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Abstract ; Soil biologically based phosphorus plays a vital role in improving forest productivity and in biogeochemical cycles.
It is very important to study the effects of different forest restoration pathways on soil biologically based phosphorus for the
adaptive restoration and sustainable management of the degraded forests. In this study, we determined the soil biologically

based phosphorus ( CaCl,-P, Citrate-P, Enzyme-P, and HCI-P) under three restoration pathways of subalpine forests, i.
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e., Picea asperata plantation forest (artificial planting, PF) , Abies faxoniana-Betula albosinensis natural secondary forest
(natural without assisted regeneration, NF) , and P. asperata/mixed broadleaf forest ( natural regeneration after artificial
planting, MF ), in western Sichuan by using biologically based phosphorus ( BBP) method. The results showed that
different forest restoration pathways had significant effects on soil biologically based phosphorus ( P<0.05). Soil Citrate-P
and Enzyme-P of NI and MF were significantly higher than those of PF ( P<0.05) , while soil HCI-P of PF was significantly
higher than that of NF ( P<0.05). The natural regeneration is the best way for improving soil biologically based phosphorus
among the three forest restoration pathways in subalpine of western Sichuan. The four soil biologically based phosphorus
fractions under the three forest restoration pathways showed significantly positive correlation with soil available phosphorus,
and the correlations between soil available phosphorus and biologically based phosphorus (except CaCl,-P) in NF were
stronger. The soil physicochemical properties, including total potassium content, ammonium nitrogen, and pH value,
significantly affected soil biologically based phosphorus in NF with the highest degree of interpretation by total potassium
content (r*=0.63, P=0.001). Soil pH value, calcium content and soluble organic carbon content were the main soil
physicochemical properties that significantly affected soil biologically based phosphorus in MF ( P < 0.05). Soil
physicochemical properties that had significant impacts on soil biologically based phosphorus in PF were the content of soil
organic carbon, iron, and soluble organic carbon. The interpretation rate of soil physicochemical properties to forest soil
biologically based phosphorus under the three restoration pathways exceeded 80%. The effect of forest restoration pathways

on soil biologically based phosphorus is related to soil physicochemical properties.
Key Words: biologically based phosphorus; available phosphorus; forest soil; restoration pathways; subalpine
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0.05) , X} F 43 HCI-P/CaCl,-P Y HRAE 1 55 , PF b MF Al NF 43 %) 5. 3 & T 282.59% #il 207.19% ( P<
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14 HCI-P/Citrate-P F & {H i K H. 5 T MF F1 NF,MF fi +3E Citrate-P/Enzyme-P HCER(E 4352 PF Al NF (1)
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Table 1 Soil biologically based phosphorus fractions ratio under different forest restoration pathways

AR SR LT H AR RS AR X E N R AR X E]_E R
BBP Fractions comparison Forest types Ratio Lower 95%C1 Upper 95%CIL

NF 1.99+0.44ab 1.13 2.84
Citrate-P/CaCl,-P MF 1.31+0.38b 0.56 2.03

PF 3.90+1.32a 1.28 6.46

NF 1.67+0.37ab 0.95 2.39
Enzyme-P/CaCl,-P MF 0.96+0.31b 0.36 1.56

PF 3.47+1.19a 1.12 5.80

NF 2.79+0.56b 1.71 3.91
HCI-P/CaCl,-P MF 2.24+0.68b 0.86 3.53

PF 8.57+3.08a 2.72 14.77

NF 2.36+0.98a 0.44 4.29
Citrate-P/Enzyme-P MF 4.51+1.59a 1.45 7.68

PF 2.37+0.83a 0.76 4.02

NF 1.99+0.54a 0.98 3.10
HCI-P/Citrate-P MF 1.55+0.27a 1.03 2.09

PF 2.30+0.42a 1.48 3.11

NF 4.11x1.80a 0.58 7.64
HCI-P/Enzyme-P MF 5.24+1.81a 1.70 8.79

PF 6.51£3.10a 0.34 12.50

FEE R A = bR Uk R, A RVNG FRER IR ) — 138 A YA RO 20 43 LU AR AE RS B R) 22 53 L 35 (P<0.05) ; BBP: AE ) A1
Biologically based phosphorus ; 72 a B/ AL E51% Citrate-P/ CaCl,-P ; B HUBE/ S AL 5555 Enzyme-P/ CaCl,-P ; $hFAWE/ # AL E51% HCI-P/CaCl,-P ; #7
TR W/ Tt 112 Ll Citrate-P/Enzyme-P ; R/ MR #E HCL-P/ Citrate-P ; LR W/ R I HCI-P/Enzyme-P ;CI . B{Z X [H] Confidence intervals

