPbeUV (LPH-410 106 

SPC, NiSSRQ MedicaO & ChePicaO IQVWUXPeQWV CR., LWd., JaSaQ) ZiWh Whe fROORZiQg 107 

cRQdiWiRQV VeWWiQgV: OighW iQWeQViW\, 400 �PRO P-2 V-1; UeOaWiYe hXPidiW\, 60 %; 108 

WePSeUaWXUe, 25 aQd 17 �C, da\ aQd QighW, UeVSecWiYeO\; aQd ShRWRSeUiRd, 14 aQd 10 h, 109 

da\ aQd QighW, UeVSecWiYeO\. The CO2 cRQceQWUaWiRQV ZeUe cRQWUROOed aW aSSUR[iPaWeO\ 110 

400 SSP fRU a[CO2] aQd 800 SSP fRU e[CO2]. The SOaQWV aQd CO2 cRQceQWUaWiRQV ZeUe 111 

VZiWched ZeeNO\ beWZeeQ Whe WZR chaPbeUV WR PiQiPi]e aQ\ SRWeQWiaO chaPbeU effecWV. 112 

A CO2 UecRUdeU (TR-76Ui, T&D IQc., JaSaQ) ZaV SOaced iQVide each chaPbeU WR PRQiWRU 113 

SUacWicaO cRQdiWiRQV ([CO2], WePSeUaWXUe, aQd UeOaWiYe hXPidiW\) iQ Whe chaPbeUV eYeU\ 114 

5 PiQ (Supplementary Figure S1).  115 

NaWXUaOO\ VSURXWed SRWaWR WXbeUV (µIUiVh CRbbOeU¶) ZeUe WUaQVSOaQWed iQWR 1-L SRWV 116 

(diaPeWeU, 11.3 cP; deSWh, 14 cP; RQe SOaQW SeU SRW) fiOOed ZiWh 580 g Rf dU\ aQdRVRO. 117 

BefRUe WUaQVSOaQWiQg, SRWaVViXP (1.6 g K2O Ng-1 dU\ VRiO) ZaV XQifRUPO\ Pi[ed ZiWh Whe 118 

VRiO iQ Whe fRUP Rf SRWaVViXP chORUide (60.0 % K2O). CaOciXP VXSeUShRVShaWe (17.5% 119 

P2O5) ZaV XQifRUPO\ Pi[ed ZiWh Whe VRiO WR cRQWURO ShRVShRUXV UaWeV aW 0.3 (ORZ 120 

ShRVShRUXV, LP) aQd 3 (high ShRVShRUXV, HP) g P Ng-1 dU\ VRiO. UUea (46.0 % N) ZaV 121 

XQifRUPO\ Pi[ed ZiWh Whe VRiO WR cRQWURO N VXSSO\ UaWeV aW 0, 0.2, 0.4, 0.8, RU 1.6 g N Ng-122 

1 Rf dU\ VRiO (heUeafWeU, WheVe WUeaWPeQWV aUe deVigQaWed aV N0, N0.2, N0.4, N0.8, aQd 123 

N1.6, UeVSecWiYeO\). SRiO ZaWeU cRQdiWiRQ ZaV NeSW aW aSSUR[iPaWeO\ 80 % (Z/Z) b\ 124 

ZeighiQg SRWV aQd VXSSOePeQWiQg ZaWeU. The e[SeUiPeQW ZaV RUgaQi]ed fROORZiQg a 125 

facWRUiaO deVigQ (WZR CO2 cRQceQWUaWiRQV î WZR P VXSSO\ UaWeV î fiYe N VXSSO\ UaWeV) 126 

ZiWh fRXU biRORgicaO UeSOicaWeV.  127 

2.2. Measurement of water use 128 
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A WUaQVSaUeQW SOaVWic fiOP ZaV XVed WR cRYeU each SRW WR SUeYeQW ZaWeU ORVV WhURXgh 129 

VRiO eYaSRUaWiRQ. BecaXVe Whe SRWV XVed had QR hROeV iQ Whe bRWWRP, OeachiQg ZaV QRW 130 

cRQVideUed. We Zeighed Whe SRWV aW Whe da\ Rf SOaQWiQg aQd WheQ fURP 8 da\V afWeU 131 

SOaQWiQg, Zeighed eYeU\ 2-3 da\V XQWiO 15 da\V afWeU WUaQVSOaQWiQg aQd WheQ eYeU\ da\, 132 

befRUe ZaWeUiQg, XQWiO haUYeVW. A decUeaVe iQ SRW ZeighW ZaV UegaUded aV ZaWeU 133 

cRQVXPSWiRQ WhURXgh WUaQVSiUaWiRQ, aQd Whe aPRXQW Rf ZaWeU ORVV b\ WUaQVSiUaWiRQ ZaV 134 

SURYided WR each SRW. CRQVideUiQg SOaQW NeeS gURZiQg aORQg ZiWh Whe WiPe, e[WUa ZaWeU 135 

ZaV SURYided WR NeeS VRiO ZaWeU cRQdiWiRQ aW abRXW 80% (Z/Z) b\ eVWiPaWiQg Whe SOaQW 136 

ZeighW accRUdiQg WR ZaWeU-XVe efficieQc\ iQ SRWaWR SOaQWV e[aPiQed iQ RXU SUeYiRXV 137 

VWXd\ (Yi et al., 2019). The SRW ZeighW aQd Whe aPRXQW Rf ZaWeU giYeQ WR each SRW ZeUe 138 

UecRUded WhURXghRXW Whe gURZWh SeUiRd. WaWeU XVe dXUiQg Whe gURZWh SeUiRd ZaV 139 

caOcXOaWed fURP cXPXOaWiYe WUaQVSiUaWiRQ. WUE ZaV caOcXOaWed aV WRWaO SOaQW 140 

biRPaVV/ZaWeU XVe accRUdiQg WR JRnes (2004). 141 

2.3. Stomatal conductance and stomatal density 142 

OQe da\ befRUe haUYeVW, VWRPaWaO cRQdXcWaQce Rf Whe \RXQgeVW fXOO\ e[SaQded Oeaf 143 

ZaV PeaVXUed RQ Whe ada[iaO VXUface beWZeeQ 8:00 aQd 12:00 iQ Whe PRUQiQg ZiWh a Oeaf 144 

SRURPeWeU (SC-1, DecagRQ DeYiceV IQc., USA). IPPediaWeO\ afWeU Whe PeaVXUePeQW Rf 145 

VWRPaWaO cRQdXcWaQce, Whe VaPe OeaYeV ZeUe cRaWed ZiWh QaiO SROiVh; Qe[W, iPSUiQWV ZeUe 146 

WaNeQ fURP each Oeaf aQd PRXQWed RQ a gOaVV PicURVcRSe VOide WR cRXQW Whe QXPbeU Rf 147 

VWRPaWa XQdeU Whe PicURVcRSe (SZ61, OLYMPUS CR., TRN\R, JaSaQ). OQe iPSUiQW ZaV 148 

WaNeQ iQ each SOaQW. FiYe RbVeUYaWiRQV Rf each iPSUiQW ZeUe UaQdRPO\ VeOecWed WR cRXQW 149 

Whe QXPbeU Rf VWRPaWa; WhXV, daWa SUeVeQWed aUe PeaQV Rf fiYe iQdiYidXaO PeaVXUePeQWV 150 

SeU Oeaf.  151 

2.4. Harvest and sampling 152 

AOO SOaQWV ZeUe haUYeVWed 33 da\V afWeU WUaQVSOaQWiQg. BefRUe haUYeVW, Whe \RXQgeVW 153 

fXOO\ e[SaQded Oeaf ZaV VaPSOed, beWZeeQ 8:00 aQd 10:00 iQ Whe PRUQiQg, fURP each 154 
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SOaQW fRU VWaUch TXaQWificaWiRQ. SaPSOed OeaYeV ZeUe iPPediaWeO\ fUR]eQ iQ OiTXid N. 155 

AfWeU Oeaf aUea ZaV aQaO\]ed, Whe VaPSOeV ZeUe dUied fRU VWaUch aQaO\ViV. AW haUYeVW, Whe 156 

UePaiQiQg OeaYeV, VWePV, URRWV, aQd WXbeUV ZeUe VeSaUaWed aQd dUied iQ aQ RYeQ aW 80 �C 157 

WR a cRQVWaQW PaVV fRU dU\ ZeighW deWeUPiQaWiRQ. AOO VaPSOeV ZeUe WheQ gURXQd WR 158 

SRZdeU fRU N TXaQWificaWiRQ. Leaf aUea ZaV aQaO\]ed iQ a fOaWbed VcaQQeU (EPSON 159 

