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Abstract: To evaluate the restorative potential of moss-algal biological soil crusts (biocrusts) on alpine construction spoil, we
conducted a comparative field experiment at a spoil-disposal site. We established contrasting moss-algal assemblages and quantified
their effects on soil physicochemical properties, enzyme activities, and microbial communities. Biocrust colonization increased soil

ammonium nitrogen up to 2.68-fold, nitrate nitrogen up to 2.85-fold, available phosphorus up to 7.67-fold, and soil organic carbon to
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26.11 g/kg. Cellulase, B-glucosidase, and phytase activities reached 2.00, 2.29, and 45.6 times the control levels, respectively.

Additionally, biocrusts enhanced microbial a-diversity and evenness, and enabled the detection of rare phyla such as Synergistota and

Dadabacteria. Overall, moss-algal biocrusts improved soil nutrient status and optimized the structure of soil microbial communities.

The findings provide theoretical and practical guidance for applying biocrust technology to ecological restoration of alpine spoil sites.

Key words: biological crust; soil nutrient; soil microbial community; enzyme activity; nutrient cycling; ecological restoration.
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Fig.2 The physicochemical properties of the soil in the biological crusted and non-crusted groups
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Fig.3 Enzyme activity of the soil in the biological crusted and non-crusted groups
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PiFp g A R R R R S B IR LA A B
X8 & B AL T X7 Ak H 41 B 45 fz 7 35 O, 16 W
MIFE B G AT 320 5 2 R ROR B Akafi
BB A B Y BUSCR B e T B R
HER T e KA A i A RS ME DTG, LA 5T A
Ty 66 T AN 5 Bl R RO 9 1 B 5 X6 R [A) 1+ 48 A B
VBB URY W eEs B N e /B ) e RN 3RV R LN &
32 YR EIETEFESRENE N

- M AR TR A AR R A R ) B 2%
HREAE bR, AT IR A AR SR K S R B B (2F
FEF 5 ,2022) AR R BoR WSS R W R
TR IR A KV AR AR Dy AR ) A Ak P e
BERITHHEESA HARA SR, RUAEAA S
TR AT R ERRARS S T EYREA
5 R/ 5 kit #2E (Delgado-Baquerizo et al., 2017).X7 .
X8HI X9 R T B B &E R J s IR AR E
5l b H A A L, AR S R AR
RIS R & By, UL I I 2 B 4 5 RE R T L 0
THVREE B AEwE R J7 m, AR WA AR F T B 0
o 32T TR AL A AE L X T RE R B T A R
Ge 4R Y 3 B 0 AR I RAE R N, DA SR R A MLRR 4
WA BT R 25 K AR -0 ) A B AR T (Coxson,
2002). £ Wy 45 Kot + HE IR BT B 7 1 8 1 4 TR
F A EA pH 3 = T AL X 5 85 AR 4
WA Wy Bt R A HE AT XA S R 2 DD AE G B R AR
45,2009). 45 fz Ab B 2H + A Bk & 5 1 3-A
PRI oM MR AR B E RS A LIRS
W5 IR M R A O MR T i A
AR W AR R 3K Bl Bk A A 19 N AE BL I (Elbert es
al., 2012). 25 TR, A=Wy 45 B i ik [/ UAE 3R 8
WAL pH I R B R 2 ik e, B ok T ik

