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Abstract: [ Objective ] This study aimed to evaluate the impact of various phosphorus (P) fertilizer application rates and
irrigation methods on rice yield, P uptake, P loss, and P balance in the Taihu Lake Basin. The goal was to optimize nutrient
management and mitigate non-point source pollution by assessing the effects of different P levels and water management practices
on rice paddies. [ Method ]A two-year field experiment was conducted with three P application rates (P,Os 0, 45, and 90 kg-hm2)
and three irrigation strategies: continuous flooding, mild dryness, and severe dryness. Soil and rice samples were collected at
harvest. Soil P fractions were analyzed using sequential extraction, and rice yield and P uptake were measured from grain and
straw. Runoff and leachate samples were obtained to assess P loss. [ Result ] Compared to the control (no P fertilizer), applying P
fertilizer increased rice yield by 2.20% to 11.5%. The P,Os 90 kg-hm ? treatment reduced P agronomic and P use efficiencies by
an average of 34.9% and 29.4%, respectively, compared to the application of P,Os 45 kg-hm™2 P application significantly
increased the soil Olsen-P and available P fractions (the sum of Resin-P, NaHCO;-P;, and NaOH-P;) by 19.1%~62.4% and
36.5%~101%, respectively, while also enhancing P loss from paddy fields by 79.1% to 292%, compared to the control. In
addition, the mild and severe dryness strategies significantly reduced P loss, with average decreases of 27.0% and 35.6%,
respectively, particularly in runoff, where reductions were 31.5% and 41.3%, compared to flooding. The P,0Os 90 kg-hm™
treatment maintained a P balance for the rice season, while the application of P,Os 45 kg-hm? was sufficient to meet rice
demands due to the high availability of soil P and Olsen-P higher than 20 mg-kg™". Structural equation modeling indicated that
Olsen-P and NaOH-P; were the main influencing factors for rice yield, while Resin-P was the main influencing factor of P loss.

[ Conclusion ] Moderate P fertilization at P,Os 45 kg-hm™ effectively increased rice yield with minimal P loss. Mild dryness
irrigation and appropriate P application based on crop P requirements and soil P levels are vital for maximizing crop yields while
minimizing P loss. The findings provide a scientific basis for nutrient management in paddy fields and the control of non-point
source pollution in the Taihu Lake Basin.

Key words: Phosphate fertilizer; Irrigation; Rice yield; Phosphorus loss; Phosphorus balance
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FABEAE AN S iE— 2B e B Wy i, T n] BB R
MRAEY =, AR Y 08 B A il A A s i ¢ R
B, WATRES BB KD, 32 40 4R, FRELE
YA pe v B IR AR I T 13 A5, R K
VLS, R AR LRGN 1970 & 2010 4E3H3E
81 /50, AT 20 4F3k , K YT AW Fids A F 4 3 s 5
SRS LT, 3 2 I B A o AR B R 2 4 3
G210V T AU 3 %o A I T Sl Ae - SRR T
M, #it 65.2%0 4 H -84 %8 (Olsen-P) =T
20 mg-kg ', FuBEEEBEYE R R, XM
S5 BT B E AR DI 0 IR R R, AL
AN 7 PRI PRI (0 AR KU o BRI, SR} A
JEAE S, T AAE W 7™ d R i R TR B G
HIE,

WA AR 4 o K i ™ o T R #5E GsE T, (R

o B S e KU ™, e R AR RS A
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FER IR, o A Rl e S RS A R VR R AR R
IR 23k P 5.14 kghm 212, 5/ | ok
SAEMEDIMI L, RS — Jy 10 7 38 2 1 X6 7K ) 75 2R
ER, KEBRIRIRNGHE N 75— I KR
0 NSRS 3 A & 17 R )1 /21 s N
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A A X PEAS () WA P 5 A, DAL AL 5
B B DL AL SRS, B 7R A TSRO0 B RS
USDIEGE TR ST

