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Abstract: This study investigated the characteristics of heterogeneity and non-uniformity of soil particle size
distribution in semi-arid grasslands after grazing exclusion, to evaluate the influence of grazing exclusion on
the distribution of soil particle size of grassland. Our results are expected to provide support for the rational
restoration and management of degraded grasslands. We examined the changes in soil particle size distribution
using the multi-fractal theory at different layers (0—10 cm, 10—20 ¢cm, 20—40 c¢cm, 40—60 cm) along a
35-year chronosequence following grazing exclusion of grassland in Yunwu Mountain, Ningxia autonomous
region, and revealed the dominant drivers for the variation of soil particle size. The results showed that
grazing exclusion resulted in a reduction of soil bulk density, while an increase in underground biomass, soil
nutrients contents such as organic carbon, total nitrogen, and water content, and these values peaked at 27
years after exclusion. Changes of multifractal spectral functions (Af>>0) showed that the soil was dominated
by particles with larger size, and the sand content accounted for 69.29% of total particles at the late period of
exclusion (35 years), which was significantly higher than that in the early period (10 years). The capacity
dimension (D) increased with the exclusion years, ranging from 0.866 to 0.891, The information entropy
dimension (D) and the correlation dimension (D,) showed a trend of first increasing and then decreasing,

and increased with the soil depth at the 10-year and 15-year sites, while decreased with the soil depth at the
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35-year site. D, /D, decreased with soil depth, ranging from 1.012 to 0.904. There was a significant positive

correlation between soil particle size distribution and soil organic carbon, indicating that soil organic carbon

was the main factor affecting the particle size distribution. Our results indicated that 27-year exclusion could

improve the soil nutrient levels and soil structure status, but a long-term exclusion was not conducive to the

restoration of degraded grassland in the semi-arid region.
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D FAEME RN Do >D, >D,, UL & K 3R
Gy A IR SPIRAS W R Z AT 5.
B 1AL H g =0 I, D (g) i 78 4k iR B2 AH 1 ¢ <<0
AFHE /N2 ¢<<0 BF,0—10 cm + 2 P 2EH 35 4F H
F14 T 28 725 AH IR B e K5 10—20 em 2 INAE R 15 4F
il 28 A5 Ak R B R 52040 em )2 P BCRRE HL G T
W e SRR X A K 5 40— 60 em 1 )2 AR 4K 27 4E J¢ 35
R RO 5 SR N

L F AT 1 oR KR 22 A AN R BRI R A 3 4
il 2% L R b I A R R R B B A TR AR B
ARG 2 SR R 2 AT, i 2k o 22 R, |
Af=0, B0 & REH7E PSD PR FR 23 %05 o R iy
WOk 5 3 S HA

2 4 LU M D, Dy D, ¥ T AR M
D, 435 5 B R 0.866 ~0.891 , 7% B Jir A RF by - 198 1Uk:
e DX (B P 3850 43 A5 5 D o Bl A8 H5CAF B 1 38 i T 38 9

PR 27 AR R 0.886, B T H A A5
FEHb . D, Bl 25 B4R B 52 30 5 3 i )5 e 2 1 A8 4L
PCAERR R 27 AR WA, I {E R 0.893., D, /D,
S L EEAE S A AE 1 BT I B AR 44T B A 184 i i
Wi 1 IEAS I 27 AR 1. a0 BUMHAE 1020
em + 2 RHEASHAE BRI, HA LB R E X5,

D fE LR B E2Z5 . D AEESH 10 40 b
A2 B RE 3 KL TR AR B0 35 A I B - )2 R BE B
D, .D,/D fEZEH 10 4F (15 AFBE + )2 VR BE s 1 , 7E 2%
M 35 4RI R 1 )2 VR BE I I . 0 TEZSH 10 4F 15 4F
i A 22 U 35 ik
23 ZESESHERERFHHEXXER

