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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 (P20s 0, 45, and 90 kg-hm™) 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 P20s 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 P20s 45 kg-hm™. P application significantly
increased the soil Olsen-P and available P fractions (the sum of Resin-P, NaHCOs-Pi, and NaOH-Pj) 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 P20s 90 kg-hm™ treatment maintained a P balance for the rice season, while the application of P2Os
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 P2Os
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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(A< FH 14964 0% (Olsen-P) & 20 mg-kg!, Jafif &t EWE F2 75 R o xSRBS B T
T PSR P T M 160 P70 s i » /B 7 B (RO AN R X A5 PR 9 1 IR o IR 1, It R 2 Al A 2
X FARALAE A 7= B 0ok B3 B VR 9 8 O EE R

W REAE SR SR RGP 0 TR G RBEE A, (H O S N 238 i i 2k RS, L IR TERE
HAS RGP, Hflil, SERETT 15%00 7K e HH T I BV G 0 gt . X 35 22 B F KR A 7 xt
IR R TR, Iz s TP R Z Wik, 5 B0 SR B K R, AR,
M Tl 97 2 X P R 26 2 B 4% 3 4 . Olsen-P. A HLFISE, Hirb Olsen-P & &/ MR 5 25 1
F B R R, ORI, A S BB R AR A R AR B R IE P 514
kg-hm212l, 5N FORGE RAEAEVIAREL, KRG — 5 TR R MK R R ER, KR IRIR 27
PRI s 53— I T K BRI A /& 2 BRoK R G e, gt sgm = &3], [Ftk, &2
RIFEZREWE 7 2, R BB e AN OR KRS = B B A R .

LE ERTR, B EE IR K O N K R A K 2 5 B TS K B YEURT Al 2R R U D 2 B A T

http://pedologica.issas.ac.cn



+ 5 R
Acta Pedologica Sinica
MRy, GRS E A R R AL T 30, T AR KRS P ARG AR SRR KR S AT
FCIE R S8 ) S AR R Pl DX sk, R SR A M s P PR R s R LIRS R
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1.1 036 X LR

ARG A, TV BT RIS (31°41'N, 120°40'E), AL KIHIRIE, & W #4GH 75X
MRS, I 17°C, FH/KE 1177 mm, ZRBREZIEX . LR RER K & K
Mt WILET 2020 FREZE, VIEEEHE 0~20 cm HHEME N: pH6.3. HHE 16.7 g°kg' &%
1.37 g'kg's 4% 0.49 g-kg!s A 75.6 mg-kg!s BRARAE 146 mg-kg'. R 20.7 mg-kg's
1.2 363t

RHABEHLX A&, 7 H RIS, HLEE 9 MhHE: 1) #E/K+P.0s 0 kg'hm? (RiPy),
2) #EIK+P,0s45kg-hm? (RiPss), 3) #/K+P,0590 kg-hm? (RiPoy), 4) HETET+P,0s0 kg-hm
2 (RoPy), 5) BRJEVET+P,0545 kg-hm? (RyPss), 6) BEVET+P,0s 90 kg-hm? (RyPoy), 7) H
FE V& T+P205 0 kg-hm (R3Py), 8) HE K T-+P205 45 kg-hm? (R3Pss), 9) FETE T-+P205 90 kg-hm
2 (RsPoo)o BN 3 ANEE . KA TWRA B ML, Ko BIRZER 2 /KA 2RI A I 247
EBE, TEMMERE, FEWE L.

1 KEEELEER SR

Table 1 Irrigation method of each treatment in the rice season

%5 Code 4bFT Treatment #E18% J7 \Irrigation mode
R, #E7K Flooding S EFWIBREE 3~5 cm KJZ, FB T E % T
Ry BEEET FFAEHREE 5 om K2, B3 (15~20 cm ¥ K#5-15 kPa
Mild dryness IFEIK 3~5 cm, &, TEHEE, &0 T T
R; HEET THERREE 5 cm K2, B4 (15~20 cm ) /K#H-30 kPa
Severe dryness IFEZK 3~5 cm, &, TEMEE, %0 T T

