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Abstract: [Objective] Coal gangue dumps are commonly reclaimed through topsoil covering and artificial planting, yet
stable vegetation remains difficult to establish in some reclaimed areas. ldentifying the associated constraints is essential for

facilitating ecological restoration. [Method] Four coal gangue dumps reclaimed in 1990, 2005, 2012, and 2018 in Yangquan,

Shanxi Province, were investigated. Well-vegetated and revegetation-limited sites within each dump were sampled in pairs.
Topsoil physicochemical properties, structural stability, enzyme activities, bacterial abundance, and community composition
were analyzed. Response ratios, grouped Mantel tests, and partial least squares path modeling (PLS-PM) were used to

identify stable indicators and potential pathways of vegetation limitation. [Result]Sulfur accumulation and insufficient water

and nutrient supply were the most prominent characteristics of vegetation-limited topsoil. In the revegetation-limited sites of
the four reclamation years, total sulfur contents were 2.40, 3.63, 5.08, and 7.65 g-kg™, and sulfate sulfur contents were 337.2,
528.8, 863.7, and 1 947 mg-kg*, respectively. Bulk density in well-vegetated sites was significantly lower than that in
revegetation-limited sites across all four reclamation years, indicating higher structural stability. Enzyme activities and
bacterial alpha diversity showed unstable response directions, whereas 16S rRNA gene copy numbers were significantly
higher in well-vegetated sites than in revegetation-limited sites across all four reclamation years, indicating that bacterial
abundance showed a stable response to revegetation-status differentiation. Micrococcaceae was the dominant taxon in all
sites. Principal coordinates analysis (PCoA) and permutational multivariate analysis of variance (PERMANOVA) showed
significant differentiation in bacterial community structure. Bacterial Bray-Curtis dissimilarity was most strongly correlated
with sulfur-salinity constraints. Sulfur-salinity constraints had significant negative effects on water supply, nutrient supply,
structural stability, and bacterial response. The PLS-PM further revealed correlations among topsoil limiting factors.

[Conclusion] Sulfur-salinity accumulation, structural compaction, insufficient water and nutrient supply, and reduced

bacterial abundance jointly formed the topsoil barrier to revegetation establishment. Total sulfur, sulfate sulfur, bulk density,
and 16S rRNA gene copy number can serve as priority diagnostic indicators. These findings provide a scientific basis for
topsoil quality diagnosis and ecological restoration of coal gangue dumps.

Key words: Coal gangue dump; Mining ecological restoration; Reclamation; Topsoil; Bacterial community
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Table 1 Field background characteristics of paired sampling patches on coal gangue dumps with different reclamation years

e IR 1] WE BLERE  HEBIESE B isy/Eit]
= Vegetation status Aspect Slope Cover-soil \Vegetation Main plant species
Site ID angle thickness / cover / %
/- cm
R1990-L IR Limited %<7 Southeast 22 438 + 4.6 / MR, BiE. B, EIM
FEFEAR"
R1990-V LA Vegetated < Southeast 20 462 + 48 746 + 75 IR, D, . HER,

B AR R
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R2005-L Z IR Limited i South 18 441 + 5.2 / FRE., S, . B,
R B A
R2005-V  CLZAH Vegetated 7 South 17 456 + 45 689 £ 6.8 MREEK., T, HE. HAELL
FHI, SRR
R2012-L IR Limited 4 South 24 427 + 49 / MR, DR, ZRIEWE. W
B EIOME R REAS
R2012-V  CLZAH Vegetated 4 South 23 453 £ 51 648 £ 7.2 MREE., D, R, HELL
FHI, SRR
R2018-L 2R Limited 4 South 25 435 + 54 / MR, DR, ZRIEWE. W
ST R
R2018-V  CLZAH Vegetated 4 South 27 46.0 + 47 685 + 6.9 JIREH. TFE. FHE. HE,
EINALAE R, AT M0, SLAERIE 2"

