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Abstract: Restoration of mining soils is important to the vegetation and environment. This study aimed
to explore the variations in soil nutrient contents, microbial abundance, and biomass under different
gradients of substrate amendments in mining soils to select effective measures. Soil samples were
collected from the Bayan Obo mining region in Inner Mongolia Autonomous Region, China. Contents of
soil organic matter (SOM), available nitrogen (AN), available phosphorus (AP), available potassium (AK),
microbial biomass carbon/microbial biomass nittogen (MBC/MBN) ratio, biomass, and bactetia, fungi,
and actinomycetes abundance were assessed in Agropyron cristatum L. Gaertn., Elymus daburicus Turcz., and
Medicago sativa .. soils with artificial zeolite (AZ) and microbial fertilizer (MF) applied at TO (0 g/kg), T1 (5
g/kg), T2 (10 g/kg), and T3 (20 g/kg). Redundancy analysis (RDA) and technique for order preference by
similarity to ideal solution (TOPSIS) were used to identify the main factors controlling the variation of
biomass. Results showed that chemical indices and microbial content of restored soils were far greater
than those of control. The application of AZ significantly increases SOM, AN, and AP by 20.27%,
23.61%, and 40.43%, respectively. AZ significantly increased bacteria, fungi, and actinomycetes abundance
by 0.63, 3.12, and 1.93 times of control, respectively. RDA indicated that AN, MBC/MBN ratio, and
SOM were dominant predictors for biomass across samples with AZ application, explaining 87.6% of the
biomass vatiance. SOM, MBC/MBN ratio, and AK wete dominant predictors with MF application,
explaining 82.9% of the biomass variance. TOPSIS indicated that T2 was the best dosage and the three
plant species could all be used to repair mining soils. AZ and MF application at T2 concentration in the
mining soils with M. sativa was found to be the most appropriate measure.
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1 Introduction

Frequent mining activities have greatly affected vegetation growth and soil conditions. Metal
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mining produces large quantities of waste material, ranging from waste rock to fine tailings
(Franks et al., 2011). Tailings and mine waste from metalliferous mining contain potentially toxic
concentrations of trace elements, and they are susceptible to wind erosion (Suppes and
Heuss-ABbichler, 2021), resulting in contamination of surrounding ecosystems and food chains,
finally endangering the humans' health (Wong, 2003). Moreover, toxic and oligotrophic tailings
hinder plant restoration (Li and Huang, 2015). Mine wastes pose significant and long-term
environmental risks without careful rehabilitation (Ledin and Pedersen, 1996). Previous studies
found that depleted nutrients can be restored through appropriate soil management and
reclamation strategies (Shrestha and Lal, 2010). Though the pollution extent varies across
different mine types and areas, foundations of reclamation are homologous, and can be divided
into in situ and ex situ techniques (Wang et al., 2015). The most common approaches are applying
geomembranes and clean covers for chemical treatment of surface substrates, aiming to neutralize
pH and immobilize metals. Amendments of soils is also regarded as a suitable approach to
improve soil physical-chemical properties and largely shorten reclamation time (Wang et al.,
2020a).

Recently, more studies focus on performing amendments. It has been proved as an effective
way to improve soil nutrient content and microbial activity rapidly (Wang et al., 2020a). Organic
and inorganic amendments are both effective for soil improvement. Amendments are conducive
to establishing site-specific vegetation, stabilizing soil, controlling pollution, as well as removing
threats (Wong, 2003). Due to potentially toxic elements near mining areas, plentiful additives
have been applied to immobilize pollutants, such as compost, lime, coal fly ash, manure,
phosphate fertilizers, biochar, clay minerals, and silica (Wu et al., 2016; Zhao et al., 2016;
Palansooriya et al., 2020; Wang et al., 2020b). Actually, ideal outcomes are represented by
organic and inorganic amendments. The amendments, used as immobilized agents, can also
increase soil nutrients and water retention capacity, develop soil structure, enhance soil quality
institute, and vegetation coverage (Celestina et al., 2019).

Organic soil additives are known to not only add deficient soil organic carbon (SOC) and
nutrients but also replenish exogenous beneficial microorganisms (Hoang et al., 2021). They
stimulate biological activity and vary soil energy, ultimately improve soil's ability to hold
nutrients. By contrast, inorganic soil amendments bring nutrition through increasing soil pH and
varying soil structure (Urra et al., 2020). Increasing pH results in abundant negative charges
presenting on the surface of soil particles, which strongly attract metal cation to immobilize toxic
metals (Zhao et al., 2022). In previous studies, the focus has been on the fixation and degradation
of toxic elements, but the improvement of nutrients still needs to be discussed.

