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Abstract
This study investigated the soil physicochemical properties and vegetation community characteristics of the Baotou light 
rare earth tailings pond after 10 years of aggregate spray seeding ecological restoration (S1) and ordinary soil spray seeding 
ecological restoration (S2), and the naturally restored dam slope area without human intervention (S3). The results showed 
that the vegetation community of S1 was dominated by Caragana korshinskii Kom, and its importance and abundance values 
were 0.40 and 38.4, respectively, while the vegetation communities of S2 and S3 mainly comprised herbaceous plants. Addi-
tionally, the vegetation biomass of S1 was significantly higher than that of S2 and S3 by 215.20% and 1345.76%, respectively, 
and the vegetation diversity index of S1 was the highest among the three treatment groups. The soil porosity (SP), water 
content (W), electrical conductivity (EC), and available K were significantly improved in S1, while soil bulk density (BD) 
was significantly reduced compared with that of S2 and S3. In addition, redundancy analysis revealed that SP, EC, W, and K 
positively correlate with the biomass, Shannon, Pielou, Simpson, and Marglef indices. Principal component analysis further 
showed that the comprehensive score of S1 (0.983) was higher than that of S2 (− 0.261) and S3 (− 0.648). Collectively, these 
findings indicate that appropriate ecological restoration can improve soil structure and vegetation community characteristics, 
thereby accelerating vegetation restoration, ultimately increasing the stability of the ecosystem.

Keywords  Ecological restoration · Plant population and community dynamics · Vegetation diversity · Plant–soil 
interactions · Tailings pond · Spray seeding

Abbreviations
SOM	� Soil organic matter
TN	� Total nitrogen
TP	� Total phosphorus
TK	� Total potassium
SP	� Soil porosity
EC	� Electrical conductivity
IV	� Important value
W	� Soil water content

BD	� Soil bulk density
N	� Available nitrogen
P	� Available phosphorus
K	� Available potassium
UBio	� Aboveground biomass
Bio	� Total biomass

Introduction

Although the rapid development of the mining industry has 
promoted global economic development, it has also caused 
considerable damage to the ecological environment (Dutta 
et al. 2016; Prosdocimi et al. 2016; Vaezi et al. 2017), par-
ticularly to soil environment (Lee et al. 2001; Pourret et al. 
2016). Despite increasing efforts toward the environmen-
tal management of mines and ecological restoration have 
increased (Neldner and Ngugi 2017; Ahirwal and Maiti 
2018), tailings ponds continue to present environmental and 

Responsible Editor: Kitae Baek

 *	 Jun Pan 
	 1245215648@qq.com

1	 College of Environmental and Municipal Engineering, 
Shenyang Jianzhu University, Shenyang 110168, 
People’s Republic of China

2	 Greesum Ecologi Co., Ltd., Qingdao 266100, 
People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-024-32295-0&domain=pdf


19726	 Environmental Science and Pollution Research (2024) 31:19725–19737

ecological safety issues, such as desertification, soil erosion, 
biomass and diversity loss, and surface soil and groundwater 
contamination with heavy metals (Chen 2010; Dutta et al. 
2016; Prosdocimi et al. 2016; Tang et al. 2000; Vaezi et al. 
2017). As a large mining nation with an annual tailings pro-
duction of more than 600 million tons, China has more than 
15,000 tailings ponds comprising more than 20 billion tons 
(Wang 2019). Hence, an urgent need exists for improved 
ecological restoration of tailings ponds.

The Baotou light rare earth tailings pond serves as the 
primary reservoir for storing mining and smelting wastes 
from the China Baotou Steel Group (Xiao et al. 2012; Liu 
et al. 2019). However, the dam body was dammed with tail-
ings fines, while the inner and outer surfaces of the dam 
body were covered with mineral fines without implementing 
dust suppression measures. In addition, the overall particle 
size of tailing fines is relatively small, and the proportion 
of particles with particle sizes less than 0.5 mm is 96.24% 
(Pan 2010). Under the arid, rainless, and windy climatic 
conditions, it is easy to cause dust pollution (Nordstrom 
2011; Nordstrom et al. 2015; Ivarez et al. 2022) (Supple-
mentary Fig. 1), while the mineral fines adhere to the sur-
face of plants. Moreover, the surface temperature of mineral 
fines can reach 50 °C under sunlight exposure, increasing 
the risk of plants becoming burnt or dying. Additionally, 
the bare mineral fines lack the nutrients required for plant 
growth (Shen et al. 2014; Wang et al. 2018) and contains 
many harmful heavy metals, including Cd, Pb, and Zn (con-
centrations exceeding 85.71%, 57.14%, and 50.00% of the 
soil specification limits, respectively) (Li et al. 2019). The 
heavy metal elements in the mineral fines also become sus-
pended in the air or seep into groundwater with surface run-
off after settlement, leading to high heavy metal content in 
the air and groundwater. This poses a risk to humans health, 
and individuals living near tailings ponds are susceptible to 
osteoporosis, hemiplegia and cancer (Chen 2007). Hence, 
adopting advanced ecological restoration methods is the key 
to controlling the ecological and environmental pollution 
caused by the Baotou light rare earth tailings pond.