EXPRESSION 10000XL, SeiNR ESVRQ CR., JaSaQ) XViQg VRfWZaUe WiQRHIZO PUR 160 

LA2400 (RegeQW IQVWUXPeQWV IQc., CaQada) befRUe dU\iQg. 161 

2.5. Starch quantification 162 

SWaUch cRQWeQW ZaV deWeUPiQed accRUdiQg WR Ono et al. (1996). SaPSOeV (3-5 Pg each) 163 

Rf PicUR-gURXQd dUied WiVVXe fURP \RXQg OeaYeV ZeUe SOaced iQ 2-PL PicURWXbeV 164 

cRQWaiQiQg 0.75 PL 80 % eWhaQRO aQd heaWed aW 78.5 �C fRU 10 PiQ RQ a heaWiQg bORcN. 165 

The VXSeUQaWaQWV ZeUe WUaQVfeUUed afWeU ceQWUifXgaWiRQ (12,000 îg, URRP WePSeUaWXUe, 166 

10 PiQ) aQd 0.5 PL 80 % eWhaQRO ZaV added iQWR each WXbe WR heaW aW 78.5 �C fRU 10 167 

PiQ RQce agaiQ. AfWeU ceQWUifXgaWiRQ aW 18,000 îg, aW URRP WePSeUaWXUe fRU 10 PiQ, Whe 168 

VXSeUQaWaQWV ZeUe WUaQVfeUUed aQd UeVidXeV cRQWaiQiQg VWaUch ZeUe diVVROYed iQ 400 �L 169 

MiOOi-Q ZaWeU, heaWed aW 98 �C fRU 1 h, aQd WheQ cRROed WR URRP WePSeUaWXUe 170 

(aSSUR[iPaWeO\ 27 �C). AfWeU addiQg 400 �L aP\ORgOXcRVidaVe (70 XQiWV G-171 

AP\ORgOXcRVidaVe/PL 50 PM Na-aceWaWe bXffeU aW SH 4.5), VaPSOeV ZeUe iQcXbaWed aW 172 

55 �C fRU 1 h. AfWeU digeVWiRQ Rf VWaUch WR gOXcRVe, VaPSOeV ZeUe ceQWUifXged aW 18,000 173 

îg, aW URRP WePSeUaWXUe fRU 10 PiQ, aQd Whe VXSeUQaWaQWV ZeUe WheQ aVVa\ed fRU gOXcRVe 174 

XViQg a GOXcRVe CII WeVW NiW (WaNR ChePicaOV, TRN\R, JaSaQ). The aVVa\ UeageQWV ZeUe 175 

Pi[ed iQWR Whe VaPSOeV aQd Whe UeacWiRQ ZaV iQcXbaWed fRU 10 PiQ aW URRP WePSeUaWXUe 176 

befRUe PeaVXUiQg WheiU abVRUSWiRQ aW 505 QP (A505) iQ a PicURSOaWe UeadeU (SXQUiVe 177 

RaiQbRZ TheUPR, TecaQ JaSaQ, CR., LWd., JaSaQ). 178 

2.6. Nitrogen determinations in plant material 179 

ASSUR[iPaWeO\ 1.3-1.7 Pg Rf gURXQd dUied VaPSOeV ZeUe eQcaSVXOaWed iQ 0.15 PO WiQ 180 
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fRiO aQd SURceVVed WhURXgh aQ eOePeQWaO aQaO\]eU (VaUiR EL, EOePeQWaU 181 

AQaO\VeQV\VWePe GPbH, HaQaX, GeUPaQ\).  182 

2.7. Critical nitrogen concentration 183 

SiPSOe UegUeVViRQV ZeUe aQaO\]ed iQ OUigiQ 9.0 (hWWSV://ZZZ.RUigiQOab.cRP) WR 184 

caOcXOaWe cUiWicaO QiWURgeQ cRQceQWUaWiRQ (cUiWicaO [N]) RQ PaVV aQd aUea baViV. CUiWicaO 185 

[N] iV defiQed aV Whe PiQiPXP [N] iQ Whe cURS UeTXiUed WR Ueach 90% Rf Pa[iPXP 186 

gURZWh (Chisholm et al., 1981; Conroy, 1992). CRefficieQWV Rf Whe SRO\QRPiaO eTXaWiRQV 187 

(𝑦 ൌ  𝑎 ൅ 𝑏𝑥 ൅ 𝑐𝑥2) fURP UegUeVViRQ UeOaWiRQV beWZeeQ fROiaU [N] ([) aQd WRWaO biRPaVV 188 

(\) ZeUe XVed WR caOcXOaWe cUiWicaO [N] aV fROORZV, 189 

Critical ሾNሿ ൌ ି௕ + ඥ௕మିሺ4௔௖+9௕మሻ/10
2௖

  190 

2.8. N uptake, N-uptake efficiency and N-utilization efficiency 191 

N XSWaNe ZaV defiQed aV Whe WRWaO N cRQWeQW iQ Whe SOaQW. AccRUdiQg WR Vos (1997), 192 

N-XSWaNe efficieQc\ ZaV caOcXOaWed aV fROORZV, 193 

N-XSWaNe efficieQc\ (%) = (N cRQWeQW iQ N-WUeaWed SOaQW ± N cRQWeQW iQ N0 SOaQW) (g)/ 194 

N VXSSO\ (g).  195 

N-XWiOi]aWiRQ efficieQc\ ZaV caOcXOaWed fROORZiQg Hirose (2011),  196 

N-XWiOi]aWiRQ efficieQc\ (g Pg-1) = TRWaO SOaQW biRPaVV (g) / TRWaO SOaQW N cRQWeQW (Pg). 197 

2.9. Statistical analysis 198 

The e[SeUiPeQW ZaV RUgaQi]ed fROORZiQg a facWRUiaO deVigQ ZiWh WZR CO2 199 

cRQceQWUaWiRQV, WZR P VXSSO\, aQd fiYe N VXSSO\ UaWeV ZiWh fRXU biRORgicaO UeSOicaWeV, 200 

daWa aUe e[SUeVVed aV PeaQ � VWaQdaUd eUURU (S.E.) fRU Whe fRXU biRORgicaO UeSOicaWeV. 201 

DaWa ZeUe aQaO\]ed iQ SPSS 16.0 (SPSS IQc., ChicagR, IL., USA) XViQg WhUee-Za\ 202 

aQaO\ViV Rf YaUiaQce (ANOVA) aW Whe 0.05 SURbabiOiW\ OeYeO (SXSSOePeQWaU\ TabOe S1). 203 

CRQVideUiQg Whe VigQificaQW iQWeUacWiRQV beWZeeQ CO2 cRQceQWUaWiRQ aQd P VXSSO\ UaWe 204 

fURP VRPe Rf Whe PaiQ PeaVXUed iWePV, a WZR-Za\ ANOVA ZaV XVed WR aQaO\]e Whe 205 

http://www.baidu.com/link?url=eMhCo73T8D1C5rCS-KbVKoHxFBpwfXPq29Y5rHFaduYG6ZKGjIzzfaGt7rG4M7PXWqaTk8nzsqdUmp733VCnxhnEGXRBOedlXWc9dmXRlHu
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iQWeUacWiRQ beWZeeQ CO2 cRQceQWUaWiRQ aQd N VXSSO\ UaWe aW each P VXSSO\ UaWe. 206 

3. Results 207 

3.1. Plant growth and biomass 208 

BaVed RQ Whe aSSeaUaQce, eVSeciaOO\ Oeaf cRORU, SOaQW gURZWh ZaV VigQificaQWO\ 209 

affecWed b\ N VXSSO\, aQd iW aOVR aSSeaUed WR be VRPeZhaW affecWed b\ bRWh [CO2] OeYeO 210 

aQd P VXSSO\ (FigXUe 1). IW VhRXOd be QRWed WhaW aW eaUOieU gURZWh VWageV, VaOiQiW\ VWUeVV 211 

ZaV RbVeUYed XQdeU high N VXSSO\ UaWeV, eVSeciaOO\ XQdeU LP cRQdiWiRQV 212 

(SXSSOePeQWaU\ FigXUe S2). 213 

)LJXUH 1 ASSeaUaQce Rf SRWaWR SOaQWV aW haUYeVW (33 da\V afWeU WUaQVSOaQWiQg). 214 

WiWh e[CO2], iQcUeaVed biRPaVV Rf OeaYeV, VWePV, URRWV, aQd WXbeUV RccXUUed aW each 215 