BFEEVRAHER (RE, 46%N). H#IE (EH, 60% K00 737l N 4% 300 kg-hm™ il
K>0 90 kg-hm?. ZUIEH% 30%/ENIEAEHEF , 40%7E 73 BEMHIE L, 30%E4R T B L. BEAE ik
FRES, 12% P20s) FIARIEAE NEEAE — kb o AR5/ NX B (7 mx8 m=56 m?) PUJH ¥ 40 cm
T NATAE, SR FH SR} L0 R oAy 005 25 B 25 DA ST L BB AE S5 3%, BR B VR 50 emo 7KFE i Fil
NEEFE 46, RN TR, A8 B0 s 2 iR e, 93 BB A T R EE R R E A
TRREL, WSO AR FHE KB S N R A
1.3 HEEESHHR

IKFEAE RN L IERE SR AR T 2022 4N 2023 AFRETRYCGRI. AKFERAE, W58 NCRAA
T, FHBORIAUROFFRLANREAT 70 85 o FEKRBREATE, RN/ DXCREE 10 #hib EARIREA, JFXt
IKFEF= B A PSR BRI, TRIEE. SE SR T . REFFRUFERL 60 °C T4, W
LR PPRICTONIRIE /DX LR . @ T S R T R SRR s (R B

KA “S” BUAR myESNX FENLE S, FIEAR S cm RETBENIREE 5 NMEE AN 20 cm i,
AN FIFE ARG R — B A 1. RIS AT, REREYAR ARG, W Eit 20
H i e 39 2l & B, ik 100 H 0 A 1 -39 A AN s o 25 (0 0

RGN X H AL BB AR (Kex 5875, 0.5 mx0.5 mx0.5m) WERT. BRFEtL RET
o6 T AN FELISE 30T, AR IR REAS 4 H N 2022-6-18 2022-7-2 2022-8-20. 2022-9-25. 2023-6-20.
2023-7-2. 2023-8-14. 2023-9-22. RHEALMEZ LB WS 0~40. 40~60. 60~100 cm 137K &
NS UEM AL KRB P ZE, BER% 15 R B RYUE — UGB IR . tH TR R IR AR, BL 60~100

http://pedologica.issas.ac.cn



+ B
Acta Pedologica Sinica

em KBTI . FEB IR & R K 5 H IS IR E T DL /K AR 2T [A] . FH 2F 4 8 4t
FEWCEERIREN,, FERIESR S T4 (Skala, Netherlands) Xy BE #E 470 5 o

FR A Wang SEM4IR H 0 R 5 VAR B 3B 20 73 . FREL 0.500 g RT3 EAT LA i 4 73 R AL
1) FB /KB AR 242X Resin-P; 2) 30 mL 0.5 mol-L! ] NaHCOs $#£H{ NaHCO;-P; Al NaHCOs-
Po; 3) 30 mL 0.5 mol-L"' ] NaOH $2H{ NaOH-P; 1 NaOH-Po; 4) 30 mL 1 mol-L"' ] HCI $2Ht
HCI-P; 5) 360 °C N H,SO4-H,0, JHfi# Residual-P. AERFZELE 25 °C 180 r'min #&3% 16 h, )5
£ 0°C 8 000 r'min™! Z.L» 10 min, #IT 0.45 pm JEMRLTIE HIEW . 4 NaHCO; M1 NaOH $2£EL) 5
PR, o0l D AR TC AL, A AL & SO AR A O LI 248 . T KA ok BT (UV-
2500 HA, 700 nm) AR MR EH W5 I B R A .

VR 2 R B R -1 S AL S A — BB P b ekl e s LI XU (Olsen-P) FBRIR SN
(pH = 8.5) RI&—HEAPL kI E s HIB AR A BIER - = SRR T & — BB P L (ki e 1),
1.4 HURALTE

W EREER AT A SR BEIRAR SRR BRI R RIREER . BIREEUE . AR
. BRI DR AT EEFE A

GESE (%) = (SERIEUSRED x100;

WEAEAR 22 20% (kg-kg™) =[EBE AL FEATRL 7 2 (kg-hm®) ANl AL BRATRL P & (kg-hm™) J/[ it
g (kg-hm?) ]

BRAEFI 2R (%) =[Mam X Hh 3Bl 2E (kg-hm?) Ak X B 2 & (kg-hme
2) V[t s (kg-hm?) 1x100;

BLIRAFARBEIR (kg-hm?) =[/NX FLIRFBERE (mg- LD < FIRFRKEF (L) /10610
000 (m?) //MNXTHA (m?);