2.3 IR RS A OC R

3 PR iR 42T 1 AR A A S R A R IR W IEAHC KR (B 2), XF MF i,
TS S Citrate-P (r=0.79, P<0.001) #1 CaCl,-P(r=0.90, P<0.001) {1 HE 2 MF 48 50w vl fig
Bk A Citrate-P il CaCl,-P ;3 FhERARIE A b + BEHUS S S Enzyme-P AHOCHE e 1902 NF(r=0.69, P<0.01);
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T PF &, S Ams A HCL-P A e B (r=0.76, P<0.001) ,PF 33k il fig 32%55% (4 HCL-P,

m NF —— Pearson’s r=0.65 P<0.01 m NF —— Pearson’s r=0.69 P <0.01
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Fig.2 Correlation analysis between soil biologically based phosphorus fractions and available phosphorus
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WId 3 2 WA H 13 pH {65 NF 3% Enzyme-P 2 B FH AL R (r=-0.73, P<0.05) ,NH;-N 5
NF 13 Enzyme-P 5 BEAIEA KR (r=0.74, P<0.05),Ca Fl TK 4355 NF 13 CaCl,-P F Citrate-P &
B FEMIEM KRR (P<0.05) . 13 pH {5 MF 3% Enzyme-P £ B F W IEH LK R (r=0.76, P<0.01),Ca
5 MF 15 CaCl,-P B F IEMSER AR (r=0.78, P<0.01) , X T PF M7 , 1.4 pH {H5 HCL-P & B/
HFKFHEFR (r=-0.84, P<0.001),SOC F1 DOC 55 Enzyme-P ¥ 5 W E A IEMI LK FR (r=0.83, P<0.001),

TS TUAR T IR 3 FHARARIKE A2 T pH (EC SOC TN, TP TK \NO;-N \NH}-N .DOC ,Ca Fe % 11
A TSGR O 3 A A A R R, S5 IR AR AR TN NF 38 A WA 200l 1 SR AR e
FH 86.42% (F=3.47,P=0.016) , Hoh e —4hf# BE T 63.84% , 55 Sl B 1 18.50% , -+ HERRAL M T REf% i
B MF 39 A A5 R0 A8 51 88.96% (F=4.40,P=0.010) , 55—l A28 — 4k 2 SRR 1 75.70% A1 12.17%,
T FRACME O PF A 58 W R 1 BRI B R GE 91.40% (F=5.80,P=0.004) , H o ai Wil 43 51 i s T
79.58% 1 8.74% (% 3) ,

SR P BIAGIAE R R R RIZRMIKE @48 N T AR YA S R R E R (R 4) , B3 NF
A YA R R AR A 3 AN, Horh TK X NF 1 38 A A 00l 28 5 00 ik R R I B 3 (r° = 0,63,
P=0.001) ,3 >+ BRAL P R A AR B R/ NHEFE S TKSNH-N>pH, 13 pH  Ca F1 DOC & i 351 MF +
S A RO ) IEER AL 5 (P<0.05) . XF PF 34 YA Ru A B A £ LM A SOC (=
0.70, P=0.001) .Fe(r*=0.51, P=0.004) F1 DOC(r*=0.68, P=0.001),
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Table 2 Pearson correlation analysis of soil biologically based phosphorus fractions and soil physicochemical properties

