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Abstract: Engineering disturbances accelerate the degradation of alpine meadows, but restoring degraded areas through ecological

remediation helps maintain regional ecosystem stability. This study investigates changes in soil nutrients and microbial community

characteristics over three years of ecological restoration, using soil from the ecologically restored roadside slopes in the Wangbuqu

Meadow as the research subject. Results indicate that organic carbon, total nitrogen, ammonium nitrogen, and available potassium

content in post-restoration soil significantly increased by 344.6 %, 95.8%, 139.9%, and 174.1% , respectively. Microbial community

diversity progressively enhanced, with rising temporal trends in the abundance of Acidobacteria, Chloroflexi, Bacteroidetes, and

Gemmatimonadetes. Concurrently, soil urease, protease, and sucrase activities markedly intensified. Partial Least Squares-Path

Modeling (PLLS-PM) analysis reveals that remediation duration served as the primary driver for soil organic carbon and nutrient recovery ,

facilitating synergistic restoration of soil and microbial communities by influencing microbial community structure and soil enzyme

activity. This study provides empirical support for soil recovery outcomes evaluation in disturbed alpine meadow ecosystems.
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Fig.1 Soil physicochemical properties in restored areas at different ecological restoration time points
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Fig.2 Correlation analysis of soil physicochemical properties in ecological restoration areas
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Fig.3 Temporal changes in soil microbial community richness, diversity, evenness, and composition
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Fig.5 Changes in soil enzyme activity over time in ecological restoration areas
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BUH PR T W RE A T LA By ST BIL ST R L A il R
TIERAE YR A TR R S B AR, T
JOK T ™ A TR B Y B 5 TR A L RIE B A B B R T L A
BB AR R o WA ) 3 B R T AR PR
B9 0E Pk B — 2B AR HE T IR Y e W (R RS
2019) . [F] sy - 1 25 11 il 955 2 o i 2 5 A PR 2 B 0 3
A X RO IS N R R AERBE T
A S BA VLY RL , GAs ) 75 AT Fn A AL R, Hr 22
g IR YRR E R E B BRR Y Sk
R 388 o YRR T A e A e 5 S R S R
I 53 W 2 1 Tl LN 3 A HIL ST 53 i, DA T 6 2 T A
A SA KRR W R . 5 R, B 5 A0 2
AR A D K A S ERAR AR T ek, B A K A PR A e
TR R R E VE A EE T, U AR AR T AR W Y AR A
BGPTSR R R P
& A A UE A T REAK 5 ) G B A W A A8 A L bRk
AL AR ) AT A A TE LA e A ROR B 3 4
& (Bastida et al., 2008). 4 2516 & vy A Bl 0% 1 0
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Fig.6 Partial least squares path modeling (PLS-PM) re-

GOF=0.60

veals the effect of remediation time on soil-microbe

interactions

F L TE VT ANIR A AT A 43 W R 5 S SR
R 43 WA D 6T VA v 32 1 B [ B T, A2 WL o 7 42 o 4 e
Hy A SZE R 3R HEE K E (Deltedesco ez al., 2020).
25 HmMEFESH

R HiE 52w R 2K 0 A 4 AR o B 508 2 )
(Time) . i 4= # (Microorganism ) | fiff 1% ¥ (Enzyme
Activity) , 43 H7 2% R %F 8844 it (Soil Properties)
F B2 . A% BT 45 SR an 1B 6 T 7R LPLS-PM 43 #1 4
A 16 i 3 IR AR St 50 1 A B 0 i A A e b )
4575 5k A) 0y R SR B 2R R TR X A R A 0 i
£ (R?) &3k 0.967, 8 AR 14 1 (GOF) 8 0.60, %
W RS B AT R A A RS T e W R R K R I
li] 2 3K 2h A A K %0 R (#6458 R $0=0.896,
P<20.05) , Hof 4 HEPE ik & 2% B0 i B Y B
TF ) B L AR, A 2S48 I ) X B A A R R 0 B
He %ONE S B(E 3K S 7R 7E K B2 00 A0 T 9 A
$5 0 4% He 7 A R X AR W B VR 4 R A R )
3, B 2R AR A B R B R R A g
A B 3 A OE 5 (AR R =0.344, P<C0.05), LA
T Ao 4 T A 4 il 1 I R 4 O Ak - v
AR M A T A T L 2R TR AR
BRI /R T i JE R R S A b, 2R 258 52 A )
T o B st o P A e R R A A,
T 3402 40 7 D) 473 Vi O S (ELRE 0 YR 2 1 By ) £
o, Fo5E i oy W ML A L [ S 5 R AR R &
3 g5