Spray seeding is an important means in the field of eco-
logical restoration, which make use of the self-recovery abil-
ity of the ecosystem, and is supplemented by artificial meas-
ures to gradually restore the original function and structure 
of the damaged ecosystem, thus being able to self-maintain 
positive succession and ecological balance. Up to now, the 
spray seeding methods that have been widely used mainly 
include soil spraying, vegetated concrete spray seeding, 
hydraulic spray seeding, and aggregate spray-seeding (Li 
et al. 2018; Wang et al. 2023). However, the effects of dif-
ferent spraying methods on soil and vegetation diversity of 
tailings pond are rarely reported, especially the long-term 
studies on different ecological restoration methods at the 
same site.

Therefore, in the current study, we assessed the effects 
of particle spraying, soil spraying, and natural restoration 
without artificial intervention on the soil’s physical and 
chemical properties and vegetation community characteris-
tics of the Baotou light rare earth tailings pond. Moreover, 
we calculated the comprehensive recovery score to provide 
a scientific basis for tailings management and ecological 
restoration.

Materials and methods

Overview of the study area

The Baotou light rare earth tailings pond is located at the 
confluence of the front of the alluvial-diluvial fan of the 
Hadmen Gully and the Kundurun River in Baotou City, 
Inner Mongolia Autonomous Region, China (109°41′E, 
40°38′N) (Fig. 1). The local climate is characterized by long 
winters and short summers. The lowest average tempera-
ture in January is − 12.3 °C, and the average temperature 
in summer is 22.8 °C. The average annual precipitation is 
308.9 mm, primarily concentrated from July to September, 
and the annual evaporation is 3242 mm (~ 10.5 times the 
precipitation).

The tailings pond is located in the transition zone 
between the temperate steppe and desert; the zonal wild 
plants surrounding the pond primarily include Composi-
tae, Gramineae, Leguminous, and Chenopodiaceae, with a 
few shrubs. Before ecological restoration, the slope of the 
tailings pond had very little vegetation cover, including a 
few plants, such as Caragana korshinskii Kom., Hippophae 
rhamnoides L., Ziziphus jujuba Mill., Ulmus pumila L., and 
Populus L.

Ecological restoration overview in the study area

In this study, three different ecological restoration methods 
were performed in three sites, as follows.

The S1 site was located on the east side of the Baotou 
light rare earth tailings pond, with a slope length of 52.1 m 
and a slope of 23.6°. The vegetation restoration method 
“aggregate spray-seeding” was used, and the soil prepara-
tion was carried out using relevant proprietary equipment 
from Greesum Ecologi Co., Ltd. First, clay, organic mate-
rial, plant fiber, and stabilizer were added to the spray 
seeding machine at a volume ratio of 4:2:4:0.01, and then 
added fertilizer, plant seeds, and an appropriate amount 
of water were added and stirred evenly for 6–12 min. The 
plant seeds included Lespedeza daurica (Laxm.) Schindl., 
Amorpha fruticosa Linn., Hippophae rhamnoides Linn., C. 
korshinskii., Caragana microphylla Lam., Nitraria sibir-
ica Pall., and Haloxylon ammodendron, and the amount of 
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spray plant seeds used was ≥ 30 g·m−2. The fertilizer was a 
mixture of nitrogen, phosphorus, and potassium (N: P2O5: 
K2O content ratio of 15%:15%:15%), and the amount of 
fertilizer used was ≥ 10 g·m−2. Meanwhile, an appropriate 
amount of water was injected into another container of the 
spray seeding machine (15–30 °C), to which polisoil (poly-
acrylamide) was added and stirred evenly for 10–15 min. 
The two materials were mixed thoroughly with the nozzle 
to allow the pellet reaction to occurs. When the sprayed 
substrate covered the surface, the water and soil separated, 
and excess water was expelled. The thickness of the soil 
matrix sprayed was 5–7 cm.

The S2 site was located on the southern side of the 
Baotou light rare earth tailings pond, with a slope length 
of 99.2 m, sloping toward the south, and a slope of 18.5°. 
Using the “ordinary soil spraying” vegetation restoration 
method from Baotou Iron and Steel Group Greening Co., 
LTD., the clay, organic material, plant fiber, fertilizer, and 
seeds were mixed in the S1 treatment ratio and sprayed 
on the surface of the tailings dam after stirring. The seed 
configuration, seed dosage, and fertilizer addition amount 
were the same as those of S1. The difference between S2 
and S1 is that S2 does not react with the stabilizer and 
polisoil when sprayed.