N VXSSO\ UaWe XQdeU HP, ZheUeaV e[CO2] iQcUeaVed biRPaVV RQO\ iQ OeaYeV (P < 0.001) 216 

aQd VWePV (P = 0.009) XQdeU LP ZheUe cOeaU iQcUeaVeV ZeUe RbVeUYed RQO\ aW VRPe 217 

ceUWaiQ N VXSSO\ UaWeV (N0.4 aQd N0.8) (FigXUe 2). DeVSiWe Whe higheU WXbeU biRPaVV 218 

XQdeU e[CO2] cRPSaUiQg ZiWh a[CO2] aW high N VXSSO\ (N0.8 aQd N1.6) XQdeU LP, 219 

effecWV Rf e[CO2] RQ WXbeU biRPaVV ZaV QRW VigQificaQW (P = 0.115) (FigXUe 2G). BiRPaVV 220 

Rf OeaYeV, VWePV, URRWV, aQd WRWaO SOaQW iQcUeaVed ZiWh iQcUeaVeV iQ N VXSSO\ WR a ceUWaiQ 221 

UaQge aQd WheQ decUeaVed, eVSeciaOO\ XQdeU LP (FigXUe 2). TXbeU biRPaVV decUeaVed 222 

ZiWh Whe iQcUeaVeV iQ N VXSSO\ (FigXUe 2G aQd 2H). FXUWheUPRUe, Whe Pa[iPXP SOaQW 223 

gURZWh XQdeU diffeUeQW P VXSSO\ UaWeV ZeUe RbWaiQed aW diffeUeQW N VXSSO\ UaWeV (FigXUe 224 
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2I aQd 2J). Ma[iPXP biRPaVV ZaV achieYed aW N0.4 iQ LP XQdeU bRWh [CO2] cRQdiWiRQV, 225 

ZheUeaV iW ZaV achieYed aW N0.8 aQd N1.6 XQdeU a[CO2] aQd e[CO2], UeVSecWiYeO\, iQ 226 

HP. 227 

)LJXUH 2 BiRPaVV Rf VeYeUaO RUgaQV Rf SRWaWR SOaQWV gURZQ XQdeU a[CO2] (395 � 4 SSP) 228 

aQd e[CO2] (802 � 3 SSP) ZiWh diffeUeQW N VXSSO\ UaWeV (0, 0.2, 0.4, 0.8, aQd 1.6 g N 229 

Ng-1 VRiO) aW WZR P VXSSO\ UaWeV (0.3 aQd 3 g P Ng-1 VRiO). DaWa iQ each SORW aUe PeaQV � 230 

S.E. (Q = 4 biRORgicaO UeSOicaWeV fRU each WUeaWPeQW). SWaWiVWicaO cRPSaUiVRQV (WZR-Za\ 231 

ANOVA) beWZeeQ CO2 cRQceQWUaWiRQV aQd N VXSSO\ UaWeV aV ZeOO aV WheiU iQWeUacWiRQ 232 

(CO2 î N) aUe SUeVeQWed. (A) (B) Leaf biRPaVV; (C) (') VWeP biRPaVV; (() ()) URRW 233 

biRPaVV; (*) (+) WXbeU biRPaVV; aQd (,) (-) WRWaO SOaQW biRPaVV.  234 
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3.2. Biomass partitioning 235 

UQdeU LP, e[CO2] did QRW aOWeU WXbeU SURSRUWiRQ, hRZeYeU, XQdeU HP WheUe ZeUe 236 

iQcUeaVed biRPaVV aOORcaWiRQ WR Whe WXbeU (FigXUe 3). TR Whe cRQWUaU\, high N VXSSO\ 237 

decUeaVed biRPaVV aOORcaWiRQ WR WXbeU XQdeU bRWh [CO2] aQd P VXSSO\ UaWeV (FigXUe 3). 238 

CRPSaUed ZiWh LP, HP decUeaVed WXbeU SURSRUWiRQ XQdeU bRWh [CO2] cRQdiWiRQV, 239 

eVSeciaOO\ aW a[CO2] (FigXUe 3). 240 

241 

)LJXUH 3 BiRPaVV SaUWiWiRQiQg iQ RUgaQV Rf SRWaWR SOaQWV gURZQ XQdeU a[CO2] (395 � 4 242 

SSP) aQd e[CO2] (802 � 3 SSP) ZiWh diffeUeQW N VXSSO\ UaWeV (0, 0.2, 0.4, 0.8, aQd 1.6 243 

g N Ng-1 VRiO) aW WZR P VXSSO\ UaWeV (0.3 aQd 3 g P Ng-1 VRiO). DaWa iQ each SORW aUe PeaQV 244 

� S.E. (Q = 4 biRORgicaO UeSOicaWeV fRU each WUeaWPeQW). 245 

3.3. Starch and leaf mass per area 246 

TheUe ZaV a geQeUaO WeQdeQc\ WhaW VWaUch cRQceQWUaWiRQ iQ Whe \RXQgeVW e[SaQded Oeaf 247 

had Whe higheVW SeaN aQd decUeaVed aORQg ZiWh iQcUeaVeV Rf N VXSSO\ e[ceSWiQg N1.6, 248 

bXW Whe chaQgiQg SaWWeUQV ZeUe diffeUeQW b\ [CO2] cRQdiWiRQV aV Whe VigQificaQW 249 

iQWeUacWiRQ effecWV beWZeeQ WheP ZeUe deWecWed XQdeU bRWh P VXSSO\ UaWeV (FigXUe 4A 250 
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aQd 4B). The higheVW SeaN Rf Whe VWaUch cRQceQWUaWiRQ aSSeaUed aW higheU N VXSSO\ OeYeO 251 

XQdeU e[CO2] WhaQ a[CO2] aW bRWh P VXSSO\, aQd Whe higheVW SeaN ZaV RbVeUYed aW ORZeU 252 

N VXSSO\ OeYeO XQdeU HP WhaQ LP ZiWhiQ each [CO2]. 253 

 CRQViVWeQW ZiWh VWaUch cRQceQWUaWiRQ, Oeaf PaVV SeU aUea (LMA) Rf Whe \RXQgeVW 254 

e[SaQded Oeaf ZaV higheU XQdeU e[CO2] aQd ORZ N VXSSO\ cRPSaUed WR WhRVe XQdeU 255 

a[CO2] aQd high N VXSSO\ (FigXUe 4C aQd 4D). A cOeaU cRUUeOaWiRQ beWZeeQ VWaUch aQd 256 

LMA ZaV RbVeUYed. (FigXUe 4E). 257 

)LJXUH 4 (A) (B) SWaUch cRQceQWUaWiRQ aQd (C) (') Oeaf PaVV SeU aUea (LMA) Rf Whe 258 

\RXQgeVW fXOO\ e[SaQded Oeaf iQ SRWaWR SOaQWV gURZQ XQdeU a[CO2] (395 � 4 SSP) aQd 259 

e[CO2] (802 � 3 SSP) ZiWh diffeUeQW N VXSSO\ UaWeV (0, 0.2, 0.4, 0.8, aQd 1.6 g N Ng-1 260 

VRiO) aW WZR P VXSSO\ UaWeV (0.3 aQd 3 g P Ng-1 VRiO). DaWa iQ each SORW aUe PeaQV � S.E. 261 

(Q = 4 biRORgicaO UeSOicaWeV fRU each WUeaWPeQW). SWaWiVWicaO cRPSaUiVRQV (WZR-Za\ 262 

ANOVA) beWZeeQ CO2 cRQceQWUaWiRQV aQd N VXSSO\ UaWeV aV ZeOO aV WheiU iQWeUacWiRQ 263 

(CO2 î N) aUe SUeVeQWed. (() ReOaWiRQ beWZeeQ VWaUch cRQceQWUaWiRQ aQd LMA Rf Whe 264 

\RXQgeVW fXOO\ e[SaQded Oeaf. RegUeVViRQ iV aV fROORZV: 𝑦 ൌ 37.7 ൅ 1.26𝑥, R2 = 0.869, 265 

P < 0.001. 266 

3.4. Water use and water-use efficiency (WUE) 267 

We PRQiWRUed WiPe-cRXUVe chaQgeV iQ cXPXOaWiYe WUaQVSiUaWiRQ aV ZaWeU XVe iQ SRWaWR 268 
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SOaQWV (SXSSOePeQWaU\ FigXUe S3). The iQWeUacWiRQ effecW beWZeeQ [CO2] aQd N VXSSO\ 269 

RQ ZaWeU XVe ZaV VigQificaQW XQdeU bRWh LP (P = 0.045) aQd HP (P = 0.028), iQdicaWiQg 270 

