55 40 55 2 1) K AR Vol.40 No.2
2026 4= 4 H Journal of Soil and Water Conservation Apr.,2026

DOI:10.13870/j.cnki.stbexb.2026.02.025 CSTR:32310.14.sthcxb.2026.02.025

JEITE , SR HE RS, EARDF 4 T XA R R SR A X A AL A i 1z [ ] K R AR AR I, 2026, 40(2) - 318-328.

ZHOU Xuan, ZHANG Yanjun, WANG Jianfang, et al. Responses of phosphorus availability in reclaimed soil of coal mining areas to phosphate-
solubilizing bacteria fertilizer[ J].Journal of Soil and Water Conservation, 2026,40(2) : 318-328.

S X2 B ERA UM X # 5w AL 89l A

Bl %, R E, TEF, BAR, TWRIE, K &, MER, M EHK, T4
CL PG Rl 2 B U R S 27 e, L P oK 4% 030801)

W OE:[(BR] R R 3 a5 it Bl R0 5 R Tt A e TR T ek 1 Y8 0 2 W A A WO R 1 S o, B 5T
T i e 7 L Xk A B2 A S R e R R T S R R TR A D, O AR A A G R P 4
T R A ey AR AR . A5 3R ] R L P A K X A L BUR R B (X A R G 3
AT, SRV 7 A BN, 3 B S AR CCKO L BA it AL RE CCFD Ak B IE it % B T HE CCF P | Bt A
HUAE CMD A7 HILAE e 5 £ 1 125 BE (MP) AR BE AT HLAE (MCF) A4k BE A3 L AE B b ff 5 0 IR (MCFP) . REE4S
Ab BRI L B B 2 R TS B R W B e A o A e G B e R S L e R T
B o[ b 275 A B R Rl A 3l 1 OB S I W0 e e e W
IS Ak ARG - 9 0 0 i, 38 - A A O et . MR P A A A e R A i A S R S L
Hfth Ak BRI 32.87 %6 ~276.90 %% F1 38.76 % ~386.91 % o Tl i fre B 71 A 14 - 98 305 1k S e 0 e s ok S e A A
S3 AR 2.692%0~7.29% F1 3.6426~8.96 %0 , MM fe o A % B AR 2.14 20~2.29 % o 55 AH A TE 7t igp 0t 7
F10 = S L, T A 8 A1 IE 10 - 0 TR A WL A RO R S i O TR R L (RS K A AR R R R
Yy A H A T B 3 AR 12.96 % ~15.71% F110.53 % ~12.45% . TUAIS B 26 W, 6 1 25 2 oK i it
S T S T At S A T S ALk B A R A R E 2 B R I 5 e R, LA R SR 43 0 16.80%6
77.20% o [EETR ] T it 7 e A 900 1 - 98 098 00 W2 B, 12 S0 4 Sl 1% A G, DAL T 2 T A R 1 ) R AR L 1 89
A 3G M 5 X Tl A R A R R O A Y B v A RSO A TR R A AR I D SR AR S M A K
o Hoh, A AU it A 0 I X R A B A Y B T R e

SEGERMRETEIC ; BB L BRI AR A AL LRI s A SR AR E

HE S %S :S154.2;8153.6 SCHERARIRAD : A X EHE 1009-2242(2026)02-0318-11

Responses of Phosphorus Availability in Reclaimed Soil of Coal Mining
Areas to Phosphate—Solubilizing Bacteria Fertilizer

ZHOU Xuan, ZHANG Yanjun, WANG Jianfang, JIAO Jincheng, AN Xiaohu,
ZHANG Jie, HAO Xianjun, LIU Yulin, MENG Huisheng