FRESR (kg-hm?) =FLAR R 2 2 A1

BIREERR (kg'hm?) =[BIRBHAE (mg L) xBIRAKEHR (L) /106x10 000 (m2) //MX
ﬁ*ﬂ (mz);

BRI R (%) =[HiB AL FE R L B (kg-hm?) - ARG R L B (kg-hm®) /[
& (kg-hm?) ]x100;

MR (%) =[P L & (kg-hm?) AN AL FERE R K & (kg-hm®) /[t b2
i (kg-hm?) ]x100;

Microsoft Office Excel 2021 BEAT 44 54 . SPSS 24.0 #E47 XU & 5 2 01 K DX AZ IR 47
KAV HEBE 7 OB R AT EAC EAE R R AP 2 K A it folf A AN 26 5 %+ b 22
(RsPo) TEXFHE, DA b i ke A0 8 0% 7 QO] e FHL A2 7% 9 R0 T~ 1 52 i F0 I ROV . SR
OriginPro 2023 A1 R A AT B0 s v AL o 1) FH BEATL AR ARASE AL 53 B L 338 08 20 0o B 401 SR AN 5
e F) = EEF A 7~ SR A AMOS A g 458 77 B A (SEMD,  FFIF SEM Z3 A VL A it
Ab BT Tl 4 53 0] 7 R AR S IR RE

2 4 B

2.1 ERFERIEIHEYIE = RS
AR RS AR, TRIE RS SERNER 2 FiR. 2022 FAEEL. AR, TRIE,
SESER RN 2.78x100~3.16x10° hm2, 99~119 ki, 25.5~28.6 g 90.3%~93.7%. FHEL. FRIAL.
TRIEE . 4h SR i B 3G N R PSS, FERRI B3 2 R . 2023 A BRI TR
HL SRR 2.75%100~3.17x10 hm2, 97~120 Fi. 25.2~29.9 g 89.3%~94.0%. RiPgo~ RPog
FEEU RaPo 73 A3 N 15.3%H1 15.8%:  RoPoo BRI 1N 29.8%:  RoPoo ALFRLE SN 5.41%.
2 FEIAEKFEFEMREF
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Table 2 Factors of rice yield under different treatments

i posii] 4 Panicle number/ TR 5L THE ghsiR
1000-seed
Year Treatment (10° hm?) Grains per ear/fii Setting rate/%
weight/g

2022 R;Py 2.84+0.28a 105+9a 26.0£3.1a 92.0+3.4a
RiPys 2.96+0.23a 111£13a 26.6+£3.3a 92.3+2.9a
R;Pgo 3.16+0.23a 119+11a 28.0+£3.2a 92.9+2.8a
R;Pg 2.92+0.18a 108+10a 26.242.0a 92.0+2.4a
RyPys 3.10+£0.25a 114+21a 27.4+3.5a 93.6+2.1a
R;Pgg 3.124£0.22a 122+10a 28.6+3.1a 93.7<1.7a
R3Pg 2.78+0.11a 99.3£6.6a 25.5£3.1a 90.3+2.9a
R3Pys 2.91£0.35a 105+18a 26.2+£3.2a 92.4+22a
R3Pgg 2.9240.24a 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
RPgo 3.17£0.16a 120+12ab 28.2+4.2a 93.6+3.4ab
R;Pg 2.96+0.21ab 106+9ab 25.842.0a 92.7+1.6ab
RyPys 3.13+0.17ab 117+18ab 28.4+4.0a 94.01.7ab
R;Pgg 3.18+0.21a 126+12a 29.9+4.3a 94.1+0.9a
R3Pg 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
R3Pgg 3.01£0.28ab 111x14ab 26.1£3.0a 92.9+1.4ab

¥E: RiPg, ¥E7K+P,050kg-hm?; R\Pys, H#E7K+P,0545 kg-hm2; RiPogs #E7K+P,0590 kg-hm?; R,Po, T4 T+P,05 0 kg-hm-
% RoPss, BRI T+Py0s45 kg-hm?; RoPo, FFJETET+P,05 90 kg'hm?: RsPo, VA T+P,050kg-hm?; RiPys, T # T+P,0s
45 kg'hm?; RsPog, LT +P05 90 kg-hm?o KD HHE AV EELbRER, 5 — 5 [F— A TR FANS 5 RE R A BRI 22 5
¥ (P<0.05). KA. Note: RiPy, Flooding+P,0s 0 kg-hm?; R Pys, Flooding+P,0s 45 kg-hm%; RiPgg, Flooding+P,0s 90 kg-hm%;
R,Py, Mild dryness+P,0s 0 kg-hm?; RyPss, Mild dryness+P,0s 45 kg-hm?; RyPgp, Mild dryness+P,Os 90 kg-hm2; R3Py, Severe
dryness+P,0s 0 kg-hm™%; R3Pys, Severe dryness+P,0s 45 kg-hm?; R3Pg, Severe dryness+P,0s 90 kg-hm2. 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.

