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Effects of long-term synergistic use of organic and inorganic exogenous P
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Abstract: [ Objectives ] Application of exogenous phosphorus is an important way to increase phosphorus
availability of soil. The forms and their chemical behaviors of different phosphorus sources in soil play a decisive

role in the effectiveness of soil phosphorus. Understanding of the synergistic relationship between long-term
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combined use of organic and inorganic exogenous phosphorus and its effect on phosphorus availability in fluvo-
aquic soil can provide a theoretical basis for rationally reducing the application rate of phosphate fertilizers and
increasing their utilization rate, and scientifically managing soil phosphorus resources. [ Methods ] A 25 year in
situ fertilization experiment was used. Four fertilization treatments were investigated: no phosphorus fertilizer
(P0), chemical fertilizer only (FP), chemical fertilizer plus organic manure (FP+M) and chemical fertilizer plus
maize straw (FP+S). The effects of long-term combined use of chemical phosphate, organic manure, and straw as
major exogenous phosphorus on sustainable production capacity, phosphorus fertilizer use efficiency(PUE),
fertilizer after-effect, soil phosphorus forms and availability were analyzed. [ Results ] Continuous application of
phosphorus for 25 years, the coefficient of variation of PO, FP, FP+M and FP+S treatments for wheat yield were
49.0%, 14.8%, 17.2%, 15.4% respectively, and for maize yield were 28.7%, 27.1%, 24.4%, 23.2% respectively,
the stability of yield was higher than that of no phosphorus fertilizer treatment, especially the increase in wheat
yield stability was significant; sustainable yield index (SYI) of PO, FP, FP+M and FP+S treatments for wheat were
0.23, 0.62, 0.60, 0.64 respectively, and for maize were 0.45, 0.47, 0.53, 0.52 respectively, the effect of phosphorus
application on SYI of wheat yield was greater than that of maize. The accumulative phosphorus physiology
efficiency(APPE) of FP, FP+M and FP+S treatments were188.3 kg/kg, 163.2 kg/kg and 177.6 kg/kg respectively.
Chemical phosphate had the highest APPE, when combined with organic fertilizer or straw, the APPE was
reduced. The average after-effects of FP, FP+M and FP+S treatments were 1.30%, 0.71% and 1.16% respectively,
application of inorganic phosphate fertilizer alone had the highest after-effect. Long-term no application of
phosphorus fertilizer, the content of soil inorganic phosphorus decreased, and mainly consumed invalid O-P, the
reduction of O-P in PO treatment accounted for 41.3% of the inorganic phosphorus reduction. Long-term
application of chemical phosphate fertilizer reduced the proportion of invalid phosphorus, but the fixation of
chemical phosphorus was still strong, by FP treatment the content of Ca,-P increased from 12.0% to 21.1%, the
content of invalid O-P and Ca,,-P decreased from 77.7% to 62.9% (still more than 60%) and the content of Olsen-
P increased from 6.4 mg/kg to 20.7 mg/kg. The synergistic use of chemical phosphorus and organic phosphorus
could promote the conversion of invalid phosphorus into available phosphorus and slow-effective phosphorus,
which could improve soil phosphorus efficiency, by FP+M treatment the proportion of Ca,-P was increased from
2.0% to 5.4%, the proportion of slow-effective Al-P, Ca,-P and Fe-P increased by 25.6 percentage points, the
proportion of invalid O-P and Ca,,-P decreased by 29.0 percentage points, and the content of Olsen-P increased
from 6.3 mg/kg to 51.8 mg/kg. The application of straw phosphorus increased the content of slow-effective Ca,-P,
reduced the content of invalid phosphorus, and increased the potential phosphorus supply capacity of soil.
Compared with FP the proportion of Cas,-P by FP+S treatment increased by 7.9 percentage points, the proportion
of Ca,,-P decreased by 6.5 percentage points, and the content of Olsen-P increased from 6.3 mg/kg to 21.7
mg/kg. [ Conclusions ] The input of exogenous phosphorus significantly increased crop yield, yield stability and
sustainable yield index. FP+S treatment maintained the best sustainable production capacity in the wheat—maize
rotation system. Using inorganic phosphorus alone had the highest fertilizer after-effect and accumulative
phosphorus physiology efficiency, but the fixation of chemical phosphorus in soil was high. The synergistic use of
inorganic phosphorus and organic fertilizer could rapidly improve the efficiency of soil phosphorus, and had a
significant effect on maintaining the composition of phosphorus fractions and soil quality. The synergistic use of
inorganic phosphorus and straw phosphorus has a strong excitation effect on soil phosphorus, and weakens the
fixation of phosphorus in soil, and enhances the potential phosphorus supply capacity of soil.