Whe chaQge Rf ZaWeU XVe ZiWh N VXSSO\ ZaV diffeUeQW b\ [CO2] cRQdiWiRQV (FigXUe 5A 271 

aQd 5B). SSecificaOO\, ZaWeU XVe ZaV ORZeU iQ e[CO2] WhaQ a[CO2] aW ORZeU N VXSSO\ 272 

UaWeV, ZheUeaV aW higheU N VXSSO\ UaWeV, ZaWeU XVe ZaV ViPiOaU (N1.6 aW LP aQd N0.8 aW 273 

HP) RWheUZiVe becaPe higheU (N 1.6 aW HP) iQ e[CO2]. High N VXSSO\ iQcUeaVed ZaWeU 274 

XVe bXW fURP N0.4 XQdeU LP, ZaWeU XVe gUadXaOO\ decUeaVed (FigXUe 5A aQd 5B).  275 

A VigQificaQW iQcUeaVe iQ WUE b\ e[CO2] aW each N VXSSO\ UaWe ZaV RbVeUYed XQdeU 276 

bRWh P VXSSO\ UaWeV (FigXUe 5C aQd 5D). HRZeYeU, WUE decUeaVed ZiWh iQcUeaVeV iQ N 277 

VXSSO\ XQWiO N0.8 aQd WheQ NeeS XQchaQgiQg XQdeU bRWh [CO2] cRQdiWiRQV ZiWh HP 278 

VXSSO\ UaWe, RU VOighWO\ iQcUeaViQg XQdeU a[CO2] ZiWh LP VXSSO\ UaWe (FigXUe 5C aQd 5D). 279 

)LJXUH 5 (A) (B)WaWeU XVe aQd (C) (') ZaWeU-XVe efficieQc\ (WUE) Rf SRWaWR SOaQWV 280 

gURZQ XQdeU a[CO2] (395 � 4 SSP) aQd e[CO2] (802 � 3 SSP) ZiWh diffeUeQW N VXSSO\ 281 

UaWeV (0, 0.2, 0.4, 0.8, aQd 1.6 g N Ng-1 VRiO) aW WZR P VXSSO\ UaWeV (0.3 aQd 3 g P Ng-1 282 
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VRiO). DaWa iQ each SORW aUe PeaQV � S.E. (Q = 4 biRORgicaO UeSOicaWeV fRU each WUeaWPeQW). 283 

SWaWiVWicaO cRPSaUiVRQV (WZR-Za\ ANOVA) beWZeeQ CO2 cRQceQWUaWiRQV aQd N VXSSO\ 284 

UaWeV aV ZeOO aV WheiU iQWeUacWiRQ (CO2 î N) aUe SUeVeQWed. 285 

3.5. Leaf area, stomatal conductance (gs), and stomatal density 286 

The PRVW iPSRUWaQW facWRUV affecWiQg ZaWeU XVe iQ SRWaWR SOaQWV, Oeaf aUea, VWRPaWaO 287 

cRQdXcWaQce (gV), aV ZeOO aV VWRPaWaO deQViW\ ZeUe e[aPiQed. Leaf aUea ZaV QRW affecWed 288 

b\ e[CO2] XQdeU LP (FigXUe 6A). TZR-Za\ ANOVA UeVXOWV VXggeVW WhaW e[CO2] 289 

decUeaVed gV bXW did QRW chaQge VWRPaWaO deQViW\ (FigXUe 6C aQd 6E), Zhich iQdicaWeV 290 

Whe decUeaVed ZaWeU XVe b\ e[CO2] XQdeU LP ZaV aWWUibXWed WR decUeaVed gV. UQdeU HP, 291 

e[CO2] VOighWO\ iQcUeaVed Oeaf aUea (FigXUe 6B) ZiWhRXW iQcUeaVe iQ ZaWeU XVe (FigXUe 292 

5B), Zhich ZaV aOVR UeOaWed WR gV aV a cOeaU decUeaVe iQ gV XQdeU e[CO2] ZaV RbVeUYed 293 

(FigXUe 6D) ZhiOe VWRPaWaO deQViW\ ZaV QRW chaQged (FigXUe 6F).  294 

ChaQgeV iQ Oeaf aUea aQd ZaWeU XVe ZiWh aQ iQcUeaVe iQ N VXSSO\ ZeUe ViPiOaU (FigXUe 295 

5A, 5B, 6A aQd 6B). We fRXQd a cOeaU SRViWiYe cRUUeOaWiRQ beWZeeQ Oeaf aUea aQd ZaWeU 296 

XVe (SXSSOePeQWaU\ FigXUe S4). AddiWiRQaOO\, gV ZaV OiWWOe affecWed b\ N VXSSO\ XQdeU 297 

LP (P = 0.064), bXW iQcUeaVed ZiWh Whe iQcUeaVeV iQ N VXSSO\ XQdeU HP (P = 0.002) 298 

(FigXUe 6D). High N VXSSO\ iQcUeaVed VWRPaWaO deQViW\ XQdeU HP (FigXUe 6F), bXW Whe 299 

effecWV Rf N VXSSO\ becaPe cRPSOicaWed XQdeU LP (FigXUe 6E). 300 
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)LJXUH 6 (A) (B) Leaf aUea, (C) (') VWRPaWaO cRQdXcWaQce (gV), aQd (() ()) VWRPaWaO 301 

deQViW\ Rf SRWaWR SOaQWV gURZQ XQdeU a[CO2] (395 � 4 SSP) aQd e[CO2] (802 � 3 SSP) 302 

ZiWh diffeUeQW N VXSSO\ UaWeV (0, 0.2, 0.4, 0.8, aQd 1.6 g N Ng-1 VRiO) aW WZR P VXSSO\ 303 

UaWeV (0.3 aQd 3 g P Ng-1 VRiO). DaWa iQ each SORW aUe PeaQV � S.E. (Q = 4 biRORgicaO 304 

UeSOicaWeV fRU each WUeaWPeQW). SWaWiVWicaO cRPSaUiVRQV (WZR-Za\ ANOVA) beWZeeQ CO2 305 

cRQceQWUaWiRQV aQd N VXSSO\ UaWeV aV ZeOO aV WheiU iQWeUacWiRQ (CO2 î N) aUe SUeVeQWed. 306 
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3.6. Foliar N concentration 307 

AV LMA PaUNedO\ chaQged (FigXUe 4C aQd 4D), fROiaU N cRQceQWUaWiRQ ZaV 308 

caOcXOaWed baVed RQ PaVV aQd aUea. WheQ N cRQceQWUaWiRQ ZaV caOcXOaWed baVed RQ PaVV, 309 

[CO2] effecWV ZeUe cOeaUO\ RbVeUYed XQdeU bRWh P VXSSO\ UaWeV (P < 0.001) (FigXUe 7A 310 

aQd 7B). HRZeYeU, Whe effecWV Rf [CO2] ZeUe UedXced XQdeU LP (P = 0.041) aQd 311 

diVaSSeaUed XQdeU HP (P = 0.799) ZheQ N cRQceQWUaWiRQ ZaV caOcXOaWed baVed RQ aUea 312 

(FigXUe 7C aQd 7D).  313 

)LJXUH 7 FROiaU N cRQceQWUaWiRQ RQ PaVV baViV ([N]PaVV) (A) (B), aQd aUea baViV ([N]aUea) 314 

(C) (') Rf SRWaWR SOaQWV gURZQ XQdeU a[CO2] (395 � 4 SSP) aQd e[CO2] (802 � 3 SSP) 315 

ZiWh diffeUeQW N VXSSO\ UaWeV (0, 0.2, 0.4, 0.8, aQd 1.6 g N Ng-1 VRiO) aW WZR P VXSSO\ 316 

UaWeV (0.3 aQd 3 g P Ng-1 VRiO). DaWa iQ each SORW aUe PeaQV � S.E. (Q = 4 biRORgicaO 317 

UeSOicaWeV fRU each WUeaWPeQW). SWaWiVWicaO cRPSaUiVRQV (WZR-Za\ ANOVA) beWZeeQ CO2 318 

cRQceQWUaWiRQV aQd N VXSSO\ UaWeV aV ZeOO aV WheiU iQWeUacWiRQ (CO2 î N) aUe SUeVeQWed. 319 
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3.7. N uptake, N-uptake efficiency and N-utilization efficiency 320 

N XSWaNe ZaV iQcUeaVed b\ e[CO2] ZheQ N VXSSO\ ZaV high SaUWicXOaUO\ aW N0.8 321 

XQdeU LP aQd N 1.6 XQdeU HP, aV VXSSRUWed b\ Whe VWURQg iQWeUacWiRQ effecW (P < 0.001) 322 

beWZeeQ [CO2] aQd N VXSSO\ XQdeU bRWh P VXSSO\ UaWeV (FigXUe 8A aQd 8B). The effecW 323 