(College of Resources and Environment, Shanxi Agricultural University, Taigu, Shanxi 030801, China)
Abstract: [Objective] This study compares the effects of applying phosphate-solubilizing bacteria fertilizer
(PSBF) and not applying it on the adsorption and desorption characteristics of exogenous phosphorus in 3-year
reclaimed soil. It investigates the effects of PSBF applications on the phosphorus adsorption and desorption
characteristics, phosphorus forms, and physicochemical properties, aiming to provide a theoretical basis for
improving phosphorus fertilizer use efficiency and rapidly enhancing the productivity of reclaimed mine soils.
[Methods] The experiment was carried out in the reclamation experimental base of the mining subsidence area in
Wujinshan Town, Yuci District, Jinzhong City, Shanxi Province. Seven treatment plots were set up: no fertilizer

(CK), chemical fertilizer alone (CF), chemical fertilizer combined with PSBF (CFP), organic fertilizer alone
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(M), organic fertilizer combined with PSBF (MP), chemical fertilizer combined with organic fertilizer (MCF) ,
and chemical fertilizer and organic fertilizer combined with PSBF (MCFP). Soil samples from each treatment
were collected for phosphorus adsorption kinetics experiments. The maximum adsorption capacity, maximum
buffering capacity, adsorption saturation, maximum desorption amount, and desorption rate were calculated. The
relationships between soil phosphorus forms, soil physicochemical properties, and the amounts of phosphorus
adsorption and desorption were analyzed. [Results] The treatments with PSBF reduced soil phosphorus
adsorption amount and increased soil phosphorus desorption amount compared with the corresponding treatments
without PSBF. The MP treatment exhibited the highest maximum desorption amount and desorption rate of soil
phosphorus, increasing by 32.87% — 276.90% and 38.76% — 386.91%, respectively, compared to other
treatments. With the PSBF application, the contents of soil active phosphorus and moderately active phosphorus
increased by 2.69% —7.29% and 3.64% —8.96% , respectively, while the content of stable phosphorus decreased
by 2.14% — 2.29%. Compared with soils without PSBF, soils treated with PSBF had higher organic matter,
available phosphorus, and total phosphorus contents, but the contents of aluminum hydrated oxides/hydroxides
and exchangeable calcium decreased significantly by 12.96% — 15.71% and 10.53% — 12.45%, respectively.
Redundancy analysis (RDA) showed that active phosphorus was the main common influencing factor of
phosphorus adsorption-desorption characteristics in the treatments without and with PSBF, and the explanation
rates were 16.80% and 77.20%, respectively. [Conclusion] The PSBF application inhibits soil phosphorus
adsorption and promotes phosphorus desorption, thereby improving the utilization efficiency of exogenous
phosphorus. It weakens the regulatory effect of exchangeable calcium on phosphorus adsorption-desorption
processes, increases soil available phosphorus, and significantly improves soil aggregate stability and maize yield.
Among all treatments, organic fertilizer combined with PSBF shows the greatest improvement in phosphorus
availability in reclaimed soil.

Keywords: phosphate-solubilizing bacteria fertilizer; reclaimed soil; phosphorus adsorption and desorption;

available phosphorus; soil physicochemical properties; soil aggregate stability

Received: 2025-09-27 Revised: 2025-10-21 Accepted: 2025-10-30 Online(www.cnki.net):2025-12-19

LIy PG 45 1 Oy 38 1 2 A B e B R AR L, K
SR I T AR i R 1 2 BOK T AR - MR Ak RN AR AR R
B N 8 O i W SR ORI B X, Il Py
AR SR RS K AL E RALE 4 027.19 km?, i
G4 MR s KR R Y 96.67 %6, T H I 7R A 1)
AT 35 B X et 3k 2 1 200.00 km?, #E— 2 gl A5 4
Hb Z 1801 28 J& o SR AR 35 B DX 1 498 PR R i R
it 114 B K ) AL, T AT X R U] A sk
bR AR OGRS o (A IX B A A A
F AR, BN AR B R S S R v i — A R

AR U Y R B R T IR 22 B Ok 2 1
TR o I HE AR A W 0 A I 3h i AT AR S .
S, A 5] SO R E D RE AR W, A RE T B
ST R T Y R B, B S R AR K
T HEIRET T EL AR 0 38 A A R G A 2
PEK &2 5 A i R IR A O — ol AR e
Bh, AR FH D 2 A A 5 AR A AR A R 2
50 06 ) T 2, 40 G, B TR I A TR NS L RE B K R