Fﬁjﬁ%ﬁs iﬂfiﬁaﬁ?ﬁi% pH TP TN SOC  NH;-N NO;3-N Ca Fe TK EC DbOC

NF CaCl,-P -0.41 0.37 0.19 0.17 0.49 027 076" 0.18 0.61 0.26 0.56

Enzyme-P -0.73" 0.16 0.30 0.30 0.74* 0.12  0.35 -0.37 0.68 0.56 0.55

Citrate-P -0.55 0.20 0.07 0.09 0.65 0.20 0.19 0.02 0.72*  0.36 0.48

HCL-P -0.52 0.28 0.14 0.04 0.62 0.01  0.39 0.13 0.40 0.36 0.61

MF CaCl,-P 0.59 0.04 0.12  -0.12  -0.27 0.30 0.78"" -0.18 0.60 -0.05 0.30

Enzyme-P 0.76**  0.05 0.33 0.17 0.03 0.26  0.41 -0.30 0.30 -0.01 0.07

Citrate-P 0.31 -0.08 0.20 0.08 0.04 -0.15 0.64 -0.05 0.16 -0.21 0.68

HCL-P 0.22 0.18 0.15 -0.10 -0.19 0.37 0.25 -0.23 0.44 0.31 -0.12

PF CaCl,-P -0.23 0.22 0.68 0.68 0.08 0.40 -0.07 -0.71" -0.48 0.17 0.58
Enzyme-P -0.28 0.39 0.68 0.83*** 0.07 0.46  0.40 -0.65 -0.03 0.16 0.83 "

Citrate-P -0.48  -0.03 0.51 0.38  -0.11 0.31 -0.02 -0.53 -0.54 -0.03 0.34

HCL-P -0.84""" 0.40 0.57 0.49 0.00 0.48 -0.14 -0.49 0.03 -0.19 0.20

BSREBEMREIKT, « = = P<0.001; * * P< 0.01; % P<0.05; Citrate-P ; FF R B ; CaCl,-P : ALFS i ; Enzyme-P ; BHE BB ; HCI-P
R pH . T HEBRTE JE ; SOC: £ A HLER Soil organic carbon; DOC: 1 3 1] 3% ¥ A HLHR Soil dissolved organic carbon; EC; £ 3 Hi & # Soil
conductivity ; TN ; -3 4% Soil total nitrogen; NH;-N; T2 254 Soil ammonium nitrogen ; NO3 -N ; T A A% Soil nitrate nitrogen ; TP ; -3 4 Soil
total phosphorus; TK; 144> Soil total potassium;Fe: +3EEEk Soil total iron; Ca; HEEES Soil total calcium

R3 TEEVEYHREIEBEUAMRNTRINER

Table 3 Redundancy analysis results of soil biologically based phosphorus and soil physicochemical properties

AT il 1 R % i 2 MR % RASRREAR % - »
Forest types Axis 1 explained Axis 2 explained Total explained
NF 63.84 18.50 86.42 3.47 0.016
MF 75.70 12.17 88.96 4.40 0.010
PF 79.58 8.74 91.40 5.80 0.004

R4 TEEPEUBSIBEEUERNEEFTERAR

Table 4 Monte Carlo permutation test of soil biologically based phosphorus and soil physicochemical properties

AL NF MF il
Soil physicochemical properties 2 P 2 P P2 P
pH 0.49 0.01 0.60 0.004 0.15 0.29
TP 0.04 0.75 0.03 0.80 0.24 0.11
TN 0.12 0.37 0.05 0.69 0.31 0.05
S0C 0.14 0.30 0.006 0.97 0.70 0.001
NH;-N 0.55 0.005 0.008 0.94 0.05 0.66
NO3-N 0.06 0.65 0.20 0.17 0.07 0.57
Ca 0.12 0.39 0.45 0.02 0.15 0.28
Fe 0.18 0.24 0.09 0.50 0.51 0.004
TK 0.63 0.001 0.11 0.41 0.30 0.06
EC 0.28 0.08 0.11 0.43 0.06 0.65
DOC 0.29 0.08 0.50 0.01 0.68 0.001
3 iig