FEIESEPIAE M T, BB LL RsPo ARER RS AT R B Ik (B 1) 2022 4 RyPoo AT RoPoo £
FEF= B8 RsPo 277138 I 14.2% 1 14.5% , RaPoo FF KL L1 9.47%; 2023 4F- R1Pus RiPoo RoPus-
RoPoo FEFT= 843 AN 9.97%. 16.6%. 11.6%. 15.5%, RoPoo ¥ KL/ &GN 12.8%.

257 257
a) [ ¥4 G in ) [ G ain
. [ IR5FF Staw . [ I F5FF Straw
g 20} 200
< — T = — =
& —— L. E = — |
S | . 3 T Ba R .
ﬁm} 3 ab| |ab| |ab| |ab| |ab| | a b | |ab| |ab ﬁaﬂls [ |ab| |ab| [ab]| [ab]| |ab| | a b | |ab]| |ab
EN L . N 1 ]
@ —E— = el = —=—
N“c‘go—+ Ex e T - o) 1 PR =S
S % S F
> =
5 5| |ab| |ab| |a | |ab| |ab| |a | |b | |Db | |ab E 5L{c|labl|a||bc||a||a||lc||c||be
0
RIPD RIP45 RIP‘)U RZPO RZP45 RZP‘)O RSPD R3P45 R3P90 RIPO RIP45 RIP‘?O RZPO RZP45 RZP‘)D R3P0 R3P45 RSP‘)O
K3 Tream ent Ab#E T reatm ent

W AR/NEFERERRGH 2 7 53 (P<0.05). F[A. Note: The different lowercase letters indicate significant differences

among treatments (P < 0.05). The same below.
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Bl 1 AR KRG &
Fig. 1 The rice yield under different treatments
VYA H [ 0 257 DA RsPo AL BRI B B (IC (1] 2). 2022 4 RyPoo FH RoPoo EATIR B AL R3Po

KGN 21.0%H1 21.5%; RiPass RiPoos RaoPus RoPoos RaPoo A ALK S HEN 16.4%. 19.3%. 19.8%.
22.4%- 16.2%. 2023 4F- RiPas+ RiPoov RoPass RoPoos RsPoo FFF IR &L RaPo BN 17.7%- 27.4%
20.0%- 28.4%- 15.2%; RiPss+ RiPoo« RoPas RoPoos RaPoo FFRLIL i S IG AN 17.5% 22.3%- 23.1%-
25.6%. 17.6%-.

~607 a) ~60r b)
E [ ]HHLGrain = [ ]HHLGrain
";) [ ##F Straw = [ ##F Straw
g g
45t Q457
o o
f=) =3
] o . S T .
s f Boos ! M
z 2
< 3 g@ I
g be| |a a c a a c a £ = c||ab||a||bc||a a c||ab||a
8 s g 58
S1st 2 15} +
o
Z ab| | a ab| |a ab z ab| |a ||cd| |a||a bed| jabe
8 o
2 S
~ 4
0 0
RlPU RIP45 Rlp‘)() RZPU R2P45 RZP9U REPU R3P45 R3P9U RlPU RIP45 RlP‘JO RZPU R2P45 RZP9U REPU R3P45 R3P9U
MbEE T reatm ent MbEE T reatm ent

H: RE/NGFRF R ZREE (P<0.05). F[F. Note: The different lowercase letters indicate significant differences

among treatments (P < 0.05). The same below.
Bl 2 AR KRG R
Fig. 2 The rice P uptake under different treatments