S3 was located on the west side of the Baotou light rare 
earth tailings pond, with a slope length of 95.3 m, sloping 
toward the west, and a slope of 14.6°. This was a naturally 
restored area without manual intervention and served as 
the control site. The S3 treatment differs from S1 and S2 
as it is a natural recovery method that does not require 
human intervention.

Survey sample site setting and sample collection

The Baotou Steel rare earth tailings pond was repaired in 
July 2011. One month after ecological restoration (August 
2011), four quadrates were randomly selected and marked 
in each ecological restoration area, and soil samples 
were collected using the five-point sampling method and 
brought back to the laboratory for analysis. The results are 
shown in Supplementary Table 1. One year after ecologi-
cal restoration (July 2012), five 2 m × 2 m shrub sampling 
points were selected from the four quadrates marked in 
each ecological restoration area using the five-point sam-
pling method, and 1 m × 1 m herb sampling points were 
randomly selected from each 2 m × 2 m shrub sampling 
point to calculate the plant emergence rate. The results 
are shown in Supplementary Table 2. After 10 years of 
ecological restoration (September 2021), soil and plant 
samples were collected from each sample sites. The type 
and number of vegetation species, length, width, height, 
and coverage of each plant in each quadrat were measured. 
The stones on the soil surface were removed, and using 
the ring knife collected samples, soil BD was determined, 
soil W was determined using the drying method (Gradwell 
1972), and SP was calculated using soil BD and specific 
gravity. All the plant samples in the set sample site were 
weighed and brought back to the laboratory for air dry-
ing, and the vegetation biomass was measured using the 
quadrat harvest-dry weight method.

Fig. 1   Overview of the research 
area of the Baotou light rare 
earth tailings pond
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Measured parameters

After drying and sieving the soil samples, the physico-
chemical properties were analyzed. Total N (TN) was 
determined using the Kjeldahl method (NKY6120) 
(Bremner and Mulvaney 1982), pH and electrical con-
ductivity (EC) were determined using the potentiomet-
ric method (PHBJ-261L) (Tavakoli et al. 2018), and soil 
organic matter (SOM) was determined using the potassium 
dichromate hydration heating method (DXY-2H) (Nelson 
and Sommers 1982). Total K (TK) was determined via 
flame atomic spectrophotometry (UV-9000S) (Bao 2000), 
total P (TP) was determined via (NH4)2M0O4 spectropho-
tometry (Olsen and Sommers 1982), N was determined 
using the alkaline diffusion method (Stanford 1982), P 
was extracted using 0.5 mol·L−1 NaHCO3 and quantified 
through spectrophotometry (UV-9000S) (Homer and Pratt 
1962), and K was determined using CH3COONH4-flame 
atomic absorption spectrophotometry (UV-9000S) (Bower 
et al. 1952).

The importance value index represents the status and 
role of plant species in the community; the dominant 
species exhibit control over the community structure 
and formation of the community environment (Yin et al. 
2022). The importance values were calculated using 
Eq. (1):

Plant communities in the Baotou light rare earth tail-
ings pond were dominated by herbs and shrubs. Relative 
coverage, relative abundance, and relative frequency were 
selected as evaluation indices to calculate the importance 
values (Han et al. 2020) using Eqs. (2)-(5):

Margalef richness index Dm (Margalef 1958):

Simpson advantage index D (Greenberg 1956):

Shannon–Wiener diversity index H (Magurran 1988):

Pielou uniformity index J (Pielou 1975):

(1)

Importance value(IV) =
(

relative cover + relative multiple degrees

+ relative frequency
)

∕3

(2)D
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,
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∑ n
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(
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− 1

)
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,

(4)H = −
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l
n
P
i
,

(5)J =
H

lnN
,

where S is the number of species, N is the sum of the indi-
viduals of all species, ni is the number of individuals in the 
ith species, P is the proportion of individuals in the ith spe-
cies, and H is the Shannon–Wiener diversity index.

The remote sensing image was generated using the global 
land cover data from the Sentinel-1 and Sentinel-2 Earth 
observation satellites of the European Aeronautics Agency 
(ESA) at a resolution of 10 m, taken in 2020. Land use 
data can be divided into 11 categories, namely, forest land, 
shrubs, grasslands, cultivated land, buildings, deserts, snow, 
ice, water bodies, wetlands, mangroves, moss, and lichens. 
After verification, the data accuracy reached 74.4%. Data 
statistical analysis and visualization were performed using 
the PIE Engine Explore Tool of the PIE Engine Studio plat-
form (https://​engine.​piesat.​cn/​engine-​studio/).

Statistical analysis

Data processing, statistical analysis, and sorting were per-
formed using Microsoft Excel 2010. The vegetation char-
acteristics and the soil physicochemical properties were 
analyzed using one-way analysis of variance (ANOVA) and 
significance tests, performed using the SPSS Statistics 23 
(IBM, Armonk, NY, USA). Bar graphs were generated using 
the Origin 2023 (OriginLab, Northampton, MA, USA). 
Redundancy analysis (RDA) analysis was performed using 
the R language (version 3.6.3) and the “vegan” package (ver-
sion 2.5–7).