(DSetaria viridis, Digitaria sanguinalis, Eleusine indica, Artemisia spp., and scattered shrubs, @Setaria viridis, Digitaria sanguinalis,
Eleusine indica, Bothriochloa ischaemum, Artemisia spp., Periploca sepium, and Ailanthus altissima, @) Setaria viridis, Digitaria
sanguinalis, Eleusine indica, Tripolium vulgare, Artemisia spp., and sparse shrubs, @Setaria viridism, Digitaria sanguinalis, Eleusine indica,
Bothriochloa ischaemum, Periploca sepium, Ailanthus altissima, and Artemisia spp., ®Setaria viridis, Digitaria sanguinalis, Peganum
multisectum, Tripolium vulgare, Artemisia spp., and scattered shrubs, ®Setaria viridis, Digitaria sanguinalis, Eleusine indica, Bothriochloa
ischaemum, Periploca sepium, Ailanthus altissima, and Artemisia spp., (DSetaria viridis, Digitaria sanguinalis, Peganum multisectum,
Tripolium vulgare, and scattered shrubs, ®Setaria viridis, Digitaria sanguinalis, Eleusine indica, Phragmites australis, Tagetes minuta,
Periploca sepium, Ailanthus altissima, and Artemisia spp.
12 BB UMEBUNE A
THERE (BD) KM ITNENE . HIEE/KE (SWC) RHBAENE . 3K SR
FRBIFENE , FRF EREFE RIE G R UGB AR LRI, BRI 2R R R A, AR 5
B AR AT 0.25 mm KEaEFIRA S E (WSA) AP EEEAE (MWD). 3% pH K AL
PE, FOKRELEN 1.5, G (EC) RAKIRR—H S RENE, /KR ENN 15, +
B4R (TND SRAIJGER X (vario PYRO cube, elementar, #E[E) 5, +34 (TP) 44
(TK) @il )G, ARSI CIEM e e BEE I E . AP (OMD R HAS IR EH 4
ke, AP (SOC) RIEA ML E% SOC = OM / 1.724 #4155, +3E4hx (TC)
RATCRMSIACTRBEENE . EIREAZ (NO;-N) FIEASZ (NH;-N) KA 2 mol-Lt KCI 1242
LI E o 134T 08 (AP SR H 0.5 mol-L't NaHCO3 (pH 8.5) 124 —H B4t Ll gl i , AU (AKD
KA 1 mol-Lt NHiOAC I — KA RN E . LIEAR (TS RHTHE AT RRENE, i
R A (SO%-S) RH/KIEAR—ES T B LN E .
1.3 HIEMEAFEENES 16S rRNA EE &7
135 5 DNA X H FastDNA™ Spin Kit for Soil $#2HL, 4 1% A5 kE &L LKk A1 NanoDrop One
(Thermo Fisher Scientific, SE[E) il seBert. WREEMAERE . 4ABFEELL 16S rRNA FE[A#% UKL
fiE, KM 338F/518R 5| ¥t 4T 92i 3% Y i & PCR (qPCR). gPCR 7£ Bio-Rad CFX96 Touch™{¥#%
(Bio-Rad, [E) #17, 20 uL & & +E 10 pL TB Green® Premix Ex Tag™ II (TaKaRa, HA). IE
S A 514 (10 pmol-L™ 1) %% 0.4 uL DNA #i4R 2.0 uL F1 K B84k 7.2 pL. ¥ I8FEF : 95 “C3 min;
40 MEFR, 35 95 ‘C15s. 53 ‘C30s M1 72 ‘C30s, ¥ M EHTIAMEIIZ M. LS BAsH B E
ki bR e 2R, R2>0.995, § AR 95% ~ 105%; AL E 3 MERES, 4 RIRE
A copies-gt(‘F 1),
YR REVE R ] 16S rRNA R385~ 7 73 B LA barcode %57 51909 18 H A5 f BL, PCR 7™
W4 L%IFEREREI BRI . <5 R R A APIRAML 5, A ALFA-SEQ DNA 3% i) % il &
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@, JHE Nlumina - & 1E47 PE250 XUl 7o SCHE Fr B BRI FE 43 7% I Qsep400 F1 Qubit 4.0
K. JRIEFHIZ4 fastp s, cutadapt Z:BR 51401 usearch-fastq_mergepairs ##:f5, £ QIIME2
(v2020.11.0) HRH DADA2 LI M ERHIEFF, HET SILVA B EGHATYIFERE, BEEERE
0.8,
1.4 HIEEGIEMENE A

FIEAREE G (URE) KA REYN- ARV L ikl e, DURZONIRY, 453 LA mg-(g-24 h)?!
(PLNHa-N i) For. H3h MEpEiRES (5 SCRIFRBEREE, NPA) I MERFBEIR 2K — 4N Eb (il e,
DA R AL, 455 0L mg-gl-(24 h)y1 R, THIERERIEETEYE (SUC) KM 3, 5-flR/KmRREL
tikilE, CUERENEY), 2530 mg-gt(24 h)y1E£R.
1.5 B/EFHITSEMEEEZSH