3.1 BRI At - e A A O S HEHE R B R

N[ BRI I i A T 398 26 A 5

IS2A
W
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MF 5 PF ) +4% CaCl,-P Z 5 A B3 (& 1), BEHITE NF B+ 33LBR K b ] 143 m i) FH AR R 58 sl i
AR AR S S LA, T A T3 & AR AL UK P I B R AR 5 7>, Bk HCL-P Ab, NF Al MF (1 1 4=
I RS L PF e (P 1) U 22 B ol 8 R RIS TR L L B — ool (%) e WA A ) T 398 2 W A 2wl 1) A
FURPY | NIRI BRI S 1A% 300 5 SO R A 2R B DA 5200 - 39 3R e I 0 0 9% 0 7 e o 1 - 4
TEAERE M Yang 6 FEID T AR L M ARAK A OB 5T W, DRLR B R TR A PRI 78 S 95 1 H (Larix: gmelinii )
N TARE A 7] e P82 E WA SO 97284k . Gao 25 WF5E k30 45 Citrate-P Bl A 5 AR 4 75 1 48 o i
BN, 55 AN B ARG 7 AR 5T A SR I A LRI I 3 B e A A s R Y X S AR gT 45
— 2, RATHBFIFTLE R B NF i H30A HLER & i H MF AT PF 5902 30 HLER A9 X Fh AR 2 Al BERS hn 1
R AR IR R T A A R (E 1) o SRCE B AR & AT AR A2 AR T
Bz B LR R & S E8OE IUBE & 2 I 5 0T BB A R A R XU i TG P A AR AR B e,
A HIA HLBE AL NIRRT Enzyme-P, BTG, NF 8 384 Y04 5 (5% HCL-P 4b) 359758 T MF
I PF, AT RES H B B m A 2 RE A 26 W Rh ZRE e 5 - w00 AR A sk S IR AR ST R 22
P2 R0 U W 2 REE I ELRERG I AN AR A= 4 L K A A LA, I3 - e AR A s Y L
Hb NF R Citrate-P 2T #9465 43 T 1 A5 MLIR VT L 2o 8 48 s PE W R h Vs i ok 4t v H37E )
AR AR NF 3P AR (Y Enzyme-P ST NF HAT H MF #1 PF 5 = A9 308 HLEE 1k
RS BB 530 T 22 1) Tl 1 it A0 P R R L

AWK 3848 T AR AR 3 A5 WA 30 14 2 s B L SRR 10 i e T O - M 2R ) 4 0 AR T B AR UK
W20 TEARBISERY 4 b LA WA ST, CaCl,-P 1 Enzyme-P & A (& 1), BEHIZE NP6 37 &5 101 3 F A%
MR 35452 T FEPIRENS W CR ALK h b . BR T MF "1 Enzyme-P/CaCl,-P #5EF 1 4F,
3 PP FRAMIR S 42 T+ Citrate-P/CaCl,-P , Enzyme-P/CaCl,-P il HCI-P/CaCl,-P L HRH R T 1(F£ 1),
) 98 e R ol A ) 096 T RESE AR IR T R 3 LB K R Y CaCl,-P LAAMT R B AR BBUR I, HLZE NF Apix
Tt IR A S s g T LAl B A AR 3 A ZR MR & 3545 F 3 Citrate-P/Enzyme-P A FL R KT 1, ULHALE )1 P4 I
e LUK 4 X TR, A HILRR W] B L A R 1 R R LA ST AT ) RO, HL MF X F s )
o T HARPTFP AR PF ()13 HCL-P/ Citrate-P £k, B PF 38 v (% JO AL B w5 5 S0 b W A, g R S 2 LA
fdimiE N I R, 3 FhARARIK 3842 T T2 HCI-P/Enzyme-P [LRMEHE AT 1, H PF L3P L HR(E
K, U 3 R 252 JCHLEE , NF AT MF 38 i FLEE &7 L & 1 PR, 3 FRARMAIR i 42 T L4 rp
Citrate-P 1 HCI-P f5z75 , [FVREHE , Wu 2578 T BHE R R SR FIAZ AR T AR th g8 58 th & 9 Citrate-P Al
HCI-P 5T Enzyme-P il CaCl,-P ,{H5 Deluca %" B 5% 45 S AS[R], Ui W AE )1 76 V. 755 L1 ZR bR b A7 78 T 7E W
J AE ) 8 3 P A AR 1 3 AR AN T R IS o T A LR, I T BRI 22 1) H L kb 7
MRS . FRATABFFREE BN JIPEE &5 Ll 3 PR AR S 3R A2 AR T RB B 45 5 BRI ALK (AT I R 55 )
SRARE A e e
3.2 YA R sE 3

