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Abstract: Open-pit mine dumps which are characterized by fragile ecological environments and severe soil erosion due to
extensive mining activities and the removal of topsoil, resulted in slow natural recovery of vegetation, simple community

structure and low ecosystem functioning. These issues significantly restricted local ecological restoration and the sustainable
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development of coal mines. The “space for time” method, a widely used approach in ecological studies to understand long-
term processes by examining different-aged sites simultaneously, was employed to systematically investigate vegetation
community characteristics under five restoration modes ( natural restoration ( NR), artificial grassland restoration (GR),
artificial shrub restoration (SR, artificial pure forest restoration ( PF) and artificial mixed coniferous and broad-leaved
forest restoration ( MF) ) across five restoration periods (< 5 years (Y1), 5 - 10 years (Y2), 10 - 15 years (Y3), 15
- 20 years (Y4), and>20 years (Y5) ) at the Heidaigou and Halawusu dumps, which represent typical large-scale open-
pit coal mining areas in northern China.. The study, aiming to provide a comprehensive understanding of vegetation recovery
dynamics, explored the evolution patterns of plant communities across restoration modes with increasing duration. Key
findings revealed several critical insights into the recovery processes of these degraded ecosystems. The results showed that
1) Plant communities comprised 89 species from 62 genera and 25 families, exhibiting relatively simple composition.
Asteraceae contained the highest species richness, and Poaceae dominated individual numbers. 2) Diversity indices
( Margalef richness index, Shannon-Weiner diversity index, Pielou evenness index and Simpson dominance index) all show
a non-linear trend of ‘ decreasing-increasing-stabilising’ , reflecting the obvious ecological threshold effect in the process of
community reconstruction. 3) Based on the Jaccard similarity index analyses, it was shown that the community similarity
was initially low across restoration years but gradually increased, indicating convergent successional pathways among modes.
4) An analysis of the stability index revealed that the community stability of different restoration modes in the dumps
generally improved after the Y3 stage. However, exceptions were observed; the NR mode exhibited no significant stability
changes throughout the restoration period and remained relatively unstable, while the SR mode attained relative stability at
the Y3 stage but subsequently became unstable again. In contrast, other modes had achieved relatively stable states by the
Y5 stage. Through a comparative multi-modal and multi-temporal analysis incorporating vegetation surveys, soil sampling,
and statistical modeling, this study systematically revealed the spatiotemporal evolution characteristics of the vegetation
under different restoration modes in the Heidaigou and Halawusu dumps in the last 30 years, providing critical data and

theoretical support for optimizing artificial restoration strategies.
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Fig.1 Location of the studied area and sample plot design

F1 HEHMESR
Table 1 Sample plot information table

IERE WREER IR 2353 L pE 13373 FRAHL A BE
Modes Years Vegetation type Longitude Latitude Elevation/m Canopy density
NR Y1 ARIKE 111.2314°F 39.7358°N 1202 /

Y2 EEN /3 111.2345°F 39.7356°N 1191 /

Y3 ARIKE 111.2693°F 39.7763°N 1244 /

Y4 FI SRR 111.2790°E 39.8040°N 1220 /

Y5 ARIKE 111.3070°F 39.7868°N 1197 /
GR Y1 LG (Medicago sativa) 111.2520°F 39.7769°N 1296 /

Y2 ALETE 111.2690°E 39.7761°N 1241 /

Y3 JEAEENF (Stipa breviflora) 111.3088°E 39.8041°N 1247 /

Y4 AL 111.2866°F 39.7885°N 1286 /

Y5 EVIAEE 111.2869°F 39.7897°N 1285 /
SR Y1 I (Armeniaca sibirica) 111.2367°E 39.7930°N 1238 /

Y2 T 7 (Syringa oblata) 111.3029°E 39.7852°N 1227 /

Y3 LML (Amorpha fruticosa) 111.3040°E 39.7856°N 1213 /

Y4 NI 111.3135°E 39.8036°N 1271 /

Y5 NIIES 111.2812°E 39.8041°N 1239 /
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AR REARR A £33 S R TeARABIA BE
Modes Years Vegetation type Longitude Latitude Elevation/m Canopy density
TS ( Pinus tabulaeformis ) | & F # ( Pinus
PF Y1 sylvestris var. Mongolica ) . /N " # ( Populus 111.2504°E 39.7682°N 1251 0.5
simonii ) HT54% ( Populus alba f. pyramidalis)
Y2 MRS BETA NG e 111.2624°F 39.7737°N 1224 0.3
Y3 AL RETHY BT 111.2565°F 39.7767°N 1215 0.2
Y4 IE/AN - R NNANUR /I 2 7 111.2898°E 39.7920°N 1246 0.4
Y5 AL BT 111.2808°E 39.7981°N 1231 0.6
MF Y1 AL B IR A 111.2467°E 39.7853°N 1208 0.6
Y2 AL BT IR AE 111.2245°F 39.7398°N 1227 0.6
Y3 A IR S 111.2844°F 39.8042°N 1248 0.4
Y4 AN B IR AE 111.2843°F 39.8046°N 1245 0.4
Y5 AN B IR A 111.2835°E 39.7982°N 1263 0.7