Results

Vegetation biomass and diversity

The two ecological restoration methods in S1 and S2 sig-
nificantly increased the ground vegetation biomass (Fig. 2) 
after 10 years of ecological restoration and, thus, increased 
the total biomass (Bio) of the restoration area. The above-
ground biomass (UBio) of S1 was significantly higher than 
that of S2 and S3 by 202.96% and 1338.51%, respectively, 
and the aboveground biomass was significantly higher by 
260.13% and 1378.66%, respectively. The biomass of S1 
reached 158.42 kg·m−2, which was significantly higher than 
that of S2 and S3 by 215.20% and 1345.76%, respectively.

The Simpson and Shannon–Wiener indices of all three 
sites showed the same change trend in all quadrats; the over-
all performance was S1 > S3 > S2 (Fig. 3). The Margalef 
index was in the order S1 > S2 > S3, with S1 exhibiting sig-
nificantly higher values than did S2 and S3 (p < 0.05). Nota-
bly, the Simpson, Shannon–Wiener, and Pielou indices of 
S2 were all lower than those of S3. Therefore, according to 

https://engine.piesat.cn/engine-studio/
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these indices, the S2 community formed through ecological 
restoration was the least stable.

Vegetation communities

Significant differences were observed in the plant commu-
nity composition among S1, S2, and S3 (Table 1; Table 2; 
Fig. 4). The two species with the highest shrub impor-
tance value in S1 were Caragana korshinskii Kom (0.40) 
and Caragana microphylla Lam (0.25), and their corre-
sponding species abundances were 38 and 35, respectively. 
In S2, although the importance values of C. korshinskii 
and C. microphylla were 0.34 and 0.43, respectively, 
their abundances were only 3 and 4, respectively. The 

frequency of C. korshinskii and C. microphylla reached 
1.0 and 0.8, respectively, in S1 and decreased to 0.4 and 
0.8, respectively, in S2, while no shrubs were found in 
S3. In terms of herbs, Setaria viridis (L.) P. Beauv had 
the highest importance value in S1 and S3, reaching 0.32 
and 0.49, respectively, while Artemisia argyi H. Lév. and 
Vaniot had an evident advantage in S2, with its importance 
value reaching 0.43. In general, the different ecological 
restoration methods resulted in different vegetation com-
munity structures; particularly, S1 was covered by a large 
amount of C. korshinskii and C. microphylla, whereas S2 
was covered by tall herbs, including Artemisia argyi, and 
S3 was only covered by Setaria viridis (L.) P. Beauv and 
Salsola collina Pall.

Soil physical and chemical properties

The result showed that W, SP, EC, SOM, and K con-
tent exhibited a significant gradient: S1 > S2 > S3. The 
BD and P of S1 were significantly reduced compared to 
those of S3, and there were no differences in pH, TK, 
or N (Table 3). Compared with those in S2 and S3, the 
SP in S1 increased significantly by 11.03% and 13.07%, 
respectively, and W increased significantly by 54.67% and 
114.97% (p < 0.05), respectively. The EC of S1 was sig-
nificantly higher by 35.93% and 119.58% than that of S2 
and S3, respectively, while the BD of S1 was significantly 
lower by 6.38% and 9.93% than that of S2 and S3, respec-
tively. In terms of soil chemistry, the SOM of S1 was sig-
nificantly increased by 5.19% and 11.51% compared to that 
of S2 and S3, respectively, and K increased by 22.39% and 
16.46%, respectively. In addition, there was no significant 
difference in TN between S1 and S3, and they were sig-
nificantly lower than S2. Thus, the physicochemical prop-
erties of the soil after aggregate spray-seeding ecological 
restoration are optimal for plant growth.

Fig. 2   Vegetation biomass under different ecological restoration 
methods of tailings ponds. S1: aggregate spray-seeding, S2: ordinary 
guest soil spraying, S3: naturally restored dam body slope area with-
out manual intervention. Different lowercase letters indicate signifi-
cant differences in aboveground plant biomass under different ecolog-
ical restoration treatments (p < 0.05)

Fig. 3   Differences in vegetation 
diversity under different eco-
logical restoration treatments 
of tailings ponds. S1: aggregate 
spray-seeding, S2: ordinary 
guest soil spraying, S3: natu-
rally restored dam body slope 
area without manual interven-
tion. Different lowercase letters 
indicate significant differences 
in vegetation diversity under 
different ecological restoration 
methods (p < 0.05)
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Correlation between soil physicochemical 
properties and vegetation diversity index

The contribution of the first RDA axis accounted for 
85.49%, that of the second axis accounted for 14.02%, 
and the cumulative variance contribution of the first two 
axes accounted for 99.51% (Fig. 5). Factors such as BD, 
W, N, and K were distributed along the first axis, whereas 
TN, TK, TP, and P were distributed along the second axis. 
The first two axes of the RDA reflected the comprehensive 
influence of multiple environmental factors. The first axis 
of the RDA primarily reflected changes in plant commu-
nity diversity along the gradient of soil physical indices. 
The second-order axis of the RDA generally reflected 
changes in the plant community distribution pattern in the 
soil nutrient gradient.