S A A S ) R AR AR R RN IA BT IR ) ELAT AR 9% 45 S 36 A+ 5 Ak WA Sl i A8 4k
A DU i PRI R IR BT R Bk R 0 AR ST A R W], e E AL MR O 3 A AR E i AR R It
S WA AR SRR B R IR RIS T 80% (3R 3) , SR B B G IR 4 IR o, AR E R T
FRAR AR YA S 0 R P 2R TR (6 4) . B R2m NF (1) 384 WA Sous i + 383 Ab e R TK O NH; -
N 1 pH, X 505" Ml Exinle 27 (BFFE 455 — 50, Erinle 557" (AR50 R M, HHERR N GENS 3
P15 £3% HCI-P Ml Citrate-P, 14 pH Ca Hl DOC J& i 52 MF -+ 38 A= Wy A3 ol i - 3 B Ak PR T (P<
0.05) , -4 pH"™) [ Ca" AT A3 of 5 i) - HEmS 28 0 - S RI0RE > 1 18 BREE O 52 i = 398 28 0 ol o
Xf PF 354 Wy R A . 35 52 0 i S BRAL PR R SOC I DOC, 33 45 #8225 12 iy g 46 S — %k, DOC 5
SOC FE#E A AN A SR AE B LRI L S HRPAB P AR 22 R = 39 A 0 43 Dl M &/ it AR 2R 473 6 40 K T e
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RIS T, Fe tL2 W25 520 P L3 AE WA A0S L3RI 72— (3R 4) 3T RE S L3P Y BE AR 1Y
SRS AR AR TURWE A DG L 53 A B9 3 W) -39 | 398 BH B S ik X 3982 A 0k
SEMRARTK ) B 3 WA OB 2 R M B R S M 45 R T e M O 3 A 1t
R T AR, AN R BRI A2 A2 3 i 52 ) 98 PR o R b S Gl A 0 A A Qs sl Tl e 4 P T L3
VIR RE

4 #ig

F AR BB 2 N PE T g Ll 3 Fh AR S i A rh dc e B i L AR WA S8l i O 20 A BILTR S0 A1 g 1) 13- 1
FIRESEAR IR 1 W+ S ALBR K T Y CaCl,-P DAAMA S0 Wl 22 AR BRI, ELURBETCR MLIR T REJE: LL 73 W i S/ il
TR AR SN . 3 R RIS IR AR T AR WA O 21 3 5 A 1 R L 0 3 TE AR DG OC &R,
APE T RE A RSB I 80% 1Y T 33 A1 W1 AT RUWiE 722 S, AR MR A2 3 A2 X6) 4 S8 A= W) A 250 1) 52 W) 5 1 398 3LAL e o
K,

22 Lk ( References) ;

[ 1] ElserJJ, Bracken M E S, Cleland E E, Gruner D S, Harpole W S, Hillebrand H, Ngai J T, Seabloom E W, Shurin J B, Smith J E. Global
analysis of nitrogen and phosphorus limitation of primary producers in freshwater, marine and terrestrial ecosystems. Ecology Letters, 2007, 10
(12): 1135-1142.

[ 2] Elser]J, Bennett E. Phosphorus cycle: a broken biogeochemical cycle. Nature, 2011, 478(7367) ; 29-31.

[ 3] ReedS C, Townsend A R, Taylor P G, Cleveland C C. Phosphorus cycling in tropical forests growing on highly weathered soils//Biinemann E,

Oberson A, Frossard E, eds. Phosphorus in Action; Biological Processes in Soil Phosphorus Cycling. Berlin, Heidelberg: Springer, 2011:

339-369.
[ 4] T, Brdedd, ERIF, B, Ok, B, WA MR L EwA 80 KOS R R A BT sE it g, s Aol BHEOR 22440, 2018,
38(12): 1-12.

[ 5] Frossard E, Condron L. M, Oberson A, Sinaj S, Fardeau J C. Processes governing phosphorus availability in temperate soils. Journal of
Environmental Quality, 2000, 29(1); 15-23.

[ 6] Turrion M B, Glaser B, Solomon D, Ni A, Zech W. Effects of deforestation on phosphorus pools in mountain soils of the Alay Range, Khyrgyzia.
Biology and Fertility of Soils, 2000, 31(2) . 134-142.

