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Abstract: In order to gain an understanding of the characteristics of soil inorganic phosphorus and bioavailable
phosphorus fractions affected by land use types and hydrothermal conditions in karst regions, the characteristics of soil
inorganic phosphorus and bioavailable phosphorus fractions in karst regions were analyzed and compared across
croplands, artificial forests, and natural forests in low hydrothermal regions ( Nanchuan District in Chongqing, Dushan
and Suiyang counties in Guizhou) and high hydrothermal regions ( Huanjiang County, Mashan County/Wuming District ,
and Longzhou County in Guangxi). One way analysis of variance, two-factor analysis of variance, and correlation
analysis were used to explore the different characteristics and the relationship between soil inorganic phosphorus fractions
and bioavailable phosphorus fractions under the influence of land use types and hydrothermal conditions. Redundancy
analysis was used to explore the key inorganic phosphorus fractions influencing soil bioavailable phosphorus
fractions. The results were as follows: (1) Soil inorganic phosphorus fractions were significantly affected by land use
types. The contents of dicalcium phosphate (Ca,-P), octacalcium phosphate (Caz-P), phosphorus adsorbed on the Al
oxides surfaces ( Al-P), phosphorus adsorbed on the Fe oxides surfaces ( Fe-P), occluded phosphorus ( O-P) and
decalcium phosphate (Ca,,-P) in the soils of croplands were found to be higher than those in the soils of artificial forests
and natural forests. Furthermore, the contents of Cay-P, Fe-P and O-P exhibited the order of croplands > artificial
forests > natural forests, whereas the contents of Ca,-P and phosphorus extracted by hydrochloric acid ( HCI-P)
demonstrated the order of croplands > natural forests > artificial forests. (2) In high hydrothermal regions, Ca,,-P and
O-P contents of natural forests soils were significantly higher than in low hydrothermal regions, and phosphorus extracted
by enzymes ( Enzyme-P ) contents of plantation and artificial forests soils were higher than in low hydrothermal
regions. (3) Soil inorganic phosphorus fractions Ca,-P, Cag-P, Al-P, Fe-P and Ca,-P contents were significantly and
positively correlated with bioavailable phosphorus fractions CaCl,-P and HCI-P contents. Redundancy analysis showed
that Ca,-P was the key fraction affecting the bioavailable phosphorus fractions. The results indicate that land use types
and hydrothermal conditions are key factors influencing the characteristics of soil inorganic phosphorus fractions and
bioavailable phosphorus fractions. Increasing the contents of inorganic phosphorus fractions has a positive effect on
bioavailable phosphorus fractions. Therefore, consideration should be given to the potential effects of future climate
change on the fractions and availability of phosphorus in soil, thereby promoting the restoration of karst ecosystems.

Key words: karst ecosystem, land use types, hydrothermal conditions, inorganic phosphorus fractions,

bioavailable phosphorus

PR A KA AT DR E IR IC R (RKE
85,2014) o IERREER AL S IR O B4 A A
YA R AT . B EZORIRTH a1 A
PR S A | B W 2 AN W XL T AE
117 32 B o AR ) A A BR i 1 97 43 ( Newman,
1995) . FZRARAT 38 v 19 e 25 0 2 9 S
Yo AACER R | b BERORL SF B [ ) AR AN T

A W AT 1 A 1% PR B, PR O 4 3K il b A 2 R g8
WA TEREFR ] ( Vitousek et al., 2010) . +3EF )
Wl A G A 18RI i P 1 I HIL BB 4 R A A A )
M (Hedley et al., 1982) , Kt , +IEBIE S 899 1
FRAE AR AR R AR 8 b 7 W a9 A= A Rk
(Hinojosa et al., 2012; Zhang et al., 2020) ,

