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Effect of consecutive application of biochar on phosphate morphology
and availability in brown soil
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Abstract: [ Objectives ] Poor soil phosphorus availability and low phosphorus utilization rate are one of the
main limiting factors for crop production. As a new soil amendment, biochar has unique physicochemical
properties that affect the form and availability of phosphorus. In this study, the effects of biochar on forms and
availability of phosphorus in brown soil were studied by analyzing the application of different amounts of biochar
to provide a theoretical basis for its rational agricultural use. [ Methods ] Biochar was applied for consecutive 5
years in a corn field. There were 5 treatments: no fertilizer (CK), single fertilizer NPK (NPK), 1.5 t/hm’ biochar +
NPK (CINPK), 3 t/hm’ biochar + NPK (C2NPK), and 6 t/hm’ biochar + NPK (C3NPK). Jiang Bofan and Gu
Yichu's soil inorganic phosphorus grading and Bowman-Cole's soil organic phosphorus grading methods were

used. The contents of different forms of phosphorus were determined. [ Results ] The application of biochar for 5
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consecutive years significantly increased the total phosphorus, available phosphorus content and phosphorus
activation coefficient in brown soil, significantly increased the content of Ca,-P, Ca,-P, Al-P, Fe-P, LOP (labile
organic phosphorus) and MLOP (moderately labile organic phosphorus), and decreased the content of MROP
(moderately resistant organic phosphorus). Among the phosphorus components, MLOP and O-P accounted for the
largest proportion of organic phosphorus and inorganic phosphorus, which was 64.32% and 28.43%, respectively.
The application of biochar significantly increased the ratio of Ca,-P and Cas-P in inorganic phosphorus. The
correlation coefficient between Al-P and available phosphorus was 0.945. The direct path coefficient of LOP,
Al-P and MROP to available phosphorus was significant. The determination coefficients of available
phosphorus for Al-P and HROP (highly resistant organic phosphorus) were 0.295 and —0.130, respectively,
which were the main decision factors and main limiting factors for available phosphorus in brown soil.

[ Conclusions ] The application of biochar can accumulate and increase the activity of phosphorus in brown soil.
Al-P and LOP are the active components of phosphorus in brown soil with use of charcoal. Increasing Al-P

content and limiting HROP content are the main mechanisms for biochar to enhance phosphorus availability in

brown soil.

Key words: biochar; organic phosphorus form; inorganic phosphorus form; soil phosphorus availability
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Table 1 Phosphorus content and phosphorus activation coefficient
fbER i (g/kg) AR (mg/kg) TeHLwE (mg/kg) AHLBE (mg/kg) BTG AL R E (%)
Treatment Total P Olsen-P Inorganic P Organic P PAC
CK 0.50+£0.01d 11.28+0.55d 274.10+13.23 ¢ 19424+ 1.85¢ 224+0.14 ¢
NPK 0.56+0.01 ¢ 16.86 +0.20 ¢ 307.10+11.41b 22441+2.16d 3.03+£0.01b
CINPK 0.57+£0.01b 21.18+0.35b 364.87+9.13 a 230.61 +£1.82¢ 3.70+0.04 a
C2NPK 0.58+0.01a 21.88+£0.26 ab 387.15+10.09 a 238.45+0.49b 3.74+0.03 a
C3NPK 0.59+0.01a 2276 +0.48 a 376.03+11.95a 24778 £0.51 a 3.84+0.11a

1 (Note ) : PAC—Phosphorus activation coefficient; [RIF4H 5 AN [F) 7k F R AL T A] 2% 53 i % Values followed by different letters in the

same column are significantly different among treatments (P < 0.05).

x2 FRLCELIRTHNHEE (mg/ke)

Table 2 Variation of inorganic phosphorus content in different treatments

Ab 3
Treatment Ca,-P Cag-P Al-P Fe-P Ca,-P O-p
CKO 6.83+1.17 ¢ 6.54+1.05¢ 2531+2.11b 53.59+1.60b 9136+2.15a 8439+0.73 a
CK 6.31+1.07¢ 7.85+157¢ 2143+227b 67.96 +£6.39b 83.83+9.00 a 86.71 +6.11a
NPK 8.09+1.58 ¢ 795+150¢ 2598+249b 87.53+5.66a 86.90+4.45a 90.66 £9.60 a
CINPK 13.13+1.75b 17.04+1.22b 4727+144a 94.75+2.89a 95.10+3.48a 97.58+£9.08 a
C2NPK 14.02+1.66b 18.72+1.61 ab 4722+2.05a 98.90£6.03 a 97.87+494 a 11043 £547 a
C3NPK 16.78 £ 1.22 a 1932+142a 46.88+1.07a 98.50+4.71a 97.77+7.14a 96.79 £10.01 a