Tt R AR 23 280 e ANl FIEL R FH 236 o it 1l B RO 3G 0T PRI (3R 3D LR B AEAR 2% LL RiPys B
, TE 2022 £ A1 2023 SE43 5N 16.3%H1 17.0%; i 24 P2Os 90 kg-hm2 &b FR f i AE AR 24 3%
YO EITE 8.87%~11.4% [H] B LA FH Z2 LA RoPus St i £E 2022 4R 1 2023 453 7118 21.7%H 25.3%,
P,0s5 90 kg-hm &b P {4 i JIE R FH 22 G R FE 11.5%~18.2% 7]
2.2 EBAMERECIE 3T R R O SN

T2 Y o o e Pl R R P B I 3 n, B R A B i R G, HARR R B m T
T (B3 ERFEREMEN, L. R Poo I HFRRANSIRBER KB H, RsPo AFE AL, 2022
4F RiPss+ RiPoos RoPass RoPoos RsPusy RaPoo fRULEA I K HL RaPo 7370 EFF 193% 377%- 126%-
188%- 73.0%- 127%; BIRBEHIISINN 51.1%. 76.1%. 42.8%- 56.0%. 38.9%. 46.2%. 2023 4
A I3 BN 258% - 523%- 170%-~ 275%- 165%- 231%; BIRMER RN 105%- 156%-
93.7%- 123%-+ 89.0%- 111%. B K% 28 H50RM Fl 96 3 o R V8L 5 10 il T A, e 2 R 0 ot T
TR, EECR B R R IR GR 3D H B KR RECRIEIIRE L RiPey i
2022 4515109 0.84%F1 65.0%: 2023 537114 2.20%F1 74.2%

R3 FEICIEBBRENER, BIEFAR, RERBNEIRE

Table 3 P agronomy efficiency, P use efficiency, loss coefficient, and reduction rate under different treatments

WAL 2R
Fy Kb P P agronomy AR 2 kR Hill Ik 2R
Year Treatment efficiency/ P use efficiency/% Loss coefficient/% Reduction rate/%
(kg-kg™)

2022 RiPys 16.3£2.7a 17.8+£3.9ab 0.78+0.22a 46.0+£7.0bc
RPgo 11.0+2.4bc 13.1£2.3b 0.84+0.12a 65.0+3.4a
RyPys 12.1£2.7abc 21.7+4.2a 0.60+0.10ab 43.9+4.3bc
RyPgg 8.87+2.36¢ 14.3+4.2b 0.46+0.17b 53.1410.3ab
R3Pys 13.8+1.6ab 15.4+4 4ab 0.42+0.13b 37.1£7.3¢
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R3Pgo 9.53+2.41bc 11.5+2.9b 0.34+0.07b 49.3+5.6bc
2023 RiPys 17.0+£3.2a 25.0+3.3a 1.06+0.24b 57.945.2bc
RiPyo 11.4£2.2b 18.2+3.0b 2.20+0.36a 74.2+3.3a
RaPys 17.3+2.9a 25.3+2.5a 0.78+0.13bc 53.9+4.5¢
R2Pgo 11.0£2.6b 16.9+3.6b 0.63+0.15bc 65.0+5.8ab
R3Pys 20.1£2.9a 19.0+3.2b 0.82+0.33bc 56.8+9.5bc
R3Pgo 11.0£2.1b 13.7+3.9b 0.56+0.06¢ 65.6+2.5ab

T RPBER S EbRE R, [F 5 E R A E NS T RO B ) 2 57 3 (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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AL FE A NaOH-P, 73 3G 53.7%. 66.0% 68.4%- 56.9%. MM AbHE AR 7 3% NaHCO;-Po«
HCI-P. Residual-P & &0 & & 50 .
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Fig. 5 The P fraction of paddy soil under different treatments
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i S P GNER AR LML RE K/ e RN AR B2 (P>0.05), SR RUMEE (P<0.05). “*” BRI G 5
ZE . Note: TP, total phosphorus; STE, standard total effect; Yield = rice grain + wheat grain; P loss = runoff + leachates. The number
on the arrow represents the standardized path coefficient, and the thickness of the arrow represents the size of the impact effect. Dashed
lines donate the non-significant effects (P > 0.05), while solid lines donate the significant effects (P < 0.05). “*” indicates that the variable
is of significant importance to the indicator.
Bl 7 AR AL M A e A0 P I BEATL AR B (a F o) ST R i (o) FIFRHEAL B8R (dD

Fig. 7 The random forest analysis (a and b), structural equation modeling analysis (c), and the standardized total effects (d)

affecting P loss and yield under different treatments
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