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Effects of sand-fixing forest growth of Mongolian pine on soil phosphorus change
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Abstract; Phosphorus is one of the important nutrient elements in the forest ecosystem and a limiting factor for plant growth
in arid and semi-arid regions. However, after the sandy grassland is transformed into an artificial forest ecosystem, how the
growth of artificial forests affects the changes of sandy soil phosphorus is still unclear, which brings uncertainty to the
rational management of artificial forests on sandy land. This study chose 20 samples of Pinus sylvestris var. mongolica sand-
fixing forests at different growth stages (including young forest, middle-age forest, mature forest and over-mature forest) in

Zhanggutai area of Liaoning Province (with 4 adjacent natural grasslands as controls) as objects, sampled and measured the

soil chemical factor values soil phosphorus ( total phosphorus and available phosphorus) , soil nitrogen ( total nitrogen

and available nitrogen) , soil potassium ( total potassium and available potassium) , soil organic carbon, pH value etc. and

the soil physical properties soil moisture content, soil particle size distribution, soil bulk density etc. of the 0—10,
10—20, 20—40, 40—60, 60—80, and 80—100 cm layer of the sample plot, and performed statistical analysis. The

results show that: after plantation of P. sylvestris var. mongolica plantation on sandy grassland, the content of soil total
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phosphorus gradually increases with the stand age, and reaches the highest level in mature period. However, total
phosphorus is not sensitive to soil depth. The soil available phosphorus content in mature period is higher than that in the
young and middle-age period. The available phosphorus content in over-mature period is the lowest, but shows few
significant differences with young and middle-age forests. In addition to, after the grassland is planted with P. sylvestris var.
mongolica forest, the total phosphorus is also mainly affected by soil bulk density and soil available nitrogen, and the
available phosphorus is mainly affected by soil organic carbon and pH value. In summary, after planting P. sylvestris var.
mongolica plantation on sandy grassland, stand growth has promoted the increase of the soil total phosphorus content, while
has a slight decrease of the soil available phosphorus content. The survival and growth of the over-mature P. sylvestris var.
mongolica forest has led to the excessive consumption of the soil available phosphorus, making the content of soil available
phosphorus lower than that of the grassland. Attentions should be paid to this aspect to ensure the rational management and

healthy development of P. sylvestris var. mongolica plantation.

Key Words: Pinus sylvestris var. mongolica; sand-fixing forest; soil phosphorus changes; influencing factors
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Fig.1 Location map of the study area
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x1 EFRAIHEREREFRLR

Table 1 The basic conditions of sampling plots of Pinus sylvestris var. mongolica plantation

e i S Mﬁﬁ%“f;( ff%ﬁ?ﬁ) IR . ok
Plot mumber Stand ages /a tand density ( spacing )/ Avel"age tree Dlame'ter at
(#/hm?) height/m breast height /cm

1 13 975(2 mx4 m) 3.3620.45 7.171.60
2 13 1625(2 mx3 m) 3.66=0.61 7.27£1.93
3 13 1175(2 mx4 m) 3.4420.68 6.67+2.03
4 13 625(4 mx4 m) 3.3320.60 7.43£2.15
5 13 1425(2 mx3 m) 3.82+0.57 7.36+1.66
6 27 1250(2 mx4 m) 10.23+1.54 14.79+2.88
7 27 1025(2 mx4 m) 7.931.16 14.32+2.53
8 27 775(3 mx4 m) 7.55+0.80 14.51+2.87
9 27 1175(2 mx4 m) 8.97+0.76 14.38+2.73
10 27 675(3 mx4 m) 9.26+0.91 16.90+2.64
11 42 750(3 mx4 m) 12.31£1.25 20.19+2.74
12 42 350(6 mx4 m) 11.44+0.99 22.64+3.05
13 42 2875(1 mx3 m) 10.56+1.20 12.27+2.27
14 42 1200(3 mx3 m) 10.73+0.93 16.65+2.09
15 42 1000(3 mx3 m) 10.30£1.10 16.63+2.48
16 42 825(3 mx4 m) 10.35£1.12 17.62+3.68
17 56 400 (HRATHEANTE) 12.91+1.33 22.22+2.57
18 56 300 ( BRATHEASTE) 12.43+1.30 23.65+3.78
19 56 525 (RRATHEANTE) 12.27+1.00 20.48+3.53
20 56 450 (BRATHEAS ) 13.38+1.23 21.80+2.84