# (Note) : [FIFEHR G AR ER: R R AL FE] 22 5 .3 Values followed by different letters in the same column are significantly different

among treatments (P < 0.05).
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*®3 JABLRAEHSHIHEE (mg/kg)

Table 3 Variation of soil organic phosphorus fraction contents in each treatment

by
Treatment LOP MLOP MROP HROP
CKO 9.29+1.10d 126.60 £ 1.45d 62.43+034a 12.12 £ 0.76 ab
CK 10.19+£0.36 cd 111.07+£1.69 ¢ 61.83+£0.28a 11.14£0.57b
NPK 11.23+£0.16 be 143.87+1.89¢ 57.35+0.49b 11.96 £ 0.16 ab
CINPK 13.54+£0.48 a 146.81 £ 1.67 ¢ 57.03£0.73 b 1323+ 046 a
C2NPK 13.00 + 0.24 ab 15736 +1.42b 55.58+1.51b 12.50 £ 0.16 ab
C3NPK 14.13+£0.72 a 163.98£0.48 a 56.53+0.32b 13.14+£0.60 a

# (Note) : LOP—Ji A PLB Labile organic phosphorus, MLOP —H1 7% 474 HLB Moderately labile organic phosphorus, MROP— %514
F LB Moderately resistant organic phosphorus, HROP— = Fat: 45 AL Highly resistant organic phosphorus. [F]51#03E J5 AS [6) 71 m Ab B R) 22
513 Values followed by different letters in the same column are significantly different among treatments (P < 0.05).
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Fig. 1 The ratio of inorganic phosphorus to total
phosphorus in different treatments
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Table 4 Analysis of different forms of inorganic and organic phosphorus and available phosphorus in each treatment

ARt PORRM LB RN FigER R TPC

v CoD DPC Ca,P  CaP  ALP Fe-P  Ca,P  O-P LOP MLOP MROP HROP
Ca-P  —0.083 ~0.042 0.082 0241 0058 0095 0035 028  0.113 0175 —0.055
Ca P 0.134 0.088 ~0.039 0250 0050 0088 -0.037 0269 0101  0.178 -0.056
AP 0295 0.285 ~0.036  0.077 0052 0079 -0.024 0258 0114  0.199  -0.059
Fe-P  0.101 0.072 ~0.034 0061 0204 0.049 0052 0258  0.112 0177 —0.042
Ca, P 0.119 0.149 ~0.027 0052  0.I51  0.024 0.002  0.134 0059  0.125 -0.047
OP  —0.092 ~0.087 ~0.017 0037 0080  0.044 -0.004 0.156 0056  0.137  -0.004
LOP 0253 0318 ~0.038 0075 0231 0059 0063 -0.043 0.104 0151  —0.045
MLOP  0.192 0.130 ~0.036 0069 0250 0062 0068 -0.037 0255 0223 -0.050
MROP 0232 ~0.261 0.028 -0.060 0218 -0.049 -0.072  0.046 -0.184 —0.111 0.045
HROP  —0.130 ~0.078 ~0.030 0063 0216 0039  0.091 -0.004  0.18 0084  0.150

£ (Note) : IV—Independent variable; COD—Coefficient of determination; DPC—Direct path coefficient; IPC—Indirect path coefficients;
LOP—{& ¥ ML Labile organic phosphorus; MLOP —Hfa A HL#EModerately labile organic phosphorus; MROP—H % 45 HL#Moderately
resistant organic phosphorus; HROP—= E& 445 HL# Highly resistant organic phosphorus.
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AR ZR 00T DA RAE AR f 1] PR O 2R 19 R o) 2
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78 50k R A 199 ] 422 3800 43 0l FH L SR AR R A
[ AR R B R . 3 Z AR R [ AR 1 N AR
RN, B 5 MR B . Ok R
AR AT PR AR AR, FH AR5 AR X AR
LA ERBEATHEY , R R R R 2R
PR, PR R 80 (i B/ i oy 2 SRR )
T M4 0%, LOP. Al-P. MROP %4 ik B
PR R B 50 0318, 0.285, —0.261, KT H:
b B AWl XA A ) LB AR R, R =X
A RS RO A, B LOP, AL-P AA
MOSHE, AT RIS A AR NER;
i MROP 577 % i B M X R BCh Rl , B
MROP & 7 98/ 25 5 80H 8Os & /L1, MROP
A PLBE T IR RE A, MROP B2 i i &
M) AL . Ca,-P. Ca,-P. Fe-P 5 AI-P,
LOP MR 21072 R A7 0.241. 0.286;5 0.250.,
0.269; 0.204. 0.258, KT =5 HAIEAE#AE]
PEEE A%, X Ui Ca,-P, Ca,-P. Fe-P 55 LOP,
Al-P [ AR R = 5 B A O R Ry
B, AL =% LOP ., AL-P RS2/ A0
O R & i AR STk . Ca-PL O-P 5
BBEAE R, HiEERREIIAKR, R —H
S5AE ST ENAHCRR/N, & HIETHLEE T
GROEA, IR RE/EE)R . MLOP. HROP 5
LOP. Al-P. MROP [#[al#il 12 & 05171 0.255 .
0.250, 0223, 0.184. 0.216. 0.150, ¥ KT HSH
RO B AR R AL, KW MLOP &5 LOP.
Al-P. MROP KM AHIE K Z % &l & k47 A)
FESU, AL-P. LOP. MROP XA S0 iy Je 5 2403
B 0.295, 0.253. 0.232, A NS B EE R
KIHT; HROP, O-P X7 %W 0 P 3R 22505351 R
—0.130., —0.092, J&A RS M FZREIH . KW
I E AI-P. LOP. MROP &+, PRl HROP.
O-P Fr i &4 o 1A 20Ul & = A R 2 o