AN ] T SFEBRTE 285 3 A R AIE 32 3 2 KL R 1Y 52
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Wi, = 3EBEIE 25 (14 43 A FRAE 3Z 45 F 487K 43 (Sun
et al., 2020) .JR ¥ (Hou et al., 2018) Fr & =
(Fan et al., 2018) Jz 4 He &k i ( 1 4232 55 ,2021)
AR YRR FIAL Y ( Dong et al., 2024) | 345
B)(Wei et al., 2024) P25 A B 2 ( Yang et
al., 2023) By [A] 4 AT, A0 AT RE A2 Fili M 9 1 26
AR EZ I A F (Hou et al., 2018), i
JEE RN R K 2 1 AR Ak 5 | /S A = 18 3R 3 RN 4= 18K 43 1)
W g, imad s 4 pH | ISR S L S OKE S
YR =R Y MR A R R
Y T 4 B N 8 B 41 53 1) %% 1k ( Zhang et al.,
2020; Mariotte et al., 2020; Siddique et al.,
2023) . i, Wang £ (2022) WF 5% & 30 i B T
A BB 2 5 SO 1 T2 14 5 T 0 0% 2 N B ) 7 )
B T I%, Hou %5 (2018) A N /K v DLIE i3 3K
SR Al WA AT X = M A AR 7 R TS )5
A, B TR HG Tin2x B AT 1 BT 68 77 AR X B8 5 A e i A
SUIE VA LU 7 87 N < e 1 R (73 -3 (RS =l O e
IKAAR AT A+ B 4 2 1 52 AT R Ok B
P w PR B AL ER AR i

o VY R R TR A S R G R A R R R i 55
WEHTRR X, T A2 54 J7 km® ( Jiang et al., 2014)
W ST R b X G B KM 25 R A5 86 L pH
s, 8 Th A i 32 2 DR E R A 45 S S IR Eh
FAAE BEBR M 23/ H ( Chen et al., 2018) , KM
WK TGS, S8 R KRk,
JEAS i 553 1) W 30T R AR S R Gl B IR (o
MRAE,2019) , LS T RE b X A AR IR B 5 AR S
W T —RINVAESEP 5ESEE TE, 1
IR HFA AR B4 (F R AE 2016) . HIERERE
W 3T bt DX A A AR SR AR TR T R 11 56
R W N E 2 — (Pt e %, 2016), Pan 4§
(2024) 57 K BIAE VRS2 3400 1T 0 9 ) A 4 g
gy BT R IERE R A RCR T, BRAEAE (2021) BF
FERB, M EE TN TR R AN T Ah RS B A SRR
B A, A AR R R AR A e Y
RE ST o, bR FH 28 R0 A ek AR 2 5 i) - SR 45 4
SEE T (Li et al., 2019) K i 2k Wy BE 7% 4 8 4%
(Siles et al., 2022) , M fij 2 22 4 el 2 1T & K
534 (Fu et al., 2020) . SR, 7685 3% 4 BR il 48 R
T EE 1) W R b X (T R AR, 2020) , AN TR
I FF2I TR 7K 2% 12 ) - 39 2L 43 R F1F B4 52 W)
AR, UL, 0 )7 B AT DL I - b ) 2K

T 557K AR e 2 o0 B LA R B

ASHIFFE AR 1] 7Y R S AR i DX 7K B SR 1
ZESERE PR E PIE NI X, SN il B sz B & )
PRLEL Sy ily B/ aons DR g JH B4 S F 5 X
FERIF S DX 8 PN L 70 i 307 5 i 1X 73 51) ke BRORF ot | A
TEARFIIR SR bR 5 Xt &R i o 0 A v e AL
WAL 5 HE A R AL o3, e A P Z TR G 2R
BEUFRUR IR . (1) AR 2SR 4 S e AL Al
PR R AL S BRI 5 (2) ZK ARG X+ T
AR A A e AL 0 OS2 5 (3) IR h 2
i A 9 A i 1) SR B A o R A A, BT L AT
ST, LA 78 AN [R] - i ) P 26 Y 4 38 rp 25 26 Wi P
YA RO R I B HE T 7K R % 1 1 o 1o R, Sy
ERRARIE AR R PR AR S R EIRAE
A RPN A R R AR

1 ARG 7%

1.1 AKX

F 5 DA T [ 7Y R 0 0 J BT S A Fn )
P B IR IX (106°95'-108°60" E,22°42'-29°11'
N) , BA MR R 2 e . 7E 20 THE4D 90 4F
RZHT, T ERE, i X AR KRB R G
BT ERA, O TR AR RIS IR E
T1999 4Ej5 3 T “ B HHA M 711] (GFGP) (Li &
Liu,2022) . H 2002 4F LAk, VG me s 30 45 b X AR R
HE GFGP TR Ay B 244, FEE S M (AT
) B A SRAE K 5 55 SOT R A SRR T A, B
FEIXAESEIIIRE (mean annual temperature, MAT) 4
12.6 ~ 21.7 °C, 4 4 % 7K & ( mean annual
precipitation, MAP) i1 165~ 1 612 mm, #Z /& MAT
1 MAP  HE0F 58 XA 73 AR K Bt X (MAT< 16 °C,
MAP<1 300 mm) Fl/ K #uth X ( MAT>16 °C ,MAP>
1300 mm), MAT il MAP %4 M [ [ S %05
B (hitp ://data.cma.en/ ) FEH,

