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a  b  s  t  r  a  c  t

Because  the exploitation  of mineral  resources  has resulted  in  the  destruction  of vast  amounts  of  land
and  caused  serious  environmental  problems,  ecological  restoration  and  mine  reclamation  have  become
important  components  of the  sustainable  development  strategies  of many  countries.  In  this  study,  the
changes  in  plant  species  diversity  and  succession  of soil  physicochemical  properties  were  studied  in
revegetated  refuse  dumps  of varying  ages  (1995,  1998,  2003,  2005  and  2014)  and  an  undisturbed  refer-
ence  site  of the Heidaigou  opencast  coal  mine,  which  is located  in  the Inner  Mongolia  Autonomous  Region,
China.  In addition,  based  on  the  space-for-time  substitution  approach,  the  rate  and  extent  of recovery
of  the  vegetation  and  soil  characteristics  in the above  long-term  chronosequence  were estimated.  The
results  showed  that  opencast  mining  revegetation  have  a positive  effect  on environmental  restoration.
The  total  species  number  and  the richness,  coverage  and  biomass  of herbaceous  species  increased  sig-
nificantly  with  increasing  site age.  However,  for shrub  species,  an  initial  increase  was  observed  over  a
period  of  10 years  and  then  followed  by a subsequent  decrease.  The  mean  soil  water  content  in the  oldest
vegetated  areas  (1995  site,  2.3–5.9%)  was  significantly  greater  than  in  the  younger  vegetated  areas  (e.g.,
2014  site,  1.1–2.5%)  in  the  shallow  layer  (0–60  cm);  however,  in  the  deeper  layers  (60–200  cm),  the  mean
soil  water  content  in  the oldest  vegetated  areas  (4.2–8.1%)  was  significantly  lower  than  in the  younger
vegetated  areas  (5.1–12.5%).  The  proportions  of  silt  and  clay,  depth  of  topsoil  and  biological  soil crusts,

and  concentrations  of soil  organic  C,  K,  total  N, and  total  P  increased  with  the  years  since  revegetation.
The  estimated  time  required  for plant  traits  and  soil  properties  in the revegetated  site  to  reach  the  same
levels  as  in  the reference  site  was between  23  and  25 years.  These  results  suggest  that  soil recovery
and  vegetation  recovery  are  equally  important  in  eco-restoration  activities  in semiarid  areas,  and  the
conservation  of soil  and  vegetation  habitat  is  therefore  a crucial  issue  for land  managers.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Coal is the primary source of energy in China (Lam, 2005) and
as made great contributions to local economic development for
ears (Liu and Diamond, 2005) as well as the economic and social
evelopment of China (Miao and Marrs, 2000). However, opencast

ining involves the displacement of large amounts of excess mate-

ial (mine waste) from coal mining activities (Bradshaw, 1997; Josa
t al., 2012). This anthropogenic change in soil structure exerts

∗ Corresponding author. Present/permanent address: Donggang west road, 320.
anzhou, Gansu, China.

E-mail addresses: mathecology@163.com (H. Lei), zhangp1419@163.com
Z. Peng), huyig@lzb.ac.cn (H. Yigang), Zhaoyang66@126.com (Z. Yang).

ttp://dx.doi.org/10.1016/j.ecoleng.2016.06.108
925-8574/© 2016 Elsevier B.V. All rights reserved.
a profound effect on the sustainable development of ecosystems
over large areas, especially in transition zones between arid and
semiarid regions with fragile environments (Vasssilis and Wyseure,
1998; Wu et al., 2011; Li et al., 2012). In opencast mining areas,
approximately 0.22 hm2 of land can be destroyed per ten thousand
tons of coal production (Miao et al., 2000). To date, 8.84 × 103 hm2

of disturbed land and 1.63 × 104 hm2 of waste dumps have been
produced in China, and these areas are increasing at a ratio of 8–9%
annually (Xia, 2004; Li et al., 2013). These dumps are physically,
nutritionally and biologically poor in nature (Li, 2006). Further-
more, natural succession on these lands requires more time (Dutta

and Agrawal, 2003). For example, Srivastava et al. (1989) estimated
that it might take approximately 200 years of natural succession
on a mine spoil for the total nitrogen pool to recover to the level
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f native forest soil. Therefore, a series of vegetation restoration
rojects, including tree planting, agricultural reclamation, botani-
al garden construction and other ventures, were implemented in
hese coal mine refuse dumps (Ezeaku, 2012; Li et al., 2013). Similar
xamples of spontaneous and assisted site recovery are underway
n more than 100 mining sites in eastern Germany (e.g., Wanner
nd Dunger, 2002; Tischew and Kirmer, 2007; Krummelbein et al.,
010), the Teruel coalfield in central-eastern Spain (Moreno-de las
eras et al., 2008), the Singrauli coalfield of India (Singh et al.,
000), the open-cast coal mining area near Sokolov in northwestern
ohemia (Pižl, 2001), and the Pingshuo Antaibao opencast mining
rea on the Chinese Loess Plateau (Li et al., 2012). Site recovery has
layed a large role in the control of soil erosion and land degra-
ation and accelerates the natural recovery processes to restore
oil fertility and enhance biological diversity (Singh and Singh,
006; Hendrychova, 2008). Dutta and Agrawal (2003) showed that
hoot biomass was increased 2.5–3 times in 7-year-old plantations
f different plant species compared with 4-year-old plantations.
evegetation with Casuarina equisetifolia and Anacardium occiden-