S v 11 R % W SO T EG A A S A T A
(AT AR R £ o A Wl 1T IE BE 5 A AT - B P
I 7 1) W08 , 9 /D X6 A 2 i I B0 A0, A — e BT b ok
B PR 3 it P TS S 80y MR K AR e ]

oA ST FR WY it A HLAE A R AR L 2 1
W BRF , i 5RO o e A T LA I R e B X 8 1
B, 5 e Wi, 4 e b MR A M, LR BEOK O T A
PLAEZCR AL T AL I o F AT g IE B e AT 52 186 52 22 4
S, R A R R R AR WA I U W R R 4 AR T
T o it BRI BB R e A LR e R A S A
AR A R TR L S A L HE RC G T R AR R 4 NP
LU, 4 NP AT R, 55 RS AT O AT 2 5 i 1 2 AL
PERT, 3 A R AR R E M, ORI R 2 R T 1
— JZE AW SE 10 DA - ST A O i R AR S
B o A5 22 T2 T BEAT WE ST B AR B D

ZAAIE 5 8 HCLL VY A R A O X G 1R A
Bk X B0 S 285 3 a5 B 1 L SR S B T X
G0 B TER R C T fifp Wl v A XoF A2 B A S8 WA R R ik I

http. // stbexb.alljournal.com.cn



320 KRR

840 %

e BRSO PE R A R B IR X R R+
36 B A AP XoF ik 2 AT TS g 7 R AR, DA O 2 —
ol 5 305 i B AT A RS 1 it N A 2K, SR R 3 N A
DX IR T B 190 5 26 A 0 A T 4 (R S AR B . DF R 4
SRS S A X A B A SR R i RO RN AR S ] R A
RIBEBGEESHME.
1 M#RERE
1.1 X IE R

FH [ 2t 30 B AE LU PG 48 3 v A Ok X2 4 L BRR A
WX E B 5 (37°42719"N, 112°57'19"E) .
Z ML X JE TR R R M 2R R AR E )RR
9.5 °C, WK i 418~483 mm, 4F H BRI 7] 2 662 h, &
AW 158 d. RE T 2022 4E TP 4 5 B, 2024 4F 4 +
ARG 3a, IR A RMEW -, B Oy
b, 2022 4F 52 BOAT SR B 0~20 em (9 #F 2 1-E
13 1 pH &y 8.42, F L it (SOMD 3.25 g/kg, & A
(TN)0.22 g/kg, & (TP)0.21 g/kg, il it 2 (AN)
9.30 mg/kg, A & # (Olsen-P) 2.46 mg/kg, 2 41
(AK)67.06 mg/kg.
1.2 K&t

KR BE ML X 4L, 3 E AL BN A i IR
(CKO it Ak A CCF D Ak A fie i £ i 8 AL CCFP) 3
Jiti A HLAE (VD A HILAE i A % 14 IE CMPD AR AE A BL
B CMCF) A6 AR A 1L AR e it f 8% 0 AR (MCFP) |, 3t
TASAE R B REPE 3 R E A, A/ X AR R 60 m?
(6 m>10 m), %/ X [ B 50 em. 12 56 Hb 4% 4b 3 A
it FH & DL 2% 1.

P P R S A2 N L PG AR A g i
f 2 R e W T W 134 AW 137, 2 Bk I 22 18] A AE7E 45 Bt
YEF, 2 4 T I i B /0 652.63 mg/L. 2 ¥k 1 >k
LB VR A 15 5 i e rpod 5 5% B R 2 BUE KBTS
A LR $e — 22 E A5 2 50 TR A S B A AT
B =2x10° CFU/g. il A HLIE 56 42 )6 20 1) X 38
(pH 8.26, A ML 33.55% , N 1.67%, P,O; 1.23%,
KO 1.08%) , Hy LLi 74 #9154 P & A7 BR 28 ml $ 1L
HEIR Ak BB A IR R (N 46 %) (2 B iR 45 (P,O, 16 %) Al
fim B2 81 (K,0 52%0) o HEi/EY S £ oK, 5 Fle AR
13317,2024 4= 4 H th A%, 10 A w7k
1.3 HEmRESLE