2020 4F 8—10 H A AT 1T 55 M £ A 4 1%
HURE . SRAE b 5 7 TR K P X% & PR g 1T IXC
SN 2% PHEL Ly B K B XY ) P R YT B
Sl B/ ins XA M B (B 1) B DX i) i
B3 Ff A Hb I FH 28 AUAR B ST A b, 38 7R B 5T IX
DAL AR (%) 8 ST R b T 4 AT R A B 4 B b A L (X
HE) N TR (N TR ) R IRAMRFEHE ([ 88
W) (R 1), RAVNThRfELLERE . (1) 11
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PR Rr 2 (KA ) IR AR TR, A Ml i g — A
AR EERE 5 4 30 m x 30 m (Y HLAIRE Ty
R T 90 A HHERERL . BEEDTR A S BUEURE

28 AR ECRAE R 10 om BUTRTE (BRI IEY
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Fig. 1

1.2 TIELHEBEESNE

Fie BRI 5 0] F1H5 A0 B (1990 ) #3197 1k % 4
HETCHIBEAS 2 A7 B e b AT D g, BAR D ¥ an R L AR
B 1.00 g & 100 H i 19 KT L AEBCA 100 mL 2.0
A 50 mL 0.25 mol « L NaHCO, % i (pH =
7.5) FEMIRY | h )5, B0 82 B FIs W, 18 28 41
AL FE K 700 nm R, SR FHARSEPT HE
{0 5E WS R 45 (Ca,-P) &, #4 NaHCO, &
TP B Ay R 95 % RS PR 2 Wk, SRJE

Schematic diagram of sampling site

A 50 mL 0.5 mol - L' NH,Ac W (pH=4.2) JFiR
AL E 4 h IR 1 h, B0 I R\ S
(Cag-P), B8 NH, Ac iR 41 1) ) 4% 39
A NaCl PR 2 YK, A 0.5 mol + L' NH,F i
50 mL, ¥R 1 h, B0 5 Ho il R 25 A A 0 (Al-
P) ., GRS LE NH,F IR St i 9 4% 3 iR A
NaCl ¥ ES 2 K, A 0.1 mol « L”'NaOH-Na,CO,
R (pH=8.2)50 mL,¥%7% 2 h,## 16 h, k% 2 h,
B G B s A S (Fe-P) . K4 NaOH-Na, CO,
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Table 1 Basic information about the sample plots in the study area
PR R N ; - NN /&1 5 Ko
KRB o pen EREEE ETRMOKE RN RELAEIL - Fer it
Hydrothermal . .. Restoration Number of
Land use type MAT (C) MAP (mm) Vegetation condition
level year samples
MoK P Ho 12.6~15.36 1165~1272 K — 15
Low hydrothermal Cropland Zea mays
PN ot s 18 15
Artificial forest Populus tomentosa, Cryptomeria fortunei
PN Jnt-po B AL | L, 5 X B 1 e 60 15
Natural forest SV aNGIE U 2
Cornus elliptica, Symplocos sumuntia ,
Quercus phillyreoides, Clausena
dunniana , Platycarya strobilacea, et al.
K H b 17.7~21.7 1385~1612  Fk — 15
High hydrothermal Cropland Zea mays
AT A (ECEE) 18 15
Artificial forest Zenia insignis
PN 0N e BN LI R S 7ECN 60 15
Natural forest AT

Brassaiopsis glomerulata, Miliusa
balansae, Diospyros siderophylla ,
Streblus tonkinensis, Fordia
cauliflora, et al.

VSRR B8 3 1% 8 % - 498 FH AR R NaCl ¥ W 6 U 2
LA 0.3 mol » L FF B FR M T 40 mL 1 1.00
g Na,S,0,,80 CHIHA 15 min, B0 J5 BB, F
SR T AL I o A 3 88 (0-P) , A 7E 4 T4
FfilA 50 mL 0.5 mol - L H,SO, &, &% 1 h,
B0 e R LA 00 S R 45 (Cayo-P) o
1.3 TIEEMBEREENE