ale at a serpentine-mined area located at Moa  in northeastern Cuba
ncreased soil aggregate stability by approximately 66 and 16% and
ecreased soil bulk density sharply 4 years after planting, from 1.49
o 1.26 and 1.36 g cm−3, respectively (Izquierdo et al., 2005). How-
ver, much of the research in this field addresses restoration over a
hort period. Without systematic monitoring and long-term stud-
es, there is little information on the long-term feedback influences
f vegetation on the environment, making it impossible to scientif-

cally evaluate the patterns and processes of ecological restoration
hrough revegetation, and particularly the recovery rate of plant
nd soil characteristics.

Attempting to account for such mechanisms is a challenge for
cologists due to the difficulty of monitoring a number of plant
nd soil parameters over time. For this reason, a chronosequence
pproach, in which sites of different ages are assumed to represent
oints in time in the development of individual sites, is attrac-
ive. The underlying method is “space-for-time substitution” (SFT),
hich is an approach that has been successful, in which general

rends are to be generated by extrapolation of a temporal trend
rom a series of different-aged samples (Pickett, 1989). Chronose-
uence approaches have provided valuable insight into patterns of

orest succession and soil development (Lichter, 1998; Yanai et al.,
003), long-term changes in vegetation (Johnson and Miyanishi,
008), decision making for ecosystem management (Larsen et al.,
001; Lindegren et al., 2009), and the impacts of wildfire on the
lobal carbon cycle (e.g., Wardle et al., 2003) and climate changes
n the range and distribution of species (Beale et al., 2008; Copeland
t al., 2010; Mbogga et al., 2010).

The Heidaigou opencast coal mine is located in the middle of
he Zhungeer coal field in the Inner Mongolia Autonomous Region
f China and is the largest opencast coal mine in China, with an
nnual output of 20 million tons (Liu and Fan, 2002). Refuse dumps
hat have been stabilized by revegetation at different times offer
n ideal opportunity to study vegetation succession in extreme
nvironments, as soil conditions before revegetation are largely
riven by geomorphological processes and vegetation succession
ommences after revegetation. The aim of this work was to inves-
igate vegetation and soil restoration in the refuse dumps of open
it coal mines. Our particular objectives were as follows: (1) to
xamine changes in the species composition, plant species cover
nd biomass and the effects of soil variation over a 25-year period
fter revegetation and (2) to estimate the recovery rates of vege-
ation and soil characteristics in a chronosequence of revegetation

ites compared with native vegetation sites. This study will con-
ribute to our understanding of vegetation and soil restoration in
pencast coal mining regions.
ring 94 (2016) 638–646 639

2. Materials and methods

2.1. Study area

The Heidaigou open pit coal mine is located in the middle of
the Zhungeer coal field in the Inner Mongolia Autonomous Region
of China, and it ranks as the third largest coal mine based on its
reserves. The altitude at the site is 1025–1302 m,  and the geo-
graphical coordinates are 39◦43′–39◦49′N and 111◦13′–111◦20′E.
The Heidaigou coal mine occupies a total area of 5,124 ha, and waste
dumps occupy more than 629 ha of the total area. The site is located
in a temperate continental arid climate zone that is cold in winter,
dry and windy in spring, hot in summer, and mild and pleasant
in autumn. The annual average temperature is 7.2 ◦C; the average
annual rainfall is 426.3 mm,  with decreased rainfall predominantly
occurring between June and September; and the precipitation dur-
ing this period accounts for approximately 60% to 70% of the total.
The average annual evaporation is 1,943.6 mm,  and the relative
humidity is 58%. The wind is mostly calm, flowing in a north-
northwest direction at an average speed of 2.2 m/s. The coal mine
is situated in a typical steppe ecological region, with the main veg-
etation consisting of Stipa species.