[

SRR, 2 R A R R IC S R R 3 A R A
R RO T AR R R E AR IS AR
33 AR 6 HE L EERE NG

- Y il A 3R 53406 BRI A AR A AR AR AR R
HEH (Chen ez al., 2019). A=Wy 45 iz 18 1 6 45 £ Fil
- M P R R A B IR A IR AR TR
W5 e, DT A A3 T 7o AR ) Ee . AR
FEER IR, A E YA R A PR 3 2 S T+
Hg6 B M T S P L LR R 4 Ak BRI B 4R T
S8 UE o I I M N 2 A 3R S P L R AR W Ah R AR
T AR WX A HLT Y Ay AR, IR B T AR 4R R
VE B S5 e IR 1) 43 i LA B BB T R, e T A 4 ik
R PERR (PN ICFA AT, 20193 96 155, 2024) AR A NG ER
J7 L BR X4.X6 Fh, £ A= W45 5 4k R 2H 3 3 4
T R E A M, X — AR T RS
R EAS RS E R, U6 B A W 45 R e 8 HF
A HLA ] JCHLE 0 e A, ki R AR PR A T
A RCR TR (3K 5% 45, 2016 ) . B IR T FAR 1R 1 2
B R AE IR0 OCHEAE P (T 8055, 2019) . AR5
o AR W A R A B R R T R R
T M, 2R B AR ) 25 R GE A 1 OB A W A BLBE
fLfe 1, 3% T W R A 0 A W A ROME (R SR X 5
2023).X7 . X8 F1 X9 = A kb $ 21 3 B 4 A L 1Y il
TG P AR Al B, X T AR R T AR ) Y B AL A i
TR E A AR A, 2 WO [R] I A 0 5 R 4 g
% T 1 R 1 9 il TR I R AE 2 O B R A
I A2 S50 25 L n ik, A W &b 7 5 o 5 1)
P HERGIE M RAL T IR A S R, A LR
Mg E BB ERE T HMNAEY ¥iRRE.
34 EYEEXMNOETEMEYEENT N

A A S RGN E A Y
JEAE P 5 e T sh R P O AE (R RS
2021) AW 25 R WY, A= W 45 B 1 5 1A B 3 AR
T A R VR G5, X — b R AT R R A R
KL 11 - HE 35 03 5 1 B A 3 B R A 3 () 9K 26 1 (3 %
PeA L bR, 2025) RAE X R4 + 3 OTU B AL
B R 2R R R S RO
T4 e hh B 3 I DA i A P A R B ) R
B 22 (LSS R D RE ORI . AR &5 i i it
PR = B A AR AU BT VR, 51 & T R B R S e 1 E R
AR A8 30 4 A A A S o P A, At 28 A ) R 5
o VR 5% 35 IV BE ) A 59 1 0, S BORE R 1) el A B0
R BB/ P IS5 M 5% A8 X 5 A= W) 45 B AR VD Hh
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B RGE G K E YRR EH N Z M
(Guo et al., 2008; Elbert et al., 2012; Li et al.,
2024 ; Shi et al., 2024) KEGG 43 #1 iff — 2 48 7R |
45 B ib PR2H AR W ARG D BE 3K R ORI A0 D
o T AR 5 A5 R A B ) B A R 55, 8 WY AE 3R 4
UG AR PR B A W R T 2 e i A B S AR
LIRS/ BT 2 (A TTE | S R4 SE O N B SR A ¢
miy i ( Finn et al., 2017 ; Yoon and Lee, 2020).
SRS L AW 25 b PR AE s 4 o B R
PETET LGB B IS M L SR T IRk P O R
AR D RE B T I ) S st L B HL S T
S5 K VB T T b R - A e e R
S5 OGS Wl R R L N R T LB ) i 5 O 3R O
b, BEARTE T 28 P AT RO W B AT BIL AR 5 G B
OB & aE s A E IR A AR R R AR W A K
PR TR U Y L 5T BR A, AR A HC AR i SR R A R
AT B ) R AR KT, R KEGG 43 B AR
2l B (Y S 3 1 R 5 R RCEC Y AR W R R SE
o Wb T 22 il 28 A A e AR T 1, 2k — 2D B
FEOT R I PEFE (27K LAE, 20225 Yang et al., 2023).
X — KRR R ILG AR E R T
8 IR o3 JR R AR IR Ol HE B E B AR T SR O
Al X ZRMAESREMWKE A HZEE L.

4 4k

ABEIERGEARIT T & 7AW 45 B Xt g 98
Mo XS b b A P R ROCR KOG BEBL R Ll
BRI, T TR R S A A
b PR AR R BT OB A R A R A S
DIRE RS . 45 SRR, A= Wy 25 B Ak L RE 8 5 4 T
THEA LR SR SR AR R
IR b e e R B BR AT OC S AR L 4R T 9RO
KA B IR 6 PR R 5 4 BOAh B K R T
A= W RE VR AR R I RERRAE A BGR T U W
v Z R S A A B SR T RO W R A T BE
9% 2 2R W Hh A A 2 R R A ) RO A R R
TE OSSR or e P AO8S 2 fE 2 1] RPE G 3R L
G, AN TR £ A W 45 Bz bR IBC B RE 08 JE 0 R 1 £
S8 T O R R AL DAL B OO R B R K R H AR
VRS LB AE M EE e A SR Tl R
B WA B B R — P T e T X A R
HAESBE A RORE, W] LS B SR 69 PR
AR R B SR W A T RE L W5 D 2B A2 AR