+ 58 A W) A S ) R LS IR DeLuca %%
(2015) 1 BBP J5ik, HAKLBRWT . fE6H AR 4
$#31.000 0 g iz 20 H i 5 05 fif + 45 8 T 2.0 4
o RIS WA 20 mL 42 HUH] (0.01 mol - L7
CaCL % .0.01 mol - L Citrate ¥ #.0.02 EU -
mL " il (0 TR TG AR R I3 ) %5 .1 mol « L' HCL
WK RE M AE 25 CHHIBIR G AR 3 h 5, L
4 000 v - min" B0 5 min, B LI RCE SR AL
7 5 -WEAH 2% Z TR A O TR (ORI 2E55,2017 ) 43
S 2 AL A (CaCl,-P, T FAEAE BT H90R bR
PR B IR ) AT BE ( Citrate-P, ]
FRAE 5 AT HLIR 16 A6 B 0 B ) | G 4R
(Enzyme-P , ] T 3RNE ) Bl 5 192 1t 1A 1R il 0™ 1 1)
AHLEE) MR R BE (HCL-P, B8 RE 9 SR T35 1k 1)
HRORWE W PE ) (F50,2017)
1.4 HIELIEBI %

JH Excel 2019 F1 SPSS 28 &4 il 5 B J5 4

Kol EAT A B, A LS AR AR 23 T 2R AT I 2 A A
x50, >R FH 5 A 32 07 22 43 #r 75 (one-way ANOVA)
i /N i 3 22 7 3% (least significant difference
LSD) , Zr A AN IRl K #2541 Bk bt | K TARORT R SR A
3 Fofr b b 1 1 SIS Y A 398 T HL I 20 O3 R0 A ) A R
BELHAY S22 5. JH Origin 2023 #4455 DL |43
Pra Rt AT 8, R B 2R b (Pearson ) AH 73 B
VXS LA R W2 o) 5 T AR W A SO 2 )
ZB)HEAT HH DA G5 B, A XK 3R 5 22 93 7 1
(SPSS 28 B A ) , 43 Bt - W A IS Y K G A
HAZ B AE IR A 5 TC AL 20 53 e A= W) A 80wl 4 4
B2 M, iz H Canoco 5.0 % 1F ¥ 47 70 4% 70 Mr
(redundancy analysis, RDA) | VL% Hi 52 0 + 3 4= 9
A RO o 1 G HE R T

2 HEREH A

21 AR A AEBMAKREGTLENLTN
BEE S S EHFE

P P 2 WA e B L XA [] - b R 20
TIEAN T TCALBEH o & R AR R (P<
0.05) o JCitJ2& 7E AR 7K 4 Hlt X34 2 v 7K # b [X
Cag-P \Fe-P I O-P (& AR KR I A HF > N T
MSKIAM(E 2:B D E) , Ca,-P & & W B >
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|:| #kHh Cropland I . Tk Artificial forest D FERHK Natural forest

T B c
W]ﬁﬂT 18| A T30} 4, i oo,
> i 2
% b 6] Aa ifj[ 25k 47 100
mE 14} i E BE
118 12} ZE20; 2 80t
EE o} S E Ba &g
53 " S 15t . =E 60|
e 8t d . ®o mS
< 6 - =10t . a0} Ab
o ~ Q Ga Ca <
4t Ca
. 5t 20t Ba Ba Ba Ba
0 i 0 . 0
iRk Rk ik Rk fiRk 7K
Low hydrothermal High hydrothermal Low hydrothermal High hydrothermal Low hydrothermal High hydrothermal
3007 E 6o F
o Aa o Aa i Aa
Y =200k o Aa
i
Qajzj‘%so ia 18 2 . ABa 1% 50
w § 4 & e 5 41 g Aa
_KaQZOO' §§5150. a 3\540_
af g £23 a Ab
£ 0 2 100 Bb B0 T
+ 3 Ba = 8 _&:;
el 100f Ba o 20k Bb
Kol B <
= sof L . = “ 10
0 T 0 = o
fifk K IRk kK fIRAk K
Low hydrothermal ~ High hydrothermal Low hydrothermal High hydrothermal Low hydrothermal ~ High hydrothermal

AARE FEHACRAR K PR AF T AN (R L R 28 AL 2 AR 25 22 e 5 R TR/ - BEARRAS R) K PR A% 1 71 AR ) i A1) T 2
B Z [RIFF7E 225 (P<0.05) . T,
The capital letters indicate significant differences between different land use types under the same hydrothermal condition; lowercase letters

indicate significant differences between the same land use type under different hydrothermal conditions (P<0.05). The same below.