1 MRS

1.1 RIEXER

IO TV BT RS (31°41'N,
120°40'E ), M4 KW IR, Ja 7 By 20 KU i < fek
AER 17 C, AEMOKE 1177 mm, RHAREE
YEX o YRR B B KR . IR T
2020 4EFEZE, WIMA T3 0~20 e HE2MER N . pH
6.3, AHLEK 16.7 gkg'. &F 1.37 gkg'. &8

0.49 g-kg . HEHN 75.6 mgkg ' BHAHA 146 mgkg ',
ARk 20.7 mgkg ',
1.2 Rt

KHBEVLIX 15, $ TR R, HiE 9
AEFR. 1) WE7K+P,0s 0 kg'hm = (R Py ), 2) #E/K+P,0s5
45 kg'hm? (RPys ), 3) ¥EZK+P,05 90 kg'hm ? (R, Py ),
4 ) IR EVET4P,05 0 kg'hm > (R,Py ), 5) 527 T+P,05
45 kghm? (RyPys), 6) FJEVET+P,05s 90 kghm?
(RyPy ), 7) HEFET+P,0s 0kghm? (RsPy), 8)
FEVET+P,0s 45 kghm™? (RsPys ), 9) EEEVET+P,05
90 kghm > (R3Pyg ) FEAALEE 3 ANHA . KA
BRHEIEE , K2 F SR K K B R B (e A T
W, TEAEE, ERE 1.

F1 KEERLEERATN

Table 1 Irrigation method of each treatment in the rice season

%% Code AL PE Treatment FEWETT 3 Irrigation mode
R, 7K Flooding IEFHIRE 3~5 cm K2, % BT H ST
R, BEET FEAEWMREFF 5 em K2, ZEAHE (15~20 cm % ) KFN-15 kPa K 3~5 cm,
Mild dryness T, IEIMES, BRI TR A T
R; HEET FEREWMREFF 5 em K2, ZEAHE (15~20 cm %) /KFh-30 kPa iH#EK 3~5 cm,

Severe dryness

T, PRIMER, K TR L T

HREEYH AL (JRE, 46% N), #E (&
LB, 60% K,0) 25 M4iA 300 kg-hm ™ fil K,0
90 kg-hm 2. RAEHE 30%1E A FEALIEFH, 40%7F 53 BE
BB AL, 30%FEH T WIE AL . AR (T REIRES, 12%
P,0s ) FIHAEAE Ry FEAE — v M it FH o K58 /0 X b e
(7mx8m=>56m”) PUJH % 40 cm F& Af7iE, K
AR RS b e P A0 340 % B 2 LA B LB AT 28 S5
BRI 50 cmo KFE AP FIRE 46, SR AT T4
P, FH R4S B ST 2 bl Fv, o T B R 32 8
MRS HURVRUE N TR, WSO i i A FE 7K
SR
1.3 HREESHH

TR AEAF RN - SR A R AR T 2022 4E I 2023 48
FEZRWC o AKAE RS L /N R N Tl
FABCRLHLRE KPR RS AT 20 88 o PR KR LA, B4
ANDKCRAE 10 R EAEPIREAS , I X5 KR 7= A8 g 1A
TR, FREL . TR . G590RMTIE .
FEFFRAFRL 60 CT 8, MEeEeE. maids®

SR B /N S B e AR R ) T AR
TR A R

SR ST AU A X /NK BEALE S, B AR
5 cm HAGBEVLREE 5 NUREE R 20 cm 08, BN/
XAFE i i IR A TR L — S G T, e i X
T, KB AEEE , S 20 B E +
AR, & 100 H AT LB %
A E o

TR /NI HE 1A A AR 3 (> B xR , 0.5 mx
0.5 mx0.5 m) WHERT . RiFIL L E TR
Ko H B, R AR H B 2022-6-18 .
2022-7-2 . 2022-8-20 . 2022-9-25 . 2023-6-20 .
2023-7-2. 2023-8-14. 2023-9-22, RHABALIHZL
FLEUEE 0~40, 40~60. 60~100 cm +IEFHE R
BUSWR . TEKFERME S, &R 15 KTEZS RZIE—
WBIEW . B TIEMIRAREAMK, L 60~100 cm
TNB I . FZRB U8 K H B I8
IR LU KRR St 0] . 2R 4 R g 4t ng s 1)
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FE&h, JFHEZE 8N 3 HT (L ( Skala, Netherlands )
Xof il e B A T 2 o