The five refuse dumps (northern, eastern, western, abandoned
and new refuse dumps at the Heidaigou open pit coal mine) began
vegetation reconstruction in 1995, 1998, 2003, 2005 and 2014.
These dumps are located at a site away from the coal-bearing
area. The soils of overburdened dumps are physically, nutrition-
ally, and biologically poor. They usually consist of a mixture of
fine-grained to coarse-grained particles and rock fragments, which
cause geotechnical and environmental problems on disposal. As
seen in Fig. 1, due to the destruction of mining activities for the
mine surface, the original physical and chemical properties of the
soil of mine district make fundamental changes, which are reflected
mainly in severely damaged soil aggregates, loose soil, the topogra-
phy of the area is undulating. The reclamation and revegetation of
surface coal-mine disturbances have established sustainable and
healthy arable-land ecosystems from bare mounds, although the
natural succession occurs through a very slow process. The weath-
ered materials were stabilized by vegetation succession and mixed
with organic materials, resulting in improved physical properties
of the materials and more favorable conditions for plant growth.
A range of reclamation techniques are available for coal mine
reclamation. The most frequently planted tree species (such as
Robinia pseudoacacia, Pinus tabulaeformis, Populus simonii), shrubs
(such as Tamarix chinensis, Caragana microphylla, Hippophae rham-
noides, Artemisia gmelinii, Armeniaca sibirica, Artemisia giraldii)  and
grasses (such as Stipa bungeana, Bothriochloa ischaemum, Pennise-
tum centrasiaticum, Lespedeza potaniniiv, Corispermum tylocarpum,
Astragalus meliltoides, Thermopsis lanceolata, Leymus secalinus, Med-
icago sativa, Calamagrostis epigejos, Cleistogenes squarrosa) were
selected as the main revegetated plants. In this mixed plantation
configuration, inter-planting grasses were around 1 m away from
shrubs and trees at the densities of 1 m × 2 m, 1 m × 3 m,  respec-
tively. Different refuse dumps with different ages were revegetated
using very similar approaches, including planting the same species
of trees and shrubs with the same density, they can represent the
different successional stages of reclamation. The basic characteris-
tics of the six sites are shown in Table 1.

2.2. Sampling method and data collection

For the assessment of plant species, three quadrats were estab-

lished at each of the six experimental sites at the Heidaigou open
pit coal mine, totaling 18 quadrats. The shrubland survey area was
10 m × 10 m,  whereas the herb plot was  1 m × 1 m.  The species rich-
ness (number of species per quadrat), shrub cover, herbaceous



640 H. Lei et al. / Ecological Engineering 94 (2016) 638–646

Fig. 1. View of the refuse dump (A), revegetaion (B), the final re-vegetation system (C) and a reference site with native vegetation (D) at the Heidaigou Opencast Coal Mine.

Table 1
Basic information about the sample plots.

Site Northern Eastern Western Abandoned land New Natural vegetation community
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The elevation of the plane (m) 1275 1275 1260
Area  of occupied land (hm2) 197 210 170 

Year  reclamation began 1995 1998 2003

over, and the biomass and height of each species in the artifi-
ial vegetation communities were measured in the refuse dumps,
he abandoned land site and a control site with natural vegeta-
ion. The soil sampling sites were the same sites where the plant
bservation plots were set up, and three replicate soil samples were
ollected from the sites of different ages at a depth of 0–50 cm dur-
ng the 2013 growing season. Air-dried soil samples were sieved
hrough a 2 mm screen and used for further analysis. Particle size
as assessed with a pipette method, and soil bulk density was

etermined by inserting a metallic core (0.05 m in depth and diam-
ter) into the soil. The maximum water-holding capacity (WHC)
as also estimated using the same cutting ring in intact soil. The

oil cutting ring was closed at one end with a fine mesh and open
t the other end and was saturated with water for 6 h. Then, the
urplus water was absorbed using a sand bed, and the remaining
ater in the soil represented the maximum WHC  (Öhilinger, 1996).

n the sampled plots, soil water contents were measured using the
ven-drying method (Nanjing Institute of Soil Research, 1980). Soil
amples were taken from core samples and dried at 105 ◦C for 24 h.
hen, soil samples were obtained at 16 different depths: 10, 20, 40,

0, 80, 100, 120, 140, 160, 180, 200, 220, 240, 260, 280 and 300 cm,
ith 3 replicates for each depth.

Soil organic carbon (SOC) was determined through the dichro-
ate oxidation method of Walkley–Black (Nelson and Sommers,
1275 1275 1172
15 180 –
2005 2014 –

1982). Soil soluble salts were analyzed using methods described by
the Nanjing Institute of Soil Research, Chinese Academy of Sciences
(1980). Total N was measured using a Kjeltec system with a 1026
Distilling Unit (Tecator AB, Höganäs, Sweden). Soil phosphorus
(P) and potassium (K) were measured using standard methods
for observation and analysis developed by the Chinese Ecosystem
Research Network (CERN) (Liu, 1996). The Scheibler calcimeter
method was  employed to measure the CaCO3 content of the soil
(Rowell, 1994).

In this study, the Simpson index (D; Simpson 1949),
Shannon–Wiener index (H′; Peet 1974), and Pielou evenness
index (E; Pielou 1975) were used to measure plant diversity
(D = 1 −

∑
Pi

2; H′ = −
∑

Pi lnPi; and E = (−
∑

Pi lnPi)/lnS, where
pi is the relative importance value (IV) of species I (relative
height/relative coverage), and S is the total number of species i in
the quadrat, i.e., an abundance index). Beta (�)-diversity refers to
species replacement with environmental gradient changes. Some
scholars refer to this as the species turnover rate, species replace-
ment rate, or rate of biotic change. This rate can be described
using binary attribute data or quantitative data. In this study, well-

defined binary attribute data in the form of the Sorenson index
(CJ) and two widely used quantitative variables, CN and CMH, were
employed for these calculations (Whittaker 1972). In the Soren-
son index, CJ = j/(a + b), where j is the number of species shared by
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wo communities, and a and b are the species numbers in com-
unity A and community B, respectively. In the Bray–Curtis index