Redundancy analysis showed that SP and W were pos-
itively correlated with aboveground biomass and total 
vegetation biomass, as well as the Shannon, Pielou, and 
Simpson indices, whereas BD was negatively correlated 
with the aboveground biomass, total vegetation biomass, 
Shannon, Pielou, and Simpson indices. Moreover, BD, 
W, and SP were the main factors affecting plant com-
munity characteristics. SOM, N, and K were positively 
correlated with plant biomass and diversity, whereas P 
was negatively correlated with the aboveground biomass, 
total vegetation biomass and Margalef indices, and TP 
was positively correlated with the aboveground biomass, 
total vegetation biomass, and Margalef indices. In addi-
tion, TN and TK were not significantly correlated with 
vegetation biomass.

Comprehensive scores of the ecological restoration 
methods

The principal component analysis revealed that among the 
first three principal components (Table 4), F1, F2, and F3 
explained 56.95%, 25.36%, and 6.90% of the total varia-
tion, respectively, accounting for 89.21% of the variation. 
Combined with the coefficient score matrix of the two 
principal components, the extracted principal compo-
nents were calculated to obtain the comprehensive score, 
F (Eq. (6)):

The comprehensive scores of the principal component 
analysis for the different ecological restorations were 
ranked S1 > S2 > S3. Moreover, S1 (0.983) had the high-
est scores for soil physicochemical properties and plant 
community diversity and the best restoration effect, fol-
lowed by S2 (− 0.261). The F value of S3 was the lowest.

(6)
F = (56.95% × F1 + 25.36% × F2 + 6.90% × F3)∕100%
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Table 2   Plant species importance values under different ecological restoration methods of tailings ponds

S1: aggregate spray-seeding, S2: ordinary guest soil spraying, S3: naturally restored dam body slope area without manual intervention

Sample plot Classification Species Relative 
abundance

Relative 
frequency

Relative Impor-
tance 
value

S1 Shrub Caragana korshinskii Kom 0.41 0.33 0.47 0.40
Caragana microphylla Lam 0.38 0.27 0.11 0.25
Corethrodendron scoparium Fisch. et Basiner 0.08 0.13 0.04 0.08
Lespedeza daurica (Laxm.) Schindl 0.09 0.20 0.20 0.16
Tamarix chinensis Lour 0.05 0.07 0.02 0.05

Herb Artemisia caruifolia Buch-Ham. ex Roxb 0.07 0.14 0.03 0.08
Artemisia argyi H. Lév. & Vaniot 0.05 0.21 0.03 0.10
Solanum nigrum L 0.06 0.14 0.04 0.08
Setaria viridis (L.) P. Beauv 0.59 0.36 0.02 0.32
Asparagus cochinchinensis (Lour.) Merr 0.23 0.14 0.02 0.13

S2 Shrub Caragana korshinskii Kom 0.43 0.33 0.27 0.34
Caragana microphylla Lam 0.57 0.67 0.06 0.43

Herb Artemisia caruifolia Buch-Ham. ex Roxb 0.03 0.15 0.02 0.07
Artemisia argyi H. Lév. & Vaniot 0.89 0.38 0.02 0.43
Setaria viridis (L.) P. Beauv 0.06 0.15 0.01 0.08
Solanum nigrum L 0.01 0.31 0.01 0.11

S3 Herb Salsola collina Pall 0.21 0.38 0.40 0.33
Setaria viridis (L.) P. Beauv 0.69 0.38 0.40 0.49
Cuscuta chinensis Lam 0.10 0.23 0.20 0.18

Fig. 4   Remote sensing of vegetation. In the 2020 remote sensing map, green represents woody plants, yellow represents herbs, red represents 
buildings or roads, gray represents desert (mineral fines), and blue represents water body
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Discussion