Rf [CO2] RQ N-XSWaNe efficieQc\ ZaV aOVR deSeQdeQW RQ N VXSSO\ UaWe dXe WR Whe 324 

VigQificaQW iQWeUacWiRQ effecW beWZeeQ WheP XQdeU bRWh P VXSSO\ UaWeV; e[CO2] decUeaVed 325 

Whe N-XSWaNe efficieQc\ ZiWh ORZ N VXSSO\, ZheUeaV WhaW iQcUeaVed Whe efficieQc\ ZiWh 326 

high N VXSSO\ (FigXUe 8C aQd 8D). The WUeQd ZaV PRUe UePaUNabOe XQdeU HP 327 

cRPSaUiQg WR LP. N-XWiOi]aWiRQ efficieQc\ ZaV iQcUeaVed b\ e[CO2] XQdeU HP (FigXUe 328 

8F), bXW iW ZaV QRW affecWed b\ e[CO2] XQdeU LP (FigXUe 8E). AV fRU Whe effecWV Rf N 329 

VXSSO\, N XSWaNe iQcUeaVed ZiWh aQ iQcUeaVe iQ N VXSSO\, eVSeciaOO\ XQdeU HP (FigXUe 330 

8A aQd 8B). OQ Whe cRQWUaU\, N-XSWaNe efficieQc\ aQd N-XWiOi]aWiRQ efficieQc\ 331 

decUeaVed ZiWh aQ iQcUeaVe iQ N VXSSO\ XQdeU bRWh P VXSSO\ UaWeV (FigXUe 8). 332 
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)LJXUH 8 (A) (B) N-XSWaNe, (C) (') N-XSWaNe efficieQc\ (N-XSWaNe E), aQd (() ()) N-333 

XWiOi]aWiRQ efficieQc\ (N-XWiOi]aWiRQ E) Rf SRWaWR SOaQWV gURZQ XQdeU a[CO2] (395 � 4 334 

SSP) aQd e[CO2] (802 � 3 SSP) ZiWh diffeUeQW N VXSSO\ UaWeV (0, 0.2, 0.4, 0.8, aQd 1.6 335 

g N Ng-1 VRiO) aW WZR P VXSSO\ UaWeV (0.3 aQd 3 g P Ng-1 VRiO). DaWa iQ each SORW aUe PeaQV 336 

� S.E. (Q = 4 biRORgicaO UeSOicaWeV fRU each WUeaWPeQW). SWaWiVWicaO cRPSaUiVRQV (WZR-Za\ 337 

ANOVA) beWZeeQ CO2 cRQceQWUaWiRQV aQd N VXSSO\ UaWeV aV ZeOO aV WheiU iQWeUacWiRQ 338 

(CO2 î N) aUe SUeVeQWed. N-XSWaNe efficieQc\ (%) = (N cRQWeQW iQ N-WUeaWed SOaQW ± N 339 

cRQWeQW iQ N0 SOaQW) (g)/ N VXSSO\ (g). N-XWiOi]aWiRQ efficieQc\ (g Pg-1) = TRWaO SOaQW 340 

biRPaVV (g) / TRWaO SOaQW N cRQWeQW (Pg). 341 

3.8. Critical N concentration 342 

TR eYaOXaWe N dePaQd iQ SRWaWR SOaQW gURZWh, Ze aQaO\]ed cUiWicaO N cRQceQWUaWiRQ 343 

(cUiWicaO [N]), Whe PiQiPXP [N] UeTXiUed WR achieYe 90% Pa[iPXP gURZWh. We 344 

caOcXOaWed cUiWicaO [N] iQ WZR Za\V, WhaW iV fROiaU [N] SeU dU\ ZeighW ([N]PaVV) aQd fROiaU 345 

[N] SeU aUea ([N]aUea). The WZR diffeUeQW caOcXOaWiRQ PeWhRdV SURdXced iQcRQViVWeQW 346 

UeVXOWV. UQdeU LP cRQdiWiRQ, cUiWicaO [N]PaVV aQd [N]aUea XQdeU bRWh [CO2] VhRZed ViPiOaU 347 

YaOXeV, 30 Pg N g-1 aQd 1.43 g N P-2, UeVSecWiYeO\ (FigXUe 9A aQd 9B). UQdeU HP, 348 

hRZeYeU, cUiWicaO [N]PaVV decUeaVed XQdeU e[CO2] fURP 41.3 WR 34.9 Pg N g-1 (FigXUe 349 

9C). OQ Whe cRQWUaU\, cUiWicaO [N]aUea iQcUeaVed XQdeU e[CO2] fURP 1.52 g N P-2 WR 1.65 350 

g N P-2 (FigXUe 9D).  351 
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)LJXUH 9 ReOaWiRQV beWZeeQ WRWaO biRPaVV ZiWh fROiaU N cRQceQWUaWiRQ RQ PaVV baViV 352 

([N]PaVV) XQdeU ORZ P (LP) (A) aQd high P (HP) (C). ReOaWiRQVhiSV beWZeeQ WRWaO 353 

biRPaVV ZiWh fROiaU N cRQceQWUaWiRQ RQ aUea baViV ([N]aUea) XQdeU LP (B) aQd HP ('). 354 

CUiWicaO [N] iV defiQed aV Whe PiQiPXP cRQceQWUaWiRQ Rf N UeTXiUed b\ Whe cURS WR Ueach 355 

90% Rf Pa[iPXP gURZWh. CUiWicaO [N] aQd R2 YaOXeV fRU UegUeVViRQV aUe SUeVeQWed. DaWa 356 

iQ each SORW aUe PeaQV � S.E. (Q = 4 biRORgicaO UeSOicaWeV fRU each WUeaWPeQW). 357 

RegUeVViRQV aUe aV fROORZV: (A) a[CO2]: 𝑦 ൌ  െ4.873 ൅ 0.599𝑥 െ 0.007𝑥2 , R2 = 358 

0.946; e[CO2]: 𝑦 ൌ  െ6.556 ൅ 0.797𝑥 െ 0.010𝑥2 , R2 = 0.974. (B) a[CO2]: 𝑦 ൌ359 

 െ6.252 ൅ 14.771𝑥 െ 3.945𝑥2 , R2 = 0.777; e[CO2]: 𝑦 ൌ  െ7.453 ൅ 17.554𝑥 െ360 

4.698𝑥2 , R2 = 0.968. (C) a[CO2]: 𝑦 ൌ  1.394 ൅ 0.194𝑥 െ 0.0015𝑥2 , R2 = 0.995; 361 

e[CO2]: 𝑦 ൌ  1.298 ൅ 0.350𝑥 െ 0.0033𝑥2, R2 = 0.700. (') a[CO2]: 𝑦 ൌ  െ3.979 ൅362 

11.322𝑥 െ 2.772𝑥2, R2 = 0.999; e[CO2]: 𝑦 ൌ  െ1.703 ൅ 10.460𝑥 െ 2.244𝑥2, R2 = 363 

0.563. The fiWWiQg OiQe Rf e[CO2] iQ (B) ZaV fiWWed ZiWh fRXU SORWV e[cOXdiQg Whe SORW 364 

(VWaU) VhRZQ iQ Whe figXUe, becaXVe fiWWiQg iV XQaYaiOabOe ZheQ WhaW SORW iV iQcOXded. 365 

4. Discussion 366 

4.1. Which is suitable to assess critical [N], mass basis or area basis? 367 

GeQeUaOO\, SOaQWV gURZiQg XQdeU e[CO2] aUe e[SecWed WR UeTXiUe a OaUgeU N VXSSO\ WR 368 

WaNe fXOO adYaQWage Rf Whe CO2-feUWiOi]aWiRQ effecW (AiQVZRUWh aQd LRQg, 2005), becaXVe 369 

UedXcWiRQ iQ Oeaf N cRQceQWUaWiRQ caXVed b\ Whe diOXWiRQ effecW XQdeU e[CO2] haV 370 

VigQificaQW effecW RQ Oeaf ShRWRV\QWheViV aQd caUbRh\dUaWe PeWabROic SURceVV (Li et al., 371 

2016; Sanz-Sáez et al., 2010). IQ WhiV VWXd\, cRQVideUiQg Whe VigQificaQW diffeUeQce iQ 372 