NR: H #RJ%K % natural restoration ; GR : N T.H K & artificial grassland restoration ; SR : A T ARMYKSZ artificial shrubland restoration ; PF; A T.7%
KA E artificial pure forest restoration ; MF: A T4 IR A MK artificial mixed conifer-broadleaf forest restoration; “/” FE7nFEH P TCTT A Fif
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“agricolae” @S¢ W IT 25 70T (ANOVA ) (2 H LA LL MARER I Bl 4, AR IEIA5 B ggplot2” (528, 730t Z Hill
A IR ) IE AR RIS X6 AN R T 2 s A s A8 s A T 0 R e AT B IR S A

2 HRES

2.1 HE A FIPR A AR 52 AF BRI AT PR 7 4L b

BT ZIX I RS 2 T 89 Rl , 0 Jm 25 B, 62 J& . HLrp AR} 22 Bl ORARE 17 B, BB
13 i, 3 B G A WA BEU0 60% LA E (% 2) o ANEPRE BT B 5 AN AR BR v 47778 ] 7K 28 48 ek 4E
( Heteropappus altaicus) K& 5 ( Cleistogenes squarrosa) EARBRIRTEE [ (Astragalus melilotoides) . K% ( Stipa
grandis) JEALEN S (Stipa breviflora) FEZ4 B ( Cynanchum chinense) Ji) &% ( Setaria viridis ) fEILKE (Artemisia
giraldii) FIZEHE FE (Astragalus laxmannii) “F-5 ( Leymus chinensis) | % R (Artemisia capillaris) <755 ( Stipa
bungeana) AL 1E (Medicago sativa) , H L FHITJE T 2458 RABI G R, X RFLEEE SR 2R R4
BEORHS F AL, IrAREBATRE B R AR LR S AR R Y B P A AR B n 52 e s
080 R 1 BAEHE Y (PE12) AT A R AR 2 5 (7.90% ) R (6.30%) ARAEKE (5.40%)

#2 FARABEEXTRREEREDVH B FHANSHERE
Table 2 Compositional and quantitative characteristics of plant families, genera and species in different restoration years under different

restoration models

DLARN T Fl
RER KB AR B & Fp %ﬁ] Family, genus, species of dominant species
Modes  Years  Family  Genus  Species Niir o whe Wbl f Wb/ %
Family Proportion Genus Proportion  Species Proportion
NR Y1 7 11 12 203 1 14.29 3 27.27 3 25.00
Y2 5 9 10 196 3 60.00 4 44.44 5 50.00
Y3 4 9 12 93 3 75.00 4 44.44 4 33.33
Y4 7 10 13 98 3 42.86 3 30.00 4 30.77
Y5 4 6 6 60 3 75.00 4 66.67 4 66.67
GR Y1 8 15 16 118 2 25.00 2 13.33 2 12.50
Y2 10 18 24 134 | 10.00 3 16.67 4 16.67
Y3 4 9 10 138 1 25.00 1 11.11 1 10.00
Y4 5 8 8 187 2 40.00 3 37.50 3 37.50
Y5 5 7 8 135 2 40.00 2 28.57 2 25.00
SR Y1 6 13 364 2 33.33 3 33.33 3 23.08
Y2 4 10 13 395 3 75.00 4 40.00 4 30.77
Y3 4 6 7 443 3 75.00 4 66.67 4 57.14
Y4 8 17 22 401 2 25.00 2 11.76 2 9.09
Y5 3 8 8 345 3 100.00 6 75.00 6 75.00
PF Y1 5 17 22 71 2 40.00 2 11.76 2 9.09
Y2 9 28 38 136 0 0.00 0 0.00 0 0.00
Y3 6 16 23 175 2 33.33 2 12.50 2 8.70
Y4 7 21 29 166 1 14.29 1 4.76 1 3.45
Y5 6 18 20 61 2 33.33 2 11.11 2 10.00
MF Y1 4 11 12 196 3 75.00 4 36.36 4 33.33
Y2 3 10 15 176 3 100.00 4 40.00 4 26.67
Y3 4 11 13 176 2 50.00 3 27.27 3 23.08
Y4 5 10 14 161 1 20.00 1 10.00 3 21.43
Y5 4 9 10 120 2 50.00 2 22.22 2 20.00
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Fig.2 Vegetation importance values under different restoration modes for each restoration year in Heidaigou and Halwusu dumps

NR: H 2K 5 natural restoratinn;GR;}\TEﬂﬁ‘V)?/E artificial grassland restoration;SR;AT‘Eﬂ?%‘V)Z/E artificial shrubland restoration;PF;}\Tﬁj(
AiFRPK S artificial pure forest restoration ; MF . AT 5 MRS MAK E artificial mixed conifer-broadleaf forest restoration
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Fig.4 Similarity of plant communities under different restoration modes and different restoration years in the Heidaigou and Halwusu dumps
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Table 3 Godron stability of plant communities across restoration years under different restoration models in the Heidaigou and Halwusu dumps
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Modes Years Fitted curve curve distance
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