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Abstract: [ Objectives ] The effects of controlled-release nitrogen fertilizer (CRU) management on rice yield,

nitrogen (N) use efficiency and soil N supply in the Songnen Plain were investigated, in order to provide a basis
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for scientific and efficient CRU management of rice in this region. [ Methods ] Field experiments were
conducted in 2021 and 2022 in Songyuan City of Jilin Province, using rice cultivar Dongdao 3 as the test
materials. Under the total N rate of 200 kg/hm*, no N application (NO), multiple urea topdressing (OPT), and
conventional urea fertilization (FP) were taken as controls, CRU basal application plus common urea (CU)
topdressing in N ratio of 4:6, 6:4, 8:2 and 10:0 were setup (denoted as CRU40%, CRU60%, CRU80% and
CRU100%, in turn). Plant biomass, N content and soil inorganic N content were analyzed during the main growth
period of rice. The yield and yield components were investigated at harvest. And N uptake, N use efficiency and N
balance in soil-crop system were calculated. [ Results ] Compared with FP treatment, all the fertilizer treatments
increased plant N accumulation from full heading to mature stage, plant N accumulation and allocation ratio after
full heading stage, and the contribution rate of N accumulation to grain after full heading stage of rice (£<0.05),
and CRU80% and OPT were recorded similar but higher values than the other treatments. All the CRU and OPT
treatments stabilized seed-setting rate and 1000-grain weight, and increased effective panicle number, grain
number per panicle than FP, thereby significantly increased rice yields and net incomes (P<0.05), and CRU80%
and OPT increased significantly yield and net incomes than the other treatments as well. The two year average
yield of CRU80% was 8.0%, 2.9%, and 4.8% higher than CRU40%, CRU60% and CRU100%, and the average
net income was 13.7%, 4.8%, and 7.9% higher, respectively. CRU80% and OPT were also recorded the highest N
recovery efficiency, agronomic efficiency and partial factor productivity. N balance in soil-crop system showed
that the apparent N loss in CRU80% was similar to that in OPT, but was 16.6%, 8.8% and 8.0% lower than those
in CRU40%, CRU60% and CRU100% treatments, respectively. The path analysis results showed that plant N
accumulation before and after full heading stage significantly affected on rice yield through affecting effective
panicle number, grain number per panicle, and seed-setting rate of rice, the effects of N accumulation after the full
heading stage were higher than those before the full heading stage. [ Conelusions ] In the rice production region
of Songnen Plain, basal application of 80% CRU combined with 20% CU topdressing as tillering fertilizer, or
optimized application of common urea (multiple application) could significantly increase rice yield, net income
and N use efficiency, and reduce N loss. Considering the high labor input by common urea, controlled release
fertilizer is recommended.

Key words: Songnen Plain; rice; controlled-release urea; yield; net income; nitrogen use efficiency;

nitrogen balance; fertilization cost
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Table 1 Rice yield and yield components under different treatments

AEDY Jb3 RS (ST TR L5 (%) THITE (g) 7o (kg/hm?)
Year Treatment Panicles per hm? Grain number per panicle Seed-setting rate 1000-grain weight Yield

2021 NO 286.2d 107.4d 89.5¢ 28.0a 7293 ¢
CRU40% 336.1¢c 1145¢ 90.7b 27.7a 9051 ¢
CRU60% 347.8b 123.0 ab 91.9 ab 27.1a 9504 b
CRU80% 3584a 124.1a 92.4a 275a 9811 a
CRU100% 353.0 ab 121.9b 91.5 ab 273 a 9323 b
OPT 36l.6a 125.6a 92.6a 278 a 9852 a
FP 3329¢ 1113 ¢ 893 ¢ 279a 8797d

2022 NO 240.8d 943d 90.6 ¢ 29.1a 5688 ¢
CRU40% 355.7¢ 1234 ¢ 92.7b 289a 9703 ¢
CRU60% 366.1b 131.4 ab 939a 28.5a 10181 b
CRU80% 373.1a 133.8a 94.6 a 284 a 10446 a
CRU100% 360.9 be 127.6b 935a 29.0a 10002 b
OPT 377.0a 1339a 949 a 28.8a 10550 a
FP 3534c¢c 1219 ¢ 90.8 ¢ 283 a 9351d