Key words: exogenous phosphorus; synergistic effect of organic and inorganic phosphorus;
phosphorus availability; inorganic phosphorus fraction
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SRR A S i BRI  P R RR
T PER S SE I . SR 2R AR A S R o e 3
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FARREPE B MR X B 2R A SR T g ik —
L TLIEBER . AUUEEER IR AR Ay %
SN R K P R A A= A e e R AT
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K E NI IE M7 (113°40'42"E . 34°47'55"N),
1990 4F i e ik o % X IUE T il KA,
AEYRE W ) 660 mm, EEEFF 7, 8, 9 A, ik
B X LAl HEHEZ (0—20 cm). WHEZE (20—40 cm)
HAJEEN 1,
1.2 Wit

ARG T 1990—2015 4F [a] A it i I &b 33
(PO). HuiifbAEALHE (FP). fLAR-S545 HLAE L it b $E
(FP+M). LI S5FEFFRCHtALH (FP+S) A il Enss
3T =AM B 2R S R R R AT
. A R X R A R R, 2002 4FHT
PRAE MmmRen , 2S5 A ARER, WA R ;
1990—1999 4Fjit H A ALIE h B2, 2000—2010 4F
hAZE, 2011—2015 SN APLIE . FP LB/
Z i A (VA N iH)165 kg/hm?, #AE (LKL P,O,
1) FARAE (DL K,0 i) %% 82.5 kg/hm?, E K ZEii A
HE (A N 31)187.5 kg/hm?, #EAE (VA P,O, i1) FARAC
(UL K,0 1) 4% 93.75 kg/hm?, 4547t AL Jip 0 52 A HLAE
K EARFEFFIA . B, PIE 8. FP+M AbH/NE ZRAE
Jit FHAH S T FP A& . SPIE A9 LAl 34 A HLAE
APUEHE LIS E ST, M2 T FP A AR 70%
FKEADIE, 55 30% WEEHIRERTE; TR
fE G [E] FP AbEE; FP+S AbBEAE/NEE i HIAH S T
FP AbBERE . BPALAYSEAE L, R mrAE FORFE AR i
M, 1991—2001 4], MY T FP AL A &R
70% > H A FT (A 275 53 1 [ 30 At 3 46 DX FF b
7). 93 30% WA R HIREHF, 2002—2015 4F[H]
DR FT7E SRS AT &, A2 FP ARER A9 & LUR R 4h
Ft, FKRZEALE[F FP ALHL,

REZEwE . HIEAA HLAEVE RIS — Wk it A
RIEHILGE L 6 ¢ 4 i A, 25 4], FP ALEEREFK
AEIE#EZ 1926.1 kg/hm?; FP+M Ab B SR A W
% 3524.6 kg /hm?, HARAEHER 5 54.6%, AHUE#EE
7 45.4%; FP+S kb BRIF AR 2160.4 kg/hm?,
HrpLIesEE 5 89.2%, AHUEBEE Y 10.8%.

=1 ARV LREREY

Table 1 Basic properties of soil at the initial of experiment

TJRRE AL 2R £ Gk AR AR T ko
Soil depth OM Total N Total P Slowly avail. K Avail. N Olsen-P Avail. K Bulk density pH
(cm) (g/kg) (gkg) (gkg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (g/em’)
0—20 11.3 0.70 0.64 670.2 56.9 6.9 72.8 1.31 8.47
20—40 8.2 0.53 0.56 647.2 51.9 4.5 65.1 1.41 8.49
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20 BRANEE 3 RREOREESL, S MRRRL. ZEFF. BioE/
D =B KA, A EE A 105°C FAE 30 min,
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AR AR AR (accumulative phosphorus use
efficiency, APUE) i1 AU .

APUE(%) = (i Ab PEAEY) T BN B 2 — A
A FRAE ) SR AR B i )/ R B < 100

A0 A A R R (accumulative phosphorus
physiology efficiency, APPE) 1A T .