1.3 RIERALIN I 5E T ik

A PR P T I E JTVEAN R  E  R ) NaOH & Bil—SHBE DT LL (k| 1 S 00wl &5 5 R ]
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Rl — DB RE I | A RO 5 R ] NH, OA e IRAR— DB REVE | A BILAR 5 0 5% B B R 0 A i i —
SR, 1T K AR AIME Tk, L5 pH (R L A0k, IR TR IR T3k, & DN 0536 SOt 3 e WL+
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B RSy 5 I I RRAC R T 0 Y R R R
R4, LSRRI AT AR A
BN,
N; = X X, + No(1 + B8, -B,)

o, N, bR SR SR N, RS R SRR I 1

2203 W - HER AR X A f 23R 5 R 0 DR A X A8 Tk 3R A I B R0 A - 3945 37 43 TR 7 5 AR B A9 TR F I
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iz F SPSS 20.0 B xF Bk R HEA T AT HT , 38 Pl SR /N 3Rk (LSD) #4722 5 LU/ bT , I AS
[l ko3 A K B Bt il B A 125 5, B KO a=0.05, A 13 43 B 8 57 -+ 3w A8 £k 22 114 [m]
H Dy FREAY DA SR A AR A RO A i, DL 3 ML R e A R A A AL
B R HEE KA RiA2<0.05 mm (1 T HEANBURL KA 0.05—0.25 mm Y+ S0RL0R | 3R E I pH (B YA
X AR A [ AR i 32 A R 4306 A8 AT N3, 36 S /K SF P<0.05 (78 HE ik AR

2 ERE5S

2.1 FEFIARVAR IR R AR

A% 2 WTLAE B0 [ V0 b A 38 il 5 1R TE (92.36+4.39) mg/kg—(149.27+14.61) mg/kg 2
], AP Al i AR A3 AP0 P 184 D052 7 88 34 | 28 RS SAMR R 38 381 g e, ok SOMR b BRI (RT3 42230 T N 4k
M, X 45 SRR TE DR SCAREH N TR A K B R T T 3 b il i BRI SR A R T
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Table 2 The content of soil total phosphorus in different soil depths of Pinus sylvestris var. mongolica forests at different ages

e 4k RNLEZIN AR LR
Soil Layer/cm Young forest / Middle-age forest/ Mature forest/ Over-mature forest/
(mg/kg) (mg/kg) (mg/kg) (mg/kg)
0—10 94.40+2.62aA 99.33+£6.56aAB 157.60+13.79aB 97.00+3.89aA
10—20 93.00+4.16aA 104.83+7.13aAB 153.60+15.08aB 100.00+4.02aAB
20—40 95.40+2.50aA 107.33+5.88aAB 152.00+10.37aB 95.75+5.94aA
40—60 91.00+£6.07aA 109.17+5.03aAB 144.20+16.07aB 100.50+6.31aAB
60—80 87.20+3.75aA 107.83+6.14aAB 146.80+13.19aB 94.25+9.26aAB
80—100 93.00+4.89aA 109.33+7.84aAB 141.20+16.44aB 106.00+8.20aAB

SEA4{E Mean value

92.36+4.39

106.38+7.44

149.27+14.61

98.94+6.02

AN FARFIR I — A [ LR 2 A 22 5 B3 e, RS T REROR Al — R AN R kil 2 ] 9 22 5 B2 1 (P<0.05)

F 3 HURRN] ROHE R T AA SO MOR , SR R B 1 b S R B T Al ORI R R A

i B, (H S AR PSR B 225 ML 10—40 em JZ 1 1 398 300 & it W Tt UK
PR % 1 N2 BITR 2 A B iR A R 4 AR SRR ARl | 3 P AR A R AN 12
2.2 BREEXT - HERE R AR LAY M