Vegetation biomass and diversity

As an important component of the ecosystem, the plant 
community is the primary target for the ecological resto-
ration of tailings ponds (Shan et al. 2019). In the present 
study, the aboveground and underground biomasses of 
the restored site were significantly increased by the two 
ecological restoration methods compared with that of the 
naturally restored dam slope area after 10 years (Fig. 2). 
Moreover, the S1 exhibited the highest plant biomasses 
and diversity indices (Figs.  2 and 3), and a superior 
restoration effect. Indeed, the aggregate spray-seeding 
method used to treat the S1 site significantly improved 
the diversity of the vegetation community and resulted 
in high community stability. This may be due to the 
artificial soil formed as a result of the spraying method, 
covering the surface of the mineral fines. Artificial soil 
provides appropriate soil physical properties for plant 
growth (Supplementary Table 1), effectively prevents 
the toxic effects of mineral fines heavy metals, alleviates 
wind erosion, increases the survival rate of plants (Cec-
con et al. 2003; Davidson et al. 2004), and significantly 
increases the biomass and diversity of vegetation. Indeed, 
the physical and chemical properties of soil substrates 
markedly influence the succession of plant communities 
during ecological restoration (Stuble et al. 2017; Pow-
ers and Marín-Spiotta 2017). The woody plants primarily 

included C. korshinskii, which prolifically propagated in 
S1 to become the dominant species after 10 years of eco-
logical restoration, generating a large biomass. In con-
trast, the S2 site contained a few woody plants and many 
herbs, while S3 was devoid of woody plants, resulting in 
relatively low biomass in S2 and S3. This result was also 
confirmed by the 2020 remote sensing data (Fig. 4). Col-
lectively, these findings indicate that different ecological 
restoration methods have unique effects on vegetation 
biomass and diversity, which impacts the direction of the 
plant ecological succession (Supplementary Fig. 2).

Vegetation community characteristics

After 10 years, S1 and S2 formed different community struc-
tures under the same seed bank conditions. This indicates 
that ecological restoration measures have important effects 
on the formation of plant community structures in tailings 
ponds as the artificial soil covers the surface of mineral fines, 
blocking the toxic effect of heavy metals on plant seeds. 
Artificial soil adhesion and erosion resistance occurring due 
to spraying can effectively prevent soil erosion, retain more 
seeds and nutrients (Huang et al. 2018; Ai et al. 2021), pro-
vide better site conditions for plant growth, and form differ-
ent plant communities (Siddique et al. 2010; Campanharo 
et al. 2020).

Table 3   Physical and chemical properties of soil under different eco-
logical restoration methods of tailings ponds

S1: aggregate spray-seeding, S2: ordinary soil spraying, S3: naturally 
restored dam body slope area without manual intervention, W water 
content, BD soil bulk density, SP soil porosity, EC soil electric con-
ductivity, SOM soil organic matter, TN total nitrogen, TP total phos-
phorus, TK total potassium, N available nitrogen, P: available phos-
phorus, K available potassium

Index S1 S2 S3

W (%) 7.61 ± 0.42 a 4.92 ± 0.65 b 3.54 ± 0.33 c
BD (g·kg−1) 1.41 ± 0.05 b 1.50 ± 0.05 a 1.55 ± 0.04 a
SP (%) 46.79 ± 0.02 a 43.39 ± 0.03 b 41.38 ± 0.01 c
EC (μs/cm) 460.3 ± 71.34 a 338.63 ± 32.22 b 209.63 ± 90.91 c
SOM (g·kg−1) 23.73 ± 0.20 a 22.56 ± 0.48 b 21.28 ± 0.54 c
TN (g·kg−1) 0.30 ± 0.03 b 0.40 ± 0.08 a 0.28 ± 0.04 b
TP (g·kg−1) 0.68 ± 0.04 a 0.70 ± 0.04 a 0.58 ± 0.04 b
TK (g·kg−1) 3.02 ± 0.18 a 4.61 ± 1.70 a 3.14 ± 0.27 a
N (g·kg−1) 14.29 ± 0.07 a 14.25 ± 0.02 a 14.25 ± 0.02 a
P (g·kg−1) 85.05 ± 7.64 b 85.50 ± 3.34 b 109.70 ± 12.01 a
K (g·kg−1) 73.36 ± 3.39 a 59.94 ± 3.86 b 62.99 ± 2.50 c
pH 7.62 ± 0.11a 7.43 ± 0.09 a 7.67 ± 0.14 a

Fig. 5   Analysis of plant diversity and redundancy of environmental 
factors in the ecological restoration of tailings ponds. S1: aggregate 
spray-seeding, S2: ordinary guest soil spraying, S3: naturally restored 
dam body slope area without manual intervention, W, water content; 
BD, soil bulk density; SP, soil porosity; EC, soil electric conductiv-
ity; TN, total nitrogen; TP, total phosphorus; TK, total potassium; N, 
available nitrogen; P, available phosphorus; K, available potassium; 
SOM, soil organic matter; UBio, aboveground biomass; Bio, total 
biomass
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Although the seed and fertilizer conditions of the spray 
sowing method were the same between S1 and S2, the 
soil adhesion, erosion resistance, fertilizer, and water 
retention ability were relatively poor without the agglom-
eration reaction in S2. This resulted in a low survival 
rate of woody plants such as C. korshinskii in the early 
restoration period (Supplementary Table 2). Instead, the 
living space and resources of woody plants, such as C. 
korshinskii, were occupied by many herbaceous plants, 
thus forming a vegetation community dominated by her-
baceous plants.