Bray and Curtis, 1957), CN = 2jN/(aN + bN), where aN is the species
umber in sample plot A, bN is the species number in sample plot
, and jN is the sum of the smallest individual number of species
hared by sample plots A (jaN) and B (jbN). In this calculation, the
V of the species was used to replace individual numbers according
o the Morisita–Horn index (Li, 2001). In the Morisita-Horn index,
MH = 2

∑
(ani·bni)/[(da + db)  aN·bN],  where aN and bN are the same

s in the above formula, ani and bni are the individual numbers of
pecies in sample plots A and B, respectively (replaced by IV), and
a =

∑
ani2/aN 2; db =

∑
bni2/bN 2.

The recovery rates of the key parameters of the soil charac-
eristics were modeled using linear relationships or a polynomial

odel. The recovery time was obtained by estimating the number
f years required to undergo a 100% change to reach the level of
he asymptote. The correlations between the vegetative features
nd the soil parameters at the different revegetated sites were
etermined through Pearson’s correlation analysis. The statistical
nalyses were performed using SPSS 13.0 (SPSS Inc., Chicago, IL,
SA) and Origin 7.0 (OriginLab, Northampton, MA,  USA) software.

. Results

.1. Temporal and spatial variations of vegetation

The number of plant species present increased linearly with
ime (Table 2), and 12 species were recorded after 20 years of
evegetation. In addition, the probability of new plant species being
bserved gradually diminished, and the species composition grad-
ally tended toward a relatively balanced state. A total of 14 plant
pecies were identified in the natural vegetation communities, and
he main plant life forms consisted of perennial species (71.4%,
ncluding Astragalus meliltoides, Thermopsis lanceolata, Pennisetum
entrasiaticum, Bothriochloa ischaemum, Lespedeza potaniniiv, Med-
cago sativa, Artemisia giraldii, Calamagrostis epigejos, Setaria viridis
nd Leymus secalinus), annual plants (21.4%, including Corisper-
um tylocarpum, Eragrostis poaeoides and Salsola ruthenica), and a

ew xerophytic semi-shrubs (7.2%), such as Hippophae rhamnoides.
n the initial stages, the planted shrubs grew rapidly and became
stablished on the refuse dumps. They reached the highest mean
pecies richness of 5.85 ± 1.21 in the abandoned land over a period
f 10 years, which then gradually decreased to 1.97 ± 0.52 in the
orthern refuse dumps established in 1995a. However, the maxi-
um  coverage of 25.05 ± 1.41% occurred over a period of 17 years,

nd the coverage then gradually decreased. After 20 years, the cov-
rage of planted shrubs was reduced from the highest level to
.64 ± 1.30%. As shown in Table 1, there was a linear increasing ten-
ency of the species richness and coverage of herbaceous species
ith time of revegetation. In general, no significant difference in

hrub and herbaceous species richness was observed between the
bandoned land (2005a) and the western (2003a), eastern (1998a)
nd northern (1995a) refuse dumps (P > 0.05). However, signifi-
ant differences were observed between the early revegetated sites
1995a and 1998a) and the later groups (2003a and 2005 sites)
P < 0.05). In contrast, a significant difference in shrub and herba-
eous species coverage was detected between the different sites
P < 0.05). Likewise, differences in biomass occurred at the differ-
nt sites. The biomass of naturally established shrubs increased
rom 0.15 ± 0.03 kg m−2 to 1.55 ± 0.12 kg m−2 in 17-year-old reveg-

tation and then gradually decreased to 0.75 ± 0.11 kg m−2. An
pparent increase in the biomass of herbaceous species occurred
ith time; however, no significant difference was observed among

he different sites (P > 0.05).
ring 94 (2016) 638–646 641

Measurement of the �-diversity of the different-aged vegetation
showed that after 20 years of succession (planted in 1995), plant
species diversity reached a relatively high level (D = 0.814–0.886,
H′ = 1.792–2.393), whereas the vegetation community in the
new refuse dumps exhibited lower diversity (D = 0.206–0.327,
H′ = 0.309–0.474) (Table 3). However, the planted vegetation in
the refuse dumps still presented a lower diversity index, suggest-
ing that the structure of the planted vegetation was relatively
simple and that community stability was weak and susceptible
to disturbance. Table 2 also lists the Sorenson, Bray–Curtis, and
Morisita–Horn indices used to measure the �-diversity of veg-
etation planted in the five different periods. Although the first
index is calculated from a formula for binary data and the latter
two are the calculated using quantitative data, the comparative
results are the same. This quantitative method is an approach that
is used to study the developing dynamics of species diversity in the
rehabilitation process of the degraded ecosystem through time-
space mutual replacement. The results show that the �-diversity
indices between each of the restored refuse dumps planted at dif-
ferent times are gradually increasing, indicating that the restoration
plants are developing toward the natural vegetation type in the
rehabilitation process. The difference in the species composition
was greatest in 1998a (CMH = 1.108, CN = 0.719, CJ = 1.052), mean-
ing that the species turnover rate was highest, followed by the
b-diversity indices for the 1995a vegetation. Therefore, during the
20 years of vegetation succession, the time interval of 15–20 years
showed the highest species turnover rate; thus, elements of com-
munity structure, such as the species composition and structure
layer, exhibited the greatest change in these stages.