Artificial zeolite (AZ), a typical inorganic substance, was initially used as a solidification agent
for heavy metals, though its application has become increasingly extensive (Rahimi et al., 2021).
AZ emerged to meet the production and application output and efficiency needs (Li et al., 2022).
However, whether it can promote the nutrient content still needs to be studied. Microbial fertilizer
(MF) is an organic carbon fertilizer. Taking ground coal and dust powder as the carrier, it is a
type of fertilizer compounded by multiple strains. Occasionally, MF has been shown to cause
pollution and damage the soil, but it can also improve soil micro-environment and anti-corrosion
ability (Urra et al., 2020). The mycorrhizal network of microorganisms in the soil promoted by
MF can extend throughout the soil like a rope, gradually forming a large network that contributes
to the formation and stability of soil aggregates; this has an extremely positive effect on the
improvement of mining soils (Aparna et al., 2014). MF undoubtedly has a wide application
potential in mining areas.

Previous study demonstrated that the effectiveness of additives strongly relates to both
environmental and soil factors (Wu et al., 2021). In arid mining areas with broken soil structure,
low water content, and excessive heavy metal content, the application of AZ and MF has been
utilized in industry fields. Use of the above amendments for mining reclamation has not been
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widespread due to a lack of understanding their benefits, their availability at reclamation sites,
application techniques, and apprehension about the results of field application. In this study,
different potted experiments were set up to explore the effects of amendments on mining soils.
Two amendments and three types of vegetation were used in this study. We specifically aim to
explain the following questions: (1) variations in mining soils properties when adding varying
rates and types of additives; (2) correlation between soil properties in restored mining soils; and
(3) suitable amendment type, concentration, and combination of selected vegetation for use in
arid mining areas.

2 Materials and methods

2.1 Study area

Bayan Obo mining region (41°39'—41°53'N, 109°47'-110°04'E) belongs to Inner Mongolia
Autonomous Region, China. It is located 150 km north of Baotou City. The region belongs to
inland dry climate zone, with an annual average temperature of 7.2°C, an annual average wind
speed of 1.2 m/s, total annual precipitation of 421.8 mm, and 2882.2 h of sunshine.

Bayan Obo mining region covers an area of 328 km?. It is a rare polymetallic symbiotic deposit
with a range of 18 km long, 3 km wide, and 200 m high. More than 160 types of minerals and 70
types of elements have been found in the deposit. In recent years, over exploitation has result in
serious damage to the environment.

2.2 Materials

2.2.1 Soils

Composite soil samples from 0 to 15 cm depth were collected using a 5-cm diameter auger. In
each sampling plot, soil samples were collected at three sampling locations after stripping the
litter. In each sampling location, five sub-samples were obtained at a range of 10 mx10 m to make
a composite soil sample. The composite soil samples were sealed in plastic bags and transported
to laboratory. Tiny stones were removed and samples were sieved the through a 2-mm mesh for
measuring soil properties. Soil samples were air-dried under 25°C. More than 95% of the soil in
the mining region is chestnut soil, and the rest is brown soil. The basic chemical properties of soil
samples before experiment were pH 8.59, available nitrogen (AN) 30.95 mg/kg, available
phosphorus (AP) 3.37 mg/kg, available potassium (AK) 41 mg/kg, soil organic matter (SOM)
9.12 g/kg, bacteria, fungi, and actinomycetes contents were 0.07x10°, 0.04x10°, and 0.07x10°
CFU (colony forming unit)/g, respectively.

2.2.2 Amendments

AZ has high pore structure and cost:performance ratio, with excellent air permeability and water
absorption ability. Thus, AZ is used as a water-retaining material and soil conditioner. AZ has
been increasingly used in agriculture, especially in heavy metal-enriched areas, as a result of its
excellent adsorption and buffer effect. AZ used in this test is produced by Chubu Electric Power
Co., Inc., Nagoya, Japan from rice husk ash. It contained SiO; (43.86%), Al,03(30.76%), Na,O
(17.9%), and trace calcium (Ca), ferrum (Fe), magnesium (Mg), fluorum (F), and other elements.
AZ is a non-toxic and pollution-free fertilizer. Specific surface area of AZ is 20.36 m?/g, with
pore diameter around 10.67-11.96 nm. It has a three-dimensional frame structure connected by
silicon (aluminum) oxygen tetrahedrons. The lattice has strong openness and has cavities and
channels of different sizes.