TEA R X AE S B EAGE R T
o FE IR AL R A ) R R R R LR S R

KR R BT pHABL R AR . 72 5% 43 i, [
XA, AR E R RCRE R, DA SES
A& a R E LI mm A AT B, A & s m,
WA RCPEREAR . A W Bk 2 R B R T
Shannon 8§ % F Pielou_e ¥ 2) B 48 % o 7l 48 &
6.5% 1 7.9% , BF ¥ 25 4 2 B0 S ) R R AR OF
BRI S B B AR R RUAE W 2R R L R, -
S rp O B S VR & 2E L, SR TR AR T g
BB E BRI Z A, PLS-PM 20 BT £ B A= 35
1& 52 (8] A S 1 22 5K 3l R, H G R B R AR A
VLR A ) T i 45 0 — 1 S 3% 1k Dk b A Y TR) 42 B
&, R 5 ) - e LR S 5% A3 A, T 4 s 3K
Bl i i 5 A W B R B )R A O B A
A 5T AIE 52 AR A8 B2 0T 2R G UK ) - 58 LR 1Y B
FHRER O SR AR S B R T B SR

References

Adetunji, A. T., Lewu, F. B., Mulidzi, R., et al.,
2017. The Biological Activities of B - Glucosidase,
Phosphatase and Urease as Soil Quality Indicators:
A Review. Journal of Soil Science and Plant Nutri-
tion, 17(3): 794—807. https://doi.org/10.4067/s0718-
95162017000300018

Alori, E. T., Glick, B. R., Babalola, O. O., 2017. Microbi-
al Phosphorus Solubilization and Its Potential for Use in
Sustainable Agriculture. Frontiers in Microbiology, 8:
971. https://doi.org/10.3389/fmicb.2017.00971

Barré, P., Durand, H., Chenu, C., et al., 2017. Geological
Control of Soil Organic Carbon and Nitrogen Stocks at
the Landscape Scale. Geoderma, 285: 50—56. https://
doi.org/10.1016/j.geoderma.2016.09.029

Basile - Doelsch, 1., Balesdent, J., Pellerin, S., 2020. Re-
views and Syntheses: The Mechanisms Underlying Car-
bon Storage in Soil. Biogeosciences, 17(21): 5223—
5242. https://doi.org/10.5194/bg-17-5223-2020

Bastida, F., et al., 2008.
Past, Present and Future of Soil Quality Indices: A Bio-
logical Perspective. Geoderma, 147(3—4): 159—171.
https://doi.org/10.1016/j.geoderma.2008.08.007

Carey, J. C., Tang, J. W., Templer, P. H., et al., 2016.

Temperature Response of Soil Respiration Largely Unal-

Zsolnay, A., Hernandez, T.,

tered with Experimental Warming. Proceedings of the
National Academy of Sciences of the United States of
America, 113(48): 13797—13802. https://doi. org/
10.1073/pnas.1605365113

Chen, H., Cui, Y. H., Wang, H. M., et al., 2024. Advanc-



5 0 ) 2 LA R TR X A 2 A R4 5 B R 9 O 3317

es in Mines Ecological Restoration and Carbon Seques-
tration Potential. Earth Science, 49(12): 4594—4607 (in
Chinese with English abstract).

Chu, Y. J., Jing, L. J., Feng, D. L., 2025. Numerical
Study on Porosity-Permeability Evolution of Porous Me-
dia during Biocementation Process. Building Construc-
tion, 47(5): 657—661 (in Chinese with English abstract).