Ry R AR TARSR O T 5 20 B R b SEERAK A

References

Assouline, S., Thompson, S. E., Chen, L., et al., 2015.
The Dual Role of Soil Crusts in Desertification. Journal
of Geophysical Research: Biogeosciences, 120(10):
2108—2119. https://doi.org/10.1002/2015JG003185

Chen, H., Cui, Y. H., Wang, H. M., et al., 2024. Advanc-
es in Mines Ecological Restoration and Carbon Seques-
tration Potential. Earth Science, 49(12): 4594—4607 (in
Chinese with English abstract).

Chen, J., Ai, S. H., Liu, J., et al., 2019. The Life Span
and Influencing Factors of Metal Mesh in Artificial Soil
on Railway Rock-Cut Slopes in Humid Areas. Science of
the Total Environment, 671: 41—51. https://doi. org/
10.1016/j.scitotenv.2019.03.284

Chen, R. S., Wang, R. R., Sun, J. H., etal., 2023. Effects
of Altitude, Soil and Vegetation of the Lijiang River Ba-
sin on Soil Nutrient Contents and Enzyme Stoichiomet-
ric Ratios. Guihaia, 43(2): 242— 252 (in Chinese with
English abstract).

Coxson, D. S., 2002. Biological Soil Crusts: Structure,
Function, and Management. The Bryologist, 105(3):
500—501. https://doi. org/10.1639/0007 - 2745(2002)
105[0500:12.0.c0;2

Cui, C. Y., Chen, Q. J., Wang, J. B., et al., 2025.
Soil Carbon and Nitrogen Characteristics and Influenc-
ing Factors in Different Vegetation Restoration Pat-
terns in Abandoned Quarries. Journal of Ecology and
Rural  Environment, https://doi.  org/
10.19741/j. issn. 1673—4831.2025.0414 (in Chinese
with English abstract).

Delgado-Baquerizo, M., Eldridge, D.J., Ochoa, V., et al.,

2017. Soil Microbial Communities Drive the Resistance

Online.

of Ecosystem Multifunctionality to Global Change in
Drylands across the Globe. Ecology Letters, 20(10):
1295—1305. https://doi.org/10.1111/ele.12826

Ding, R., Chen, X. H., Li, B. X., 2019. Research Advanc-
es on Phytase and Prospect of Applying Soil Phytase.
Biotechnology Bulletin, 35(7): 190—195 (in Chinese
with English abstract).

Dong, Y., Xia, D., Yan, S. X., etal., 2025. Effects of Bio-
logical Soil Crusts on Soil Aggregate Distribution and
Stability in Vegetation Concrete Slopes. Journal of Soil
and Water Conservation, Online. https://doi. org/
10.13870/j. cnki. stbexb. 2025.06.003 (in Chinese with
English abstract).

Elbert, W., Weber, B., Burrows, S., etal., 2012. Contribu-



3466 HERBL2E  http://www.earth-science.net

51 %

tion of Cryptogamic Covers to the Global Cycles of Car-
bon and Nitrogen. Nature Geoscience, 5(7): 459—462.
https://doi.org/10.1038/ngeo1486

Finn, D., Kopittke, P. M., Dennis, P. G., et al., 2017. Mi-
crobial Energy and Matter Transformation in Agricultur-
al Soils. Soil Biology and Biochemistry, 111: 176—
192. https://doi.org/10.1016/j.s0ilbi0.2017.04.010

Gao, S. H., Du, L., Xu, J., et al., 2025. Spatiotemporal
Distribution Characteristics of Cyanobacteria and Green
Algae in Biological Soil Crusts of Kubuqi Desert. Jour-
nal of Inner Mongolia Normal University (Natural Sci-
ence Edition), 54(3): 278—285 (in Chinese with
English abstract).