Ji 225Kt ANOVA

Ay Year (Y) * * * ns ok

AbFH Treatment (N) ok ok * ns ok

Y xN * * ns ns *

TE: CRU40%—40%¥5 BEPR R HEMti-+60% 258 JR K S BEWTIB I ;. CRUG0%—60%F5 BE SR 3 HEMi+40% %8 FR 2 Sy BEWLB it ; CRUB0%—80%7:
B IR R AL NE+20%8 38 IR I BEWLEHE ; CRU100%—100%Z IR RN ; OPT—Eill IR R AALIE M ; FP—E il IRE AR it ik o [RIF14K
E AR/ NG FEEFRIR [ ARAL BLA) 22 53 3 (P<0.05). Jr2en#ih, YRINZMHRRAED . RIS HALBE, *F* 3 57K 1E0.05710.01
KFEE, nsFRARE,

Note: CRU40%—40% controlled release urea (CRU) as basal application with 60% common urea (CU) as tillering fertilizer; CRU60%—60% CRU
as basal application with 40% CU as tillering fertilizer; CRU80%—80% CRU as basal application with 20% CU as tillering fertilizer;
CRU100%—100% CRU as basal application; OPT—Multiple CU topdressing; FP—Conventional CU fertilization. Values followed by different
lowercase letters in the same column indicate significant difference among treatments in the same year (P<0.05). In ANOVA, Y and N are year and N
fertilizer treatment, respectively, * and ** indicate significant effect at 0.05 and 0.01 levels, and ns indicates no significant effect.

FP RbPRARLL, AR &AL TR OPT AbFEY) i 348
T R A NSRS (P<0.05), THAE -2 14 18 43 1)
M 3.3%~12.4% F 8.8%~24.0%, A[A] LB IR
R, SO IS Y i L it 45 R PR 2 L A7)
(R4 o L eI R e 3, L CRUS0% Ab P f i, 4%
B4 28360.1 1 16894.4 Jt/hm?>, Horp AR 34 Bl
A# CRU40% . CRU60% Hl CRU100% &b B 4351
P 8.0%. 2.9% Fl 4.8%, Mt AR 13.7%.
4.8% 1 7.9%., 5 OPT AL BAHEL, CRU40% .
CRUG0% 1 CRU100% Ab P 4 Uit A ¥4 . 2% & AIG
(P<0.05), FEWESHIHM 12.2% . 4.7% 1 7.5%, T
CRUB0% AbHE St ARSI A S OPT Ab¥E2: F KA
i ZEIK (P>0.05).
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AR, DBECELf R E IR TR R A R0
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AEFR, T AE SR A ) AR 2R U SR R A
(1 3), BB P 2485t A SR AR T KA
BRI AR, (EIJOH 2 I 2= S5
FHEE A A RN R, FEAZH R E D FHK
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W R e 5w ta s, L CRUS0% Ab B =,
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Table 2 Economic benefits under different treatments
A0y fb3 ISULUN AL AL T2 HABSZH A
Year Treatment Total income N fertilizer cost N fertilization labour cost Other costs Net income
2021 NO 204213 ¢ 0.0 0 10020 104013 ¢
CRU40% 253418 ¢ 1281.5 100 10020 139403 ¢
CRU60% 26610.8 b 1313.6 100 10020 15177.2b
CRU80% 27472.0 a 1345.7 100 10020 16006.3 a
CRU100% 26103.8 b 1377.8 0 10020 14706.0 b
OPT 275853 a 1217.4 400 10020 159479 a
FP 24631.6d 1339.1 400 10020 12872.5d
2022 NO 15925.7 ¢ 0.0 0 10020 5905.7 ¢
CRU40% 271689 ¢ 1281.5 100 10020 15767.4 ¢
CRU60% 285059 b 1313.6 100 10020 170723 b
CRU80% 29248.1a 1345.7 100 10020 177824 a
CRU100% 28004.6 b 1377.8 0 10020 16606.8 b
OPT 295399 a 1217.4 400 10020 17902.5 a
FP 26184.7d 1339.1 400 10020 14425.6 d
Ji2253H ANOVA
Ay Year (Y) *ok *k
AbFH Treatment (N) ok ok
Y xN * *ok