MG Wang %5 UR B0 R 25 48 B A el 4
5% FREL 0.500 g KT 37 C AP B4 43 42 1. 1)
22 B T K MW IR 4% 42 BU Resin-P; 2 ) 30 mL
0.5mol'L™" fy NaHCO; #& Bl NaHCO;-P; Al
NaHCO;-P,; 3) 30 mL 0.5 mol-L™" f) NaOH $2HX
NaOH-P; il NaOH-P,; 4) 30 mL 1 mol-L™' & HCI
#HE HCI-P; 5) 360 C T H,S04-H,0, i f#
Residual-P. £ HEEUAE 25 °C 180 r-min ' £3% 16 h,
BJE7E 0 °C 8 000 rmin ' B5.0> 10 min, @1t 0.45 pm
PERRE I UE VS . ¥ NaHCO; Fll NaOH 2 HU4) 53
PRy, A mlE eu T, AL & R4
BEFTCALBE 2218 . 224000 0O EE T (UV-2500
HZ, 700 nm ) FIIR IR BH 35 75 DU il 75 it

Y 4 2R I IR - i 4R AL &TH 28— BB BT 1
e ; H3EA R (Olsen-P ) FBRIR A4 (pH
= 8.5) RHR—HBPLIL AL E ; BRI
i - e R TH A& — SR BB e e e )
1.4 #HiEE

W FIRBARSEATAE S BRILRAEROR L W
NERI R . RImBEi R . BN . Wk RE
IR T3 L A e b . EEH A

R (%) = (SORBUERIEL) x100;

BRHEACAHOR (kgkg ') (MR AL THAF L™ Bt
(kgrhm ™) B AR BK 7L (kgrhm ) 1/ R%
&7 ( kg‘hl’l’li2 ) 1;

BENE A 2 (% ) =[ il 8 X 4 1 5w AL R =
(kgrhm 2 )~ AR X Hy |- 3R RL 2 5 kghm 2) /[
Wi (kg'hm?) 1x100;

PRI BEB R (kg'hm?) =[/NX SR AR T
W (mg L") <BARAFKIAER (L) /10°7x10 000
(m*) /RX AL (m?);

R (kg'hm?) =R GBI Z AL

=\

BRI (kghm?) =[BIRN#EE (mgL")
< BIFAKMALCL /109710 000( m? ) /MK FFL( m?);

WU 2% 280 % )=[iii 2 Ak P s 37 25 F( kg-hm 2 )
— A it B Ab B OB R O B ( kgrhm? ) /[ M W
(kg-hm™?) ]x100;

B R (%) =[Hiwk kb FpE R & (kghm?) —
AN PR i (kg-hm 2 ) /[t W Ak B s 37 o<
i (kg'hm™?) 1x100;

Microsoft Office Excel 2021 #Ef74(nzasH
SPSS 24.0 #4773 K J7 22 43 A& BRAA Ui e i 2K
FLEBE A K T VE Ry XA [R) e s £ A7 7E 28 HAE
I, B AR ZE 8 A il 9l AE A 2 B8 9% T A0 B ( R5Py )
YEXT R, DA LA i ol et 0 HE W88 X0 A A )
A7 5% ) 1 N FRVE T . >R A OriginPro 2023 Al
R A A7 8005 T 04 o ) HH Bl AL AR AR ASE 28 43 B
SRR 20 53 O Wl A R R 7 o 5 M ) TR A L R
1 AMOS P Fy s 2540 J5 R R ( SEM), JFAIH
SEM A 8 0 R it Ak Ak 3L ke 2 0 % 7 £ R Al A
PR Al