LMA XQdeU diffeUeQW [CO2] cRQdiWiRQV (FigXUe 4C aQd 4D), cUiWicaO [N], aV aQ iQde[ WR 373 

eYaOXaWe N QXWUiWiRQ dePaQd iQ SOaQWV, ZaV aVVeVVed iQ WZR Za\V; baVed RQ PaVV ([N]PaVV) 374 

(FigXUe 9A aQd 9C) aQd RQ aUea ([N]aUea) (FigXUe 9B aQd 9D). SiPiOaU WR SUeYiRXV UeSRUWV 375 

iQ cRWWRQ aQd ZheaW (Rogers et al., 1993), cUiWicaO [N]PaVV ZaV aOVR decUeaVed b\ e[CO2] 376 

XQdeU HP iQ SRWaWR SOaQWV iQ WhiV VWXd\ (FigXUe 9C). HRZeYeU, cUiWicaO [N]aUea, Zhich had 377 

QRW \eW beeQ e[aPiQed iQ SUeYiRXV VWXdieV iQcUeaVed ZiWh e[CO2] XQdeU HP (FigXUe 9D). 378 
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The diVcUeSaQc\ Pa\ be dXe WR PRUe caUbRh\dUaWeV (e.g., VWaUch) accXPXOaWiQg XQdeU 379 

e[CO2] cRQdiWiRQV (FigXUe 4B), Zhich fiQaOO\ UeVXOWed iQ a higheU LMA (FigXUe 4D). 380 

BRWh cUiWicaO [N]PaVV aQd cUiWicaO [N]aUea ZeUe ViPiOaU beWZeeQ a[CO2] aQd e[CO2] 381 

UegaUdOeVV Rf diffeUeQW LMA XQdeU LP, iPSO\iQg aQ iQYROYePeQW Rf P QXWUiWiRQaO VWaWXV 382 

iQWR Whe abRYe diVcUeSaQc\; hRZeYeU, Whe PechaQiVP iV XQcOeaU. CRQVideUiQg Whe OighW-383 

caSWXUiQg fXQcWiRQ Rf OeaYeV iQ addiWiRQ WR VXch chaQgeV iQ LMA, iW ZRXOd be VXiWabOe 384 

WR adRSW SeU XQiW aUea ([N]aUea) UaWheU WhaQ PaVV baViV ([N]PaVV) aV Whe cUiWicaO [N] aW Oeaf 385 

OeYeO, SaUWicXOaUO\ ZheQ LMA iV aOWeUed. TheUefRUe, Ze haYe eYaOXaWed if N UeTXiUePeQW 386 

ZaV affecWed b\ [CO2] aQd P QXWUiWiRQ RQ Whe baViV Rf cUiWicaO [N]aUea iQ addiWiRQ WR Whe 387 

PiQiPXP N VXSSO\ fRU Whe Pa[iPXP gURZWh. 388 

4.2. Is N requirement for the maximum growth affected by [CO2] with interaction 389 

of P nutrition? 390 

FROiaU cUiWicaO [N]aUea ZaV aURXQd 1.43 g N P-2 XQdeU bRWh [CO2] cRQdiWiRQV XQdeU LP 391 

(FigXUe 9B), bXW iW iQcUeaVed fURP 1.52 WR 1.65 g N P-2 XQdeU e[CO2] XQdeU HP (FigXUe 392 

9D). CRQViVWeQW ZiWh cUiWicaO [N]aUea, Whe PiQiPXP N VXSSO\ fRU Whe Pa[iPXP SOaQW 393 

gURZWh ZaV N0.4 XQdeU bRWh [CO2] cRQdiWiRQV XQdeU LP (FigXUe 2I), ZheUeaV iW 394 

iQcUeaVed XQdeU e[CO2] fURP N0.8 WR N1.6 XQdeU HP (FigXUe 2J), eVSeciaOO\ iQ Oeaf 395 

biRPaVV (FigXUe 2B). These results reveal that N requirement for the maximum growth 396 

increased under e[CO2] unless P was deficient for the plant as mentioned below. 397 

IQ RXU SUeYiRXV VWXd\, fROiaU cUiWicaO P cRQceQWUaWiRQ ([P]) iQ SRWaWR SOaQWV ZaV aURXQd 398 

aW 110 Pg P P-2 (Yi et al., 2019). FURP SXSSOePeQWaU\ FigXUe S5, fROiaU [P] XQdeU Whe 399 

LP cRQdiWiRQ ZaV beORZ WhiV YaOXe e[ceSW fRU N0 XQdeU e[CO2] SURbabO\ RZiQg WR Whe 400 

PRVW VeYeUe N-OiPiWiQg cRQdiWiRQ; hRZeYeU, fROiaU [P] XQdeU HP ZaV abRYe Whe YaOXe. 401 

The result clearly indicates P was sufficient for HP plants but not for LP ones, 402 

supporting that our hypothesis that LP and HP treatments provided remarkable contrast 403 

that allows comparison between them. AV fRU N VWaWXV, SUeYiRXV VWXdieV VhRZed WhaW 404 

fROiaU [N] iQ SRWaWR SOaQWV UaQge fURP 20 WR 90 Pg N g-1 (Vos and van der Putten, 1998). 405 
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IQ RXU VWXd\, fROiaU [N] UaQged fURP 15 WR 73 Pg N g-1, Zhich cRYeUV a OaUge UaQge Rf N 406 

OeYeOV fURP N-deficieQW WR N-VXfficieQW. Based on these results, we have confirmed that 407 

the plants examined here had a wide range of N nutrition together with a high contrast 408 

of P nutrition. 409 

AV e[SecWed, e[CO2] iQcUeaVed fROiaU N UeTXiUePeQW fRU Whe Pa[iPXP gURZWh 410 

biRPaVV RQO\ aW HP (FigXUe 9D). Contrary to that, LP decreased the requirement 411 

compared to HP for each [CO2] level (FigXUe 9), suggesting the strong growth limitation 412 

by P decreased N demand. TaXb aQd WaQg (2008) VXggeVWed WZR h\SRWheVeV WR e[SOaiQ 413 

Zh\ [N]PaVV iQ SOaQW WiVVXe decUeaVeV XQdeU e[CO2]; 1) diOXWiRQ Rf N b\ iQcUeaVed C, 2) 414 

decUeaVe iQ Whe VSecific XSWaNe UaWeV (SeU XQiW PaVV RU OeQgWh Rf URRW). AV fRU Whe OaWWeU, 415 

Whe\ SRiQWed RXW WZR facWRUV; decUeaVed N dePaQd b\ VhRRWV aQd decUeaVed N VXSSO\ 416 

fURP VRiO WR URRW WhaW iV iQdXced ZiWh WUaQVSiUaWiRQ-dUiYeQ PaVV fORZ. IQ RXU UeVXOWV, N 417 

dePaQd ZaV higheU iQ e[CO2] XQOeVV P ZaV deficieQW. FXUWheUPRUe, e[CO2] did QRW 418 

aOZa\V VXSSUeVV N XSWaNe (FigXUe 9B aQd 9D) cRQVideUiQg Whe ViPiOaU Oeaf aUea 419 

e[ceSWiQg N1.6 aW HP (FigXUe 6B) aV ZeOO aV SOaQW WUaQVSiUaWiRQ (FigXUe 5B). TheVe 420 

UeVXOWV ZRXOd QRW OiNeO\ VXSSRUW WhaW e[CO2] decUeaVed eiWheU N dePaQd b\ VhRRWV RU N 421 

VXSSO\ fURP VRiO WR URRW. 422 

TheUe ZaV VigQificaQW iQWeUacWiRQ beWZeeQ [CO2] aQd N VXSSO\ RQ WRWaO SOaQW biRPaVV 423 

(P = 0.004 aQd 0.048 XQdeU LP aQd HP, UeVSecWiYeO\) (FigXUe 2I aQd 2J), iQdicaWiQg WhaW 424 

addiWiRQaO N VXSSO\ iV UeTXiUed WR VXVWaiQ Whe SRViWiYe effecW Rf e[CO2] SeUhaSV Yia 425 

XWiOi]iQg addiWiRQaO caUbRh\dUaWeV fRU Whe deYeORSPeQW Rf QeZ ViQN RUgaQV (Uprety and 426 

Mahalaxmi, 2000). The N-XWiOi]aWiRQ efficieQc\ iV a ORQg-WeUP iQdicaWRU Rf aYaiOabiOiW\ 427 

Rf N XWiOi]aWiRQ fRU C acTXiViWiRQ iQ SOaQWV (Wang et al., 2010). GURZQ XQdeU ORZeU N 428 

cRQdiWiRQ ZRXOd e[aceUbaWe Whe VhRUWage Rf Oeaf N UeOaWiYe WR C iQ SOaQW (Stitt and Krapp, 429 