2 AEKRFZFHETAR LA AR LIELINBHESIE

Fig. 2 Soil inorganic phosphorus fraction contents in different land use types under different hydrothermal conditions

RIRMS N THAR(E 2:A) AP RIS Y. A TR KRALHE T Enzyme-P FR¥ W E ST
FER TN TARARIAM L8 (P<0.05) (Bl 2:.C), KM IX (P<0.05) (K 3:B), M3 3 AIHI,
ARG X, BE i AL-P & BB & 5 TRk Citrate-P 75132 51 A b 1 F S 80 B30 52 g 1 4 i ]
X (P<0.05) , RIAMKAE O-P Fll Ca\o-P MUS N FHRAEVRK AL EH B B (P<0.01),
BEMTEAKMHIX (P<0.05), H#FE 2 A%, Enzyme-P & 1532 B /K S A PR K 5200 ( P<0.01)
Ca,-P Cay-P l Fe-P i) & 532 LA S AU R HORD = bR 2R A 9 32 B 52 ( P<0.05 ) , HCI-P
KW (P<0.01), Al-P fll Ca,,-P & &EZ LM &2 A RN (P<0.01)
FIAETIRK IR A RN R M I L EmW 23 tER R ENBASMEMERBEAEAS Y
(P<0.01), O-P Fatsz LA AR ARG X&

2 NP RS (P<0.01) 3% 4 AT, +3E Ca,-P  Cay-P  Al-P Fe-P Fil
22 AE LA ARBMAREETLENEY Ca,,-P HI& 5 CaCl,-P Al HCI-P A9 & 2 & B %
BB S EHE 1IEAMISE (P<0.05 8 P<0.01) , Al-P  O-P #il Ca,,-P

FERFH e HCL-P e B E m T AT & E S Engyme-P & 5 2 5 3% IE 4156 (P<0.05
KR (P<0.05) (F 3:D), KIRMAIE T Citrate- 8¢ P<0.01) , HCI-P % &5 CaCl,-P F Citrate-P ]
PHEETATHALEE(P<0.05) (E3.0), fEk  SEEEFFAME(P<0.05 5 P<0.01), Ca,-P
IR X, Enzyme-P % 5t & BMKRUCHE > N &35 Cag-P  AL-P Fe-P Fl Ca,-P 1Y & & Z [A]
RS AR, TTE S K I X U AH B2, K B X W 3 TEAH DG (P<0.01)
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Table 2 Effects of land use types, hydrothermal conditions and their interactions
on various inorganic phosphorus fractions of soil
TeALBELL 4y A Hi A A2 RIS + R oK A
Inorganic Land use type Hydrothermal condition Land use type X hydrothermal condition
phosphorus
fraction F P P a P
R 45 26.016 <0.001 0.736 0.394 0.927 0.401
Ca,-P
AR /5 37.907 <0.001 0.008 0.931 0.111 0.895
Ca,-P
GREEE N 34.745 <0.001 11.315 0.001 13.903 <0.001
Al-P
BREE 5 BT 49.678 <0.001 0.003 0.959 1.577 0.214
Fe-P
P & Ak 14.227 <0.001 9.580 0.003 0.523 0.595
0-P
R 45 10.933 <0.001 5.312 0.024 7.760 <0.001
Ca,,-P

. P<0.05 RBHEEDZEER P<0.01 REHEEWDZEES . T,

Note: P<0.05 indicates a significant difference and P<0.01 indicates a highly significant difference. The same below.

DA - 38 A= W A 80wl 28 4 S e g AR i DLIG L
Wd o o i B AR AT TR (RDA) 4307, 45 R 3=
BB — R R T AR Y 21.45% 58 Bl R T
BEM 6.27% , YA sy F %57 Ca,-P(H
RN 17.9% ,F=15.7,P=0.002) B350 ( F
4).