2 4 R

2.1 ERGEEAIEIMEW LT IR

ANFEI AR PR RS A AR, TORLE R SN
2 R, 2022 AEREA. BRAEC. TRIEE . 4550
I35 R 2.78x10°~3.16x10° hm *,99~119 ki ,25.5~
28.6 g. 90.3%~93.7%. FHEL. MR, TR E.
S5 IR B S I K, (ERFRM T
FES L 2023 AEFER, BRIEL. ToRIE . 45305
Wk 2.75%10°~3.17x10° hm >, 97~120 ki, 25.2~
29.9 g. 89.3%~94.0%. R\Py. R,Pyy FHETE: R;P,
S SIBE TN 15.3%H1 15.8% ;5 RoPoo BRI BT 29.8%;
R,Poo b FREE SRS 5.41%

FEFESEPIAEWE I, DL RPo Ab B A5 FT FIFF
R R % (& 1), 2022 4F R Pog Fll RyPoy R AT
BR3P 20 AN 14.2%F1 14.5%, RyPoo KFRLF= 5
BN 9.47%; 2023 4F RiPss. RiPgg. RoPys. RyPog Fii
FEF=/ A BB 9.97% . 16.6% . 11.6%. 15.5%,
RoPoo FFRL = w1 N 12.8%.

PR HH ] W D45 DA RsPo Ab PRI e i e fIG (11 2 ),
2022 4 RyPog Fll RyPoo F FH I 18l 5 45 R3Po G 11 21.0%
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Table 2 Factors of rice yield under different treatments

FEhy b3 FH#7 Panicle number/ TEORLEL TR sES R

Year Treatment (10° hm™) Grains per ear/Fi 1000-seed weight/g Setting rate/%

2022 R,Py 2.84+0.28a 105+9a 26.0£3.1a 92.04+3.4a
RiPys 2.96+0.23a 111+13a 26.6+3.3a 92.3+2.9a
RPyy 3.16+0.23a 119+11a 28.0+£3.2a 92.9+2.8a
R2Py 2.92+0.18a 108+10a 26.2+2.0a 92.0+2.4a
RyPys 3.10+0.25a 114£21a 27.4£3.5a 93.6+2.1a
R,Pgo 3.12+0.22a 122+10a 28.6t3.1a 93.7x1.7a
R5Py 2.78+0.11a 99.3+6.6a 25.543.1a 90.3£2.9a
R3Pys 2.91+0.35a 105+18a 26.2+3.2a 92.4+2 2a
R3Pgo 2.92+0.24a 115+16a 26.4+3.5a 93.0+1.8a

2023 R/Py 2.89+0.23ab 103+8ab 25.5+2.8a 91.7+3.3ab
RiPys 3.01+0.15ab 115+14ab 27.1+£2.6a 92.3+1.8ab
R Py 3.17+0.16a 120£12ab 28.2+4.2a 93.6+3.4ab
R2Py 2.96+0.21ab 106+9ab 25.8+2.0a 92.7+1.6ab
R,Pys 3.13+0.17ab 117+18ab 28.4+4.0a 94.0+1.7ab
R2Pgo 3.18+0.21a 126+12a 29.94+4.3a 94.1£0.9a
R;Py 2.75+0.25b 97.3+4.9b 25.2+2.8a 89.3+4.0b
R3Pys 2.84+0.12ab 103+19ab 25.8+3.0a 92.1+2.1ab
R3Py 3.01+0.28ab 111£14ab 26.1+£3.0a 92.9+1.4ab