1999), WhXV UeVXOWiQg iQ iQcUeaVed N-XWiOi]aWiRQ efficieQc\ (FigXUe 8E aQd 8F). SiPiOaUO\, 430 

higheU N-XWiOi]aWiRQ efficieQc\ XQdeU e[CO2] aOVR iQdicaWeV UeOaWiYe N VhRUWage 431 

cRPSaUiQg ZiWh WhaW XQdeU a[CO2], WhXV PRUe N VXSSO\ iV UeTXiUed iQ a CO2 eQUichPeQW 432 

cRQdiWiRQ.  433 
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The Pa[iPXP WRWaO SOaQW biRPaVV ZaV iQcUeaVed aW e[CO2] b\ 1.2- aQd 1.4-fROd XQdeU 434 

LP aQd HP, UeVSecWiYeO\ (FigXUe 9), Zhich cRQfiUPed Whe CO2-feUWiOi]aWiRQ effecW iQ 435 

SRWaWR SOaQWV. HRZeYeU, eQhaQcePeQW Rf Whe Pa[iPXP WRWaO SOaQW biRPaVV b\ e[CO2] 436 

ZaV ORZeU WhaQ RXU SUeYiRXV VWXd\ (1.5-fROd) (Yi et al., 2019). AV Ainsworth et al. (2002) 437 

aQd Dong et al. (2017) SRiQWed RXW, SOaQW gURZWh UeVSRQVe WR e[CO2] iV UeOaWed WR Whe 438 

gURZWh VWage. ThXV, Whe diffeUeQce iQ Whe iQcUePeQWV Rf Pa[iPXP SOaQW biRPaVV 439 

beWZeeQ RXU SUeYiRXV VWXd\ (Yi et al., 2019) aQd WhiV VWXd\ PighW be UeOaWed WR diffeUeQW 440 

gURZWh VWageV. IW iV ZideO\ NQRZQ WhaW SRWaWR gURZWh ZRXOd be VXSSUeVVed b\ QXWUieQW 441 

deficieQc\, iQcOXdiQg N-deficieQc\ (Mokrani et al., 2018; Vos, 1997; Vos and van der 442 

Putten, 1998) aQd P-deficieQc\ (Yi et al., 2019). The iQcUePeQW Rf biRPaVV b\ e[CO2] 443 

ZaV fRXQd WR deSeQd RQ bRWh N aQd P VXSSO\ iQ Whe cXUUeQW VWXd\ (FigXUe 2I aQd 2J). 444 

AddiWiRQaOO\, VWaUch ZaV iQcUeaVed XQdeU bRWh ORZ N aQd ORZ P VXSSO\ aV ZeOO aV e[CO2] 445 

(FigXUe 4A aQd 4B). ThiV iQdicaWeV ShRWRV\QWheViV Pa\ be iQhibiWed b\ bRWh QXWUieQW 446 

deficieQcieV aQd e[CO2], becaXVe RYeU-accXPXOaWiRQ Rf VWaUch iQ OeaYeV Pa\ daPage 447 

iQWeUQaO RUgaQi]aWiRQ Rf chORURSOaVWV (Pritchard et al., 1997; Yelle et al., 1989) RU hiQdeU 448 

CO2 diffXViRQ iQ Whe chORURSOaVWV (Jauregui et al., 2018; Makino and Mae, 1999; Sawada 449 

et al., 2001).  450 

4.3. Is water requirement for the maximum growth affected by [CO2] with 451 

interaction of P nutrition? 452 

WaWeU XVe fRU Whe Pa[iPXP SOaQW biRPaVV ZaV XQchaQged b\ e[CO2] XQdeU HP (N0.8 453 

aW a[CO2] aQd N1.6 aW e[CO2]) (FigXUe 5B) bXW decUeaVed XQdeU LP (N0.4 aW Whe bRWh 454 

[CO2]) (FigXUe 5A). BaVed RQ WheVe UeVXOWV, iW iV OiNeO\ WhaW Whe ZaWeU UeTXiUePeQW fRU 455 

Whe Pa[iPXP gURZWh dReV QRW iQcUeaVe XQdeU Whe dRXbOed CO2 cRQdiWiRQ. ThiV cRXOd 456 

be e[SOaiQed b\ Whe decUeaVed gV fRU e[CO2] XQdeU bRWh P VXSSO\ UaWeV (N0.4 YV. N0.4iQ 457 

FigXUe 6C aQd N0.8 YV. N1.6 iQ FigXUe 6D) besides the similar leaf area (FigXUe 6A aQd 458 

6B) at the corresponding N treatment achieving the maximum biomass. 459 

CRQViVWeQW ZiWh SUeYiRXV VWXdieV (Ainsworth and Rogers, 2007; Polley, 2002), e[CO2] 460 
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iQcUeaVed WUE VigQificaQWO\ XQdeU each WUeaWPeQW iQ WhiV VWXd\ (FigXUe 5C aQd 5D). 461 

MRUeRYeU, bRWh e[CO2] aQd HP iQcUeaVed WUE iQdeSeQdeQWO\ fURP N VXSSO\ 462 

(SXSSOePeQWaU\ TabOe S1). SWRPaWaO cRQdXcWaQce XQdeU e[CO2] ZaV ORZeU WhaQ WhaW 463 

XQdeU a[CO2] aW each N VXSSO\ UaWe, eVSeciaOO\ XQdeU HP (FigXUe 6C aQd 6D). HRZeYeU, 464 

VWRPaWaO deQViW\ ZaV XQaffecWed b\ e[CO2] (FigXUe 6E aQd 6F). IQ OiQe ZiWh Whe 465 

VWaWePeQW b\ Finnan et al. (2005), decUeaVeV iQ gV RQ ORQg-WeUP e[SRVXUe WR e[CO2] cRXOd 466 

be e[SecWed WR iPSURYe WUE iQ SRWaWR SOaQWV. 467 

AV fRU Whe effecWV Rf P VXSSO\, WUE VOighWO\ iQcUeaVed XQdeU HP WhaQ LP aW each N 468 

VXSSO\ UaWe, e[ceSW fRU a diVWiQcW iQcUeaVe aW Whe N0 VXSSO\ UaWe (FigXUe 5A aQd 5B). LiNe 469 

Whe effecWV Rf e[CO2] RQ WUE, HP ZaV aOVR UeSRUWed WR iQcUeaVe WUE b\ decUeaViQg gV 470 

iQ N-VXfficieQW SRWaWR SOaQWV, deVSiWe QR effecW RQ VWRPaWaO deQViW\ (Yi et al., 2019). 471 

HRZeYeU, gV ZaV higheU XQdeU HP cRPSaUed WR LP iQ WhiV VWXd\ (FigXUe 6C aQd 6D). 472 

ThRXgh Whe caXVe Rf Whe diVcUeSaQc\ Rf gV iQ Whe WZR VWXdieV iV QRW cOeaU, iW caQ be 473 

cRQcOXded WhaW HP cRXOd iQcUeaVe WUE iQ SRWaWR SOaQWV. 474 

SXUSUiViQgO\, high N VXSSO\ decUeaVed WUE iQ SRWaWR SOaQWV ZiWh aQ iQcUeaVe iQ gV 475 

aV ZeOO aV VWRPaWaO deQViW\ (FigXUe 5 aQd 6), deVSiWe QXPeURXV OiWeUaWXUeV dePRQVWUaWiQg 476 

iQcUeaVed WUE accRUdiQg WR N VXSSO\ (UeYieZ b\ Brueck, 2008). Wei et al. (2018) 477 

UeSRUWed WhaW SOaQW WUE (WRWaO dU\ ZeighW/SOaQW ZaWeU XVe) ZaV decUeaVed XQdeU high N 478 

VXSSO\ iQ WRPaWR SOaQWV eYeQ ZiWh Whe higheU iQWUiQVic WUE (ShRWRV\QWheViV/gV) aQd 479 

iQVWaQWaQeRXV (ShRWRV\QWheViV/WUaQVSiUaWiRQ) cRPSaUed WR ORZ N VXSSO\. ThiV 480 

diVcUeSaQc\ iQdicaWeV WhaW iQWUiQVic WUE RU iQVWaQWaQeRXV WUE Pa\ QRW aOZa\V UefOecW 481 

SOaQW WUE, iPSO\iQg a difficXOW\ WR iQWegUaWe iQWUiQVic RU iQVWaQWaQeRXV WUE PeaVXUiQg 482 