3.2. Changes in soil properties and the spatial distribution of the
soil water content

The variations in soil texture, nutrient states, and other fea-
tures observed at the different sites were remarkable (Table 4).
Twenty years after the vegetation had been planted, the proportion
of sand-sized particles in the topsoil (0–20 cm depth) had decreased
from 81.6% to 69.6% in the vegetated areas, and the proportion
of silt and clay had increased from 10.4% and 8.0% to 18.6% and
11.9%, respectively. For bulk density, no significant differences were
found among the different sites (P > 0.05); however, the bulk den-
sity was  reduced after vegetation reclamation. The establishment
of vegetation enhanced the WHC. The maximum WHC  increased
from 9.26% to 18.0% at the 20-year-old site. The maximum WHC
at the 20-year-old site was  75.8% of the value at the reference
site. In agreement with the WHC  results, the topsoil water con-
tent increased with this successional gradient defined by the 0-
to 20-year-old revegetated sites and the non-degraded reference
site with native vegetation. The soil water content at the 20-year-
old site was  76.8% of that in the reference site. SOM, total N, P, K,
CaCO3, total salt, EC and pH increased significantly in the period
following stabilization. Furthermore, significant differences were
found among the six sites (P < 0.05). However, the levels of these
parameters were lower than at the reference site (natural vegeta-
tion communities) by 17.7–74.8%. In general, the incremental rates
of these parameters were markedly higher in the younger sites than
in the older sites.

The spatial distribution of the soil water content in the soil pro-
file also changed with the time since stabilization (Fig. 2). The mean
soil water content in relation to depth was significantly higher in
the oldest vegetated areas (1995 site, 2.3–5.9%) than in the younger

vegetated areas (e.g., 2014 site, 1.1–2.5%) in the shallow layer
(0–60 cm); however, in the deeper layers (60–200 cm), the mean
soil water content in the oldest vegetated areas (4.2–8.1%) was
significantly lower than in the younger vegetated areas (5.1–12.5%).
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Table 2
Changes in total species number and the richness, coverage and biomass of shrub and herbaceous species after revegetation on refuse dumps at each different-aged site.

Year Stabilized Northern (1995) Eastern (1998) Western (2003) Abandoned land (2005) New (2014) Natural

Total species number 12.17 ± 1.61a 7.38 ± 0.84b 6.15 ± 1.03b 5.09 ± 1.18bc 2.27 ± 0.66c 14.51 ± 1.47a

Richness of shrub species 1.97 ± 0.52bc 3.02 ± 0.95ab 4.05 ± 1.19ab 5.85 ± 1.21a 1.06 ± 0.14c 1.03 ± 0.20c

Richness of herbaceous species 10.63 ± 1.02b 4.07 ± 1.14c 3.33 ± 0.67cd 2.39 ± 0.46cd 1.29 ± 0.18d 13.27 ± 1.38a

Shrub cover (%) 8.64 ± 1.30d 25.05 ± 1.41a 16.04 ± 0.69b 13.26 ± 0.51c 3.46 ± 0.54e 2.51 ± 0.84e

Herb cover (%) 75.65 ± 1.28b 50.24 ± 1.10c 30.42 ± 1.63d 20.52 ± 1.21e 5.03 ± 1.39f 87.18 ± 1.45b

Shrub biomass (kg m−2) 0.75 ± 0.11c 1.55 ± 0.12a 1.07 ± 0.05b 0.85 ± 0.14bc 0.15 ± 0.03d 0.25 ± 0.10d

Herb biomass (kg m−2) 0.69 ± 0.16ab 0.46 ± 0.11bc 0.25 ± 0.07cd 0.15 ± 0.04d 0.05 ± 0.01d 0.84 ± 0.14a

Values represents means ± SE. Different small letters denote significant difference among different-aged site (P < 0.05).

Table 3
The comparison of plant diversity and the measurement of b-diversity after revegetation on refuse dumps at each different-aged site.

Year Stabilized Northern (1995) Eastern (1998) Western (2003) Abandoned land (2005) New (2014) Natural

Simpson index (D) 0.814–0.886 0.792–0.833 0.713–0.792 0.694–0.715 0.206–0.327 0.896–0.921
Mean 0.855 0.822 0.792 0.714 0.267 0.939
Shannon-Wiener index 1.792–2.393 1.833–2.015 1.752–1.874 1.479–1.622 0.309–0.474 2.115–2.673
Mean  2.192 1.933 1.876 1.630 0.392 2.591
Pielou  evenness 0.724–0.936 0.692–0.853 0.593–0.767 0.557–0.704 0.104–0.211 0.907–0.982
Mean 0.873 0.795 0.696 0.645 0.158 0.954
Sorenson index 1.108 0.581 

Bray-Curtis index 0.719 0.196 

Morisita Horn index 1.052 0.391 
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Fig. 2. The spatial variation of soil water content in different-aged sites.