Conant, R. T., Ryan, M. G., Agren, G. I., et al., 2011.
Temperature and Soil Organic Matter Decomposition
Rates-Synthesis of Current Knowledge and a Way For-
ward. Global Change Biology, 17(11): 3392—3404.
https://doi.org/10.1111/§.1365-2486.2011.02496.x

Deltedesco, E., Keiblinger, K. M., Piepho, H. P., et al.,
2020. Soil Microbial Community Structure and Function
Mainly Respond to Indirect Effects in a Multifactorial
Climate Manipulation Experiment. Soil Biology and
Biochemistry, 142: 107704. https://doi. org/10.1016/j.
s0ilbi0.2020.107704

Diacono, M., Montemurro, F., 2010. Long-Term Effects of
Organic Amendments on Soil Fertility. A Review.
Agronomy for Sustainable Development, 30(2): 401—
422. https://doi.org/10.1051/agro/2009040

Eichorst, S. A., Trojan, D., Roux, S., etal., 2018. Genom~-
ic Insights into the Acidobacteria Reveal Strategies for
Their Success in Terrestrial Environments. Environmen-
tal Microbiology, 20(3): 1041—1063. https://doi. org/
10.1111/1462-2920.14043

Feng, H. D., Zhu, M., Wang, X. H., etal., 2025. Distribu-
tion Characteristics of Soil pH Value and Organic Matter
and Their Relationship with Soil Nutrients in Mango
Orchards of Hainan’ s Main Mango Producing Areas.
China Tropical Agriculture, (1): 44—53 (in Chinese
with English abstract).

Feng, H. L., Xu, C. S., He, H. H., et al., 2021. Effect of
Biochar on Soil Enzyme Activity &. the Bacterial Com-
munity and Its Mechanism. Environmental Science, 42
(1): 422—432 (in Chinese with English abstract).

Fierer, N., Bradford, M. A., Jackson, R. B., 2007. Toward
an Ecological Classification of Soil Bacteria. Ecology, 88
(6): 1354—1364. https://doi.org/10.1890/05-1839

Harris, R. B., 2010. Rangeland Degradation on the Qinghai-
Tibetan Plateau: A Review of the Evidence of Its Magni-
tude and Causes. Journal of Arid Environments, 74(1):
1—12. https://doi.org/10.1016/j.jaridenv.2009.06.014

Holmes, A. J., Bowyer, J., Holley, M. P., et al., 2000.
Diverse, Yet-to-Be-Cultured Members of the Rubro-
bacter Subdivision of the Actinobacteria Are Wide-
spread in Australian Arid Soils. FEMS Microbiology

Ecology, 33(2): 111—120. https://doi. org/10.1016/
S0168-6496(00)00051-9

Huang, M. Z., Lan, J. C., Wen, L. X., et al., 2021. Re-
sponse of Soil Quality to Different Ecological Restora-
tion Models in a Karst Rocky Desertification Area. Jour-
nal of Forest and Environment, 41(2): 148— 156 (in Chi-
nese with English abstract).

Huo, Y. N., Zhang, S.B., Yang, Y. W., etal., 2025. Com~
parative Analysis of Soil Enzyme Activity and Soil Mi-
crobial Characteristics between Artificially Restored
Grassland and Natural Vegetation in High-Altitude Min-
ing Areas. Grassland and Turf, 45(5): 13—25 (in Chi-
nese with English abstract).

Jansson, J. K., Hofmockel, K. S., 2020. Soil Microbi-
omes and Climate Change. Nature Reviews Microbi-
ology, 18(1): 35—46. https://doi. org/10.1038/
$41579-019-0265-7

Jia, G.M., Ma, L.L., Xu, D.D., etal., 2016. Vertical Dis-
tribution of Heavy Metals and Its Response to Organic
Carbon in Red Soil Profile. Environmental Science, 37
(9): 3547— 3553 (in Chinese with English abstract).

Kang, J., 2024. Turnover Dynamics and Sequestration Mech-
anisms of Organic Carbon in Mollisol and Ultisol with
Exogenous Organic  Matter Input (Dissertation).
Huazhong Agricultural University, Wuhan (in Chinese
with English abstract).