HET ZIu LM M H LR A £ R IR X 2
8 S8R A B ST, LG T A bR 1 R BRE 5
W R85 DR 0 S B0 Ak I SRR L TR 0 A o R A
R 12 PR 1R 48 1 % i) B Bk SRl K ik S
AT 5% 00 AN W] 22 5 43 TE S 800 A 3 22 1 IF AN A
., AL S D 2R EEFRMHLEXR (P <
0.01) s D, 5 & b 2 3 U CE &R (P<C0.0D),
5+ 5O PR & B 2R B E A OGO R (P<<0.0D),
2R M R R R R B TR T R A MLk & L DTk
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N 0.001 75%F Dy /Do 258075 Ak BT R 3 55 K 9 5 e
o0 A BLAK & 5, HSTER R 0,001 8; 5%
D, 8B i FE IR BTN T R DL &,
HTTHR K 0.002 5(P <<0.01) ; 5 o, 80P 1k ik
TR IAEE KT Rk &, H STk %o 0.002 4, +
AR a0 B EFAHXEER (P<0.01),

p P& 3 R P35 PR - i) ik e I AP e R A
Fi 3 PSD 2 843 E 245 99.8476,99.34%6,98.54 %4
98.97 % ,99.44 Yo B A8 S, Tl 0 ML A R b Y 1
5 PSD £ 47 T8 S50 52 B B fL A0 R LA A0 Al R 7
s, kL kS ZHE K S8 D, .D. )& D,/
D, RIEM*E.HEES D, .D,/D, R2IEMELXR, TP
KL ARV KL, FIE S Do & oo BIEAE; [FAE,
AAEYRY o RIEHERXR,
3 W

5 b R Al b ) A B — AN R e FLIB K
A R, 8 A U AR A R R b R B T A
JkZ = RPR AT LGS D(p) 5 £ &
ST BREL f (a () FRAE + HERLAR 43 A5 R AE , MM
AR R AN [v) Ak PR Ak 5 b - 398 58 A K L5 IR B 1Y)
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TR X TR H A OF I S5 AT . 45 A bk
AR H5 Bt 28 SR o ) S T 3o 184 1) 3 L % AT 98 245 2R T
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MR E L 0 7 56 8 48 T A R A K I (R Ik T R 1
VDA TR I [ AP B 7R o B 5, Vb 2Rl ) iR L
FRD L Fr e B A5 IR [R) B T . K s e
KF AR M 558~ 3 PSD (194 4Rk 0T 5% 45
RALZAL . 5550 A5 45 5 WoR 2540 35 451
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FU00 AT s R L B A A R i ek 1 A AR
W27 4F 5 3 08, 3 W] — o B [ 17 A A AR 5 A 1 1

AEFT AR 5 2 A HLER BE A5 AR BRZE L A9 22 £k
BT E

T4 FRAZEHFERALRBLTELTEPSDSEASESEH

Bt HEWE/cm T R 10 4R R 15 4R ERMC 27 AR R 35 4F
0—10 0.89140.002Aa 0.89040.002Aa 0.88640.008Aa 0.88640.002Aa 0.8844-0.004Aa
10—20 0.890+0.002Aa 0.882+0.005ABa  0.866+0.003Ba 0.884=40.004Aa 0.877+0ABa
Do 20—40 0.89140.002Aa 0.88640.005ABa 0.88340.003ABa 0.877+0Ba 0.881+0.004Ba
40—60 0.8864-0.005Aa 0.8844-0.004Aa 0.87940.005Aa 0.88440.004Aa 0.88440.004Aa
0—10 0.88940.007Aa 0.80540.007Bc 0.86040.007ABab 0.8854+0.005Aa 0.88540.002Aa
10—20 0.89740.008Aa 0.8064-0.010Bc 0.83440.004ABb  0.88440.003Aa 0.86840.003ABab
D, 20—40 0.90240.001Aa 0.83340.002Bb 0.88340.008Aa 0.88540.005Aa 0.861+0.005ABb
40—60 0.85840.035Aa 0.87440.001Aa 0.89140.002Aa 0.88840Aa 0.87340.002Aab
0—10 0.99840.006Aa 0.9044-0.009Bc 0.97140.006ABb  0.99940.007Aa 1.000£0.006Aa
10—20 1.00840.010Aa 0.91440.008Bc 0.96340.004 ABb 1.00040.002Aa 0.99040.003Aab
Di/Dq 20—40 1.012+0.003Aa 0.94040.003Bb 1.000£0.007Aa 1.009£0.006Aa 0.9784+0.009ABb
40—60 0.96840.035Aa 0.98840.003Aa 1.0144+0.004Aa 1.0044+0.004Aa 0.98740.002Aab
0—10 0.888+0.014Aa 0.74640.005Bb 0.85740.004Aab 0.89140.003Aa 0.89940.002Aa
10—20 0.89440.009Aa 0.74940.012Bb 0.8264+0.007ABb  0.888+0.005Aa 0.86540.005Ab
D: 20—40 0.90140.005Aa 0.78940.004Bb 0.88240.011Aa 0.89640.002Aa 0.853+0.015ABb
40—60 0.83440.054Aa 0.87540.000Aa 0.89740.003Aa 0.89540.002Aa 0.86840.004Aab
0—10 0.92340.001Aa 0.96840.006Aa 0.95340.021Aa 0.93540.014Aa 0.93740.019Aa
10—20 0.91240.018ABa 0.95440.007 Aab 0.943+0.004ABa 0.92540.008 ABa 0.90240.005Ba
o 20—40 0.90640.014Aa 0.95240.017Aab 0.91240.006 Aab 0.90440.013Aa 0.93240.014Aa
40—60 0.930£0.010Aa 0.92840.013Ab 0.89640.017Ab 0.91940.013Aa 0.93140.016Aa
1.0 1.0
_ (2) 0—10cm _ (b) 10—20 cm
= 0.9 s 0.9
50.8 -
xo7r :
Roo6 b A BRISE
il o ZR2T7E
W05 + FH35E
0.9 1.2 1.5 1.8
a a
1.0 - 1.0 -
509 f Sost (d) 40—60 om
§0.8 - g 0.8
gg 0.7 | i‘g 0.7 |
ﬁ 0.6 | @ 0.6 |
W 0.5 | | N 05+ | Hosk | |
1.8 0.9 1.2 1.5 1.8
a a
2 AEAEHRERANAELELE PSD S EH ik R # &
k5 ZENWSHERERFHSTEERITER
] 9 A5 7 df R’ P
D, =0.9431—0.0379 * SM—0.0023 * C/N—0.0005 * clay—0.0003 * sand 55 0.242 0.004
D, =7.6605+0.0017 * SOC—0.0047 ¥ C/N—0.0662 % clay—0.0683 * silt—0.0683 * sand 54 0.336 <20.001
D,/D,=1.1901+0.0018 * SOC—0.0035 * silt—0.0029 * sand 56 0.309 <C0.001
D;=12.2070+0.0025 * SOC—0.1102 % clay—0.1155 * silt—0.1148 * sand 55 0.319 <C0.001
o =0.8117+0.0024 * silt+0.0018 * sand—0.0017 * SOC 56 0.292 <C0.001