.3. Recovery rate of topsoil and vegetation characteristics

The recovery rates of the six key physical soil properties (sand,
ilt and clay contents, bulk density, WHC, and topsoil water con-
ent) and eight key chemical properties (pH, total N, P, and K,
rganic C, total salt, CaCO3 and EC) in the chronosequence of reveg-
tated sites at the refuse dumps of the Heidaigou open pit coal mine
ere modeled with linear or polynomial equations (see Appendix

 and B in the Supplementary material). The proportion of sand
n the soil texture was estimated to require 23 years to reach the
alue at the reference site (Table 5). The proportions of clay and
ilt increased with site age and would require 19 and 25 years,
espectively, to reach 100% of the values at the reference site. The
ulk density was slow to recover and could take over 59 years to
each the value at the reference site. The topsoil water content
as estimated to require 34 years to reach the value at the ref-

rence site, while WHC  would require 32 years. For soil chemical
roperties such as soil pH, total N, P and K, at least 21, 39, 30 and
4 years, respectively, would be required for recovery. The times
stimated for the recovery of organic C, total salt and CaCO3 were
early the same, at 24, 26 and 26 years, respectively. The recov-

ry of EC took place more rapidly, requiring 21 years to reach the
alue at the reference site. The vegetation traits exhibited clear
elationships with the recovery chronosequence (see Appendix C
upplementary material). As shown in Table 5, the recovery of the
0.545 0.339 0.948
0.154 0.132 0.634
0.226 0.208 0.864

total species number would take 25 years to reach 100% of the value
at the reference site. Furthermore, the recovery of shrub and herba-
ceous species richness was estimated to require 21 and 23 years,
respectively, whereas the recovery of shrub and herbaceous species
coverage and biomass would require 23 and 29 years and 22 and
23 years, respectively, to attain the values at the reference site.

4. Discussion

Vegetative stabilization is a widely accepted technique for con-
trolling soil erosion and stabilizing the dump slope of coal mine
wastes (Nicolau, 2003; Singh and Singh, 2006; Tischew and Kirmer,
2007; Hendrychova, 2008). The objective of restoration was  to
achieve recovery corresponding to the pre-mining ecosystem, and
the ecosystem characteristics that are typically measured to assess
recovery are related to the composition, structure, and pattern of
vegetation (Hobbs, 1999; Cooke and Johnson, 2002). In this study,
with the succession of planted vegetation, the plant community
structure gradually changed shifted a primarily shrub composition
to a complex structure dominated by herbaceous species as the cov-
erage and biomass of herbaceous plants increased over time after
the initial establishment of the vegetation. Although the biomass
and the coverage of shrub species increased in the first 16 years,
the shrub vegetation then decreased, and a relatively stable state
was achieved. As the surface soil conditions changed, the formation
of biological soil crusts and an increasing thickness of litter pre-
vented water from infiltrating into the deeper soil layers (Li et al.,
2002; Wang et al., 2007), where shrubs establish deep root systems
(Zhang et al., 2009; Huang and Zhang, 2015). Therefore, a decline
in the soil water content occurs in deeper soil layers, as shown in
Fig. 1. Thus, the deep-rooted shrubs are gradually eliminated from
the community and replaced by annual and perennial herbaceous
species, such as Stipa bungeana, Bothriochloa ischaemum, Pennise-
tum centrasiaticum.  The measurement of b-diversity demonstrated
that there was  an important species turnover stage in the succes-
sion of planted vegetation during the first 20 years, which occurred
between 15 and 20 years after the establishment of reclamation

vegetation. Planted trees and shrubs gradually declined during
vegetation succession, and herbs (whose coverage and richness
were greater than those of shrubs) became dominant, making the
community structure more complex. Hence, temporally dynamic
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changes in plant diversity can reflect the successional features of
vegetation to some extent (Li et al., 2014). This finding may  provide
basic knowledge for the management of planted vegetation in the
refuse dumps of the Heidaigou open pit coal mine.