B /N DX AE YR B AL R 4R 30 #% £ oK F T I
VR QNIER TR i - Wik U o b N 7 = I Y
50 X R FH T AR R 2 R A 4% A0 38 0~20 em O #E)Z +
e ah At 21 0y £ A HIBR LA AE Y R AA AR A
e 00, 0By L REIR ST R Ay ik i R 2 AR
AT 3t 2 mm G S5 00 G 45 0048 AR

x1 REMELEMEMAE
Table 1 Fertilizer application amounts for each treatment

in experimental area kg/hm’

Ak 2 JRFE I BERRES BRRAT  AHLIE e
CK 0 0 0 0 0
CF 653 1384 374 0 0
CFP 604 1280 346 0 1500
M 0 0 0 18 000 0
MP 0 0 0 16500 1500
MCF 327 692 187 9000 0
MCFP 327 692 187 7500 1500
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VSV, TR A i A 33 FH R T SR i 3 . 7E 150
r/min H.(25£ D C T EIRIRZ R 55 1 h 5 & 4 1 h,
SR JF B0 1 min(4 000 r/min) , B 7 WO AR B 4t Le 6
I A W SO O R, - SRR G B B R R0 A B AN T
R VR W B A A B I TR B 4 R 22
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Langmuir W% fff 5 #2

C/A=1/(K, X A,)+ C/A, (1)

MBC =K, X A, (2)

DPS = Olsen — P/A,, X 100% (3)
Langmuir fift % J7 f2'

C/B=1/(Ky X B,,)+ C/B, (4)
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Fig.1 Isotherms of phosphorus adsorption and relationship between adsorption and desorption of reclaimed soil under

different fertilization treatments
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Table 2 Characteristic parameters of phosphorus adsorption and desorption of reclaimed soil in mining areas under different

fertilization treatments

Langmuir ) Langmuir

A,/ MBC/ B,/

b R* R? K DPS/? PDR/?
- W i 7 fif ey 7 A (mgkg (mgkg % (mg-kg %
CK C/A=0.028+ 0.98" C/B=0.660-+ 0.96" 0.0334 1067.93+ 35.524 0.28+ 137.73+ 12.91+

. 0.001C ’ 0.007C ’ 0.003a 38.21a 2.05a 0.01f 4.98e 0.81e
CF C/A=0.037+ 0.97" C/B=0.634-+ 0.08" 0.0274 1055.96+ 27.51+ 1.06+ 176.00+ 16.71+

i 0.001C - 0.006C h 0.008ab 139.14b 4.78b 0.03e 17.72de 0.54d
CEP C/A=0.040+ 0.05" C/B=0.620+ 0.99" 0.025+ 1033.15+ 25.27+ 1.124 206.81+ 20.02+

0.001C e 0.005C ’ 0.004b 35.53ab 4.19be 0.03e 9.59d 0.85d

v C/A=0.048+ 0.8 C/B=0.674-+ 0.88" 0.024+ 878.46+ 20.42+ 1.67+ 371.20+ 42.18+

0.001C ' 0.003C ' 0.004b 73.81c 1.45cde 0.09b 43.77b 1.73b

VP C/A=0.058+ 0.99" C/B=0.666+ 0.99" 0.021+ 827.56+ 17.52+ 2.01+ 519.11+ 62.86+

0.001C ' 0.002C ' 0.003b 77.54¢ 1.56e 0.03a 32.37a 2.50a
MCE C/A=0.044+ 0.96" C/B=0.658+ 0.09" 0.025+ 902.44 + 22.86+ 1.37+ 300.29+ 33.284+
0.001C ' 0.003C ' 0.002ab 22.39bc 1.24bed 0.01d 14.31c 1.49¢
C/A=0.055+ .. C/B=0.673+ " 0.022+ 861.01+ 18.79+ 1.57+ 390.68+ 45.30+