[ 7] Maranguit D, Guillaume T, Kuzyakov Y. Land-use change affects phosphorus fractions in highly weathered tropical soils. CATENA, 2017, 149.
385-393.

[ 8] Dalling ] W, Heineman K, Lopez O R, Wright S J, Turner B L. Nutrient availability in tropical rain forests: the paradigm of phosphorus
limitation//Goldstein G, Santiago L. S, eds. Tropical Tree Physiology: Adaptations and Responses in a Changing Environment. Cham: Springer,
2016 261-273.

[ 9] Moghimian N, Hosseini S M, Kooch Y, Darki B Z. Impacts of changes in land use/cover on soil microbial and enzyme activities. CATENA, 2017,
157 407-414.

[10] Zhu X A, Liu W J, Chen H, Deng Y, Chen C F, Zeng H H. Effects of forest transition on litterfall, standing litter and related nutrient returns
implications for forest management in tropical China. Geoderma, 2019, 333, 123-134.

[11] Zhang H Z, Shi L L, Wen D Z, Yu K L. Soil potential labile but not occluded phosphorus forms increase with forest succession. Biology and
Fertility of Soils, 2016, 52(1) . 41-51.

[12] Hedley M J, Stewart ] W, Chauhan B S. Changes in inorganic and organic soil phosphorus fractions induced by cultivation practices and by
laboratory incubations. Soil Science Society of America Journal, 1982, 46(5) : 970-976.

[13] Yang K, Zhu J J, Yan Q L, Sun O J. Changes in soil P chemistry as affected by conversion of natural secondary forests to larch plantations. Forest
Ecology and Management, 2010, 260(3) . 422-428.

[14] WangJ C, Ren C Q, Cheng HT, Zou Y K, Bughio M A, Li Q F. Conversion of rainforest into agroforestry and monoculture plantation in China:
Consequences for soil phosphorus forms and microbial community. Science of the Total Environment, 2017, 595. 769-778.

[15] Redel Y, Rubio R, Godoy R, Borie F. Phosphorus fractions and phosphatase activity in an Andisol under different forest ecosystems. Geoderma,
2008, 145(3/4): 216-221.

http ; //www.ecologica.cn



7 39

it 25 1P R Ll = R AR A i A 8 A A i 1 52 2707

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34

[35

[36
[37

[E

[38]

[39]

[40]

[41]

[42]

WGERL, R, VEERRT, SRR, 8055, WAL, By, WAk, BRER, R ORGSO R IR RUR A, RS,
2018, 38(13) : 4879-4887.

Reiners W A, Bouwman A F, Parsons W F J, Keller M. Tropical rain forest conversion to pasture: changes in vegetation and soil properties.
Ecological Applications, 1994, 4(2) . 363-377.

Klotzbiicher A, Kaiser K, Klotzbiicher T, Wolff M, Mikutta R. Testing mechanisms underlying the Hedley sequential phosphorus extraction of soils.
Journal of Plant Nutrition and Soil Science, 2019, 182(4) : 570-577.

Yang L M, Yang Z J, Peng Y Z, Lin Y Y, Xiong D C, Li Y Q, Yang Y S. Evaluating P availability influenced by warming and N deposition in a
subtropical forest soil: a bioassay mesocosm experiment. Plant and Soil, 2019, 444( 1) 87-99.

DeLuca T H, Glanville H C, Harris M, Emmett B A, Pingree M R A, de Sosa L L, Cerda-Moreno C, Jones D L. A novel biologically-based
approach to evaluating soil phosphorus availability across complex landscapes. Soil Biology and Biochemistry, 2015, 88: 110-119.

Pingree M R A, Makoto K, Deluca T H. Interactive effects of charcoal and earthworm activity increase bioavailable phosphorus in sub-boreal forest
soils. Biology and Fertility of Soils, 2017, 53(8) . 873-884.

Zhong H T, Kim Y N, Smith C, Robinson B, Dickinson N. Seabird guano and phosphorus fractionation in a rhizosphere with earthworms. Applied
Soil Ecology, 2017, 120: 197-205.