Changes in vegetation have always been associated with soil
properties (Chodak and Niklinska, 2010), as demonstrated by the
marked changes in vegetation and soil properties after the estab-
lishment of plants in the refuse dumps. With an increase in
revegetation age, the percentage of silt and clay particles in the soil
significantly increased, while the content of coarse sand particles
decreased, and the texture of the soil tended to gradually become
more similar to that of the soil in the natural vegetation zone. A
fine soil texture facilitates the formation of soil aggregates and
increases soil porosity (Li et al., 2007), in addition to improving the
topsoil’s water-holding capacity, which in turn enhances the water
content of the topsoil and, ultimately, the overall productivity of the
soil. Furthermore, fine-textured soil supports the growth of herba-
ceous species better than coarse-textured soil, which facilitates the
growth of xerophytic shrubs (Brown, 1997). The increasing clay and
silt contents in the soil texture over time after revegetation are also
positively correlated with the improvement of most soil parame-
ters, such as increases in soil organic matter and soil nutrient status
(Parton et al., 1988; Burke et al., 1990; Brown, 1997). Our  results
revealed that organic C, CaCO3 and EC increased with an increasing
recovery time. In contrast, pH decreased with an increasing recov-
ery time. Most of the soil parameters measured in this study were
strongly related to site age (Table 3), suggesting that a revegetative
approach is effective for enhancing topsoil recovery in opencast
mining regions. Furthermore, complex interactions exist among the
examined parameters. For example, SOC plays an important role in
plant colonization and establishment through acting as a reservoir
of essential elements, particularly N and P. SOC is a source of cation
exchange capacity and soil pH buffering and enhances soil porosity,
improving the movement of oxygen through the soil (Bohn et al.,
2001; Li et al., 2004, 2007).

The recovery of vegetation and soil properties determines how
quickly a pre-mining ecosystem can be restored and whether such a
restoration goal is ecologically possible and sustainable (Cooke and
Johnson, 2002; Boyer and Wratten, 2010). Based on the recovery
rates of soil physicochemical properties and vegetation characters
observed in revegetated refuse dumps of different ages (1995, 1998,
2003, 2005 and 2014) at the Heidaigou opencast coal mine, the
recovery of topsoil and vegetation characteristics were estimated
to require between 19 and 59 years (Table 4). Recovery was  slow-
est for the bulk density (59 years). This feature of recovery has been
confirmed by other researchers (Li et al., 2007). Among the exam-
ined soil characteristics, the recovery of the clay content, topsoil
water content, depth of the soil and crust, and total salt content
were determined to require approximately 20–30 years to reach
the levels in the native ecosystem (reference site). The revegetated
area provides sufficient amounts of fine particles and litter for accu-
mulation on the stabilized surface in the study region (Li et al., 2004,
2007). Additionally, the development of biological soil crusts facil-
itates soil formation on the stabilized refuse dump surface, and the
increases in clay content and soil depth in turn enhance the top-
soil water-holding capacity and increase the water content in the
topsoil layer. Over a 20-year period, we  found that the recovery of
most soil characteristics was  more rapid in early stages than in later
stages, which has also been noted in some reports on the recovery
of landslip sites in moist tropical forest ecosystems (e.g., Singh et al.,
2001) and in the dry hill county of New Zealand after landslip ero-
sion (Sparling et al., 2003). The recovery of the vegetation was the

same as that of the soil properties, although the vegetation was
more susceptible to meteorological factors. Overall, the findings of
the present study indicated that the maximum recovery of some
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Table 5
The recovery rate of soil and vegetation characteristics on refuse dumps at each different-aged site.

parameters Rate parameter Asymptote Years of recovery

Soil properties Sand (%) 0.070 92.140 22.890
Silt  (%) 0.050 3.970 25.060
Clay (%) 0.030 4.010 19.310
Bulk Density (%) 0.030 1.890 59.000
WHC  (%) 0.480 8.250 32.270
Topsoil water content (%) 0.850 11.420 34.250
pH  0.080 7.060 21.380
Total N (g kg−1) 0.011 0.086 38.550
Total P (g kg−1) 0.170 2.410 29.530
Total K (g kg−1) 0.014 3.230 23.540
Organic C (g kg−1) 0.010 2.250 24.040
Total Salt (g kg−1) 0.001 0.592 25.560
CaCO3 (g kg−1) 0.098 0.592 25.760
EC  (m s−1) 0.001 0.240 21.310

Vegetative traits Total species number 0.015 2.314 25.490
Richness of shrub species 0.033 1.062 21.470
Richness of herbaceous species 0.031 1.296 23.480
Shrub cover (%) 0.107 3.448 23.020
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opsoil properties and vegetation properties could reach the levels
n the native ecosystem in 30 years (Table 2).

This result was consistent with some research from other
egions (Gao et al., 1998; Singh et al., 2001; Sparling et al., 2003;
ensa et al., 2004). However, the recovery rate observed in this
tudy was slower than that reported in revegetated desert ecosys-
ems (Li et al., 2007). This disparity can be explained by regional
eterogeneity, which mainly reflects the influence of rainfall levels.
or example, in arid areas where the rainfall is less than 200 mm,  Li
t al. (2007) suggested that soil recovery is a slow process, poten-
ially requiring between 70 and 245 years to recover to the level
f the native desert steppe. Thus, conservation of the soil habitat is
he primary strategy for land managers. Based on this theory, many
esearchers have suggested the use of imported soil as cover mate-
ial as a quick and simple solution (Whitbread-Abrutat, 1997; Li,
006; Zhang and Chu, 2010), especially in extreme regions where
he rainfall levels are less than 100 mm (Li, 2005). In addition, the
hysical conditions of overburden materials (usually amended with
etallic waste) are often unfavorable for plant growth because