3 T

3.1 TR AERBXN TELYBEMEY B REA
IR

T AT A TCHLBE S A7 1 R 28 R 3
SO, BT DX AR M A 9 £ 2R T AL 2 O3 ( Ca,-
P .Cay-P  Al-P Fe-P O-P fill Ca,-P) & m¥m T A
TARATR SRR, 1T 58 J2 th A& R 72 A il oK o 2
ot B IE . 9K B 55 (2022) BFFE R B, it JIE AT
DI I S OB B TS &=, A LT
) TCHILIE IE 23 6 Ak R 45 PR 25 W S8 , 76— &
ST b B TEHLBE B2 & A A B AR (IR R
%,2022) , MEHLEBEIE &R E, —MIA K Ca,-P
et o L AT RO R (A PR 4, 2022) , Cag-P
Fe-P (Al-P NZERW IR, Ca,,-P F1 O-P Sy ¥ 7 # U8
(VLA T5 R AA T, 1992) , W07 45 M X ELA 805
A5 5 1, - B T B A ) ke TR A VR EEE A T
b X LA AR P W MR I Cago-P (25 2500045

2020) , VERXERFHBEE O-P G & EK M, H
AR XEE 5 b Sk At T 25 19 T8 ML B B A 40 W A )
. XATREREH T 0-P 8 A ALK (Fe,0,) IR AL
B, HA W 0 B ko, DR A — R4 S 1
T, 0-P TR MEF- 5L AL R (2212 BH %%, 2019) , BF5E
X 3R A IR Y Ca,-P & AL, 14k LA
PR B A Y Cayo-P T O-P 2 6 )4 i 3%
FEUATE W IR M X, R A7) T I W R B = Y ) A
(MR 44 2019) , ABFFEH, Ca,-P & 1E KSR
AR TR R, X AT R R O KSR AR
DTN F 5, MKW L s S i
/5 ( Liang et al., 2020) , 7% 953 fift 7 K 09 5 &
BESRA Hi A G T R SRR 1 0 A R TR i
(Wu et al., 2020) , X UeHIAH LT A TR, KERAK
- A F T HABTE 2 B R A A SO
Citrate-P Fll HC1-P & & 7 £ i Fi| F 2 A0 i 2%
M, KRR IE T Citrate-P S B ESH T AT
PRAEHE, Citrate-P J2& 48 18 12 #7158 R 42 BUAY TG AL B
JEZS I35 TCHLHE 5 w0 AR R ok A 90 0 b
(A FLIR TG L R (28 A5, 2017)  FPIE TR RES A
BN BRI L T S AR A T S A A
(R M S FIDTTE AW ) o X — i AR ] B AU )
R 22 AN G A 3 2 4 WA ML IR R B T R Ak 1 1 2R
BE, 0 38 5 2 48 A R AR O Ak 5l 10 3R T
W ( Wang et al., 2023) . BRMEZE(2021) BF5E R0,
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Fig. 3 Soil bioavailable phosphorus fractions in different land use types under different hydrothermal conditions
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Table 3 Effects of land use types, hydrothermal conditions and their interactions

on soil bioavailable phosphorus fractions

1 FH 28 KIS - b FH 2T R A
Land use type Hydrothermal condition Land use type X hydrothermal condition
F p F P F P
ERit 2.312 0.107 1.565 0.215 1.341 0.268
CaCl,-P
e MR 8.324 <0.001 0.809 0.372 6.460 0.003
Citrate-P
4 Ik 0.337 0.715 14.867 <0.001 3.567 0.034
Enzyme-P
Eh R 21.619 <0.001 0.014 0.907 0.268 0.766
HCI-P

AR I = T Y AR RS IR LU B — T B4 2 bR B
AR T A A R A R R KR MRE
HAT S i B A= ) 22 R PR R B R B i R

AN &k, I H A e A W 1 Bl B R 58 B (Peng
et al., 2012; F 21 2022) , W AW FAT
M, RERMA YR R AGUEY AT R ™= A 2 A
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Table 4 Correlation analysis between various inorganic phosphorus fractions and bioavailable phosphorus fractions in soil

ik SALSEE  FrEREE  MERIREE AR

R 45

BER\G  REAETE SEAE WESH SRS

Fraction CaCl,-P Citrate-P Enzyme-P HCI-P Cag-P Al-P Fe-P 0-p Ca,y-P
ARG 1
CaCl,-P
FriEmEE  -0.014 1
Citrate-P
R EE B 0.060 0.123 1
Enzyme-P
R 0.242 = 0.341 =3 -0.167 1
HCI-P
BRI 45 0.488 #x 0.230 0.164 0.613
Ca,-P
IR /\AE  0.296 #x 0.120 0.230 0.474 %% 0.629 1
Cag-P
REASHE 0.408 s 0.075 0.234 = 0.756 = 0.766 #  0.580 *x 1
Al-P
BREEAATE 0.314 %= 0.214 0.118 0.655 #+  0.648 *+  0.535#%  0.815 *x 1
Fe-P
EIE 0.090 0.205 0.403 s 0.217 0.363 s 0.370 =3 0.513 s 1
0-P
BERR 45 0.404 s 0.054 0.266 * 0.263 * 0.429 #x 0.176 0.377 %%  0.480 0.156 1
Ca,,-P

T FORMISEMELE 0.05 U035 (BUR) , o FRMISEIETE 0.01 2051 2.3 (XUR) .