3 he

Jiti FH A2 9 5 T AR v - S 2K i R A AR
o2 R T RRR AR ) ) AR W A R AR ]
EYERERRER R, B AR ek BORE (Y B i

SRPLATR . PUARALBE I E T KRB BE R (L . A
I 3% 2 1 il A 4 e 0 SR 25 A 398 v A O R 1
R, IR AR R R . BRib=z o, £
AR B Fac it F18 7 38 ¥ i ) 42
e AT ASE e 4 49 5 AR R (A EAE T, iR
B A B,

Jite A= 4 e 2 %t HIETCHLBE IR A = AE s, il
IR E B A RS R AL RIS R
Bt AR R AE Wk JE K RS 4= Ca,-PL Ca-P. Fe-P Fi
W, AR T, A RN T AR
3 Ca,-P. Ca,-P &, 1 HRE THIE AP &,
XERIEFHMAEREG —EESF . YFRANA
R T DR E W IE W AR K, Iz AR A B 5%
S BOOTAE HE 1 PO RYVEAR , HEIN R T)
T 3 Ca-P &, {23 Ca-P, Ca-P ZEHBBEEN
FRE, PRI E & Al Fe, Mg 2R LT
R, BB nEkED S AL X R . 3 pH A5
AR fb 2 T 8B 1Y A SOt &R B A A . AR Y
fiti A2t 38 pH = A RZ R, I AR R AR B T
5 APES R BT I E BRI, X R n] BRI
Bt A P AL PR AL-P i i E I IR . A
FERM, Kt A LR S A 0 fof 4 s H At B 25
A 0] Fe-P $5 L%, T Wy et B e mi v Ak
DA S K PTG B . AL TR LA BRI
BRFPECT2 ) 3l IS Fed Ko 5 HER A A HLRR Y
B o, SE AL AR RAE R, AT DA - A TR
AL S YRR, HETE/> Fe-P 45 [ 2 A0 AY
i, HARSMET Fe-P (AR 5 A AN [ e A0k
PR 3 T 35 38 1) Bh A5 P 2 Fe-P & AT i & 81k
B FEE A, 1M O-P. Ca,-P 1E N I ERE R,
NGy 22 F e, R A AR AR,

A KA peT A LB 53 (B 58 85 /0 HL 45
RAR—, BRI pH S50 F 09+ 2008
MIBFTE B, it T AR W  Ja R [ 25 1 A8 HILIE & &
Brfideim . A, i R E R T I
LOP. MLOP ik, [T MROP &, BETEFHDY)
HAF DIEE R S BRI A VS HFAE, XWES
BEFRJE LOP M FEH 73, ARIR A Ae (b it 72 A
RNBE R ARG KA A, DRt FH A 9 vl DA v
+HE LOP &#t; 3 MLOP J2& 18 i 1k 2 W [ 55 5 4%
G AE LA F R A R AR R BE L B AL A
Y, AW ies . BEE P LR TR A
fA1E, ENa S5 EHmR Y A e e MLOP 1)L
2 MRk . BRI MROP (9 FE Sy, AWk
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) BH 25 - 52 o7 4 FT RE 5 Bk AR A0 0 3 4 T 1
W, BT PRERAR ALY X B W R T, TS e
MROP &, WAk, AY)Hnl s/ R bR mm iy A
A Fe''. AP kA2 i MROP (1947 ; HROP J&
ARMER™ 1k ELARXE A AP A B e G DL, A9
IRV N A X6 L B i = A R )
KEMFERY, AWrf BT - Ea R
g% it ROIEBEHR 0% o (H 3k S pfF 58 22 50 DL By T
FECPN it FH 26 0 o Jr ot O s 2800 R 7 7 o R R A2
O, AR P A AR o TR R
A, I, XArAP A B4 e s . A
EABREN T EBRIEENZm 2 XHEE, KRR
L, EYRTEIEEHRTENT : Ca,-P 2023 +
7.68 mg/kg, Ca,-P 45.01 +8.87 mg/kg, Al-P9.41 +
2.13 mg/kg, Fe-P 25.89 + 1.35 mg/kg, O-P 392.46 +
7.55 mg/kg, Ca,-P714.32+19.11 mg/kg, LOP 38529+
10.87 mg/kg, MLOP 293.06 + 21.82 mg/kg, MROP
680.37 £ 66.07 mg/kg, HROP 340.87 + 10.78 mg/kg.
M3 5 AL, ANBRA Yk B B R S (4R 5 ok
RO = CRINB#ER & < 2 LE YRR
T < A RS EYHZE L HE], CINPK, C2NPK,
C3NPK AbFH#E NPK 4b#f Ca,-P. Cag-P. Al-P i