St AR TR X+ e SE A KN K PR AF S 5 A HE A R USRS Ak 1 (BIVAE G T R Y 1 i
WD) A AT R A3 B I S A 7 A8 . S5 RR I AN )2 I e m AR A i (3G sl 2> ) ¥ 5o AR A7
FEREAHIC IR . 0—80 em )2 1 398 4 Bl ik 127 Bl AR f 385 0 1 185 0, 478 Ak 22 8 43 3112 0.0015,0.0035
0.0023.,0.0034,0.0028 ¢/kg;80—100 cm JZ PRI AERE RS N 2 e T = G BEARA B (E 2) . I RO,
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SYEEREXT 0—10 em 2 T IESH LI MRRIET 10—80 om 2, KUK Z ML BEE L2 3 5 £ [ Z 520
WIZZMA KR, Vb RwI i, 4 2 e uk & B3R 8, BRI A KK R 4 12505
£ 26,2613 .25 21a Yk I FHLKE s FEARS B B B, BBk B K (B 2) . ALk 1) A8 1k
FE 10—20 cm JZ 5MRIAEREAHDCA W35, FLAR 2 A1 5 R A3 A I A7 A0 W I 8 01 2R M AH G AR AR TR 3R 4
53 -0.0197 ,-0.0234 ,-0.0267 ,-0.011 ,-0.0225mg/kg (&l 3) , #7 ByHIHFr BRI B 60—80 cm 12
A HoAth 2 - SR S BT R AE 55 .52 .43 49 AETFIRIR T REHb KO o 33X — 45 2 AR 2 il A K s
T I SRR Al R A L AR AR K B T RE T 2 AL | AR R AT BRI A KK S a2 B -
A B BRI

R3 TRIMREREET R E D b T SR E

Table 3 The soil available phosphorus content in different soil depths of Pinus sylvestris var. mongolica sand-fixation forests at different ages

iy 2k Hri bk A LR
Soil Layer/cm Young forest/ Middle-age forest/ Mature forest/ Over-mature forest/
(mg/kg) (mg/kg) (mg/kg) (mg/kg)
0—10 1.50+£0.09aA 1.49+0.11aA 1.72+0.19aA 1.46+0.08aA
10—20 1.34+0.07aAB 1.43+0.12aAB 1.64+0.12aB 1.25+0.14abA
20—40 1.39+0.03aAB 1.26+0.07abA 1.58+0.07aB 1.19£0.18abA
40—60 1.32+0.10aA 1.31+0.10abA 1.52+0.27aA 1.04+0.09bA
60—80 1.40+0.06aB 1.3+0.03abAB 1.4+0.15aB 1.08+0.11abA
80—100 1.26+0.07aA 1.10+0.06bA 1.47+0.27aA 1.10£0.11abA
F-Y{H Mean value 1.37+0.08 1.32+0.12 1.5620.20 1.1920.13

NG FREFIR [ — AR AR ] )2 2 B 828 e BENE , RS FRER [ — LR A R AR 2 A 22 52 R E (P< 0.05)
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Fig.2 Relationship between soil total phosphorus variation and stand ages in different soil layers
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Fig.3 Relationship between soil available phosphorus variation and stand ages in different soil layers
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Table 4 Regression analysis of influencing factors of soil total phosphorus change rate