MCFP X 0.99 . 0.99 i
0.001C 0.003C 0.005b 96.51c 1.96de 0.03¢ 60.24b 4.10b

TE < Ky b Sl W W0 5505 A, Sy Sl A R R Bk s MIBC A - MW e Q22 2 4k s DIPS Sy o SRl W0 B 460 0 5 B, Sy SR A A it
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HIL IS TAC 7t foe ol T A 1) 488 o A5 B B . MIP A B
B, F1 PDR i 5 , 43 51l b oAb 4b #2149 B, i1 PDR 34 fin
32.87 % ~276.90% 1 38.76 % ~386.91% .
22 BEBRBEENERFEMEELTEHRESH

A

H1 22 3P, 5 CK AL HAH H i AT b BT+ K A
BB EORL BT B N e ) O O 66.41 00~
111.63% . 17.45%~26.46% H1 127.93%~154.73% .
e it i 8 A E S 4R o R ORAEORL BRI . CFP.
MP Fl MCFP &b 35 %5 #H N A B jte £ @l 17 00 Ak 348 19
K ORI  EE A B 4R = 21.12%~25.09% A
5.49%~9.33% , Hrh MP % M &b 3 0 45 5 i i3

A1 2 T, 5 CK A B B, H il it S Ak 3 25 &
FRE A RIS (L-P) PSS (ML-P)
AR 2 25 Wk (S-P) JiT &t 43 %, 4 il 48 % 35.77 %~
76.34% .71.29%~111.74% M 12.10%~27.97% . L
Jit AP 5 T S AR A P i Ak B A - P T ML -P Joi 2 43
Koy B 5 2.69%~7.29% 1 3.64%~8.96% , Hi
MP 5 M ib #2552 Al DA A 7 it FH 5 4 D

Jit ) 74 s T P Ak TR L, S-P R A 4 B AR 2.14 %~
2.29% . {E MP 43 F ) L-P 1 ML-P Jf & 4> $0 5%
LS T HALANPE . MP# CFP 4B, L-P 43
MWW ERE2648% , ML-P iR BEE#RS
19.27% ;% MCFP 4 B, L-P R & /» B i & 1
12.01% ,ML-P Jii & 50 $0  % $2 = 5.60% . 7EFR CK
Ak 34 ) At it A Ak PR A, MP AR BRR B S-P & 53
B A, 2 A AL AE it A s BT A T DA S S R R L-P
FTML-P J5i i 43 JaUit , i 8 35 B A S-P i i 40 8. MP

Ab 3R] U D A S AR A A [ A R B A ROE
£3 FREEELEEXR=Z2HHME
Table 3 Effects of different fertilization treatments on
maize yield

JOp AL EY /R TR /g 7/ (kg-hm ®)

CK  277.19+9.45d  26.300.66c 3 138.45+118.67d

CF  461.26413.85¢ 30.8940.47b 7 153.344-196.27¢

CFP 558.70+4.09b  32.494-0.49a 7 546.32+233.91bc

M 468.964+4.21c  31.0540.71b 7 312.294-290.55hc

MP  586.63+11.08a 33.26%+0.89a 7 994.69+275.86a

MCF 467.244+14.61c 30.9340.68b 7 215.414272.75bc

MCFP 577.734+20.59ab 32.934+0.57a 7 670.30+263.89ab
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reclaimed soil under different fertilization treatments
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Table 4 Effects of different fertilization treatments on physicochemical properties of reclaimed soil