VeYeUaO PP2 RQ a ceUWaiQ Oeaf aW VeYeUaO PiQXWeV WR a ZhROe SOaQW gURZiQg iQ VeYeUaO 483 

da\V. IQ RXU VWXd\, Ze VSecXOaWed WhaW Whe iQcUeaVe iQ biRPaVV accXPXOaWiRQ ZaV VPaOOeU 484 

WhaQ Whe iQcUeaVe iQ ZaWeU XVe dXUiQg Whe gURZWh SeUiRd e[aPiQed, WhXV ORZeU WUE ZaV 485 

RbVeUYed aW high N VXSSO\ UaWe. ThiV fiQdiQg ZRXOd be iPSRUWaQW fRU N feUWiOi]eU 486 

PaQagePeQW aW diffeUeQW gURZWh VWageV iQ SRWaWR SURdXcWiRQ.  487 

5. Conclusions 488 
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The cXUUeQW VWXd\ aiPed aW TXaQWif\iQg Whe gURZWh UeVSRQVe Rf SRWaWR SOaQWV WR N 489 

VXSSO\ XQdeU diffeUeQW [CO2] cRQdiWiRQV aQd P VXSSO\ UaWeV WR cOaUif\ hRZ PXch N aQd 490 

ZaWeU aUe UeTXiUed fRU Pa[iPXP gURZWh XQdeU each [CO2] cRQdiWiRQ aQd WheiU 491 

deSeQdeQcieV RQ P VXSSO\. AfWeU caUU\iQg RXW WUiaOV, Ze fRXQd aUea baVed fROiaU cUiWicaO 492 

[N] WR be PRUe VXiWabOe WhaQ PaVV baVed fROiaU cUiWicaO [N] WR eYaOXaWe SOaQW N VWaWe. 493 

BaVed RQ WhiV, Ze cRQcOXded WhaW N UeTXiUePeQW WR RbWaiQ Whe Pa[iPXP gURZWh dXUiQg 494 

Whe eaUO\ gURZWh VWage iQ SRWaWR SOaQWV XQdeU e[CO2] ZRXOd be deSeQdeQW RQ P VXSSO\; 495 

HP iQcUeaVed Whe N UeTXiUePeQW, bXW LP ZRXOd QRW affecW iW, SURbabO\ RZiQg WR Whe 496 

OiPiWed gURZWh b\ P. AV fRU ZaWeU UeTXiUePeQW fRU Whe Pa[iPXP gURZWh, Whe dRXbOed 497 

CO2 cRQdiWiRQ ZRXOd QRW OiNeO\ iQcUeaVe iW ZiWh eQhaQced WUE. 498 
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SXSSOHPHQWDU\ TDEOH S1 OXWSXW RI WKUHH-ZD\ ANOVA IRU WKH PHDVXUHPHQWV RI SRWDWR SODQWV 
JURZQ XQGHU D>CO2@ (395 � 4 SSP) DQG H>CO2@ (802 � 3 SSP) ZLWK GLIIHUHQW N VXSSO\ UDWHV (0, 0.2, 
0.4, 0.8, DQG 1.6 J N NJ-1 VRLO) DW WZR P VXSSO\ UDWHV (0.3 DQG 3 J P NJ-1 VRLO). 

  CO2 P N 
CO2 × 

P 
CO2 × 

N 
P × N 

CO2 × 
P × N 

Leaf biomass 0.000  0.000  0.000  0.041  0.172  0.000  0.082  
Stem biomass 0.000  0.000  0.000  0.005  0.004  0.000  0.003  
Root biomass 0.000  0.105  0.000  0.000  0.064  0.142  0.001  
Tuber biomass 0.002  0.010  0.000  0.369  0.279  0.002  0.257  
Total plant biomass 0.000  0.000  0.000  0.001  0.001  0.000  0.187  
Starch concentration 0.000  0.000  0.000  0.405  0.000  0.456  0.044  
Leaf mass per area 0.000  0.000  0.000  0.116  0.010  0.761  0.023  
Water use 0.016  0.000  0.000  0.005  0.001  0.000  0.547  
Water-use efficiency 0.000  0.010  0.000  0.239  0.284  0.055  0.494  
Leaf area 0.050  0.000  0.000  0.008  0.005  0.000  0.625  
Stomatal conductance 0.001  0.020  0.001  0.224  0.089  0.019  0.878  
Stomatal density 0.057  0.713  0.001  0.771  0.376  0.201  0.499  
Foliar [N]mass 0.000  0.000  0.000  0.289  0.001  0.000  0.503  
Foliar [N]area 0.082  0.291  0.000  0.158  0.002  0.077  0.012  
N-uptake 0.000  0.000  0.000  0.015  0.000  0.000  0.000  
N-uptake efficiency 0.670  0.000  0.000  0.919  0.000  0.000  0.000  
N-utilization efficiency 0.000  0.000  0.000  0.035  0.009  0.267  0.088  
Foliar [P]area 0.000  0.000  0.000  0.533  0.000  0.000  0.019  

 
 
 
 
 
 
 
 



 
SXSSOHPHQWDU\ FLJXUH S1 AFWXDO FRQGLWLRQV LQ JURZWK FKDPEHUV GXULQJ JURZWK SHULRG (33 GD\V 
DIWHU WUDQVSODQWLQJ). AFWXDO CO2 FRQFHQWUDWLRQV DW GD\ WLPH (A) DQG QLJKW WLPH (B). AFWXDO 
WHPSHUDWXUH (T) DW GD\ WLPH (C) DQG QLJKW WLPH (D). AFWXDO UHODWLYH KXPLGLW\ (RH) DW GD\ WLPH (E) 
DQG QLJKW WLPH (F). 
 
 
 
 
 
 
 
 
 



 
SXSSOHPHQWDU\ FLJXUH S2 ASSHDUDQFH RI SRWDWR SODQWV DW WKH 8WK GD\ DIWHU WUDQVSODQWLQJ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
SXSSOHPHQWDU\ FLJXUH S3 WDWHU XVH E\ SRWDWR SODQWV RYHU WKH H[SHULPHQWDO SHULRG (33 GD\V DIWHU 
WUDQVSODQWLQJ) XQGHU D>CO2@ (395 � 4 SSP) DQG H>CO2@ (802 � 3 SSP) ZLWK GLIIHUHQW N VXSSO\ UDWHV 
(0, 0.2, 0.4, 0.8, DQG 1.6 J N NJ-1 VRLO) DW WZR P VXSSO\ UDWHV (0.3 DQG 3 J P NJ-1 VRLO). DDWD LQ HDFK 
SORW DUH PHDQV � S.E. (Q = 4 ELRORJLFDO UHSOLFDWHV IRU HDFK WUHDWPHQW).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

SXSSOHPHQWDU\ FLJXUH S4 RHODWLRQ EHWZHHQ OHDI DUHD DQG ZDWHU XVH LQ SRWDWR SODQWV JURZQ XQGHU 
D>CO2@ (395 � 4 SSP) DQG H>CO2@ (802 � 3 SSP) ZLWK GLIIHUHQW N VXSSO\ UDWHV (0, 0.2, 0.4, 0.8, DQG 
1.6 J N NJ-1 VRLO) DW WZR P VXSSO\ UDWHV (0.3 DQG 3 J P NJ-1 VRLO). DDWD LQ HDFK SORW DUH PHDQV � S.E. 
(Q = 4 ELRORJLFDO UHSOLFDWHV IRU HDFK WUHDWPHQW). RHJUHVVLRQ LV DV IROORZV: ݕ ൌ 0.383 ൅  ,ݔ11.679
R2 = 0.954. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
SXSSOHPHQWDU\ FLJXUH S5 FROLDU P FRQFHQWUDWLRQ RQ DUHD EDVLV (>P@DUHD) RI SRWDWR SODQWV JURZQ 
XQGHU D>CO2@ (395 � 4 SSP) DQG H>CO2@ (802 � 3 SSP) ZLWK GLIIHUHQW N VXSSO\ UDWHV (0, 0.2, 0.4, 
0.8, DQG 1.6 J N NJ-1 VRLO) DW ORZ P VXSSO\ (0.3 J P NJ-1 VRLO) (A) DQG KLJK P VXSSO\ (3 J P NJ-1 VRLO) 
(B). DDWD LQ HDFK SORW DUH PHDQV � S.E. (Q = 4 ELRORJLFDO UHSOLFDWHV IRU HDFK WUHDWPHQW). SWDWLVWLFDO 
FRPSDULVRQV (WZR-ZD\ ANOVA) EHWZHHQ CO2 FRQFHQWUDWLRQV DQG N VXSSO\ UDWHV DV ZHOO DV WKHLU 
LQWHUDFWLRQ (CO2 î N) DUH SUHVHQWHG. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