TE: CRU40%—40%42 B IR 2 Hi+60% 2 38 IR 2 /M BEWTB it ; CRUG0%—60% 44 B IR 2 2 ifii+40% 1 38 IR /- BEWIIE i ; CRUS0%—80%%
PR AR +20% 538 PR EEWIEIE; CRU100%—100% SRR KAL) ; OPT—X B A LALLM ; FP—E@IRF A I . 20217
20224F K RA M E B I22.8 TU/kgo FIEMHE S50 IR 2.8 Ji/kg; TEREIR 3.1 Ji/kgo HENE TR 10000/K . Hofih s i 3= B0 G . 41
NEZEF, MR, BE2 2 MU . R SR I%E . IRBIEOR S A R)/NE R [RIAE A BB 22 57 838 (P<0.05), Jr24i#rdr, YR
NOFIMRRES . FILIBZEALRE, #4353 RTE0.05FI0.0 K3, ns# A RE,

Note: CRU40%—40% controlled release urea (CRU) as basal application with 60% common urea (CU) as tillering fertilizer; CRU60%—60% CRU
as basal application with 40% CU as tillering fertilizer; CRU80%—80% CRU as basal application with 20% CU as tillering fertilizer;
CRU100%—100% CRU as basal application; OPT—Multiple CU topdressing; FP—Conventional CU fertilization. In 2021 and 2022, the average
price was rice 2.8 yuan/kg, CU 2.8 yuan/kg, CRU 3.1 yuan/kg. The fertilization cost was 100 yuan once. Other costs include P and K fertilizer, field
management, spraying, mechanical land preparation, harvest, etc. Values followed by different lowercase letters in the same column indicate
significant difference among treatments in the same year (P<0.05). In ANOVA, Y and N are year and N fertilizer treatment, respectively, * and **

indicate significant effect at 0.05 and 0.01 levels, and ns indicates no significant effect.

5 OPT 4bFEAHEL, CRU40%. CRU60% F1 CRU100%
A B K R A SRR SR a1 (B SRR AIT (P<0.05), 1T
CRUB0% A3 25 55 A 5K i 2 7K (P>0.05).

2.3.2 ARz 25855 T KR 5 B 5 M 3
REHRG HEMIRAZHREWLILE  S5FP
AEBRAR L, $EREIR R A AL B OPT AbFRHR & 1 /K A8
FEM 2 AW AR ER F R MMER AR R
B (K 4y, PEAEFIH8IE 5.6%~21.0%. A H
RIRZFACIE T, BEELMAE REIR R LB R4, KAd
FEEE AV AU R AR AR B R
f L] S SE 1 JE a3, L CRUSO0% Ab PR f% s . 5%

T 2 A AR P A R MR AR
MFLEE % CRU40% ., CRU60% Fll CRU100%
AN 12.9% ., 6.8% F19.0%. 5 OPT AbHEAHLL,
CRU40% . CRU60% H1 CRU100% AbFH 5558 1] 2= pli i
WA B SRR A R B B L) R
1% (P<0.05), FEIE4SF51H 12.8% . 7.7% H19.5%, i
CRUB0% AbH} 22 5 ATk it K- (P>0.05)

2.3.3 AFEENEZEZEB T KGR Z BT
WARARNTIECR 5 FPACIIAILL, BRBIRE&SAL
FEFN OPT AbFRHE = 1T /K A 5 Bl 5 A R AR B XPFF R A
ER R TTEkE (& 5), 2 - FIIEA 7.8%~27.9%,
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Fig. 3 The dynamics of N accumulation in plant under different treatments

{E: CRU40%—40% ERK R EE+60% il KR R 2 BEHIBIE; CRU60%—60% 2 K R 2l +40% ¥ 1 Kk F 70 BE 118 it 5
CRUB0%—80% T4 e R 3 HEffi+20% 8 JR R /T BEWIA i ; CRUI00%—100% T REPRFE IS ; OPT—@ IR R AL ; FP—d R FE 4k
U7 o AE EANIRNG R3S R U3 4k 2 ] 22 5 138 (P<0.05)