Lian, W. H., Li, S., Lin, Z. L., et al., 2022. Sabulibacter
Ruber Gen. Nov., Sp. Nov., a Novel Bacterium in the
Family Hymenobacteraceae, Isolated from Desert Soil.
International Jowrnal of Systematic and Evolutionary
Microbiology, 72(2): 005248. https://doi.org/10.1099/
1jsem.0.005248

Liang, B. Y., Xu, H. Y., Wu, X. D., et al., 2024. Differ-
ences of Soil Organic Carbon Components in Different
Grassland Types of Qilian Mountain. Earth Science, 49
(4): 1487—1497 (in Chinese with English abstract).

Liu, S. B., Zamanian, K., Schleuss, P. M., et al., 2018.
Degradation of Tibetan Grasslands: Consequences for
Carbon and Nutrient Cycles. Agriculture, Ecosystems &
Environment, 252: 93— 104. https://doi.org/10.1016/].
agee.2017.10.011

Lu, C., Cheng, G. F., Wang, G. F., et al., 2025. Ecologi-
cal Restoration Processes in Pika Mounds on the Qinghai-
Tibet Plateau. Ecological Engineering, 212: 107517.
https://doi.org/10.1016/j.ecoleng.2025.107517

Maresca, J. A., Keffer, J. L., Hempel, P. P., et al., 2019.
Light Modulates the Physiology of Nonphototrophic Ac-

Journal 201(10):

tinobacteria. of  Bacteriology,



3318 HERBL2E  http://www.earth-science.net

51 %

e00740— 18. https://doi.org/10.1128/jb.00740-18

Moreno-Mateos, D., Power, M.E., Comin, F.A., et al.,
2012. Structural and Functional Loss in Restored Wet-
land Ecosystems. Plos Biology, 10(1): ¢1001247.
https://doi.org/10.1371/journal.pbio.1001247

Six, J., Bossuyt, H., Degryze, S., et al., 2004. A History
of Research on the Link between (Micro)Aggregates,
Soil Biota, and Soil Organic Matter Dynamics. Soil and
Tillage Research, 79(1): 7—31. https://doi. org/
10.1016/;.sti11.2004.03.008

Sparks, D. L., 2003. Environmental Soil Chemistry. 2nd ed.
Academic Press, Amsterdam.

Sun, H. L., Zheng, D., Yao, T. D., et al., 2012. Protec-
tion and Construction of the National Ecological Security
Shelter Zone on Tibetan Plateau. Acta Geographica Si-
nica, 67(1): 3—12 (in Chinese with English abstract).

Wang, G. X., Wang, Y. B., Li, Y. S., et al., 2007. Influ-
ences of Alpine Ecosystem Responses to Climatic
Change on Soil Properties on the Qinghai - Tibet Pla-
teau, China. Catena, 70(3): 506 —514. https://doi.org/
10.1016/j.catena.2007.01.001

Wang, G. X., Wu, Q. B., Wang, Y. B., et al., 2005.
The Impacts of Railroad Engineering on the Alpine
Grassland Ecosystem in the qinghai-Tibet Plateau. Sci-
ence & Technology Review, 23(1): 8—13 (in Chinese
with English abstract).

Wang, Y. B., Wang, G. X., Zhang, C. M., etal., 2007. Re-
sponse of Soil Physicochemical Properties to the Chang-
es of the Vegetation Ecosystem on the Tibetan Plateau.
Jowrnal of Glaciology and Geocryology, 29(6): 921 —
927 (in Chinese with English abstract).

Wang, Y. Q., Yin, Y. L., Li, S. X., 2019. Physicochemi-
cal Properties and Enzymatic Activities of Alpine Mead-
ow at Different Degradation Degrees. Ecology and En-
vironment Sciences, 28(6): 1108—1116 (in Chinese
with English abstract).

Wen, X. S., 2024. Characteristics of Phosphorus Fractions
and Loss Risk Assessment Associated with Soil Aggre-
gates in Young Orange Orchards in South China (Disser-
tation). Gannan Normal University, Ganzhou (in
Chinese with English abstract).

Xiu, Y. X., Pei, X. J., Wang, Y., et al., 2025. Synergistic
Restoration Effect of Vegetation and Soil Microorgan-
isms in the Wound Ecological Restoration Area of
Jiuzhaigou Project. Acta Ecologica Sinica, 45(17):
8570—28582 (in Chinese with English abstract).