T SM Ry &K AL s clay B BVRL; sand R RPHRL; silt R #RL; SOC S 34 HLAK s C/N ik & H .
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A 15 ) Dy /D Bl 4 2 BB 3G g i B 1, 25 0s
W (BE0 27 4F (35 4F) D, /D Bifl A 2 R B 38 i %
B9 1, R WIS PO I BE 2 R 4 PSD ) % 4



318 K PR R

o5 35 4%

DAl o Ry A v R B 4 0, AH AR U 1 Bl 4 )2 TR Y
- SEURL S5 A7 64 Jy PR AR h AR RRAR . X VT RE R h T
FJETIEO—10 em) ZEEHCZ B, b A TE ) 5
T A A AR AR A X A MO A A 7 A 1 B
M) B DRI A PP 2 V2 1 S 45 g D T 1 52 W) B 56 9%
SN BE L2 TR RGN, 53 Ah o TERR PO 0] (2
10 4F 15 40 By B S UL B 7 — B MU R R L 4%
RLE AR Bt 23 8] b o3 A S B, 8 e R R AR U

W — 2 AF KR N A AR M RE 0% 2035 T IR 00 S N A W)

i, B R MO o A 1 B B

4 Hiw
(1) 24 52 DX i A e mT DA gt vy 42 3 5% 43 (L 0

A LB AR &5 B IAR B AW i ROk DR

i B YRR D, ORERAER D, 23R, -

SR 4 J2 R JRE 3 A 24 Jo 1 4 o JR R A rP R DR
(2)ZEBCAT LA 7 1 39 37 0 e S5 40 1 R4 R e

RS P4 R G 4 R i AN ) 78 Al B i - SRR R K S

W, ZEMESHCRE +HOR 7 BAT B R R

PEFURS B0 B2, 5 3 LA 52 4 W 25 1E A0 OC, ] DAAE

Ry S A S BT ) AR AR

S E K

(1] Jrfs SR TD V85K . 55 AN [R) 040 ) B X g 16 o i e I
A Wy e A ] OGBS [ ] B 2 e, 2012, 21(5)
12-22.

(2] WEPREEEEE, M4, 5. b E L 5 )50R 4 3R 5K
FHARLI] A0 2018,63(17) : 1642-1650.

(3] WFH LRIV R 5 AR B F 4 RX T & 5 5 A5
SR AR ek AU R RS2 R [T Bl 2 4 2020, 29(2)
1-10.