Note: CRU40%—40% controlled release urea (CRU) as basal application with 60% common urea (CU) as tillering fertilizer; CRU60%—60% CRU
as basal application with 40% CU as tillering fertilizer; CRU80%—80% CRU as basal application with 20% CU as tillering fertilizer; CRU100%
—100% CRU as basal application; OPT—Multiple CU topdressing; FP—Conventional CU fertilization. Different lowercase letters above the bars

indicate significant difference among treatments in the same period (P<0.05).
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4 FREIAEKFESTERE EBARRR SERARRRLA)
Fig. 4 Proportions of above-ground N accumulation in the whole plant before and after full heading stage
of rice under different treatments

E: CRU40%—40% #&REIR F A Hi+60% 58 IR £ 4r BEWEME ; CRU60%—60% $5 BE IR B fli+40% 58 IR % 4r BEWIE A ; CRUS0%—
80% 5 REIR R IALTE+20% 518 IR R BEMIATE ; CRU100%—100% B RFE IR ; OPT—I il JRIRILALHE ; FP—3l 3 JR 2 P it A 7
B0 FEAIR] NG Sb8 3275 A [ P A0 31 0] 22 57 12 2% (P<0.05).

Note: CRU40%—40% controlled release urea (CRU) as basal application with 60% common urea (CU) as tillering fertilizer; CRU60%—60% CRU
as basal application with 40% CU as tillering fertilizer; CRU80%—80% CRU as basal application with 20% CU as tillering fertilizer; CRU100%
—100% CRU as basal application; OPT—Multiple CU topdressing; FP—Conventional CU fertilization. Different lowercase letters in the bars

indicate significant difference among treatments in the same growth stage (P<0.05).

A BB IR AL, BRI R RE LI (P<0.05), FEIEZMHN 15.7% . 10.3% F112.5%, 1
W, KRS G AR B A R TR CRUS0% A2 57 KA i /K- (P>0.05).
WEWEaS, DL CRUS0% Ab¥ifem, FFHUGPIAEFY) 24 BBESH

AR B FF R AR SRS 4L CRU40% . CRU60% Fi 3 1 A BT D 3 o AT KRR R I R R R
CRU100% ALBRIT 514215 15.9% . 8.8% Fl 11.6%. 5 B i B by i =0 B 42, 451 (B 6) &
OPT #b¥AHLL, CRU40%. CRU60% 1 CRU100% W], F¥RERTEAMBEYIKRE = EEmeE, =
AbPEFERE S AR BB AR TR B B AL SR R K A A SRR . B REOR BN &5 S AR 0T
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Fig. 5 Contribution rate of N accumulation to grain before and after full heading stage of rice under different treatments
. CRU40%—40% 15 B IR 2 FLiti+60% 38 JR 2 /Y BEWBIE ; CRUG60%—60% 12 B SR £ HEi+40% 58 R £ 4P BEWIIB M ; CRUS0%—
80% TEREIR B AN +20% il JR R 4P BEWENE ; CRU1L00%—100% R IR E B ; OPT—¥il JREM AN s FP—3d bR it I 7

o AEHORIRD NG FRER IR AR [F I U140 30 H] 22 57 13 (P<0.05).

Note: CRU40%—40% controlled release urea (CRU) as basal application with 60% common urea (CU) as tillering fertilizer; CRU60%—60% CRU
as basal application with 40% CU as tillering fertilizer; CRU80%—80% CRU as basal application with 20% CU as tillering fertilizer; CRU100%
—100% CRU as basal application; OPT—Multiple CU topdressing; FP—Conventional CU fertilization. Different lowercase letters in the bars

indicate significant difference among treatments in the same growth stage (P<0.05).

A RAEEL
oo _— Panicles per
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full heading stage RERERIAL
Spikelets per  [——__ 0.818%*
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SRR R 00 ke 012
N accumulation after | — ° -
full heading stage . 0341 ‘ ThE ' .
———— b 1000-grain
e weight

6 TELEKIEFEATERAZRBEN =25 E R IHEE I
Fig. 6 Path analysis of the influence of N accumulation on yield and its components before and after full heading stage
of rice under different treatments

fE: #*—P<0.01; *—P<0.05; HAFTEIALE,
Note: **—P<0.01; *—P<0.05. Dashed lines indicate no significant effect.