+2/em A FEAGTHA PRt 2 p R

Soil layer Influencing factor Coefficient estimates Standard error

0—10 BD -0.64 0.13 <0.001 0.773
SW 0.46 0.13 0.002
TN -0.30 0.13 0.033

10—20 AN -0.55 0.08 <0.001 0.942
SOC 0.43 0.11 0.001
AK 0.26 0.09 0.013

20—40 AN -0.66 0.10 <0.001 0.822
AP -0.51 0.10 <0.001

40—60 AN -0.59 0.12 <0.001 0.839
AP 0.37 0.11 0.005
BD -0.33 0.11 0.011
SW -0.26 0.12 0.046

60—380 AN -0.48 0.11 0.001 0.82
BD -0.42 0.11 0.002
CS 0.41 0.11 0.001

80—100 AK -0.69 0.17 0.001 0.478

BD. +3E%H Soil bulk density; SW . + 45 K% Soil water content ; TN. + 34 % Total nitrogen ; AN . A %A Soil available nitrogen ; SOC ;
T HEE PR Soil organic carbon; AK: :3EH 34T . Soil available potassium; AP 1364 %% Soil available phosphorus; CS: -4 UKL Coarse soil

N[5 2 5 e A 5 A I AR (32 5) o HHERUOE & AR 0—10 om 25 R 50U L 34T
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BB 5 B S AN 3 T OC S 78 10—20 om JZ15 AT HILGR 15 5 0 1 18 35 7K 3070 Ji1) S A 8 35 0 I 25 A9 B O
LA A LT A 22 AL B KT & KR s 7 20—40 em JZ2 -5 1A B & A pH AL 2057 7R AR
F R TEAHSC R 35 A DA SG , HA B & i m R AYSE I R T pH {H ; £ 40—60 om = 5 2 H0 Il 5 AR 35 1E
FHOG , 55 RELABURE 5 o FH 4 80 S 0 38 UM OG5 7E 60—80 em 5 A MLAR & 1t AR 35 IEAHDC, 5 LI A
B UHOC 78 80—100 em JZ5 T IEAT HLAR & 1A pH (B3 B AF AR AR 125 R0 35 A O, 5 RS KR
R FEIEM KR,

R5 TEEIBTEAERZMETFHEIERSN

Table 5 Regression analysis of influencing factors of soil available phosphorus change rate

+J2/em T FREAGHE brifise 22 p R

Soil layer Influencing factor Coefficient estimates Standard error

0—10 TN -0.61 0.13 <0.001 0.776
SOC -0.41 0.13 0.005

10—20 SOC -0.80 0.19 0.001 0.513
SW -0.42 0.19 0.041

20—40 TK 0.83 0.10 <0.001 0.828
pH -0.29 0.10 0.011

40—60 TK 0.62 0.14 0.001 0.860
TP 0.58 0.12 <0.001
TN -0.37 0.13 0.011
CS -0.27 0.13 0.048

60—80 SOC 0.69 0.13 <0.001 0.781
TN -0.30 0.13 0.038

80—100 SOC -0.50 0.14 0.003 0.824
SW 0.42 0.11 0.001
pH -0.34 0.14 0.025

TK; £ 3457 Total potassium; TP 34 Total phosphorus

3 g
3.1 FEFRA VMO RO IR R AR R S R

b TR TR E VDA, AT A A K B ) £ Al 1 i R R B R BURR X — 25 R U AR
ERAED BRI AN AT A K B B 0 VD b 1 A A B IR T A P 28KOF (0,65
g/kg) AR T Rp R AT FE A T H(E ((0.75+0.54) g/kg) P KBV H 3R OB R SRR,

A SCHIRIRW  Bbk 2 BRI AR A A K B R 1 RS n B | T bR 2 bR A
)] 1B w4 R A/ R £ 1 7 A o Y i e e = S e G P 0 P N B 2 VA NI Y 73 0 = N
BT v o et I o P e N (| e R R S 7B KN I = ey VA R Sl e e 4 A
BTN R AR H, Chen 85 AT MRS AL ALV HAABE (O BIF ST A5 21 T AR BIZS I . B84 EIVD bR 2 Kk
KA, I mm I m, AR SECT e e ukn AL, e R A LU R T —
T R R R O ey = e w3 e w5 €a o 7/ B i O i e e 2 S| Wi oo 7 e w2 €
BB 1L, 5 AR T s 2 A8 A K AN A 0 [ 5 5 — T, MR8 A b 2, e 1™ XUl 2 4 1
R TR IR, JXU Sk R 8 W 9 - 380 SR PRI 25 BRI, VD 5 S 3, R P 25 A (i 30 v Tk
[ B YL P ) AR e SO TR BRE ) Al ARl A T MR A R A0, -t 1 R 7 )
T Ve o A T IERBE R A D BB AR AR MRS AR R R I, R Z A IR R 2 B
I eV LS AT I A PRI VR DB TS 22 o RV R o0k o 1R H ISR BER R MR SR e R Z — i+
Heaw S R B R (R 2), [FIRF, B R W RN, a0 A TR R, 3R T R E R R KL