APPE (kg/kg) = (il kb FEAE 4 BFN = B — AN it
AL FRAEY) AR i)/ A BRAE ) SRR 1 i — AN i
WAL PRAEY) AR W )

AAFGEAE F Excel #OFXTBE AT 48 1150 B FifE
K, fdiF] SPSS B fFHE T LSD 225+ W E 1AL % .

2 HR550H
2.1 AEINEBRIS S FE MR BRI h

KINTARFSMERE R, T 85e5% 5 SOk ot
ARRHAE, FEMAEY) ™ 8 A 5 m . 75—
Y NE S5 S A N, 77 ARy 22 (standard
deviation, SD) FIZE 5 Z2 %L (coefficient of variation,
CV) A H] T 3RIRAF FE [a] 7= 1 (19 48 S AR e R e,
7o ] FrEE R $L (sustainable yield index, SYT) AJ F
TIPM A H R G B REFFELE T, SYIEHB KRS
AT FFEE R, ARBFSE LT 25 AR AR E 7
L A Qi EEAR S e s 7 O e w1 W B D R o W 73
Kz, #23KW, 5PoAMLL, FP. FP+M. FP+S 4t
BR/IN G I OK 7 AR I, AN A2 B
170.5% . 159.8%F1 172.0%, EAKFHHEr= 68.3%.
75.2% #1 81.1%; FP. FP+M. FP+S 4b¥i ¥ PO 4bFH
AR B) P R AR T AT RS AR SO A e, HAE
INAZZEBEMR R, /NAE 2 FP AL B ™ i Fo e P e s
FP+S Ab$ ™ ] fFSLPEFR SR R, EoKZEA FP+S .
FP+M Ab 3™ F A e PE N AT R SL PR B A — 3, &
THABATE, VNG ERBAEERRT, #ASNE
BER Al AR SR, ST AR
A RFEEPEFR AL, I FP+S AbFAE/NEE FOKREBAEIR R
AR R AT RS A R RE T
22 ARESMNE#HBENFIBERE

ANTF AR R AR DR A LS, &l
M. 8. MUEMMILRIER, HIESIEE#RS
FEh A&V, BAEWERKTE ., 298 MR84S
SUESE AL RBUR S TR R 2, R
Jite N A A BT R A 5 2850 A e AR R A
W RSB R AL M 2 B P R RE ), AR E

R 2 KERATEINERZENNEEKRBIERRFEFEE . TRABFAIFRFE R0
Table 2 Sustainable yield index (SYI), Coefficient of variation (CV) and standard deviation (SD) influenced by various
phosphorus sources in wheat-maize cropping systems

/INFZ Wheat oK Maize
A 45 PRl ARERR o R bl BREREK
Treatment . ﬂ*ﬂ‘ﬁ‘ﬁ*ﬁﬁ . EH#?E‘@TH%&
Mean yield SD CcvV SYI Mean yield SD (0\% SYI
(kg/hm?) (kg/hm?) (%) (kg/hm?) (kg/hm?) (%)

PO 2337.8 1146.3 49.0 0.23 4246.4 1219.1 28.7 0.45
FP 6324.7 938.6 14.8 0.62 7144.7 1935.9 27.1 0.47
FP+M 6073.8 1042.2 17.2 0.60 7438.1 1814.5 24.4 0.53
FP+S 6359.7 970.7 15.4 0.64 7691.6 1781.4 232 0.52
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4 30.1%, iR PIHEERE T 19.5 ME . B
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B BRI 2T, RO E Y o i
LR E F= R RE T o K ACR TR SN 5 i 2 i e
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Fig. 1 Accumulative phosphorous use efficiencies (APUE) under long-term exogenous phosphorus fertilizer input
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Fig. 2 Accumulative phosphorous physiological efficiencies (APUE) under long-term exogenous phosphorus input
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43504 188.3 kg/kg. 163.2 kg/kg #l 177.6 kg/kg, F*
A B FH AL 2R R RABUVE AR s, Bt HL
MBS RS AP 25, BBV FRCRA I R, Fr B2
FP+S AbHRE0HT 2 4, BHIE BRVEMSCR R E ST
FP Fll FP+M 403, Ui A AL IE 8% 2 5 75 FF 8 2 it vt
+ e G R IR RN, X R R TR
JRAE A 3 rh 5 AR FF8 5 0T B AR 13 pHUAN pH 28 1
BBy, Wb R RRIR S e, dEIm R S RISk
ROR, IR KR AR AT s BB R A T
2.3 AESME#SRACHATNEE A LTSRS
A