SN P ST E AR LB A .
TR ZE SR i 45 T AR R R
25 FARIEAREEERATARFANE

Ay 5 RN IS % B A R IR R2ER
FHSARM A 7=y, H 3 R B 58 HAEH]
(Kl 7). 5 FPALERAHLL, #EBEIRZER 4 ALFAT OPT Ab
PR AR T AR MR A ) R R e A
71, 24 BRI R 00 23.6%~53.7% .

22.9%~58.0% H1 13.7%~23.7%., A[F HHHEBEIR R
WhEE, B RR R LA, KFEAR
M | R 25 1) 28 R A 7 07 35 5 4 3 s ekt
#, HLL CRUB0Y b B i =, 2 4 Rt/ illik s T
43.0%. 18.2 kg/kg 1 50.6 kg/kg, 5 CRU40% .
CRU60% F1 CRU100% AbBEAH L, CRUS0% AbBHAY
RE PR B T 24.3% . 10.3%., 14.8%; K
SRR IR T 26.0%. 8.5% Hl 14.7%; fhi‘l:
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Fig. 7 N use efficiency under different N treatments
FE: CRU40%—40% ¥ REIR FH i +60% 3538 JR R 43 BEWIIE il ; CRU60%—60% ¥ B IR 28 He it +4 0% 38 JR K 43 BE 101 36 Jiti ;
CRUS0%—80% J2 B R 2 HLhi+20% -1 bR £ /- BEWIE I ; CRU100%—100% 5B Z L ; OPT—E8 JR Z AL ; FP—il R E A 7
WEITT e AE EANRNG TR 3R AR R AR 03 R [R) AL 2R H) 22 53 .3 (P<0.05), Jr2E43Mreh, Y RN 3l RRES . BN ZAEIE, *Fexjy

JNZIRTE 0.05 F10.01 K3, ns FoRALE

Note: CRU40%—40% controlled release urea (CRU) as basal application with 60% common urea (CU) as tillering fertilizer; CRU60%—60% CRU
as basal application with 40% CU as tillering fertilizer; CRU80%—80% CRU as basal application with 20% CU as tillering fertilizer; CRU100%
—100% CRU as basal application; OPT—Multiple CU topdressing; FP—Conventional CU fertilization. REN—N recovery efficiency; AEN—N

agronomic efficiency; PFPN—N partial factor productivity. Different lowercase letters above the bars indicate significant difference among

treatments in the same year (P<0.05). In ANOVA, Y and N are year and N fertilizer treatment, respectively, * and ** indicate significant effect at 0.05

and 0.01 levels, and ns indicates no significant effect.

PEHAY IR T 8.0%. 2.9%. 4.8%. 5 OPT AbFEAH
I, CRU40%. CRU60% FI CRU100% 4bFH 2 4F 2t
RE R | AR 2FF R AR A 5 ) B 35 1k 3%
JKF- (P<0.05), 1ii CRU80Y% AbFH 25 5 K ik i 2 /K
(P>0.05).
26 FARIABEERATLELIESE
IKFEHR A FP AL B RS A R A A & 5=
TRERBEIR R A AL TR OPT AbBH, 11175 55 H 401 i 2
WITOHLA B 2 0 B AR SOt 3 (] 8). BB SR
AL FRAH LG, R IR 2 45 AL FR AN OPT A3 AT 3 fin
KRG AW A R A, SR KA R R
WA Z WSO A E R R . AR il e IR 2% b 28
L KRR ) M A R A R B B L it
PEREPR 2 L B8 5 2 T B S, I 5 R A B A
H - 9 A RURI e 2 G O R 0 o e 4 o PR
F Ol PEE 2 T E. Hrh CRUB0% 4b HHL/K F
HAEE RS A S A S EL S OPT 4b#
HHIT
27 FRIEAREZEEX T BN A ZEZNFE
T R G R R R AR (R 3) E W,
ERZF AT, ARG WS, §EaAR
F A 63.7%~65.9%; fERZH T, DIEDA
EWMChE, HEAEAREH BN 50.1%~61.6%. 5