http ; //www.ecologica.cn



24 JEIRUHE A5 AR AN B PR A KX - el 2R AL A S 643

T IR A AN LG R RS AR R A BRI RE P TSR R HBI n  ThAR B HAR 2R i e &
e A HLTUY 2RI B AR R AR NS T A HUT S i R T A R, LA B,
SR T LSRR IR X AU RE T MO T B S (R 4) o MR AR A T A RO, AR MK
FEAR RIS BERR G A LR Y TR e 2t e A ML A B 1L LR JCHL S BERRER IR M AR5 . TR wEmR G
P 55 A PR 73 41 0 358 T T 48 00, 7 30 MR B 3%k 300 e v 0, AR MBS M 5 A ML AL R E AR DT
WM ARG B A A S B g b A R TR (L 3) R AW i AR AR (&) 2) ARk T R IR o i, B
RIS MR 28 3R, st L PR PR g ot b | L v i (MO AR 2R AR 28 43 WA 0 Al 2 T 2 Rl 2 G
ARG PEREAR " A HLST (PR RIAR 28 SR 2R 5000 ) 3 gk A8 18, 39 v A i Ay N\ S8 T A1, DA TG 5 500 28
At A LR T AR (K 2) .
3.2 FETASMR ST AR R A A - SRR AL DR 0 S 2R S R R R

Aty - ERRAL DA %8 S R AR R R T AR RS R A . A PR A MR TR i R
W WY, AR A LR i L TEAR OGN A SO LA ALK S R AR CRTE 10—
20 em JEHIX S50 B, AR, TR AR B, 1 S OSOR BH RE R S 44 0, M 2 IR T, SR i
B SR LB S R HUBE Ak, 43 R LR I Y B 2K — R 4 B A s AR A A
T R A s 4 /B 3 A 2 R R R bR B2 R EOR R L i i RRAR (18] 2) |, Bt
FEAIN(E 3) o BEE I AR MR AR B AR U i R AR I 2| EAS R A HIL R 2
TR S W R (L LA HLB A b FEAR I A A , L3 LR S R B L e el
M 4) . BRI B )2 L3 S50 T I S DR 2 08 A — 43 T AL R B BICE T Ok, — B AR
FAFE R B -+ 3 b SO & i, BRI E 60—80 em )2, A LR S T HEHAHE A BN, ARAUE AL
R N T e A R R R DT R E L AU R R AU AR R TR 1 AR
K AR T B AR A D BB R AR, R, WS Y S MR R S A U B AE 0— 10,

WA R

3 pH (ERE #5000 30 AL B R W IR A ) A WS RW] TR MR A K
Hr, FJZE LI pH B WIRAR, IR 2B Wi T m 2, )2 pH IBEAR, F2HE T L3 h JEHLBRRR ER (1 7, 4
A A i, MITARJE pH(ELAY T A5 322 T T R AR S SO R S 1 T, T B U S 1)
W, T B A RO £ B R

TR TR T R AR AR RE S e LS AR K PERE A IR AN 25K BE T B3R 555 , 30 RE S ke - 3ES5 A 11 25 F A
BUT & A . ARBEE £ 2B 7E 0—10 Al 40—80 om 25 HHEAEAASC, wEMIHI, h FoEIER
TR SRES 3 BRI R, 0—10 em JZ - HEA EIN, SRR R RS R O A0 R A A A R
W TR 53 i T AR, (75 3 b (9255 3 it S L3RR i W] AR LI T, BEE R AN
TARBIA R Mt R A VS VAR R W I Sl R 0 e AR v FIRR 2R 0 I8 ) 2 i AR 7 AR R R 03
VR -5 SR AR EEAS L A RN W S, A Al R R RS R A B B,
BORHEAERALY L PG, b Y R i L I AR