The unsprayed plants Tamarix, Artemisia caruifolia, 
and Artemisia argyi are the main native plants at the 
Baotou light rare earth tailings pond (Gioria et al. 2012; 
Gioria and Pyšek 2015). However, the seeds do not ger-
minate due to the deficiency in nutrients (e.g., N, P, K) 
and high metal concentrations of tailing fines (Li et al. 
2019). Under the influence of natural factors, human fac-
tors, and animal migration, external seeds may be brought 
into tailings ponds (Tropek et al. 2010). Following eco-
logical restoration, the soil environment was improved, 
allowing Tamarix, Artemisia caruifolia, Artemisia argyi, 
and Setaria viridis seeds to germinate, and significantly 
increasing the plant diversity index of the tailings pond. 
A community structure dominated by woody plants was 
formed under treatment with aggregate spray-seeding, 
which altered the vegetation community structure in the 
restoration area and accelerated the succession process of 
the vegetation community.

Soil physicochemical properties

Soil physicochemical properties are important environmen-
tal factors that impact plant growth (Estrada et al. 2019; 
Van et al. 2018). In the present study, the S1 treatment 
significantly increased the survival rate of seeds (Supple-
mentary Table 2), thus increasing the aboveground and 
underground biomasses (Fig. 2). The roots of underground 
vegetation have strong penetrability and water absorption 
ability, and they can also promote the formation of water-
stable aggregates and improve soil porosity, resulting in 
increased W (Deng et al. 2008), which is consistent with 

the results of this study. Large underground vegetation bio-
mass increased W and SP and decreased BD in S1. In S2 
and S3, the ordinary guest soil without aggregate reaction 
and exposed mineral fines was easily lost following wind 
and rainfall. Consequently, the water storage and fertilizer 
retention ability of soils in S2 and S3 were poor, and the 
plant biomass was low. Thus, the physical properties of 
these soil were relatively poor.

The SOM in the S1 site was significantly higher than 
that in the S2 and S3 sites, potentially due to a large 
amount of aboveground litter and belowground secretions 
of woody plants, such as C. korshinskii, that were returned 
to the soil over the 10-year ecological restoration period. 
This would have significantly increased the organic matter 
content under the aggregate spray-seeding method. Moreo-
ver, the K content in S1 was significantly higher than that 
in S2 and S3. K provides nutrients to crops in the form 
of ions in the soil, and its high mobility leads to K leach-
ing loss being the main reason for soil K loss, particularly 
in soils with heavy precipitation and poor soil and water 
conservation (Lehmann and Schroth 2003). Compared with 
those in S1, there were fewer woody plants in S2 and no 
woody plants in S3. Therefore, sparse woody plants and 
a few herbaceous plants cannot achieve effective soil K 
retention through roots, and their resistance to rain ero-
sion is limited, resulting in high K leaching loss caused by 
rain. Meanwhile, the large number of Caragana roots in 
the S1 site likely provided strong water and soil conserva-
tion ability. In particular, from the perspective of the root 
structure of Caragana, a large number of epidermal cells 
protrude outward to form root hairs. Plant root hairs can 
significantly reduce soil erosion when the root density is 
sufficiently high (Baets et al. 2020). Therefore, in future 
ecological restoration work, plant root microstructure 
can also be used for plant seed screening to facilitate an 
increase in soil and water conservation capacity.

The TN content in S1 did not significantly improve 
compared to that of S3 and was significantly lower than 
that of S2. This may have been due to Caragana korshin-
skii Kom and Caragana microphylla Lam being the domi-
nant species in S1, which produce a large amount of litter 
and root secretions to provide sufficient nutritional con-
ditions for the spore division of the eutrophic bacterium 
Bacillus. The proliferation of Bacillus accelerates the min-
eralization and release of N and enables the nitrogen in the 
soil to be absorbed and utilized by plants, thus reducing 
the TN content in S1 and increasing the vegetation bio-
mass; a high abundance of Bacillus and its secretions in 
the plant’s roots accelerated the mineralization and release 
of N, resulting in most soil N being absorbed and utilized 
by plants, generating a large amount of plant aboveground 
biomass (Fig. 2; Supplementary Fig. 3) (Campanharo et al. 
2020; Chen et al. 2023). Conversely, S2 comprised the 

Table 4   Comprehensive scores of the main components in different 
ecological restoration areas of the Baotou Steel tailings pond

S1: aggregate spray-seeding, S2: ordinary soil spraying, S3: naturally 
restored dam body slope area without manual intervention

F1 F2 F3 F

S1 0.623 0.237 0.123 0.983
S2  − 0.251 0.063  − 0.074  − 0.261
S3  − 0.302  − 0.280  − 0.066  − 0.648
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same organic material as that of S1; however, the S2 site 
primarily contained herbaceous plants with less conver-
sion and utilization of N in the soil, resulting in a relatively 
high TN content.