MF is highly efficient and long-lasting fertility in soils. MF can directly increase the nutrient
elements and improve soil fertility. Microorganisms in MF accelerate humification in mining
areas and further increase soil SOM and nutrients, especially absorbable phosphorus. MF used in
this study was produced by Shanxi Green Promise Yongbao Rotten Fertilizer Co., Ltd., China
from coal humic acids. Natural mineral nutrition—wheat rice powder (74 pum), natural zeolite
powder (74 um), and biological xanthohumate potassium—accounted for 30%, while weathered
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coal (74-149 pum) accounted for 70%. MF mainly consisted of humic acids, nitrogen (N),
phosporous (P), potassium (K), and trace element like P, manganese (Mn), and zinc (Zn). Over
40% was made up of SOM, along with 20% humic acids, and 15% trace elements. The effective
viable number of compound probiotics in this fertilizer was more than 500 million/g, with the
main organisms being Azotobacter, Rhizobium, Bacillus amylolyticus, and Bacillus subtilis.

2.2.3 Plant species

Three types of herbaceous plants were selected in this study: Agropyron cristatum L. Gaertn.,
Elymus dahuricus Turcz., and Medicago sativa L.. They all had developed roots and are suitable
for soil improvement in poor conditions, so they were chosen as test species. The quantitative
sowing amount of each herb in each pot was 20 g. In the early survey, natural distribution in
mining areas was found for all three plants. A. cristatum and E. dahuricus are gramineous plants,
which are extremely cold and drought resistant. M. sativa is a leguminous plant that can coexist
with Rhizobium, and play a synergistic role with MF in this study.

2.3 Experimental design

Potted plants were used in this study. The experiment was operated in the nursery of Beijing
Forestry University, Beijing, China. AZ and MF were used as additives. Each amendment was set
up using four dosages: TO (0 g/kg), T1 (5 g/kg), T2 (10 g/kg), and T3 (20 g/kg). The non-amended
group was labeled as TO (0 g/kg). Each dosage was set up in triplicate. There were 72 potted
plants of three types of plants. Specifications of the test pots were unified at an outer diameter of
0.2 m. After filling the basin with original soil from the Bayan Obo mining area, we mixed the
amendment with surface soil at 0—10 cm depth. Seeds were sowed in the mixed soil, covered with
a thin layer of raw soil. During plant growth, plants were watered twice a week in the first 8
weeks and once a week in the later period. The volume of water per pot was 1000 mL at each
watering. Plants were planted in mid-June and harvested in mid-September. After 120 d of plant
growth, nutrients in the soil and both aboveground and underground plant biomass were measured.
2.4 Soil analysis

2.4.1 Sample analysis

After taking out the plants from pot, we mixed 0—10 cm soil in the pot evenly, then took samples
by quartering method, put the collected soil into a self-sealing bag and return it to the laboratory.
The collected soil sample was divided into two parts. One part of fresh soil sample was stored in
cold storage, and the number of microorganisms was measured immediately. The other part was
dried naturally and then nutrients were determined. Plants were uprooted from pot and thoroughly
washed by pure water, cleaned, and stored in paper bags. Measurement of the biomass was
performed after drying. The determination of all indices was repeated for three times.

Chemical properties were determined by routine methods, the details are as follows: soil
organic matter (SOM) content was measured by the method of potassium dichromate (K,Cr,O7)
oxidation, and AN content was measured by the method of alkaline hydrolysis diffusion. AP was
extracted with 0.5 mol/L NaHCOs solution before being assayed. Finally, the colorimetric
molybdenum blue method is used for obtaining AP content. The content of AK was extracted with
1 mol/L NH4OAc and measured by flame photometry (Bao, 2000). We measured microbial
biomass carbon and N using the method of fumigation-extraction (Brookes et al., 1985; Vance et
al., 1987). We assessed microbial population (bacteria, fungi, and actinomycetes) based on Guo et
al. (2012).

