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Abstract: The Muli coal mining area is located in the hinterland of the Qilian Mountains on the Qinghai— Tibet

Plateau. After years of mining activity, excessive open-pit mining activities have encroached on swampy wetlands
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and a large amount of waste residue from mining has been landfilled. Soil affected by mining activity is infertile,
which leads to difficulties in environmental restoration and high restoration costs. Therefore, it is crucial to conduct
experiments to identify an efficient and low-cost ecological restoration plan. The experiment conducted forms part of
a large-scale restoration program in Qinghai Province and comprised two-factors (fertilization and seeding rates) , and
three-levels of each. Specifically, the fertilization rates were: low fertilization, F, (sheep manure 165 m’-ha '+
organic fertilizer 7.5 t-ha '+ forage special fertilizer 75 kg+ha ') ; medium fertilization, F, (sheep manure 330 m’-
ha '+ organic fertilizer 15 t-ha '+ forage special fertilizer 150 kg-ha ') ; and high fertilization, F, (sheep manure
495 m’+ha '+ organic fertilizer 22. 5 t-ha '+ forage special fertilizer 225 kg-ha '). The three seeding rates were:
low seeding rate, S, (60 kg+ha ') ; medium seeding rate, S, (120 kg-ha ') ; and high seeding rate, S, (180 kg-*
ha '). A total of nine restoration treatments were formed from the combinations of the three levels of fertilization and
seeding rate, namely: low fertilization and low seeding rate (F,S,), low fertilization and medium seeding rate
(F.S,), low fertilization and high seeding rate (F,S;) , medium fertilization and low seeding rate (F,S;), medium
fertilization and medium seeding rate (F,S,), medium fertilization and high seeding rate (F,S;), high fertilization and
low seeding rate (F,S,), high fertilization and medium seeding rate (F,S,), and high fertilization and high seeding
rate (F.S;). This experiment design therefore comprehensively evaluated the overall effectiveness of different
restoration programs by exploring vegetation growth and soil quality changes in mining areas under various
restoration treatments. Data were analyzed using grey relational analysis and the entropy weight TOPSIS method.
The study results indicate that applying fertilizer and adjusting seeding rates significantly enhances vegetation
restoration in the mining area (P<C0.05). With medium and high fertilization treatments, vegetation cover exceeded
70% , vegetation density reached 8826—10447 plantsem *, and aboveground biomass significantly increased to
445.51—559.47 g-m °. Some restoration treatments also improved soil physical properties significantly (P<C
0.05). With medium and high fertilization treatments, soil bulk density averaged 0.94 g-cm °. Moreover,
increased fertilizer application led to a significant increase in soil moisture content, which reached 39.31% and
38.28% under F,S, and F.S,, respectively. Soil saturated capacity and capillary water holding capacity also increased
significantly (P<C0.05) under high seeding rate treatments, with the highest values of 91.14% and 81.39%,
respectively, under the F.S, treatment. In terms of soil nutrient characteristics, medium and high fertilization
treatments increased organic matter by an average of 26. 23%, and the pH value averaged 7.5, indicating a slightly
alkaline soil. Additionally, essential nutrients such as nitrogen, phosphorus, and potassium increased significantly
with increasing fertilization (P<C0.05). Through measured plant and soil indicators, grey relational analysis, and
entropy weight TOPSIS analysis, it is evident that the restoration program with medium fertilization and high
seeding rate (F,S;) offers dual advantages in both ecological and economic benefits. In conclusion, this study finds
that 330 m’-ha ' sheep manure, 15 t-ha ' organic fertilizer, 150 kg-ha ' specialized forage fertilizer, and a seeding
rate of 180 kg+ha™' in the Muli mining area of Qinghai Province can be recommended as the optimal combination for
ecological restoration.

Key words: ecological restoration; vegetation growth; soil nutrient characteristics; entropy weight TOPSIS

analysis; grey relational degree analysis
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Table 1 Basic physical and chemical properties of fertilizers

Al R R el A HLBT - ST HokAR
Type Total nitrogen  Total phosphorus ~ Total potassium  Organic matter Soil pH Moisture content
(%) (%) (%) (%) (%)
£ 2 Sheep manure 1.168 0.738 1.396 41.43 7.86 35.08
T i A ALIE Commercial organic fertilizer 1.044 0.715 1.657 31.74 7.76 28.82