B FE W], R3S K R Al 35 (2 HE T B R I R AL LR R A A R W S AR Y v )3
T N IS R B AR AL . ARSI 3R 5 TE 0—10 em J2 5 £3ES KR IEARGIESS 13k —W
Mo FHLEESIARINE  BEEARAR B AR AP 4R0RIY) S5 A TTCAR R U 7 ) S AR 2 23 I ) o e e Ak, A
15 M AR E i N, EHERPK AR DR, R AR RS KR T e T e A B e T
TIEFRO AR W T R ROBER . AL IR BRI L, RIS RER A R e B A DR Sh K o B A
PR, 13K R T 3O R IS I RS st

http ; //www.ecologica.cn



644 JAE = 492 %

4 Zig

VOB E E R TN N TS MR A A R AR BE T 3 b el 5 i 92 1, AR 2 sl bk, 3 P Y 4
W2 WG I, AELd AU R] 4 S el 5 i B T WA, BRAROME R R S, 322 04 S e Wi 2 ik 52
IR SR O A AR [, e A i T R AU R A A AR -
RN PUEVPA Mt 8 o S A 5 e ek R T AR R AR i BB A, (E 5 A R R AR
ZE5t o BRICLISN  REHUE G R FASMOS  BEE MO i AR I, IR A i S s 2 3] DA A LR e A S
AR , 3 rb A SR 15 3 32 B e AT PR 5 i A pH (R AR R RZ I

£ 2 3L Hf ( References)

[ 1] Bronson K F, Zobeck T M, Chua T T, Acosta-Martinez V, van Pelt R S, Booker J D. Carbon and nitrogen pools of southern high plains cropland
and grassland soils. Soil Science Society of America Journal, 2004, 68(5) : 1695-1704.

[2] ShiSW, Peng C H, Wang M, Zhu Q, Yang G, Yang Y Z, Xi T T, Zhang T L. A global meta—analysis of changes in soil carbon, nitrogen,
phosphorus and sulfur, and stoichiometric shifts after forestation. Plant and Soil, 2016, 407(1/2) ; 323-340.

[ 3] Fisk M, Santangelo S, Minick K. Carbon mineralization is promoted by phosphorus and reduced by nitrogen addition in the organic horizon of
northern hardwood forests. Soil Biology and Biochemistry, 2015, 81 212-218.

[ 4] Weihrauch C, Opp C. Ecologically relevant phosphorus pools in soils and their dynamics: the story so far. Geoderma, 2018, 325, 183-194.

[ 5] Battini F, Grgnlund M, Agnolucci M, Giovannetti M, Jakobsen I. Facilitation of phosphorus uptake in maize plants by mycorrhizosphere bacteria.
Scientific Reports, 2017, 7(1) ; 4686.

[ 6] Achat DL, Augusto L, Gallet-Budynek A, Loustau D. Future challenges in coupled C-N-P cycle models for terrestrial ecosystems under global
change: a review. Biogeochemistry, 2016, 131(1/2) . 173-202.

[ 7] BMAk, Z2Eom, JAEGE, B4, skiflsy, ik NSO AR RV b B AL Rp PRV AL A U B LU A IR R, 2011, 26
(7): 779-786.

[ 8] JAak, #1EN. Ui - EBIEIRATIL. 824 A8RR, 2009, 28(10) : 2117-2122.

[ 9] Norby RJ, GuL H, Haworth I C, Jensen A M, Turner B L., Walker A P, Warren ] M, Weston D J, Xu C G, Winter K. Informing models
through empirical relationships between foliar phosphorus, nitrogen and photosynthesis across diverse woody species in tropical forests of Panama.
New Phytologist, 2017, 215(4) . 1425-1437.