F: RiPy, #EK+P,050 kg-hm™?; R Pys, #EK+P,0s545 kg'hm™; R Py, #7K+P,05 90 kg-hm™; R,Py, FJEVET+P,05 0 kg-hm™;
RoPys, 8 JF ¥ F+P,0s 45 kg-hm 25 R,Pyo, 5275 T+P,05 90 kg-hm 25 RyPy, HJF 7% T+P,05 0 kg-hm 25 RsPys, HJETE T+P,05 45 kg-hm 25
R3Psy, &4 T+P,05 90 kg-hm >, FHEHRE A T (HebriEi, [Wl—3) il — 4 6 Joh [l /NG 7 BE R b R 22 55 25 (P < 0.05 ),
NI, Note: RPy, Flooding+P,05 0 kg~hm’2; R P45, Flooding+P,05 45 kg~hm’2; R, Py, Flooding+P,0s 90 kg-hm’z; R,Py, Mild dryness+P,0s
0 kg‘hm’z; RyP4s, Mild dryness+P,0s 45 kg-hm’z; RyPyy, Mild dryness+P,0s 90 kg~hm’2; R3Py, Severe dryness+P,0s 0 kg'hm’z; R;Pys,

Severe dryness+P,0s 45 kg-hm 2, R3Pyg, Severe dryness+P,0s5 90 kg-hm 2. The data in the table are mean =+ standard error, different lowercase

letters in the same column for the same year indicate significant differences among different treatments ( P < 0.05 ) . The same below.
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The rice yield under different treatments

http://pedologica.issas.ac.cn



270 + b1

2 e 63 %

F121.5%; RiPss. RiPog. RyPus. RyPgg. Ri3Pgo ¥FAL
MR BRI 16.4%. 19.3%. 19.8%. 22.4%. 16.2%,
2023 4 RiPss. RiPog. RoPus. RyPoo. R3Pog Fili FT-K

(=)
(=]

a) 4L Grain
TEAT Straw

B
W
T

_I_

(9%
(=)
T

bc a a c a a c ab a

_I_

b ab a ab | |ab a b ab | |ab

:

20224F 7K R it
Rice P uptake content of year 2022/(kg-hm™)

RIP(J Rlp-li RIP‘KJ RZPU RZP-lS RZP‘)U REP(J R3P45 R'(P‘)U
ALFE Treatment

ARG

treatments ( P < 0.05) . The same below.

& 2

B RsPo 3N 17.7%. 27.4%. 20.0%. 28.4%.
15.2%; RiPss. RiPoy. RoPys. RoPog. RsPog FFHLIK
BRI 17.5%. 22.3%. 23.1%. 25.6%. 17.6%.

60
_ b) F¥FKL Grain
B FEFF Straw
=
on
= +
g 1
g5
X2 T 1
B r
T e c ||ab||a||bc||a||a c||ab||a
T
- £
a3 P s |
S g st iy EX & =
= d||ab||a||cd||a||a]|]|d | ]ecd| labe
3
&

RIP(J R1P45 RIP‘)U RZP(J R2P45 RZP‘KJ REPU R3P45 R3P9ll
AbFR Treatment

3 F RN AL PR 25 5 .2 (P < 0.05 ). T [A] . Note: The different lowercase letters indicate significant differences among

T b PR el i

Fig.2 The rice P uptake under different treatments

8 A 4 2 3023 R Tl T ) PR 23 it 8 79 34
FEAR (32 3). HPMBEIEAR 2ERORLL RiPys e, 7E
2022 4EF1 2023 4543510 16.3%H1 17.0%; i it A
P,Os 90 kg-hm® 4b B (Y B IE A 2 %4 %55 B 78
8.87%~11.4% 0], BENEAIHZLL RoPys i, 7E
2022 4EFN 2023 AE4FRIRN 21.7%F0 25.3%, P,Os
90 kg-hm > &b A Bl AL A 38 [ TE 11.5%~18.2%
Z I,

2.2 EBEANAERE A TR X R S O SN

A 17 o o e e R R B e P B I T G i, B
T A Bl W T3, HAR MR B2 & T3l
(& 3). TEMAER MR, YDA R Poo 20 F A 12
FB IR e, RsPo BRI, 2022 4F R Pys.
R Py RoPys. RoPog. R3Pys. R3Pog 15 Vi W R B8 R3P
3 ETE 193% . 377% ., 126% . 188% . 73.0% . 127%:
BB 51.1% ., 76.1% ., 42.8%. 56.0% .
38.9%. 46.2%. 2023 AEARFRBEI IS 23 BIHE N 258%
523%. 170%. 275%. 165%. 231%; B ImHH %
J105%. 156%. 93.7%. 123%. 89.0%. 111%.
UL 2 2R H5ORT ) ek e i T VR o 1 9/ T RRAIG, Bl R
F R8I it 38 1 o AT, Rt e 1 T

FreE (3% 3). HAPBER KR RECRHIECR L R Py fix
W, 2022 AR50 51N 0.84%F1 65.0%; 2023 443 K
2.20%FH1 74.2%.