2.4.2 Data analysis by TOPSIS

Technique for order preference by similarity to ideal solution (TOPSIS) is a method based on a

limited number of evaluation criteria that calculate the degree of proximity to ideal goals. It is

widely used in assessing the comprehensive ranking of vegetation characteristics and soil

nutrients. The steps to apply the TOPSIS method are listed as follows (Behzadian et al., 2012):
Step 1: create a matrix and its representation is expressed as:
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Xy X
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where X.q is the matrix composed by alternatives and metrics; c¢ is the number of alternative group,
and d is the number of indicators.
Step 2: normalize the values in matrix X.qs. Normalized values of each element in matrix X.s can
be calculated as follows.
Positive indicators:
X; —min {X i }

Xi; :max{Xl.j}—min{Xu}’ @

ij
and negative indicators:
o maX{Xi].} - X; 3)
Y maX{X”} - min{Xy—} ’

where X ; is the normalized positive index; Xj is the tested value; max{X .

; U.} is the maximum

of original number; and min{X U} is the minimum of original number. Normalization matrix

constructed is expressed as:
X 1’ o I,d
X,=l . 4)
o X,

cl

where X/, is the normalized indicator.
Weighted value of normalized indicator 7 is calculated using the following formula:
ry =wiXea s )
where w; is the weight of the indicator. This study uses the entropy weight method to calculate the
weight value.
Step 3: ideal value 4™ is the combination of the ideal values (optimal values) of all indicators,

while ideal negative value 4~ is the combination of the worst values of all parameters. Ideal value
A" and negative ideal value 4~ are calculated using the following formulas:

A*:{r,*,rf,--',nf}a (6)
Aiz{rf’r;,...,rj}’ (7)
max ; {rij } ,when i is a positive indicator
Pt = 3
J . .. . ’
min {rij } ,wheniisa negative indicator
max ; {rl.]. } ,when i is a negative indicator
=l U , ©)

min, {rij} ,when i is a positive indicator
where A" and A~ are positive ideal value and negative ideal value, respectively; rf is the

maximum; and r; is the minimum.

Step 4: Euclidean distances from r;; to the ideal value 4" and negative ideal value A~ are
calculated using formulas 10 and 11, respectively:
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D! = Z(rf_rz/) ,j=12,.n, (10)
=

D; = i(;;j—rjf)z,jzl,Z,---,n, (11)
=1

where Dj is the distance between the evaluation object and maximum; and D; is the distance

between the evaluation object and minimum.
Step 5: proximity coefficient is calculated using Equation 12. The larger the proximity
coefficient, the closer the profile is to the ideal profile:

c__Pi (12)
' D +D;’
J J

where C; is the normalized score.
In terms of comprehensive improvement effect, a higher D; value and lower D}r value lead

to a higher C; value, indicating a better restoration effect, and vice versa.

3 Results

3.1 Changes in plant growth and soil properties

In pot experiment, treatments with additives significantly influenced SOM, biomass, AN, AP, and
AK in mining soils (P<0.05; Fig. 1). For M. sativa, no significant changes in SOM were found
with different AZ amendments though the application of AZ significantly increased SOM content
from TO to T2 by 10.61%-20.27%. For MF amendment, SOM in M. sativa soils varied from
9.60% to 28.65%. SOM in M. sativa had different responses to changes in additives. As shown in
Figure 1b, AZ and MF amendments both significantly increased biomass. For E. dahuricus, the
same amount of additive resulted in a large difference in biomass, in T3, E. dahuricus biomass
difference with different amendments reached 5.4 g/pot. The other plants, A. cristatum and M.
sativa, had lower differences when compared with E. dahuricus. In addition, soil AN contents of
T1 and T2 treatments with E. dahuricus were 10.28% and 16.67% higher, than that of TO
treatment. Similar results were observed in A. cristatum, where available nutrients increased
significantly in AZ treatment compared with TO treatment (P<0.05).

Compared with no amendments (TO0), the application of MF significantly increased AN, AP,
and AK in mining soils planted with 4. cristatum, E. dahuricus, and M. sativa. Under T1 and T2
treatments, both dosages with AZ amendment resulted in higher AP than those of TO treatment in
A. cristatum and M. sativa soils, with great significant differences among these treatments. In
contrast, AP in E. dahuricus soils had an opposite trend under the same treatment, varying from
33.4 to 39.8 mg/kg. Interestingly, in M. sativa soils, AP under TO treatment did not differ
significantly from that under T1 treatment with MF, but differed significantly compared with that
under T2 and T3 treatments. The maximum AP was found under T1 treatment (38.72 mg/kg). AK
contents treated with MF in A4. cristatum soils were greater than those of control treatment, but no
significant difference was found among TO-T3 treatments. AK reached its maximum (87.3 mg/kg)
under T2 treatment. When two amendments were applied to three types of plant soils, the
variation of soil nutrients with MF is relatively stable, but change rate with AZ is relatively fast.