F—EREMGN, EHZRAS O R, M. FEE (Richness) & 16S
rRNA 3£ K3 TIECK ] Welch JOTFEA t 1656, BEVEAK TN P <0.05, ¥ P04, M.
PHER B 0 R JE IR AE R 1, R T SILVA B PRt AT A Be . o 2R LL Richness ZRALE
B ZFEMESZT Bray-Curtis P B 3E(T 3 AFR> M (PCOA), FKH B #:% 505 %58 (PERMANOVA)
IR E R 257 . KRB P (DCA) B HEF AR, MEEKE/NT 3.0 I RATTA
8T (RDA), 3 HTdl B BEIE 45 5 FEMIER TR R i DE B 7RI 0 B4 2 20, K
TRy EEMIRIERETE 4 4, AN RS T ERRICEE S, IS5 40E #E% Bray-Curtis P15 T
2RR (ManteD A5, B 999 Ko LIRS ARARTE EARRAS B 4 v vy me B 7 ) AR e M, 6
A — 42 B AR N AR B AR XS T 4B S BRFE R IR Y L log, VO, e VAT L 235 S 1 2 b
P R RT 0 Fon @A E, T 0 RoREHEZ IRFEH R ;4L 2 775K A Welch
ST FEA t K596 . [N pH AR BUR L, A2 500 8 H 5. SR IR R M e /s — TR iR 42 5 8L (Partial least
squares path modeling, PLS-PM) f#ffrk LIREE L0 S5 A LS e 2. BRI E 5 MEL &
Bl 2R i TS F1 SO3-S RAE; K374 e SWC. TN. NO;-N. NH;-N. SOC. AP fl AK %
fE; ZEtgfase M dbrrErL 5 19 BD. WSA Fl MWD £AE: FEiE T URE. NPA fil SUC £AE: 4
Wi B H |g %46 J5 1) 16S rRNA JE K #% DUECRAE . #5420 25 PR H bootstrap #5536 . 4748 7 % b3
TR Z eV HEF OB G AT 7E R(OV3.5. D 58, 2 EHH vegan 35 ARG 7E R(v3.5.1)
HRSERK, BB EFE R Origin 2021 234l

2 4 R

2.1 CEEHSZREFRTIMEEFRFSHFE

* 2 R, CEEAE LB RAEIRKS SEEFZM. B R1990 Feitish, HARE BREA
H R-V [ SWC 8 3 = T 5%F M. R-L, 2005, 2012 12018 #3431 i 168.0 g-kg~t F+ %= 198.5 g-kg ™.
141.1 g-kg* F+ & 218.7 g-kg L 1 96.0 g-kg* FF & 192.3 g-kgL. TN F1 NO;-N 7E U2 B4R th 3%
ARV BEET R-L. AK SAAM2IAHEEES, 1 OM. SOC 1 TC [T 3% W, T R1990 F
R2012 #EHh. SR RTIAHXS R, A1) & S 32 B AR B 8t PR AR . DU B AR, R-L
1 TS 4374 2.40. 3.63. 5.08 #11 7.65 g-kg?, SO3;-S 73 %I2h 337.2. 528.8. 863.7 £ 1947 mg-kg*,
PR TN RV, Bh4h, pH. TP AL EC AR AR —B,  JOFE @ RS 1487~ 55
TG BERKRA . BAENE, RV RIAKEE. B RIGRMmIEmss, R-L W2
TR I3 AS R SR ZE 3 v A7 R R LA BERRAIE
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R 2 FEIEEFHHALSREMNSZIRFEMR T IMNGEF &I SHHE

Table 2 Topsoil environmental factors and nutrient characteristics of well-vegetated and revegetation-limited sites on coal gangue dumps