Gao, Z. X., L1, X. L., Zhang, J., etal., 2021. Effects of Re-
placing Topsoil Treatment on Vegetation and Soil Char-
acteristics of Open-Pit Coal Mine Dump in Alpine Min-
ing Area. Bulletin of Soil and Water Conservation, 41
(1): 82—87, 96 (in Chinese with English abstract).

Guo, Y. R., Zhao, H. L., Zuo, X. A., et al., 2008. Biologi-
cal Soil Crust Development and Its Topsoil Properties in
the Process of Dune Stabilization, Inner Mongolia, Chi-
na. Environmental Geology, 54(3): 653—662. https://
doi.org/10.1007/s00254-007-1130-y

He, L. S., Chen, Q. B., Jiang, W. D., etal., 2012. Soil Nu-
trient Conditions for Vegetation Restoration of Slag
Field in Hydropower Station Project. Soil and Water
Conservation in China, (11): 43—46 (in Chinese).

Ji, X. D., Wang, F., Li, J. J., et al., 2025. Integrated
Slope Stabilization and Ecological Rehabilitation Tech-
nologies for Disturbance Zones of Mega Hydropower
Developments in Headwater Regions of Southwestern
River Systems. Science of Soil and Water Conserva-
tion (Chinese & English), 23(6): 1—8 (in Chinese
with English abstract).

Jiang, H. C., Wang, B. C., 2025. Microbial Role in Carbon
and Nitrogen Cycling in Lakes on the Qinghai-Xizang
Plateau. Earth Science, 50(3): 877—886 (in Chinese
with English abstract).

Kang, H. M., Zhang, J., Li, X., et al., 2025. Effects of Ar-
tificially Inoculated Composite Algal Solutions on Bio-
logical Soil Crusts and Soil Properties in Engineering -
Disturbed Areas of the Hexi Corridor. Journal of Desert
Research, 45(6): 37—46 (in Chinese).

Li, C. Y., He, M. Z., Tang, L., 2022. Advances on Phos-
phorus Cycle and Their Driving Mechanisms in Desert
Ecosystems: A Review. Acta Ecologica Sinica, 42(12):
5115—5124 (in Chinese with English abstract).

Li, H., Li, G. L., Lu, Y. J., etal., 2024. Study on the Soil

Improvement of Waste Dump in Open-Pit Mining Areas
Using Plant Waste Fermentation Substrates. China Min-
ing Magazine, 33(11): 130—138 (in Chinese with
English abstract).

Li, J.J., Fan, M. C., Wei, Z. H., et al., 2024. Broad Envi-
ronmental Adaptation of Abundant Microbial Taxa in
Robinia Pseudoacacia Forests during LLong-Term Vege-
tation Restoration. Environmental Research, 242:
117720. https://doi.org/10.1016/j.envres.2023.117720

Li, J. X., Zhang, Q. S., Du, Z. Y., 2022. Research Prog-
ress on the Effects of Livestock Reduction on Grass-
land Vegetation Growth and Soil Characteristics. Acta
Agrestia Sinica, 30(9): 2280—2290 (in Chinese with
English abstract).

Li, J.Y., Chen, L., Li, Y. Z., etal., 2011. Tissue Culture
of Several Bryophytes. Journal of Yunnan University
(Natural Sciences), 33(S1): 324—329 (in Chinese with
English abstract).

Ma, Y. F., Chen, S. G., 1983. A Combined Rapid Diges-
tion Method for Total Nitrogen and Total Phosphorus in
Soil: Potassium Sulfate - Perchloric Acid - Sulfuric Acid
Digestion Method. Soils, (6): 240— 242 (in Chinese).

Shi, J. Q., Zhang, S. Q., Xu, J. B., et al., 2025. Influence
of Moss Crust on the Stability of Soil Aggregates Devel-
oped in Different Lithologies in Karst Area. Science of
Soil and Water Conservation (Chinese & English), 23
(6): 156— 166 (in Chinese with English abstract).