hey are bare and exhibit an inadequate particle size distribution
nd high gravel content (Bradshaw and Chadwick, 1980). However,
he costs involved in topsoil removal, storage and protection are
igh. Actually, at least 50 cm of loessal soil or mixtures of topsoil,
ubsoil and loessal soil (named as raw mixed-loess soil) must be
irectly spread over surface-mined waste (Li et al., 2013). The alter-
ative is to use benign materials, which may  also be waste products,
hat are often locally obtainable as complete cover (Bradshaw,
000), followed by assisted reclamation. Therefore, the applica-
ion of new soil surface repair technologies, such as the use of
iological soil crusts, is in full swing at some important energy
ases, roads, airports and other sites in arid desert areas (Li et al.,
014). These methods have been effective in addressing sand ero-
ion and land degeneration to some extent, and more importantly,
hey are inexpensive and do not harm the environment. However,
n semiarid areas where rainfall ranges from 450 to 600 mm,  such
s the area examined in this study, the recovery rate of most soil
haracteristics is generally the same as the recovery rate of vege-
ation properties. Thus, soil recovery and vegetation recovery are
qually important in eco-restoration activities, and in these areas,
he key steps to successful reclamation therefore involve suitable

ubstrate amendment or the selection of appropriate plant species
or revegetation. If the two approaches are combined, the recovery
ate should improve, explaining why the recovery time required
0.177 5.032 21.920
0.004 0.148 29.390
0.002 0.049 22.540

to attain levels similar to those in native ecosystems was esti-
mated to be less than 50 years. In the Heidaigou opencast coal
mine, the topsoil was  removed first, followed by the subsoil, as
separate layers, which were then stored until closure of the mine,
when the abandoned open pit was backfilled, and trees, shrubs and
grass were then planted in the soil (Huang et al., 2015). When
rainfall is greater than 600 mm,  the use of manual accelerated
soil-reconstruction approaches, such as coverage with imported
soil or biological soil crusts, is not necessary. Instead, the recov-
ery of plant community characteristics is especially important, and
the key steps for successful reclamation involve the selection of
appropriate plant species (Dowarah et al., 2009; Evans et al., 2013).
Restoration in opencast mining is mostly carried out with fast-
growing herbaceous species to control the erosion of embankments
during rainfall, especially immediately after their construction.
For the artificial introduction of plants, a successful approach to
reclamation is to select species that are well adapted to the local
environment (Tordoff et al., 2000; Dutta and Agrawal, 2003). In
the successful afforestation on the Amarkantak mine area, Gravillea
pteridifolia, Eucalyptus camaldulensis, Pinus roxburghii and Pongamia
pinnata were observed to be the most suitable species on the
basis of growth performance (Chaturvedi, 1983). In the coal mine
spoils of Kansas, Rogers (1983) tested the use of 13 species (both
native and exotic) for 22 years and found that Platanus occidentalis,
Juniperus virginiana, Quercus macrocarpa, Pinus taeda and P. echinata
showed good growth and recommended these species for recla-
mation purposes. Furthermore, some of these plants have evolved
biological mechanisms to resist, tolerate or thrive on toxic metal-
liferous substrates and are known as metallophytes (Whiting et al.,
2004). Ideal choices include pioneer species such as Cynodon dacty-
lon, Festuca rubra, Agrostis tenuis, Agrostis stolonifera, Typha latifolia
and Phragmites australis. Gramineous grasses and legumes are also
favored options because of their adaptation to nutrient-deficient
soil and their rapid growth. In addition, plants that provide eco-
nomic benefits might also be considered for planting in these areas,
such as vegetables, fruit trees or other economically useful crops.
For example, medical herbs are commonly grown on reclaimed
lands, which is a practice that is directly encouraged by local gov-
ernments and should continue to be encouraged (Miao and Marrs,
2000; Li, 2006).
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. Conclusion

Revegetation activities performed at the refuse dumps of the
eidaigou open pit coal mine improved the soil environment for

he colonization and establishment of plant species. Plant coverage,
iodiversity and biomass increased significantly with increasing
ite age. The mean soil water content in relation to depth was  sig-
ificantly higher in the oldest vegetated areas (1995 site, 2.3–5.9%)
han in the younger vegetated areas (e.g., 2014 site, 1.1–2.5%)
n the shallow layer (0–60 cm); however, in the deeper layers
60–200 cm), the mean soil water content in the oldest vegetated
reas (4.2–8.1%) was significantly lower than in the younger vege-
ated areas (5.1–12.5%). The proportions of silt and clay, depth of the
opsoil and biological soil crusts, and concentrations of soil organic
, K, total N and total P increased with the years since revegetation.
he estimated time required for both plant traits and soil properties

n the revegetated site to reach the same levels as in the refer-
nce site was between 23 and 25 years. These results suggest that
oil recovery and vegetation recovery are equally important in eco-
estoration activities in these semiarid areas, and the restoration of
oil and vegetation is therefore a crucial issue for land managers.
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