I

FP ZbFAH L, 5 RIR 2 &AL FRA OPT Ab B & 35 [
T AR MBI &, FEIRES 18.7%~33.5%. A
Ll A9 45 R R AL 3 rpr ol i 4% R JR R LL A 1 2
=, CHLESR B s, EMAR R WISk
HEWOERY, L CRUS0Y% AbFR iy . 1 &L K W4
KRR NEIETE, L CRUSOY b PR AT, %
CRU40% . CRU60% F CRU100% 4t 3853 Bl F& A% T
16.6% . 8.8% Fi1 8.0%. it B BT /) Lt 45 B IR & L
P A m KR AR WL, WA ESIKL. 5 OPT
AEFA L, CRU40%. CRU60% F1 CRU100% AbFH 4
R FMI AR ) N 22.3% . 11.8% F110.9%,
P2 53938 B F K- (P<0.05), i CRUS0% Ab B 22 5+
Kik B EIKF- (P>0.05),

3 e

3.1 AEFERREZEERNKE~ERE
¥ E T B F2

Jiti PP e RS T 4 K R R A R e,
IERDCRERRY, BRI R, R
A RREEON A ORI, [ 34 RE B o K A e 399 400
B 3, PRUEKRERFRLHESE | 1IN as S0 Tk
O, AR 0 SRR RUIE 5 8 R A
17 C 7t L 81 Rt P 753 3 70K e 7 B B30 A7 A 25 5 o
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Fig. 8 Soil inorganic N content in the 0—20 cm layer in rice growing season under different treatments

TE: CRUA40%—40% ¥ R E Bl +60% 38 IR 3 /T BEWI B M ; CRU60%—60% 15 BE IR 3 Feiti+40% 30 JR 2 43 BEIIB it ; CRUB0%—
80% FEREIRRILNE+20% T B IR R BEWLEHE; CRU100%—100% R RE I ; OPT—H il JREMAME ; FP—EBIRZ A& i o7
o FE EARRING FRES R A RPN [ b 38 22 55 .3 (P<0.05),

Note: CRU40%—40% controlled release urea (CRU) as basal application with 60% common urea (CU) as tillering fertilizer; CRU60%—60% CRU
as basal application with 40% CU as tillering fertilizer; CRU80%—80% CRU as basal application with 20% CU as tillering fertilizer; CRU100%
—100% CRU as basal application; OPT—Multiple CU topdressing; FP—Conventional CU fertilization. Different lowercase letters above the bars

indicate significant difference among treatments in the same growth stage (P<0.05).

#3 TRERCETIELINERZRZATE (2021—2022)
Table 3 Soil inorganic N apparent balance under different N treatments (2021—2022)

$8%5 Index (kg/hm?) CRU40% CRU60% CRU80% CRU100% OPT FP
IR TCHLA Inorganic N prior to sowing 32.6 32.6 32.6 32.6 32.6 32.6
AWk N mineralization 195.6 195.6 195.6 195.6 195.6 195.4
Jiti % i+ Fertilizer N rate 400 400 400 400 400 440
PR R ZWZIL Crop N uptake 349.7 ¢ 367.3b 383.4a 3612b 387.1a 3345d
TeHL%E5E B3 it Inorganic N residual 26.2d 303 ¢ 345b 383a 34.8b 23.1e
RE MBI N apparent loss 252.3D 230.6 ¢ 2103 d 2287 ¢ 206.3 d 3104 a

{E: CRU—{EREIRE; CRU40%—40% P2 B IR 3 Eiti+60% 1 1 IR 3 4 BEWIE I ; CRUG0%—60% 178 K 3 FE i +40%5 i IR 32 73 BEIB B it 5
CRUB0%—80% 2 F IR 3 HEiti+20% 1 IR H AP BEWIIE I ; CRU100%—100% 5B IR #H HE )i ; OPT—I@ IR R ALALIET; FP— il IR A
JE 55 . R 0—40 em HIETCHLEM R s [RIATEERE A IR/NE FRROR A B 22 5+ 1 2 (P<0.05).

Note: CRU40%—40% controlled release urea (CRU) as basal application with 60% common urea (CU) as tillering fertilizer; CRU60%—60% CRU
as basal application with 40% CU as tillering fertilizer; CRU80%—80% CRU as basal application with 20% CU as tillering fertilizer; CRU100%
—100% CRU as basal application; OPT—Multiple CU topdressing; FP—Conventional CU fertilization. The amounts of inorganic N accumulation are
in the 0—40 cm soil layer. Different lowercase letters after data in the same row indicate significant difference among treatments (P<0.05).
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