(4] FEIEA FENE. 5 R A AR & BT [T ] 3l 2 40
2008,17(1) :93-99.

(5] feimiy, 24kt B E A, AR BB AR 7 1 50
BRI AELT ]+ 24, 2020,57(5) : 1197-1205.

[6] P E—Th, XIE AR, % 5T 2 800 MR Y £ 475
+ X FE R A R A AR T ROk AR M L) KR £
2015,37(4) :980-990.

(7] FEHEN, D250, 5 P, A 5%k BB B if boRE b 1 58
BN SE—MEESIBREL] ] T 2 XRS5 T 5,
2015,29(7) :111-115.

(8] Wiz XL, FER T, % AW 2 F /L 8 35 T
SR AR a3 A A o 4E R AR [T ], b 3 2 4. 2005, 42(2)
336-339.

[9] Sun C L, Liu G B, Xue S. Natural succession of grass-
land on the Loess Plateau of China affects multifractal
characteristics of soil particle size distribution and soil
nutrients[ ] |.Ecological Research,2016,31(6):891-902.

(100 PV, PG 332 0, 45 A 0TS [ e I 20 L A2 43 A 1) 22

FIMEARELT ] A AR R . 2014,47(11) :2173-2181.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

28 R AR 4538 L R 55 1 R 3 AL
B A RO AEL] ] 5 27 41,2010, 18(5) - 661-668.
R P L RBR A T H 5 % 1 AR R R
AR AR A A 7 I s e LT ). b B ARl <5, 2018,
39(10):656-663.
BARFRH ERR. S EETREX % L # 2
B 30 A B SN S A AR A I g L [T A A AR AR
2010,30(10) :2630-2638.
ORI L A B 25 1L R O [R) A 2 Y
B e P 2R R O M A DL B 2 A R AE LT )L 2R A AR AR
2009,29(9):4613-4619.
Song Z 1., Wang J, Liu G B. et al. Changes in nitrogen
functional genes in soil profiles of grassland under
longterm grazing prohibition in a semiarid area[ J].Sci-
ence of the Total Environment,2019,673:92-101.
EEH, I AL, 55T 2 E 0P BRI
REAR A AR B 53 M 4 B L) . 07 F 2R b 55 T AR ) 2 24 4l
2009,17(2) :196-205.
B, R AL A BT T LM AL R E RO R
He At . 2000.
T A A BRAINTH, 55 R ) 4 st R 2 TR 4 ks
B AN: U+ EREEX AE LT ERER,
2007,27(7):3081-3089.
Grout H, Tarquis A M, Wiesner M R. Multifractal analysis
of particle size distributions in soil J].Environmental Science
and Technology ,1998,32(9) :1176-1182.
Montero E S. Rényi dimensions analysis of soil parti-
cle-size distributions [ J ]. Ecological Modelling, 2005,
182:305-315.
T, S R BT 2 H B Bk T 5
XA 3R 2 kL A2 0 A R AE D52 [T ]. 1 4%, 2018, 50
(4):826-831.
BV BRI R AR L AR B I bR 5 8 X A g AL
P T B 43 T AR B 52 )+ LA B 3 0 e S A 48] [T ] Rl
2F4% ,2019,28(7) : 14-25.
Ferreiro ] P, Vazquez E V. Multifractal analysis of Hg
pore size distributions in soils with contrasting struc-
tural stability[J].Geoderma,2009,160(1) ;64-73.
SR AL RS N TR B X g AL SR AR LB
FALRY R LD ] A 50 st Aol K%, 2020.
Jing Z B, Cheng J] M, Chen A. Assessment of vegeta-
tive ecological characteristics and the succession
process during three decades of grazing exclusion in a
continental steppe grassland [ ] ]. Ecological Engineer-
ing,2013,57:162-169.
Sun C L, Liu G B, Xue S. Land-use conversion chan-
ges the multifractal features of particle-size distribution
on the Loess Plateau of Chinal]].International Journal
of Environmental Research and Public Health,2016,13
(15) :1-15.

(F#% 326 )



326 PINERY S R o $35 %
B8 3 G o i o A AR B S B XU BN LD 0. 15113-15122.
KA K H ,2015(3) . 71-75. [21] LiFY, Cao XD, Zhao L, et al. Effects of mineral ad-

[11] A4 3, 306K R E R, 501784 - MR 535 st oF ditives on biochar formation: Carbon retention, stabili-
S UM AL & . A E A BE R 2F AL, 2006314, ty. and properties[ J |.Environmental Science and Tech-

(127 BEIREE 5k Y30 XU R, 7 A2 1) 5 1) il 4 B Ak TR Ak nology,2014,48(19) : 11211-11217.