Note: * indicates that the correlation is significant at 0.05 level (two-tailed), and *#* indicates that the correlation is significant at 0.01

level (two-tailed).

HLIZ , Citrate-P FL R80T 5 . AH LT AN TARFIR R
M, B Hb 1 3 P A A HCL-P & i AT AE 2 i T
VERT AR B AT I 8, MR 4255 (2020) BT
[l e 22 B St FH A HLRL Tl D) 2 2 8 4 p
HCI-P &g,
32 KREUM T EENBASFENERBA
S HIR M

TEABE S b, 5 7K A XK SR AR 4 HE Ca,-P
1 O-P F i 2w TR KM IX 3 Al b B0 42
(A JELR AT BE S (1) /7K #H X4 B MAT Al
MAP 75 B Fmsk 3 i Kb f . S5 ARK #h
DX =3 L, 5 7K A DX A B I B 0, 4
FEAE XL TR EE B 5 (Gong et al., 2021) , X2 T
IKARAE S 25 Y 8 B ( Arenberg & Arai, 2019) .
WAL BUA G R4 5 43 i R0 w0 H R
PR R0 W) 1) I A , 8 VS if% 5 % 19 B I ( Horton,
2015) , XS iR A 0 T LA - 1R 0R 2 T U B
HEMIFE AL MR A BERR . BL Ak, e TR B8 A
PR T R A 2T B A T T o

(Ren et al., 2023) . A9 09580 BRAC A1 1R 7 f
IR EN KR AR, BA RSN hEE 7, b
= AL A AE ) AR AR TR+ 23 5 B0 (iR 4
2018) X ek T 45 25 & A 0l RN M 35 A Bk I B,
(2) TR 7K FA b DX 3 vy I A R T R T Ak A
34T . Hou 45 (2018 ) #8347 LW X R FE A2
A B, MAT X 1 58 A HLBE & & A 7 W) 52
Dixon %5 (2016) B 5% 32 B, MAT 3 1 4 fin 1 4
ACAE HT T A S w8 A 4 PE 7 A AR T 52 el s i
AR THE 1k, 42 7F 1 35 v 0 A DLW 5% 16 2 T L
W AR TOHLEE (IR AR B 1) AT T g5 1
GRS LR A A B B R, JUHTE
W Hr R b X SR s AR E T Cayy-P TR L,
1Ml Ca,,-P F1 O-P H A7 A0 X £ 1 25 44, 38 5 7F -
PR R — A AR [ M A AT K, K
P X P Y Ca,o-P 1 O-P 36 IR AN
MR AR HE T A B oA S OB R R TR

TE = /K AL IX ) N TR AN R SR Ak £ 1 Enzyme-
P W #EH & K #UIX . Enzyme-P J& T3 PR RE
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Enzyme-P 5
yme .'VOP

#h Axis 2 (6.27%)

B

02 0 g5kl Axis 1 (21.45%) L0

Ca,-P. IR —45; Ca,-P. BFfR/\5; Al-P. #1455 &0,
Fe-P. 845 G A5 8E; O-P. MIE & WE; Ca,-P. B T 45;
CaCl,-P. & fb¥5#; Citrate-P. ¥/ 12 H5 ; Enzyme-P. fiff 12
Uk ; HCI-P. $hFRWE

Ca,-P. Dicalcium phosphate; Cag-P. Octacalcium phosphate ;

Al-P. Phosphorus adsorbed on the Al oxides surfaces; Fe-P.
Phosphorus adsorbed on the Fe oxides surfaces; O-P. Occluded
phosphorus; Ca,,-P. Decalcium phosphate ; CaCl,-P. Phosphorus

extracted by calcium chloride; Citrate-P. Phosphorus extracted
by citric acid; Enzyme-P. Phosphorus extracted by enzymes;
HCI-P. Phosphorus extracted by hydrochloric acid.