with different reclamation years

8 REN o
FEh 2R SWC/ TN/ oM/ TP/ TK/ EC/ NO;-N/
Reclamation ) pH
ear Site type (9-kg™d) (9kg™) (9-kg™) (9kg™) (9kg™) (mS-cm™)  (mg-kg™)
R1990 ZRR® 8.51+0.09a 116.9+12.3a 1.67+0.13b  96.77+6.19b  0.34+0.01b  9.83+0.35b  0.39+0.03a  19.11+1.35b
CEE® 8.36+0.11a  116.5+3.0a 5.71+0.55a 278.4+14.27a 0.41+0.0la  16.59+0.47a  0.33+0.02b  49.79 +4.51a
R2005 ZIRC 6.74+0.02a  168.0+4.0b  1.38+0.19b 54.06+14.30a 0.30+0.0lb  15.90+2.00a  0.32+0.04a  11.65+1.91b
L 7.44+0.44a  1985+57a  2.26x0.23a  53.14+5.04a  0.33+0.02a  16.91+0.22a  0.26+0.03a  21.35+2.89a
R2012 ZRRY 7.28+0.01b  141.14+3.8b  0.39+0.12b  6.10£0.54b  0.39+0.0la  17.36+0.81a  0.22+0.02a  3.30 +0.50b
CL 8.54+0.30a 218.7+3.1a  0.92+0.03a  17.42+0.62a  0.35+0.01b  18.36+0.73a  0.22+0.03a  7.49 +0.84a
R2018 ZIRC 5.05+0.34b  96.0+2.9b  0.19+0.05b  7.76+1.46a  0.32+0.0la  17.19+1.29a  0.99+0.08a  1.88 +0.40b
L 8.57+0.10a 192.3+12.4a 0.32+0.05a  5.36+0.88a  0.28+0.02b  17.67+0.42a  0.42+0.04b  4.36 +0.55a
HREH ;
FEh 283 NH; -N/ soc/ TC/ AP/ AK/ TS/ SO:-S/
Reclamation )
year Site type (mg-kg™) (9-kg™) (9kg™) (mg-kg™) (mg-kg™) (9kg™) (mg-kg™)
R1990 ZRRY 4.54+0.27b 56.13+3.59b 72.47+3.93b 17.63+1.02b 152.1+5.77b 2.40+0.48a 337.2+62.80a
CL A 10.02+1.22a 161.5+8.28a 186.5+9.18a 33.55+2.53a 235.8+6.81a 0.91+0.25b 128.1+38.66b
R2005 ZRRY 3.27+0.45b 31.36+8.30a 34.17+8.58a 8.92+2.06a 211.4+11.70a 3.63%0.73a 528.8+112.7a
cLE® 5.13+0.74a 30.82+2.93a 35.00+2.88a 12.78+1.33a 229.4%2.65a 1.67+0.43b 233.9+72.31b
R2012 ZRRY 1.49+0.12b 3.54+0.31b 6.13+0.42b 3.93+0.80b 182.5+6.30b 5.08+0.75a 863.7+122.3a
(e = 2.21+0.21a 10.10+0.35a 18.43+0.50a 7.88+0.26a 214.9+6.30a 2.17+0.58b 310.5+95.30b
R2018 2R 5.54+0.66a 4.50+0.85a 4.83+0.90b 3.88+0.68a 156.3+7.26b 7.65+1.15a 1947+339.4a
CL 1.98+0.15b 3.11+0.50a 11.10+0.53a 3.97+0.23a 180.8+4.10a 2.87+0.95b 473.8+188.3b

TE: SWC, hIEfki: TN, &% OM, AWFUR: TP, 4Bk TK, £4; EC, HIFZHE; NO-N, MA%E: NHI-N, &% SOC,
AN TC, & AP, AR AK, SEXGH; TS, MBN; SO-S, BMGEGN. MAEFET 3 MIEE, SRIORNIME + bk
7% (mean £SD). [A—5HBEMN, RIS SR 2 TR H Welch JSIAEA t 156 [l —H4sF — 0 WA /NS FREORE T &
# (P<0.05), MAFHFERERAEE. R1990 0L BEHM . T . Note: SWC, soil water content; TN, total nitrogen; OM, organic matter;

TP, total phosphorus; TK, total potassium; EC, electrical conductivity; NO;-N, nitrate nitrogen; NH;-N, ammonium nitrogen; SOC, soil organic carbon;

TC, total carbon; AP, available phosphorus; AK, available potassium; TS, total sulfur; SOi’—S, sulfate sulfur. All variables were based on three

independent replicates and are expressed as mean =+ standard deviation (mean * SD). Differences between revegetation-limited and well-vegetated
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sites within the same reclamation year were tested using Welch’s independent-samples t-test. Different lowercase letters indicate significant

differences within the same variable and reclamation year (P < 0.05), whereas the same letter indicates no significant difference. R1990 and similar
labels indicate reclamation years. The same below. (DLimited, @Vegetated.
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below.
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Fig. 1 Differences in topsoil structural stability and enzyme activities between well-vegetated and revegetation-limited sites on coal
gangue dumps with different reclamation years
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Fig. 2 Differences in bacterial community composition, alpha diversity, and abundance between well-vegetated and revegetation-limited
sites on coal gangue dumps with different reclamation years
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represents the magnitude of Mantel’s r, and line color indicates the significance level.
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Fig. 3 Redundancy analysis (RDA) ordination (a) and grouped Mantel analysis (b) of the relationships between topsoil environmental

factors and bacterial community structure
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Fig. 4 Multi-indicator response patterns and potential pathways of topsoil under vegetation status transition
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