Wu H L, Xiang W H, Chen L, Ouyang S, Xiao W F, Li S G, Forrester D I, Lei P F, Zeng Y L, Deng X W, Zeng L X, Kuzyakov Y. Soil
phosphorus bioavailability and recycling increased with stand age in Chinese fir plantations. Ecosystems, 2020, 23(5) ; 973-988.

Wu H L, Xiang W H, Ouyang S, Forrester D I, Zhou B, Chen L X, Ge T D, Lei P F, Chen L, Zeng Y L, Song X Z, Pefiuelas J, Peng C H.
Linkage between tree species richness and soil microbial diversity improves phosphorus bioavailability. Functional Ecology, 2019, 33 (8) .
1549-1560.

WO, EIIE, 2 X, 2, H DA, TR IR WA R AR R S G A A A R R R BT, AR SRR, 2019, 28
(10) : 1999-2005.

Crain G M, McLaren J R, Brunner B, Darrouzet-Nardi A. Biologically available phosphorus in biocrust-dominated soils of the Chihuahuan desert.
Soil Systems, 2018, 2(4) ; 56.

SO, TS, EIRE, R, EAR, B x, Bk, R4AeK. FETAEYARNE AR H 3R 4 SR E R R R A, SRR
Rl2f, 2017, 38(4) : 1606-1612.

Hoang K T K, Marschner P. P pools after seven-year P fertiliser application are influenced by wheat straw addition and wheat growth. Journal of Soil
Science and Plant Nutrition, 2019, 19(3) : 603-610.

AR, X, TR, RAE, TR, BRI, RSO, T S MERRILIIGE T KRS Lk 2 A WA RUERHE. A28 5 RN R4, 2018,
34(7) : 599-605.

T, VG 5 L T bR AR 8 MR R . AR AR S 2 S E AT, 1963, 1(1/2) ¢ 42-50.

SRIEAR, XUHESR, OB 1P S LU AR A A 23 AR SR 2B BT AE 32741, 2005, 16(9) : 1706-1710.

Liu S, Luo D, Yang H G, Shi Z M, Liu Q L, Zhang L, Kang Y. Fine root dynamics in three forest types with different origins in a subalpine region
of the Eastern Qinghai-Tibetan Plateau. Forests, 2018, 9(9): 517.

Ni X Y, Yang W Q, Li H, Xu L Y, He J, Tan B, Wu F Z. The responses of early foliar litter humification to reduced snow cover during winter in
an alpine forest. Canadian Journal of Soil Science, 2014, 94(4) . 453-461.

FRIEAR, B, XU TR PG 2 bR BRI A2 e S e D53 87 MRolk B4 2005, 41(4) : 189-193.

WES, ZRE. PN Jbat: MOl T, 1992: 1-368.

SRIBZR, BRI, XIS D PEE R LA TS A2 FIRIR A2 308 2R 8 A Mt R SO, A ARBEIR =41, 2004, 19(6) : 761-768.

XU, Bk, X0 8, s R, AUk, s fE R 7 & A R BRbR A 25 R S i B i SO IC AR . AR AR AR, 2017, 37(4):
1074-1083.

Ohno T, Zibilske L M. Determination of low concentrations of phosphorus in soil extracts using malachite green. Soil Science Society of America
Journal, 1991, 55(3) : 892-895.

Zheng B X, Zhang D P, Wang Y, Hao X L, Wadaan M A M, Hozzein W N, Pefiuelas J, Zhu Y G, Yang, X R. Responses to soil pH gradients of
inorganic phosphate solubilizing bacteria community. Scientific Reports, 2019, 9(1) ; 25.

Maharjan M, Maranguit D, Kuzyakov Y. Phosphorus fractions in subtropical soils depending on land use. European Journal of Soil Biology, 2018,
87 17-24.

Zhou J, Wu Y H, Bing H J, Yang Z J, Wang ] P, Sun HY, Sun S Q, Luo J. Variations in soil phosphorus biogeochemistry across six vegetation
types along an altitudinal gradient in SW China. CATENA, 2016, 142 102-111.

Gao S, Hoffman-Krull K, Bidwell A L, DeLuca T H. Locally produced wood biochar increases nutrient retention and availability in agricultural soils

http ; //www.ecologica.cn



2708 JAE = 41 4

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]
[58]

of the San Juan Islands, USA. Agriculture, Ecosystems & Environment, 2016, 233 43-54.