B4 TEEYARBESSENBASH TR N
Fig. 4 Redundancy analysis of soil bioavailable phosphorus
fractions and inorganic phosphorus fractions

HEAE Y BB W SR A LB TR S (BRI s 45
2023) T EAE A | Sh W) RO A W) 55 7 A Y R TR
Tif 5L R il P AR AR AE N e S LB IE S, A
RE WL 9 W R (08, 2023) , Enzyme-P 75 i
TEARTR KR GEAE T I W) 25 5 T fig S i T s 2K 34
i DX A e T I R AR O T - R T A e R T
AR W B A A A LT R N B A A
WAEHT . A LB 53 i 7 R e A LR, X 25 A L
MRAEUE 5 T IR W as &, o 4l 1 3 b o i Y it
FREASE 255, DT REALG = 8 1 % = S8l 1) [ 5, 2
T SRR AL 48 = A WA A PE (Braschi et al. |
2003) , KL, 3 B 0 FHEAE AR T 45 T A
SN B HEAT 8 5 285 Tl B T T 1) A ) A A8 e Ak
(HEH 4 ,2022)
33 T EXVBASEYELHEASHEXME
AWFFE R, CaCl,-P #1 HCI-P () & &5 Ca,-P

Cag-P (Al-P Fe-P l Ca,,-P B &R EIEMEER,
Sanchez-Alcala %5 (2015) WF5E R B, 8 CaCl,-
P & SAHY B R A W R IEACOCR
FAE R A AR bR, BT WL, TJE
BLBE2H 4> i) Ca,-P  Cay-P  Al-P Fe-P Fll Ca,,-P
A S S e SR A M 0 E B 4, HCL-
P 3R AT 38 3 A P R0 A 0 D ) L AT i
B VR W 2 | A mT ) P A X IR ( Wang et
al., 2023) . FEWFGE X 3 H HCL-P 75 5 3% i 45
15, 1K AT g 2 PR R A B R b X 1 I AT R Y
5 S A pH (&7 HHEAHE S 2010) , R ECHE RS +
ey B % A5 A T8 U B2 € 19 HCL-P ( Tian et
al., 2022) ., Ca,-P Ca,-P Al-P Fe-P Fll Ca,,-P X
T S SN B X R e 1 e = 2 1B T
WS &8 B8, W B4t — & Wb A W ad
FEA BE B 5% AL b 0125 B WA W W Uk i B S
(Abolfazli et al., 2012) , HCI-P {5 &5 Ca,-P ,Cag-
P Al-P Fe-P #1 Ca,,-P B9 & i Z [B] 2 IEAH G, iX %
HHICHL®E Ca,-P . Cag-P  Al-P Fe-P F Ca,,-P 44}
Al BESERZ M HCI-P T2 A% A i A R 2%
TORGTIT R, A WA R 4 57 232 Ca,-P
(52 W, 25 JC AL B 4 43t Ca,-P 2 A R0
CaCl,-P 19 2= LR (£E W8 55,2020 ) . Mehmood
45(2014) W52 W, Ca,-P AW A R0 T Hifl
AW TCHEEA 7, F HAE Y W s & it 5 Ca,-P
B RETFAML, KM% (2011) BF58 & PLpLIL B8+
AR T 5 Ca,-P R EABE R BB, T
FEAE (2023) X HERF AL )+ HETCHLBEE B 1 F 5
K I Ca,-P Cag-P Al-P Fl O-P 54 500 2 W% 1E
FHIE(P<0.05) , HBTHRIUT A Ca,-P>Cag-P>Al-P>0-
P AWEFERIRE K BUAE A 1 A AR CaCl,-P
5 Ca,-P WY IEAHSCHE M T HAWTCHLBE A 53, I,
Ca,-P J2& 52 W A5 W A7 3088 1) S B TC LI 247

4 i

(1) #kh 3 rp & TCHLBE AL 5> & 2 & T A
TR R SR bR A 38 i A 2% i Bk M = 498 TC P
TR EEFH; RBM Ca,-P T EEH T AT
M, R B SRR S A ] T B v R b IX - g
ARMETHERN TR, (2) TEm /K HLIX KIRR -1
Cay-P Fl O-P 1Y & &t 1o 2 5 TR Kb X, AT
ARFN K SR AR T3 (9 Enzyme-P & H 5 TR K 44
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X, e B K AR5 1R A8 fb 2 5 i) 4 3 B SRR 1E 2
BRI R, (3) RIELHBEH 70 Ca,-P | Ca,-
P Al-P . Fe-P il Ca,-P 54 ¥4 5% M 8% 4 4
CaCl,-P il HCI-P Z [AIfF7E B # IE A E G R, R
R R T AL A R T AR S
.
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