AN TR AR 23 5 A A TR AR ) A
R2EA7 R . IS, B W PR 1L
B ML RE 1. XFEE 2015 4EF1 1990 4F 445 AL
B, APLEEA 2P E A A (R 3), PO AL IES
Wik /> 83.8 mg/kg, H EZRH T IALBRE L (86.6
mg/kg) SR, AHLBE R, BRI
Jit w35, VR A KRR AR AR R A S A
Y1 AL [ AT A4l 8 b e LB S AR
AR . FPACBETCHLBER N 239.4 mg/kg, FHLEE
WIEA NN (14.1 mg/kg), VLB B A AL 2F 1
2, ARG JCALEE A S, R X A L
JEMIEAT AN IE . FP+M ACHR, Rk ZAa HUIE %
BERIPMFIFER], HHEARENN 448.8 mg/kg, Hr

R 3 NEINRBRCIIRA T LR E

PUMEIE I T 377.0 mg/kg, AHLEE AN 71.8
mg/kg, VB AG W E#h 72 T LA ML E, [H
BF AR I T 3 LR & it . FP+S Ab P 1
TCHLBERS N T 282.3 mg/kg, A LB /D 20.4 mg/kg,
VLIRS FFRE R A AL R LA, IRl -8 h
A YIS AL R TCHLBE , 38 0 5 b JCHLBE P L A1)
1990 A [F AL Il +- 18 Ca,-P. Cag-P. Al-P.
Fe-P. O-P. Ca,-P BJF-¥& w4510 11.1 mg/kg.
67.0 mg/kg. 22.6 mg/kg. 24.2 mg/kg. 135.3 mg/kg.
298.7 mg/kg, 3% 4 AT, ELEEASNEBEER 25 4
J&, PO AbFE I TCHLIEAS 4 o & I FRAL, DL O-P
MRl 35.8 mg/kg, (5 OB/ B 41.3%.
HIR A Ca-P S E LT 15.3 mg/kg, & TCHLBE K
MY 17.6%, UK EREIL, F2HFE T 1%
1) O-P Fll Cag-Po LA AIMNEREER, Bk FP+M 40
B Ca,,-P FHEIEA AL, FoAdALHE S TCHLBE A 4533
A, HEERINEEA SRR Cac-P, i
Al-P. Fe-PHihna 4 b CHLHEG A 15% F1 11%,
UL 1t AL-P. Fe-P (05640 5 FMI IS 2 PR B A
JCK; FP+M AbFEA S0 S 1Y Ca,-P FILELAT ST ik
) Ca,-P B L4302 FP ACEEAY 3.2 F 2.4 £, ARG
W E AR s FP+S Kb 80 T RS Ca,-P
MO-PIIEHE, INT CarP &R, ZFRCEHSE

e
HJA] o

9520 (mg/kg)

Table 3 Effects of long-term different exogenous P input on soil phosphorus pool from 1990 to 2015

1990 2015
b - A - -
Treatment FHBE R ARG Lo MR T BB R it Lo

Total inorganic P Total organic P Total P Total inorganic P Total organic P Total P
PO 570.2 80.1 650.3 483.6 82.9 566.5
FP 542.2 97.9 640.1 781.6 112.0 893.6
FP+M 578.6 101.8 680.4 955.6 173.6 1129.2
FP+S 5443 145.9 690.2 826.6 1255 952.1

®4 EERATEINRE#SE 25 FRORLNBRAES
ML E (mg/kg)
Table 4 Change amounts of inorganic P fractions after 25
years’ treatment of different exogenous P

UbPH Treatment Ca-P Ca-P AP Fe-P O-P Ca,P
PO 58 —153 79 -10.0 -358 119
FP 131 967 350 240 219 487
FP+M 416 2356 537 467 193 -198
FP+S 160 167.6 468 303 70 147