(I 4L T ,2018,46(12) :40-43. [22] Tsail C C, Chang Y F, Hwang G S, et al. Impact of

[13] Zhong M D, Liu X M, Wu]]J, et al. Impacts of simu- wood biochar addition on nutrient leaching and fertility
lated acid rain on recalcitrance of two different soils[]]. in a rural ultisols of Taiwan[]]. Taiwanese Journal of
Environmental Science and Pollution Research, 2013, Agricultural Chemistry and Food Science,2013,51(2) .
20(6):4216-4224. 80-93.

[14]  BREFWC 25 ¥ TF 0 VL0845 BR R R AL 43 A7 K 390 00 A8 [28] Zheng X J, Chen M, Wang J F, et al. Assessment of
FILT L3R 54 A ,2014,37(10) :167-170. zeolite, biochar, and their combination for stabilization

[15] M2 SHER. RSB ARMIEIMI] 2 B.Jbnt . F of multimetal-contaminated soil[J].ACS Omega,2020,
Aol At 2006 : 256. 5(42): 27374-27382.

(167 BRsy3#7, Phife, VAR S 35 4K L & s B & [24] T4&8,5 KR WLR KW A X Cs™ iYW B BE i 52
Gy B H R 2K (). 13,2007, 39(3) :375-380. S FG R A 25 Ky AT [ ], ik R 4 38 41 . 2010, 48(3) 1 670-

(171 ZEEZ LRG3k & LK R w5 B 5% 675.

S AILH A 5T (1], & BUR L B 4 2% 7, 2009, 37 (2) [25] Koutsospyros A, Braida W, Christodoulatos C, et al.
800-804. A review of tungsten: From environmental obscurity

(18] EF5.%#H, LK, FARMURNIEH TaES Cd*' 1y to scrutiny[ J . Journal of Hazardous Materials, 2006,
R sh 115 [T 1R BE 6%, 2003, 22(4) : 340-344. 136(1):1-19.

[19] Xia S, Song Z L, Jeyakumar P, et al. Characteristics [26] Beesley L, Marmiroli M, Pagano L, et al. Biochar ad-
and applications of biochar for remediating Cr (VI)- dition to an arsenic contaminated soil increases arsenic
contaminated soils and wastewater [ ] ]. Environmental concentrations in the pore water but reduces uptake to
Geochemistry and Health,2020,42(18) :1543-1567. tomato plants (Solanum lycopersicum 1..)[]].Science

[20] Mosley L, Willson P, Hamilton B, et al. The capacity of the Total Environment,2013,454:598-603.
of biochar made from common reeds to neutralise pH [27] Siljeg M, Foglar L, Gudelj I. The removal of arsenic
and remove dissolved metals in acid drainage[]J]. Envi- from water with natural and modified clinoptilolite[ J].
ronmental Science Pollution Research, 2015, 22 (19): Chemistry and Ecology,2012,28(1) :75-87.

(E4% 318 ) HeLE A RFAE DS ] % 241, 2009, 17 (1) £ 106-112.

(27T CEMC WM R SO SO T E AR TR (321 ESTR R, VG, % B R A b
360K SRS 0 G L. F 52 B B9 201835 BB RT3 % 1 2010.27(8)  10-14.

(1) :804-812. (351 @k, o6 00 P R 5 S B 1.7

o8] PRAMS VERRIE I £, 5.5 BG4 5L A 2004,24(4) 790797,

i A A A LA B H AR R AR LT ] R AR IR [34] B, EAEZE AED A E AR (T ] A % 5d 4
2017,26(8) :35-42. 2008,43(3):12-13.

(297 BREE, 5 5F Bg s .20+ 5 0 R IXGR fb 5 b g )9 58 [35] Cheng ] M, Wei L, Jing G H, et al. Long-term graz-
WEFELT ] B B ,1997.,14(6) : 28-30. ing exclusion effects on vegetation characteristics, soil

[30] Z=5tW, B8R, X [ S RS 3 & 4R fh o R 4 ek properties and bacterial communities in the semi-arid

[31]

FR R[] .28 B4, 2010,38(1) : 280-282.
XA B AR, 5 T R R R R X B R

grasslands of China[]]. Ecological Engineering, 2016,
97.170-178.