[10] Spohn M. Phosphorus and carbon in soil particle size fractions: a synthesis. Biogeochemistry, 2020, 147(3) . 225-242.

[11] Chirino-Valle I, Davis M R, Condron L M. Impact of different tree species on soil phosphorus immediately following grassland afforestation. Journal
of Soil Science and Plant Nutrition, 2016, 16(2) . 477-489.

[12] LiXK, Li YN, Peng SZ, Chen Y M, Cao Y. Changes in soil phosphorus and its influencing factors following afforestation in northern China.
Land Degradation & Development, 2019, 30(14) . 1655-1666.

[13] Zhang W, Liu W C, Xu M P, Deng J, Han X H, Yang G H, Feng Y Z, Ren G X. Response of forest growth to C:N: P stoichiometry in plants and
soils during Robinia pseudoacacia afforestation on the Loess Plateau, China. Geoderma, 2019, 337, 280-289.

[14] Qiao Y, Wang J, Liu HM, Huang K, Yang Q S, Lu R L, Yan L M, Wang X H, Xia J Y. Depth-dependent soil C-N-P stoichiometry in a mature
subtropical broadleaf forest. Geoderma, 2020, 370, 114357.

[15] Gao X L, Li X G, Zhao L, Kuzyakov Y. Regulation of soil phosphorus cycling in grasslands by shrubs. Soil Biology and Biochemistry, 2019, 133,
1-11.

[16]  BRIoHr. dMA A TR R S UBEE A AIEYE. AEA824R, 2005, 25(11) ; 2841-2847.

[17] LiSC, XuJH, Tang S M, Zhan Q W, Gao Q H, Ren L. T, Shao Q Q, Chen L, Du J L, Hao B. A meta-analysis of carbon, nitrogen and
phosphorus change in response to conversion of grassland to agricultural land. Geoderma, 2020, 363, 114149.

[18] FEEEH, TR, FIRUE, KA, 2558, FRT . M AN TAGE B e NOR 20 R AL RS2 AR 25254, 2020, 40(15) ; 5367-5376.

[19] skaERS, WEH, TARME, THER, F2¥ PR HEGEE TG T IRA TR E AL HE R AT, E5%, 2019, 39(19):
7144-7152.

[20] Tzquierdo J E, Houlton B Z, van Huysen T L. Evidence for progressive phosphorus limitation over long-term ecosystem development : examination of
a biogeochemical paradigm. Plant and Soil, 2013, 367(1/2): 135-147.

[21] 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

http ; //www.ecologica.cn



2 4

JEIRUHE A5 AR AN B PR A KX - el 2R AL A S 645

[22]

[23]
[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36
[37
[38
[39
[40

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[50]

analysis of nitrogen and phosphorus limitation of primary producers in freshwater, marine and terrestrial ecosystems. Ecology Letters, 2007, 10
(12) . 1135-1142.

RHOE, BERRL, VP25, BHRID VD M EE 25 BE T #5 ( Pinus sylvestris var. mongolica) A T KK AR BT RS 5. A= 2824, 2007, 27(10) .
4086-4095.

BWT LT RS AR B MR RS R R S B A E. SRR, 2001, 37(2) : 131-138.

g, 2, TR, B, BERE, L, 250, H/NE BHURID U HUR RIRIS R AN TR 3 S e . T2 XHH5E,
2018, 35(4) : 789-795.

HE, MEG, FEN, BRI, 200K, XI55, BURICTD L 4 R OOFEARTET H3em A B L THRRHE. PUAbRIY IR, 2019, 39
(1): 164-172.

B RHERAT (G =M . AT R A, 2000: 25-114.

Tian H Q, Chen G S, Zhang C, Melillo J M, Hall C A S. Pattern and variation of C:N:P ratios in China’s soils: a synthesis of observational data.
Biogeochemistry, 2010, 98(1/3) : 139-151.

JAFSE, BRSO, AR, Mok, RAFIR. MR 3 ORA LI R BRI T B A ) SRR AE S LK B R P, R, 2017, 54(3)
681-691.