Hou E Q, Chen C G, Wen D Z, Liu X. Relationships of phosphorus fractions to organic carbon content in surface soils in mature subtropical
forests, Dinghushan, China. Soil Research, 2014, 52(1): 55-63.

WEGERE, YRR, MOTRE, By, 28, PG, REOT, B, IR, BRIE R, T AR RSO PR 1 LR 43 KA AR
AR, 2018, 38(18) : 6570-6579.

Zeugin F, Potvin C, Jansa J, Scherer-Lorenzen M. Is tree diversity an important driver for phosphorus and nitrogen acquisition of a young tropical
plantation? Forest Ecology and Management, 2010, 260(9) : 1424-1433.

Santos S R, de Barros Silva E, Alleoni L R F, Grazziotti P H. Citric acid influence on soil phosphorus availability. Journal of Plant Nutrition,
2017, 40(15) . 2138-2145.

Huang W, Liu J, Zhou G, Zhang D, Deng Q. Effects of precipitation on soil acid phosphatase activity in three successional forests in southern
China. Biogeosciences, 2011, 8(7): 1901-1910.

Giles C D, Richardson A E, Cade-Menun B J, Mezeli M M, Brown L K, Menezes-Blackburn D, Darch T, Blackwell M S A, Shand C A, Stutter
M I, Wendler R, Cooper P, Lumsdon D G, Wearing C, Zhang H, Haygarth P M, George T S. Phosphorus acquisition by citrate- and phytase-
exuding Nicotiana tabacum plant mixtures depends on soil phosphorus availability and root intermingling. Physiologia Plantarum, 2018, 163(3) .
356-371.

Hoang K T K, Marschner P. Plant and microbial-induced changes in P pools in soil amended with straw and inorganic P. Journal of Soil Science and
Plant Nutrition, 2017, 17(4) : 1088-1101.

Gao S, DeLuca T H. Wood biochar impacts soil phosphorus dynamics and microbial communities in organically-managed croplands. Soil Biology and
Biochemistry, 2018, 126 144-150.

Erinle K O, Doolette A, Marschner P. P pools in barley detritusphere are influenced by N and P addition to the soil. Journal of Soil Science and
Plant Nutrition, 2019, 19(2) ; 463-468.

Erinle K O, Li J Q, Doolette A, Marschner P. Soil phosphorus pools in the detritusphere of plant residues with different C/P ratio—influence of
drying and rewetting. Biology and Fertility of Soils, 2018, 54(7) . 841-852.

Zhou J, Wu Y H, Prietzel J, Bing H J, Yu D, Sun S Q, Luo J, Sun H Y. Changes of soil phosphorus speciation along a 120-year soil
chronosequence in the Hailuogou Glacier retreat area ( Gongga Mountain, SW China). Geoderma, 2013, 195-196. 251-259.

Wei X M, Razavi BS, Hu Y J, Xu X L, Zhu Z K, Liu Y H, Kuzyakov Y, Li Y, Wu J S, Ge T D. C/P stoichiometry of dying rice root defines
the spatial distribution and dynamics of enzyme activities in root-detritusphere. Biology and Fertility of Soils, 2019, 55(3) ; 251-263.

Havlin J L, Beaton J D, Tisdale S L, Nelson W L, Beaton G D. Soil Fertility and Fertilizers: An Introduction to Nutrient Management. New Jersey ;
Prentice Hall, 1999. 160-198.

Jalali M, Jalali M. Relation between various soil phosphorus extraction methods and sorption parameters in calcareous soils with different texture.
Science of the Total Environment, 2016, 566-567: 1080-1093.

BINK, 2R, IR RO RS IR BUC R BBFSY. E SRR, 2011, 43(6) : 76-82.

Wei X M, Hu Y J, Razavi B S, Zhou J, Shen J L, Nannipieri P, Wu J S, Ge T D. Rare taxa of alkaline phosphomonoesterase-harboring

microorganisms mediate soil phosphorus mineralization. Soil Biology and Biochemistry, 2019, 131: 62-70.

http ; //www.ecologica.cn