1.3 H&REBEME T &

Z it AR KR IS AR BESE T 2023 4F 8 T AT T HUKHE TAE . BRI/ PG T4 1mX1m
BYRE DT, BEAT b EAE B R AR VR A . Horb R B B (vegetation height, VH) J& 76 BE 3 4 Bl L E % 45 T A K , 11 B
JRUDAA ke S5 08 i T 80 A R ) i g L, JF 0 — T SROPL R e B 3 e B A I i R SR R DU R R L 15
R AR Y 7 2 05 B o BB 5 BE (vegetation coverage, VC) SR HI A0 4 A% J7 Xl 43y 100 A K/INAH 55 19 5 4% L R
PEAR B AEAE 7 Y 3 B L SRR T IR B 5 P A% K, O BR LR DT A% B (100) e 3 M 9 o 1 o A Bl B
(vegetation density, VD) I % , W] 2 76 4 J7 HE N800 5% BT A7 A 400 A1 AR 1% 00 i, 0 A 0 - A4 B 808 DR 7 HE
AR (1 m?) 15 BIFE 5 N AR B % B2 o [RI B, SRR T & AE 7 i1 10 em X 10 em X 10 em A REES )2 FHEAS LA DU 52 46 )
4 3t I 4= ) 4t (above-ground biomass, AGB) i T 4= 4 i (below-ground biomass, BGB) M AR £ A& B (root-to-
soil volume ratio, RSR)"™'c SR FFR 132 e ) 5 A D vp AR BT SRR A, 100 o - 3 0 R, LR G451
1 7% ¥ (soil bulk density, SBD) . A #& % /K #& (soil moisture content, SMC) . {f F14¥F /K & (soil saturated capacity,
SSC) LA K B F57K & (capillary water holding capacity, CWC) . AN T#HFEZE (0~10 cm) i £ 18, 2 Bk KA B Al
R BRAR 5 B4 S0 0 8, 0 T R e T s o b Sk 2 R T T vk S 2 i B R R AR 4y
M), Horp 438 4 & (total nitrogen, TN) & 2 5K F 2 e L G &0k 64700 5 5 138 4 8% (total phosphorus, TP) %
R ) NaOH 6 R v — SR8 BT bL (35 R AT I 7€ 5 135 48 (total potassium, TK) & 2K H] NaOH 8l 12 — k406
B vk HEAT I A2 5 £ 45 3 &% % (available nitrogen, AN) & i % 8 % 97 805 3547 0 %2 5 £ 58 3 508k (available
phosphorus, AP) & 2k H (Bl M ) ik R 080 $12 78 — SR BB B bb 3k 547 00 %2 5 1 38 33 2047 (available potassium,
AK) &8 R I NH,OAc =2 #& — KOrE 56 B2 vk B 470 2 5 - JEA AL (soil organic matter, SOM) 7 &t >k H 5 4% 12
B — e A R M B BEAT I A2 5 BH B T 28 B2 (cation exchange capacity, CEC) 2K = &L N & A 52 — ot
OB VR AT AE 5 - HERR R (pH ) SR HI LA 12 — FE 2 F) 3 PB-10 #0470 & .

1.4 F4R3t3F
1.4.1  JRESCHRFE 43 Hr 22 (A IR I AE DX 35 4 3 VP A v i 1 ) K I Y 19 AR AN - R AR
VE R — AN TR A5 ZR 58, 18 HUOR 9K B 1l 19 R DG 38 R A Ry e U 910 X, I &4k 5 Ak B %) A DG 48 B VR S L B0, 4 I
SRR B 5 SR B B ARG, T A R A ) 25 A TR B R AT 5 I 2 R 2
S PR b X AT 0 — b Ab 21, O EALE w,.
o; "\ 0;
T 2
AP IR X G IAREAR B 5 0, R0 e, 53 )R XY S (B R BR 1 25
F IR A8 TR R BA KA N EM X R Y, 5 EAT ) X, 1 R R 8 e o
min; min,‘ Y, — X, ‘ + pmax, max;| Y, — X, ‘
(Y, X)=
’ ‘YU*X,‘ermax[maxj‘Y,,*XZ-‘
Kb min, min,| Y, — X, | Fllomax, max, | Y, — X, | 4050 2k 0 9 % /0 2% F9T Gk K 2% 51 Y, — XA XT 4 5 e £ 911
A XS 22 50 4 BERE (0 BE RO , — 0. 5
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1.4.2 JERL-TOPSISZ3Hr o 19 A LR AR X, E AT [ B S5 A Ab B A JHerp R AR | B e R R 1K
SERA A bR HEA T 1) A AL Il R A T S A W R B AT IR . 25 e e I A )
AT FER S A IR RS NI N RS IE A REREE D M D o e, 458 e T A
PR X G 5 e 7 SRR R C