FILE, Fe-P, Ca,-P. O-PERHELBFEESR, 5K
FIBRAT AL P I TR AR LA — 3, AT OLAEY)
s I TEAILBE X - S TCHLBE I A B AR b pa ik
AR, R 6 R, MEREYKAFHEATHEER, C2NPK,
C3NPK AbFi%¢ NPK 43 LOP, MROP, HROP & &
W E AL, MLOP & 1. MLOP & it 5k
FIBR T A5 b P A A HLBE AR L AL — 3, LOP.
MROP . HROP % it 5 AR ANBRFT A AL 34 434 L AE
A — B Z R LR . DL Ui A
G TR TR AN AR AR 32 A W R AR B A B Y
AL, A YRS I RIAEAE— & 1 28 BAE
FH, AR Az W 5 Xof - 38 B AR A S5 %0 5 00 177 7 2 Y
A o (AR TR 50 v Xof A W i Wl 38 TR 28 1 I 52 T
BIPARE G, VUIBEEHI . BRI S
;. Bowman-Cole A3 HL#E 52477 50 7 Hh 1 A 40 Je
FILEER LB + APLBE) S5 A ok S
Y 34.19%, [FIET UL 7 Bl e 1 HIEREE S 54
W IR —E RN, Toik AT e LA,
H AT 2K I PNMR SR B o3 e i) -3 . A=Wk
BERIESB A3, (BAEY R Fe. Al Mn &7
o E, T EA PNMR AR B E &0, it
Hb, LIS FPP R BRI AR e A W i rh g 2R LA BRI

x5 HMREMRKBREIELIELIRTBEE (ng/ke)

Table 5 Variation of inorganic phosphorus contents in different treatments after deducting biochar phosphorus

Qb3
Ca,-P Cay-P Fe-P Ca,,-P O-P
Treatment
NPK 8.09 £0.64 ¢ 7.95+0.61b 33.39+249b 87.53+5.66a 90.66+9.6 a 86.9+445a
CINPK 13.06 £0.71b 16.89+£0.5a 4724+ 144a 94.66 +2.89 a 96.27+9.08 a 92.72+348a
C2NPK 13.88 +£0.68 b 18.42 £ 0.66 a 47.16+2.05a 98.72+6.03 a 107.81+547a 93.11+4.94a
C3NPK 16.51+0.5a 18.72+0.58 a 46.75+1.07 a 98.16+4.71a 91.55+10.01a 88.25+7.14a

¥ (Note) : [FIFNVEHR G AR FE AR R AL R 22 5 .38 Values followed by different letters in the same column are significantly different

among treatments (P < 0.05).

*6 IIMREMRBMEEIELELRAIHEE (mg/ke)

Table 6 Variation of organic phosphorus content in different treatments after deducting biochar phosphorus

Qb3
LOP MLOP MROP HROP
Treatment
NPK 11.23+0.16 ab 143.87+1.89b 5735+049a 11.96 £0.16 a
CINPK 1226 +0.48 a 145.83 +1.67b 5476 £0.73 a 12.09+0.46 a
C2NPK 10.43 +£0.24 bc 15541+142a 51.05+1.51b 10.23+0.16 b
C3NPK 9+0.72¢ 160.07 £ 0.48 a 4746 +0.32¢ 8.59+0.6¢

14 (Note) : LOP—{fi## L Labile organic phosphorus; MLOP —H %75 ML Moderately labile organic phosphorus; MROP—H G P
£ HL#E Moderately resistant organic phosphorus; HROP— =i £ 445 HL# Highly resistant organic phosphorus. [R1%1 %3 5 AS [R5 HE e Ak #i fa] 2%
5123 Values followed by different letters in the same column are significantly different among treatments (P < 0.05).
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