According to the National Standard for Classification of Soil Nutrient Content, AN content in
the mining soils before improvement was low. After treatment, the content reached a high
concentration, and some measurements even reached the upper medium, which proves that the
application of amendments improved nutrient content to some extent. Similar results were found
in AP, SOM, and AN. The application of additive improved AK content, but its variation extent
was not as large as those of SOM and AN.
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3.2 Effects of amendments on microbia

As shown in Table 1

both AZ and MF application significantly increased soil microbial biomass

>

and actinomycetes. The largest increases in

2

including bacteria, fungi

(C/N) and microorganism,

soil microbial biomass and bacterial population were observed under T2 or T3 treatment. All

treatments in A. cristatum soils did not significantly affect MBC/MBN ratio, although AZ
amendment led to a continuous increase in microorganism. When AZ and MF were applied,

MBC/MBN ratio changed within the range of 0.67-14.00 and 4.31-18.16, respectively. Similarly,

not significantly different in comparison to TO treatment. In A. cristatum soils, actinomycetes

when applying AZ, MBC/MBN ratios under T1, T2, and T3 treatments in A. cristatum soils were

increased by 19.3% and 22.8%, respectively when AZ and MF were applied. When MF was
added to soils with E. dahuricus and M. sativa, there were no significant differences among four
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treatments. There were more actinomycetes in A. cristatum soils than those of other plants, with
no difference between AZ and MF, for example, when AZ was applied, actinomycetes in A.
cristatum soil were 1.35 and 1.80 times higher than those in E. dahuricus and M. sativa soils,
respectively.

Table 1 Microbial content and microbial biomass carbon/microbial biomass nitrogen (MBC/MBN) ratio with
the application of artificial zeolite (AZ) and microbial fertilizer (MF)

AZ MF
Concen - -
Treat- - . . Actinomyce- . . Actinomyce-
Plant ent -tration  Bacteria Fungi tes MBC/ Bacteria Fungi tes MBC/
(g/kg) MBN MBN

(x106 CFU/g) (x10° CFU/g) (x10° CFU/g) (x10° CFU/g) (x10° CFU/g) (x10° CFU/g)

TO 0 1.07+£0.38° 2.95+0.05> 3.06+0.04°  3.69+0.47* 1.02+0.05> 2.19+0.25" 3.02+0.61* 18.16+0.58*
T1 5 1.14+0.05¢  2.81£0.07° 3.25+0.09¢  5.50+0.91* 1.03+0.12° 2.144+0.36° 3.80+0.32>  7.41+0.09°

AG T2 10 1.17£0.04° 3.23£0.08° 3.20£0.14*  7.87+5.14° 1.08+0.08* 2.16£0.86° 3.66+0.15°  6.25+0.73°
T3 20  1.4420.03* 3.37+0.17° 3.65£030"  2.7240.56° 1.07£0.26* 2.22+0.35* 3.71+0.02°  6.97+1.04°
TO 0 1.03£0.02* 0.78+0.08* 1.82+0.13*  0.67+0.14% 0.83£0.31¢ 2.17+1.06° 1.80+£0.57° 16.46+0.47
T1 5 1.22+0.04° 1.68+0.32° 2.18+3.91°  8.71+2.14* 1.14+0.25° 2.2240.65° 1.93+0.26°  6.63+0.69"
o T2 10  1.4120.49° 3.12+1.49° 2.10£1.60" 8.58+4.33% 0.93+0.17° 2.24+0.43* 1.62+0.05¢  6.54+0.35"
T3 20  1.48£0.14" 2.43+0.64> 2.70£1.35® 14.0245.72° 1.46£0.05* 2.15£0.26% 1.45+0.41°  6.44+0.83
TO 0 1.19£0.53*® 2.00£0.13® 1.05£0.05°  1.92+0.28" 1.17+£1.02° 2.17+0.52¢ 1.03£1.05¢ 10.51+0.27
L Tl 5 1.20£0.20° 2.05£1.29° 1.77+4.32% 2.44+0.23% 1.09+1.73° 2.40+£1.31° 1.23+0.71°  4.31£1.08°