D= 20 WA =AY

D= 3 W, X(A; = A,y
C=D /(D"+D)
o R PE A8 AR 5 XX R X G B PE R 8 B s AR R SR AL BE A R bR s WO AU A A I X 45
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HBOR P AEE SR DL R R B R ARy B FH AL AR
N TALBE 2% = HLARBE A + MU AC + DLMOIE B + HLARIE Fh -+ 1% 0510 98
%o Bl T A0 2% BE— 25 41 43 Ry G 95 A1 bR AR BRI i N TR 1R 2
PRAZ BT = BB R -+ B R 2R - AN T ML 2
1.5 #3pEasm
K Excel 2016 % FECHE , 1 FH SPSS 19. 0 X6 A 4 A1 4 38 45 4% 15 47 it IES o2 436 b e XUIR 28 22 407, 1y
Duncan ¥ #4722 & K , P<<0. 05 /8 2 5 W& . i )l SPSSAU FEA7 5K (8, 5 Bk BE 43 BT A1 4L TOPSIS 43 #r , i
H Origin 2021 il & .

2 GERESH
2.1 REAFEAAMKE KL
FE IR B VAN X A 25K 2 R A S AR 8 A L RE WS T UL S i A S RS S S A . AR ST & PR, Bl % it

JICS S % 38 0, v B W 3G K (P<C0. 05) , Hh s it IE BE ARGt A 43 591l 42 1 T 16. 76 %6 . 25. 50 %6 5 i 475 ek X A B 15
JEE 4 5 W) 2 2 1 S v R A, rhoR i R R R R A L P X T 28,23 e (B 1A) o Bl A i JIE B R A i 3, Al
Bl R AR R AP i AE Ak B TR OK S AR B, Hh AR B ) G 22 R (K 1B) o MW R R A
it A i A Y B R 2 4G i (P<C0. 05) o 5 K AT AH B, Hhoit AE AR 4 % B OF- SR T T 7356, 1k 7234, 22 Bk -
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AN R B 3R 2% 8 B TR A [R] 0 I £ i) 22 5 48 255 (P<<0.05) , AN [l /NG 7 88 3% 2% 418 b 78 [ — B I £ 7R AN [ % o i [0] 22 7 . 35 (P<C0.05) 5 i I it
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and S,. NG represents natural grassland. The solid line is the reference value of natural grassland. The same below.

2.2 FR4AREERFWRIKRL

2.2.1 FHKAMRG O BEROHM LIEARE N 183 grem UL AT AL BT L 45 R R A RS T A AL
(03, R IR A T BB AIK T 48. 63 %, F23 KARF M 0. 76 g-om /K V- (I8 2A) o - HESS#4 1 k 35 7F
— BB LR T KRG B T B i AT A B, B A AR B K i (P<<0. 05) , B it A
b 3R TG 3 25 5 . YA B — e B A L TR & P R I AR S oK B . JUHAE FLS, M ELS,
14 Kb B R AT, 43R 39. 3196 .38. 28 % (181 2B) o - B4 AN /K 12 0 6 45 15 7K o 119 728 Ak b 34 i R — B0k
H S it A AH LG T At A A A Y O ORI R K S AE 35 % DL b, B RKE R EEAE 252 DL . Horp
FERFE RS T, PR R K B MBS RK R — P BSR  E FS A0 3R 3k B d5 K, BB AR K Bl
91. 14 % BEF/KE K 81.39% (K 2C,D).

2.2.2 ISR AR N A TS R G AL N S, LB T A e AR SRR B LR W
FEA5 R R N [ it 8 45t 5 B b a2 A 0 b AR A e (P<<0.05) . BRI, Bl A it NE & % 3
A ML A E RN, AR O IR A R FLS, A B AL i AR =, O 330. 37 g-kg ! T 7E R B IE AR FE R,
F S A B A HLT & & — 2P 1,y 366. 09 g-kg '( 3A) . [RIFE, + 338 BH 55 - ¢ 8 ko B o i N & A9 385 m i
B, 2t NE i i, R e Ak P P B aS 4 B A B AR SR L TR FL S AR BN SR B R R, O 126. 89 emol -
kg '(13B) . M LSRRI R F  #REE 0 1 1 + 3 5 Bt L pH (BP9 R 8. 60, RIS )5 % )5 , -3 pH
HZHEARE 7. 544, 2 P MU A . 2T R T W pHAE b 6. 24, 2 558 h % (K1 3C) .
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Table 2 Total input cost of different restoration schemes (CNY *hm™)
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