BD/ SOM/ TP/ Olsen-P/ Al,/ Aly/ Fe,/ Fe,/ Ca,/ Ca,,/
b 7 . FC/% SP/% pH 71 ’ sen o w . 0\\71 €4 . € . a\v71 am,l
(geem ) (gkg™ ) (gkg ) (mgkg D (mgkg D (mgkg D (mgkg D (mgkg D (gkg D) (gkg D
CK 1.55+ 25.37+ 41.64+ 8.54+ 5.15+ 0.37+ 2.58+ 1.34+ 903.85+ 726.95+ 9.40+ 0.16+ 24.95+
i 0.06a 1.12¢ 2.08¢ 0.05a 0.11f 0.02¢ 0.35¢ 0.11a 23.53a 37.38a 0.79a 0.01a 0.76a
CF 1.44+ 27.17+ 45.66+ 8.48+ 6.77+ 0.46+ 8.24+ 1.02+ 901.21+ 590.38+ 8.80+ 0.15+ 20.96+
) 0.04b 1.31bc 1.64b 0.06ab 0.43¢ 0.03ab 0.17b 0.08b 46.90a 43.00b 0.60ab 0.01ab 0.04b
CEP 142+ 27.83% 46.294 8.43% 9.03% 0.46+ 8.68+ 0.514 780.15% 527.11% 8.25+ 0.14+ 18.35%
) 0.10b 1.10b 3.72b 0.05bc 0.17¢ 0.03a 0.45b 0.02¢ 48.96bc 52.31bc 0.15bc 0Oab 0.35d
M 1.35£ 30.23+ 49.06+ 8.42+ 12.76 £ 0.42+ 9.26+ 1.14+£ 891.21+ 457.13+ 7.52+ 0.15+ 20.19+
0.04be 1.06a 1.36ab 0.06bc 0.05b 0.01b 0.84ab 0.12b 17.88a 70.11cd 0.37cd Oab 0.34c¢
N 1.30+ 3147+ 50.82+ 8.36+ 15.17+ 0.43+ 10.33+ 0.65+ 751.21+ 395.70+ 7.03+ 0.14+ 18.06 £
0.04c 0.57a 1.53a 0.06¢ 0.48a 0.01ab 0.86a 0.06¢ 30.89¢ 63.00d 0.16d 0.01b 0.24d
MCF 1.37+ 29.734+ 48.434 8.46+ 7.434+ 0.434 9.194 1.10£ 827.47% 575.42+ 8.694 0.15+ 2042+
' 0.06bc 1.31a 2.08ab 0.01abc 0.38d 0.01ab 0.28ab 0.10b 26.30b 91.17b 0.86ab 0.01ab 0.16bc
MCEP 1.31£ 31.20+ 50.69+ 8.444+ 8.64+ 0.44+ 9.984 0.98+ 720.19+% 413.83% 7.93+ 0.14+ 18.27+£
0.04c 0.92a 1.33a 0.06bc 0.35¢ 0.02ab 1.00a 0.08b 31.73¢ 65.64cd 0.50abe 0.02b 0.15d

HBD AR FC O H RS K 5 SP oM FLEBRE ; SOM A HLJE ; TP 4 48 ; Olsen-P 78 208 s AL, MK S 45 Al B K & ik
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Table 5 Effects of different fertilization treatments on soil
aggregate stability of reclaimed soil

e Ryu/% T E R AR J'Lf‘ﬁﬂzﬂﬂﬁﬁé

(MWD)/mm (GMD)/mm
CK 84.6141.93cd 1.29+0.04d 1.01+0.05¢
CF 84.174+2.22d 1.32+0.03d 1.0240.05¢

CFP 87.21+2.41bc 1.3640.08cd 1.1040.09bc
M 89.334+2.83b 1.4440.08b 1.1940.11b
MP 93.04+2.55a 1.5540.06a 1.3540.09a
MCF 88.0742.35b 1.41+0.06bc 1.15+0.08b
MCFP 89.994+2.11b 1.44+0.08bc 1.20+0.09b
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Fig.3 Relationship between physicochemical properties and phosphorus adsorption and desorption characteristic parameters

of reclaimed soil without and with bacteria fertilizer application
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Fig.4 Redundancy analysis of phosphorus adsorption and desorption characteristic parameters of reclaimed soil influenced

by physicochemical properties without and with bacteria fertilizer application
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Fig.5 Structural equation models of soil physicochemical properties, soil aggregate stability, phosphorus forms, and

phosphorus adsorption and desorption without and with bacteria fertilizer application
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