Georgiadis P, Vesterdal L, Stupak I, Raulund-Rasmussen K. Accumulation of soil organic carbon after cropland conversion to short—rotation
willow and poplar. GCB Bioenergy, 2017, 9(8) : 1390-1401.

Harris Z M, Spake R, Taylor G. Land use change to bioenergy: a meta—analysis of soil carbon and GHG emissions. Biomass and Bioenergy, 2015,
82: 27-39.

Ry, RAGR, XIEE, FhES, B, RBEAR, M AR T DA I BT UMl R 2440, 2015, 43(2) : 47-
50, 62-62.

Chen L X, Zhang C, Duan W B. Temporal variations in phosphorus fractions and phosphatase activities in rhizosphere and bulk soil during the
development of Larix olgensis plantations. Journal of Plant Nutrition and Soil Science, 2016, 179 67-77.

Tang S M, Guo J X, Li S C, LiJ H, Xie S, Zhai X J, Wang C J, Zhang Y J, Wang K. Synthesis of soil carbon losses in response to conversion of
grassland to agriculture land. Soil and Tillage Research, 2019, 185 29-35.

wl, HAR~T, E BURID U MR AR TR R AR B S A SRR, AR AAR, 2018, 37(10) : 2935-2941.

Zhou H, Zhao W Z, He Z B, Yan J L, Zhang G F. Variation in depth of water uptake for Pinus sylvestris var. mongolica along a precipitation
gradient in sandy regions. Journal of Hydrology, 2019, 577 123921.

TR, HES, BEZ, H2F, TARME, 58, L. LREEE R A T AR AL 3RBik %, 2019, 38(1) : 97-105.
F—, B, M, BRI TIEA IR LT IE . B Al KRR AARBLAERR, 2014, 38(3) : 160- 166.

HIRE, SR, BEE, A2, AR, TRR. TR SR TR BRT. $HLRMORESR, 2018, 35(2) : 324-330.
Post W M, Kwon K C. Soil carbon sequestration and land-use change: processes and potential. Global Change Biology, 2010, 6(3): 317-327.
Deng L, Shangguan Z P. Afforestation drives soil carbon and nitrogen changes in China. Land Degradation & Development, 2017, 28 (1)
151-165.

fLig, T2, HEH, LR, XE, TH, R DT TR LRHME. TRXBESE, 2019, 36(2) : 296-306.

TR, [T, AR, TR, 258 1075w G XN FAF R 1A B Vb boo 58 PH (ERYSZ 0. £k, 2019, 38(11):
3264-3272.

LetZY, YuDW, Zhou F Y, Zhang Y S, Yu D L, Zhou Y P, Han Y G. Changes in soil organic carbon and its influencing factors in the growth of
Pinus sylvestris var. mongolica plantation in horqin sandy land, northeast China. Scientific Reports, 2019, 9(1) : 16453.

Goulding K W T, Bailey N J, Bradbury N J, Hargreaves P, Howe M, Murphy D V, Poulton P R, Willison T W. Nitrogen deposition and its
contribution to nitrogen cycling and associated soil processes. New Phytologist, 1998, 139(1) ; 49-58.

TR F o G ARMRIR DR F AN TR L3 C N P AR D] BT 0 7 TR AR K2, 2020.

S, BRPHEARE, XML ASE A7 200 VI8 4 4 M e R A A e R IR RS IR PRI E243, 2019, 39(3) ¢ 939-951.
K&, 50y, ERPE, RS, B, WA, PR, WEE. M R R A BRSO PR
B, AZ5%4R, 2019, 39(2) : 580-589.

XZd, WAk, B, W&, B BRID VD H B SR N AR L3l AR Y MR i . AR 28241, 2010, 21
(4) . 814-820.

B30, Filids, gkt 1Ru. TBACEN LR RTINS gk, KITRABEREd , 2015, 32(5) : 41-47.

R, TP, BT, RS, W ORI GEH A MBS R BRI R R AR, 2017, 36(9) : 2455-2464.

http ; //www.ecologica.cn