Xu, J. K., He, Y. H., L, T. Y., etal., 2023. Characteris-

tics of Rhizosphere Soil Microecological Environment of

Different Ecological Restoration Vegetation in Arsenic
Sandstone Areas. Bulletin of Botanical Research, 43(4):
531—539 (in Chinese with English abstract).

Xu, X.R., Luo, K., Zhou, B. K., et al., 2015. Distribution
and Enrichment Characteristics of Organic Carbon and
Total Nitrogen in Mollisois under Long-Term Fertiliza-
tion. Chinese Journal of Applied Ecology, 26(7): 1961 —
1968 (in Chinese with English abstract).

Yang, J., Li, X. Y., Huang, L. Q., etal., 2015. Actinobac-
terial Diversity in the Sediments of Five Cold Springs on
the Qinghai-Tibet Plateau. Frontiers in Microbiology,
6: 1345. https://doi.org/10.3389/fmicb.2015.01345

Yang, Y. F., Wu, L. W., Lin, Q. Y., et al., 2013. Re-
sponses of the Functional Structure of Soil Microbial
Community to Livestock Grazing in the Tibetan Alpine
Grassland. Global Change Biology, 19(2): 637—648.
https://doi.org/10.1111/gcb.12065

i35 % Sk

FREE, 48—, TRWEW] %5 2024, 7 1 2R 508 52 M H: [ Tk 7
TIWEGE i R . b ERE} 2 49(12): 4594 —4607.

A, FEA, BBL, 2025, 4 ¥ AL B 2 LA AL
Bt R 2 3 R AL AL A BOE RS SRIE T, 47(5):
657—661.

A R, TR, & 2025, WS R S X b A
pH (A ML A3 A P AE X H 5+ FE LR P E
P, (1): 44—53.

WERE, IR, IARHE, &5, 2021, 259 o XoF - JE il 35T R4
DHORE 2 m B L AR LR . PR B RE 2 42(D):
422—432.

WY, R, SCWIVE, 45, 2021, W AR 1k 11X 4 4
J g 6E AR AN B B A R AR AR ER BE 2 R, 41(2):
148—156.

FEWA, KM, oo, %, 2025, @ JERT XN T K &2 5
5 A SR g G P S R YRR AE R A AT
BF SR A5(5): 13— 25.

BUOME, DI FY, Mk, %5, 2016, 20 if T 42 00 A
TIE B XA HLBs A B . BB 24, 37(9): 3547 — 3553,
A, 2024, AMEAT LT i A () BA 4 R0 2T 88 v AT BBk 1 SR 5

NS5 2 DL (220738 30). sl Rl K2

ZRUKWE, TR, R, %, 2024, 4834 LA [ 51 4 2 (X
T HEA PR G 022 5 . MU ERRL2:, 49(4): 1487 —1497.

NI Z ) HBRE WAL, 4, 2012, 0 R E 5 AR R 2 A
FEfdr SR TR, 67(1): 3—12.

TARGE, B, T, 4, 2005, Tk TR X R g
WA RGBS, 23(1): 8—13.

F1l, TR, kHM, 5, 2007, mIEHPAESRE T
Xt 4 ) B Ak 2 MR R L vk I %R £, 29(6):



5 0 ) 2 LA R TR X A 2 A R4 5 B R 9 O 3319

921—927.

FEIE, FW, 2, 2019, A [F)IE Ak R R e 2E Ay 4
e 1Ak PE BT R Bl PR Ar AT A A B A iR, 28(6):
1108—1116.

TN, 2024, B 7 4l i A Tl + 18 1 3R 1Al 2R Tt A7 R A B
TS KU P (5 = 2 057 36 3C). M- B I k2

B, FINE, £, %, 2025, JUEER TR ESBE
XA B — b A W o R R N . AR A AR AR, 45(17):

8570—8582.

VERTRE, T4 LT, X, &, 2023, MDA KRR A4 S 8
R AR PR 4 HE 6 AR S IR BE AR AE . R T 5T, 43(4):
531—539.

WAL, WA, R, &, 2015, KW 400 B4 AL
e RV A3 0 43 BE 5 R AR ARRAE L T AR A AR R, 26(7):
1961—1968.