Shi, X. X., Yang, J. H., Cui, H. J., et al., 2024. Effects of
Long-Term Drainage and Afforestation on Carbon Utili-
zation Function of Soil Microbial Communities Vary be-
tween the Types of Subtropical Moss Peatlands. Global
Ecology and Conservation, 49: ¢02803. https://doi.org/
10.1016/j.gecco.2024.¢02803

Sun, W. Y., Ma, W. W., Li, G., et al., 2019. Dynam-
ic Characteristics of Soil Sucrase and Amylase Activi-
ties during Vegetation Degradation in Gahai Wetland.
Acta Agrestia Sinica, 27(1): 88—96 (in Chinese with
English abstract).

Tian, J., Wang, B., Ma, J. L., et al., 2024. Effects of
Biological Soil Crusts Development on Soil Erosion
Resistance on Loessial Soil. Journal of Soil and Wa-
ter Conservation, 38(3): 73—81 (in Chinese with
English abstract).

Wang, B. T., He, W., Xiong, X., 2025. Analysis of
Soil Erosion and Soil Conservation Measures in Road
Engineering Construction. Water Safety, (3): 167—
169 (in Chinese).

Xiao, B., Bowker, M. A., Zhao, Y. G., et al., 2022. Bio-



%9

AR 8 WA 0 T 0 B PR 3467

crusts: Engineers and Architects of Surface Soil Proper-
ties, Functions, and Processes in Dryland Ecosystems.
Geoderma, 424: 116015. https://doi.org/10.1016/j.geo-
derma.2022.116015

Xiao, C., Xiao, D., Sun, M. M., et al., 2026. Research
Progress on Diazotroph and Arbuscular Mycorrhizal Fun-
gi During Vegetation Restoration in the Karst Region.
Jowrnal of Guizhou Normal University (Natural Scienc-
es), 44(2): 31—43 (in Chinese with English abstract).

Yang, Y., Dou, Y. X., Wang, B. R., et al., 2023. Deci-
phering Factors Driving Soil Microbial Life - History
Strategies in Restored Grasslands. iMera, 2(1): e66.
https://doi.org/10.1002/imt2.66

Yoon, J. H., Lee, S. Y., 2020. Characteristics of Viable-but-
Nonculturable Vibrio Parahaemolyticus Induced by Nu-
trient-Deficiency at Cold Temperature. Critical Reviews
in Food Science and Nutrition, 60(8): 1302—1320.
https://doi.org/10.1080/10408398.2019.1570076

Yu, W. X., He, X., Let, S. G., etal., 2024. Effects of Dif-
ferent Substrate Compositions and Concentrations on the
Growth of Didymodon Tectorus. Journal of Nanjing
Forestry University (Natural Sciences Edition), 48(4):
184—190 (in Chinese with English abstract).

Zeng, T., Hou, M., Wang, Y., et al., 2024. Effects of
Different Land Use Types on Soil Cellulase Activity
and Fertility Factors. Journal of Agricultural Science
and Technology, 26(1): 193—200 (in Chinese with
English abstract).

Zhang, J. P., Yu, L. Z., Liu, L. F., et al., 2016. Ef-
fects of Different Silvicultural Ways on Soil Nutrients
and Enzyme Activity in Larch Plantation. Chinese
Journal of Ecology, 35(6): 1403—1410 (in Chinese
with English abstract).

Zhang, Y., Li, H., Zhang, Z. Q., et al., 2024. Effect of Sa-
linity on Ferrous Oxidation and Nitrate Reduction by Ni-
trate-Reducing Fe(Il)-Oxidizing Bacteria. Ecology and
Environmental Sciences, 33(10): 1590—1599 (in Chi-
nese with English abstract).

Zhao, H. L., Guo, Y. R., Zhou, R. L., etal., 2009. Effects
of Vegetation Cover on Physical and Chemical Proper-
ties of Bio-Crust and Under-Layer Soil in Horqin Sand
Land. Chinese Journal of Applied Ecology, 20(7):
1657—1663 (in Chinese with English abstract).

W 35 % STk

WREE , #E K, VEIEB, 45, 2024, 5 1L A 06 58 e HC o o v
JIWFE kR . M Bk B2, 49(12): 4594 —4607.

MRog Ak, Tkt , PMESE, 45, 2023, VL3 B4k 98

Bl 8 7 4 RER AL 2 HE Y L T
43(2): 242—252.