KA g i SRS R A, IO
ITER AL B AT A FRAE R TR R ESEAbET 25 4F - 1
TCHLE A A5 AR fb s vl A (1 3), PO AbFRICHLEE
B AR AK, FARPERT CarP 5 H TR,
Ca,,-P (5 LUBEA ETF, £ Olsen-P 1 6.5 mg/kg %
K3 2.0 mg/kg; FP AbHEAG ZZALTIREY) Ca,-P
12.0% 42 T13] 21.1%, Ca,-P 7 HEBEA I, JoRs
O-P Hil Ca,-P H1 77.7% Ik /> K 62.9%, + 1 Olsen-P
i 6.4 mg/kg $ETHF] 20.7 mg/kg, VLI IR AfLF
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Fig. 3 Proportion of P fractions in total inorganic phosphorus in the initial soil and soils under different exogenous

phosphorus input for 25 years

[ (Note) : FH:fli+3Eh 1990 4FR4E Initial soil was from 1990; AbFEA#EK 2015 4EK4E The treatment soil samples were in 2015; FO—AR
it IE No exogenous input; FP—Hjiti THLBEAL Inorganic P fertilizer input; FP+M—JCHLBEALEL A 45 HLAE Inorganic P plus manure P;

FP+S—JCHLBE NE AL i 5 FF Inorganic P plus straw P.]

B2, KRR T RS O-P Fl Ca,-P By LLH, {H
TR & LAk E] 60% LA, I8+ X fb 24w
REBBMNE SN, FP+M ALFE Ca,-P (5 L
2.0% P27 5] 5.4%, 23S Al-P. Cag-P. Fe-P (i ll
Hhn 25.6 A, TERES O-P FI Ca,-P 5 HIH />
29.0 NE 44, +3E Olsen-P H 6.3 mg/kg #2717
51.8 mg/kg, ULWIMLZERER S5APUILHE R PR AT
PR TC RSB 1) A RS RS, BT
T R A RNE; FP+S AR EHLHEA S A 5
FP AL FEAHML, {H Cay-P 7 L4 1 7.9 AN H 4045,
Ca,-P ) 5 FLIgZ> 6.5 A~ FH 43 4, 13 Olsen-P &4
i 6.3 mg/kg $2 T3 21.7 mg/kg, 5 FP A2, i
RS AT 2R PTG A 2 0P E Y Ca-P IS, B
RIS S &, A H R ptuine 1, Ay
FP AbBEAH LG 3885 R A MR T A B, 3] 4 4%
Olsen-P & F 2 A NER B Ca,-P FHILE

3 he

31 KHEMAEMRAEHEENERMF M

WL 25 2 A TR, fEL ply T e S X e ) 6 1A
BEHERT, AEBEAC HAT B I R A 5 200 (R 32U
WE . R MRl SR, R
P A [ AE 14 22 AR A0 S 0005 Hh i 418 -5 1K)
W AR 257 . KRIE AR 28 D1 AN A U4
Ty ANFEAEY G, AT RO AR R s, R
AU BEIE A O IR B . AWFTErh 25 4R 5E N7

ISR B e KR BRI N 48.5%, S5
SR IR Y Z5 AT s A RSN 2 v it
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R ER
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Ca,o-P SF TR AL, RRAR T B I 24 2 5k
FP+M Lt FP AbFRBENE A 20 &, 2 m A VLT
JE f st R AR A MLRR AL B AR T 4% pH, />
THANEBE R AL A MERTER) Ca-P. O-P BYHLE, 1
T A RER R Ca-P L AP, DUSCEA RR {0
AEJIMY Cag-P. Fe-P {5t [RIBHERAEIE A H MK
WAL, BT SRR A . IR AL
FNETE, fEdE TAPLBERETEEY, ITTEE m e AR A
Bk, AFST FP+M ALBRZE 25 AFEHR R (8 A HLAE AN
RS, $2T T EHOR A VLR &R, IR
AL R T R B A SR, £
3 Olsen-P [t FP AbPEEE S T 31.1 mg/kg, ZZ5EHM
XIS ARSI A R . RS FPE R 4%
ARTHERS I Ca,o-P . O-P T B0 VE FH 5 Tk 2=
3, FP+S ¥+ Ep R ptwhne S m, A0
R AR T A, %25 R S MRS 5
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