2.3 EBANERE A IE XA S BN

it AR R T A RO A, R
3 S50 i T A 1 T SR A A (&1 4 ). E
AR WU rh A A5 R A B Y L 3 i 17.8~29.2
mg-kg ' Hl 461~540 mg-kg ', H DL RyPo b BEAR AR .
2022 4F R Py RyPog. R3Poy A RUME 75 H 5K R3Py 435
AN 54.6%. 47.8%. 37.0%; R\Pys. R Poy & &
AN 13.4%. 16.7%. 2023 4 RiPgy. RyPoy. RiPyg
RO R R3Po 4335 64.2% . 58.3% . 46.1%;;
RiPys. RiPog & G NN 14.1%. 17.2%,

Jite Ak L k2 N T £ 3 Resin-P . NaHCO;-P
NaOH-P;( [ 5). 2022 4E R Pss. RiPgg. RoPss. RyPog.
R3P4s . R3Poo 2L FHHT Resin-P 5 R3P 43 5484111 95.6% .
150%. 84.6%. 135%. 83.5%. 125%; NaHCOj;-P;
I TN 58.0% . 98.8%. 45.5%. 96.7%. 39.7%.
82.1%; NaOH-P; 4 HI3E N 24.0%. 60.5%. 20.8%.
53.1%. 18.0%. 50.9%. 2023 4 Resin-P 43534 i1
127%.212% . 123% . 192% ., 121% ., 189%; NaHCOs-P;
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Table 3 P agronomy efficiency, P use efficiency, loss coefficient, and reduction rate under different treatments

BRAEAR A%
E ab T I EES ik R AL ElIbEES
P agronomyefficiency/
Year Treatment P use efficiency/% Loss coefficient/% Reduction rate/%
(kgkg™)

2022 R Pys 16.3+£2.7a 17.8+3.9ab 0.78+0.22a 46.0+7.0bc
R Py 11.042.4bc 13.14£2.3b 0.84+0.12a 65.0+£3.4a
R,Pss 12.1£2.7abc 21.7+4.2a 0.60+0.10ab 43.9+4.3bc
R,Py 8.87+2.36¢ 14.3+4.2b 0.46+0.17b 53.1+10.3ab
R;Pys 13.8+1.6ab 15.4+4 4ab 0.42+0.13b 37.1£7.3¢
R;3Pyo 9.53+2.41bc 11.5£2.9b 0.34+0.07b 49.3+5.6bc

2023 RPss 17.0+£3.2a 25.0+3.3a 1.06+0.24b 57.945.2bc
R Py 11.4+2.2b 18.24+3.0b 2.20+0.36a 74.243.3a
R,Pys 17.3£2.9a 25.342.5a 0.78+0.13bc 53.94+4.5¢
R,Pyy 11.0+2.6b 16.9+3.6b 0.63£0.15bc 65.0+5.8ab
R3Pys 20.142.9a 19.0+3.2b 0.82+0.33bc 56.8+9.5bc
R;Py 11.0£2.1b 13.74£3.9b 0.56+0.06¢ 65.6+2.5ab

e RPEEE NP EAAR R, W5 o E AR JE AR RN FRER R AL BN 25 7 B3 (P <0.05). FIA. Note: The data in
the table are mean + standard error, different lowercase letters in the same column for the same year indicate significant differences among

different treatments ( P < 0.05) . The same below.
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Fig. 3 The P loss content of paddy soil under different treatments
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Fig. 5 The P fraction of paddy soil under different treatments
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and yield under different treatments
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