In conclusion, different ecological restoration methods 
lead to different vegetation community structures due to 
different initial substrates. Subsequently, the vegetation 
community structure leads to significant differences in the 
physical and chemical properties of soil.

Correlation between soil physicochemical 
properties and vegetation community 
characteristics

Soil properties have important effects on plant commu-
nity characteristics (Chodak and Niklińska 2010). In the 
present study, redundancy analysis showed that SP and 
W were positively correlated with aboveground and total 
biomass, Shannon, Pielou, and Simpson indices, whereas 
BD was negatively correlated with the Shannon, Pielou, 
and Simpson indices, indicating that BD, W, and SP were 
the main soil factors affecting plant community charac-
teristics. This finding agrees with that of Vidal-Macua 
et al. (2020), who concluded that the restoration succes-
sion of vegetation was driven primarily by soil texture, 
soil erosion, and climatic conditions. In the ecological 
restoration area of tailings ponds, the aggregate soil 
provides better site conditions for plant growth, thereby 
promoting plant growth and increasing plant biomass 
and diversity. In turn, a large number of woody plants, 
including Caragana, exhibited a decrease in BD and an 
increase in SP and W content, effectively improving soil 
physical properties.

SOM is the material basis of soil fertility and can pro-
vide various nutrient elements to promote plant growth 
and development. In return, litter and root exudates formed 
by plants enter the soil and increase the SOM content 
(Kweon et al. 2013). Accordingly, in the present study, 
SOM content was positively correlated with plant biomass 
and diversity. In addition, N, P, and K are essential nutri-
ents required for plant growth and are directly absorbed 
and utilized by plants as alkali-hydrolyzed N, available P, 
and available K, respectively (Marage and Gégout 2009; 
Ueda et al. 2017). Therefore, N and K contents were posi-
tively correlated with plant biomass and diversity, whereas 
TN and TK contents were not, which signifies that they 
were not directly absorbed or utilized by plants (Wu et al. 
2016). Typically, soil restoration is the top priority of tail-
ings pond ecological restoration. Indeed, good soil physi-
cal and chemical properties directly impact plant biomass, 
diversity, and community structure and, thus, improve the 
quality of ecological restoration.

Comprehensive score of different ecological 
restoration methods

Vegetation community diversity, soil physicochemical prop-
erties, and correlation analyses under different tailings pond 
ecological restoration methods do not systematically reflect 
the differences between the plant community structure and 
soil properties in the tailings pond restoration area (Tian 
et al. 2021). Thus, principal component analysis was used 
to comprehensively evaluate the tested indices to screen 
the ecological restoration methods with the best recovery 
effects and provide a theoretical basis for the ecological res-
toration of tailings ponds. S1 (0.983) had the highest score 
for soil physicochemical properties and plant community 
diversity as well as the best restoration effect, followed by 
S2 (− 0.261) (Table 4). Although the restoration effect was 
significantly lower than that of S1, it was higher than that 
of S3. The F value of S3 was the lowest, indicating that the 
naturally restored area will require a longer recovery time, 
whereas appropriate artificial intervention can accelerate the 
formation of the plant community (Campanharo et al. 2020). 
Appropriate vegetation restoration techniques can be applied 
by rebuilding soil and seed banks on mineral fines, in order 
that (i) the slow primary succession transitions to rapid sec-
ondary succession; (ii) the biomass, plant community diver-
sity, and soil structure of tailings ponds are improved; and 
(iii) the ecological benefit is increased.

Conclusions

Appropriate and reasonable artificial intervention measures 
can accelerate the formation of plant community structure 
and improve the soil structure, vegetation community diver-
sity, and ecological benefit of the restored land. Under harsh 
site conditions, different methods of ecological restoration 
result in the generation of unique vegetation community 
structures, which affect the succession direction of the veg-
etation community. Redundancy analysis showed that the 
main driving factors affecting this result were W, SP, K, 
and SOM; appropriate artificial intervention can drive these 
environmental factors, accelerate the speed of vegetation 
recovery, and increase the diversity and stability of vegeta-
tion communities. After 10 years of ecological restoration, 
compared with ordinary soil spraying and natural restoration 
without manual intervention, the aggregate spray-seeding 
method with agglomeration significantly increased SP, W, 
SOM, and K; decreased BD; and formed a woody vegetation 
community dominated by Caragana korshinskii Kom. Thus, 
increasing the vegetation biomass and diversity of the res-
toration area. Meanwhile, the principal component analysis 
revealed that the aggregate spray-seeding method had the 
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highest comprehensive score and evident restoration effect 
among the ecological restoration methods in this study.

This study provides a scientific reference for the ecologi-
cal restoration of tailings ponds. However, certain limita-
tions were noted. In particular, given that are no continuous 
research studies on the characteristics of plant communities 
over many years under different ecological restoration meth-
ods, future studies should include the influence of restoration 
on plant community structure across successive years.
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