BRI, BB, T, 45, 2025, BEFER A1 A A 9K
SR e BURRE O R 2 AR S S AR R IR
B4R, M OE & . htps://doi. org/10.19741/5.
issn.1673—4831.2025.0414

THL, BRI, 252 2019, R il BF 58 5 R S+ B ke R
it 1 FH R 2 . AR R E 4, 35(7): 190—195.

WL, B, AR, S, 2025, A W4 R BTR EE b
B A R ARG A B AR B R K R R E R, RS
& . https://doi.org/10.13870/j.cnki.stbexb.2025.06.003

FRLE, FEES RS, A, 2025, PEAG 3R VD A M 45 K A
SRBE Y B 25 A3 AR N B2 E DR 2 2 R (A SRR 2
JiR), 54(3): 278 —285.

ERET, Aok, W, & 2021, 4 A I E R X 5 R
SR HE 7 4B R R AE B9 5 . K - OR R E R
41(1): 82—87, 96.

RFTVS, MR, 2303k, 4, 2012, /K B3 TR 5 it 3 ML %
WAL+ HE R AR ST . R E K £ R, (L)
43—46.

BIEAR, T K, R, &, 2025, PRI LirE R K T
A 8 X — iR e B b7 5 A S E B AR5 . i
K A ARFFRE (TP 30), 23(6): 1—8.

Wb, AR, 2025, F e JE 10 ok UG O AR AR
H . HiERRR2:, 50(3): 877 —886.

FELLAG, BK4S, 2588, 45, 2025, HEh &2 4 3 WOu il 74 2B JAR T
PR ol T A W 25 0 B E A R S e L vh VDL 45
(6): 37—46.

ZEAR S, TWAER, R, 2022, FiE A 25 R G0 AR 36 B L 0K
SIHLHIPE IS . AR, 42(12): 5115—5124.
Al AR R R AT, AR 2024, WY R FE W) R L TN 62
RO X HE+ 5 £ R B . b Bk, 33(11):

130—138.

LT, KR, F AR, 2022, B F AT F b R B A KR 4
HERR Pk AR I o R R . R AA 3R, 30(9): 2280—2290.

ZIRE, BRAK, ZEE T, & 2011, JLARNE EE R Y 00 4 U
It ZM R M(A R B M), 33(S1): 324—329.

B4 %, Wy, 1983, R & A 2B A R
2 i R B - = AR B R TH Tk T . R, (6):
240—242.

AIFREE, SREFEE VPR, S5, 2025, W R X #E 4 i xR
[ APk B 4 A R ARRR S Y R . R K AR R
R (th3E3r), 23(6): 156— 166.

INCF, Dh4if, 250, A, 2019, A% IR HURE PR AL i F v
- TR I RV A S M 1 B A RRAE . R IR, 27
(1): 88—96.

M, B85, D4, 4 2024, £ W4 A K & & 04+
U AR A W . 7K AR SF2 R, 38(3): 73—81.




3468 HERBL2E  http://www.earth-science.net

51 %

F W, s, RN, 2025, T TR TR Ak kS
KRB A H7 . K %4, (3): 167—169.

B, B, VIR, S5 2026. 1 1R A B K A2+ 9 1R AU
A A AR L A (0 B 5 E TR . S M TS R 2 A R (A AR
BR2EM), 44(2): 31—43.

TFEE, e, HON, %, 2024, A3 5R BC O 4 i X ik
BEAE WA A B L R ROl R A A R (A SRR D,
48(4): 184—190.

Bl BEW, R, 25, 2024, AN [E] o MR FH 2K 0 R 4 AT 4k
R R S s b E R R S, 26

(1): 193—200.

TR T, XIRISE, S 2016, AN [EAE L I 20 7 A
N MK A 857 43 R i G v 0 2 i . AR A2 24 AR 35(6):
1403—1410.

SR, 2RI, SKRTRAL, A5, 2024, Eh X AY RR £ R Bk A Ak
B WA AL 5 A R R TR R I T 9T . A S IR A IR
33(10): 1590—1599.

EXIA M, Bk EG , R EE, 45, 2009. HIHEE 35 X AR 0V
Tt A R K T 2 R AR s L R AR
B2, 20(7): 1657 —1663.