T2 10 1.28+0.74° 4.58+1.58* 2.0743.74*  1.83+0.15° 0.84+1.51¢ 2.95+1.27° 1.2740.32°  5.28+0.24°
T3 20  1.9440.42° 4.35£1.43® 2.03+5.68° 6.68+4.68" 1.51+£0.89* 2.5240.51° 1.47+£0.98*  6.00+0.71°

Note: CFU, colony forming unit; AG, Agropyron cristatum L. Gaertn.; ET, Elymus dahuricus Turcz.; ML, Medicago sativa L..
Different lowercase letters within the same plant species indicate significant differences among different treatments at P<0.05
level. Mean+SE.

Bacterial contents varied from 1.02x10% to 1.94x10® CFU/g with the application of AZ and
BF. With AZ application, most treatments had no significant differences when compared with
other treatments, and the variation of bacterial content increased with MF application. The
changes of bacteria in the soil varied with different plants. E. dahuricus began to be very
sensitive to the application of amendment. Soil changed little when low concentrations of
amendment were applied, but this change increased significantly when a high concentration was
applied. Similar results were seen in M. sativa. Fungi catalyze complex organic resources'
turnover and promote degradation of SOM. Fungal community showed a complex trend with
the increase of AZ and MF. In E. dahuricus soils with MF application, fungi (2.15%10° CFU/g)
were significantly lower under T3 treatment than under TO treatment (2.17x10° CFU/g). With
AZ application, fungi increased under T1 and T2 treatments, but decreased under T3 treatment.

3.3 Relationship between nutrients and microorganisms

To explain the effects of amendments and soil nutrients on biomass, we performed redundancy
analysis (RDA) to determine which factors correlated with aboveground and underground
biomass (Fig. 2). When AZ was used, AN, MBC/MBN ratio, and SOM were the three main
predictors for biomass across samples, explaining 87.6% of the total variance (Fig. 2a).
Furthermore, we found that AN was positively correlated with AP, actinomycetes, and AK, but
negatively correlated with microbes. MBC/MBN ratio was positively correlated with AK and
SOM, but negatively correlated with microbes and fungi. SOM was positively correlated with AK,
but was negatively correlated with microbes and fungi (Fig. 2a; Table 2).

With MF application, SOM, MBC/MBN ratio, and AK were the three main predictors of
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biomass, explaining 82.9% of the total variance. AP and actinomycetes were positively
correlated with MBC/MBN ratio (P<0.05) and negatively correlated with SOM and bacterial
content. Only fungal content was positively correlated with AK, similar results were found for
AP. Expect for actinomycetes and MBC/MBN ratio, other nutrients all had negative
influences on AP (Fig. 2b; Table 3).
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Fig. 2 Redundancy analysis (RDA) for the relationship between environmental factors (red lines) with the
application of artificial zeolite (AZ; a) and microbial fertilizer (MF; b). AN, available nitrogen; AP, available
phosphorous; AK, available potassium; MBC/MBN ratio, microbial biomass carbon/microbial biomass nitrogen
ratio; SOM, soil organic matter; CK, control; AG, 4. cristatum; ET, E. dahuricus; ML, M. sativa; T0, 0 g/kg; T1, 5
g/kg; T2, 10 g/kg; T3, 20 g/kg.

Table 2 Redundancy analysis (RDA) results between biomass and soil nutrient factors with the application of
artificial zeolite

Statistic Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalue 0.9678 0.0116 0.0203 0.0003

Explained variation (cumulative; %) 96.78 97.94 99.97 100.00

Pseudo-canonical correlation 0.9925 0.8115 0.0000 0.0000
Explained fitted variation (cumulative; %) 98.82 100.00

Table 3 RDA analysis results between biomass and soil nutrient factors with the application of microbial fertilizer

Statistic Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalue 0.8498 0.0093 0.1318 0.0091

Explained variation (cumulative; %) 84.98 85.91 99.09 100.00

Pseudo-canonical correlation 0.9305 0.7083 0.0000 0.0000
Explained fitted variation (cumulative; %) 98.92 100.00

3.4 Comprehensive performance under different treatments by TOPSIS

For TOPSIS analysis, the higher the content of indicators, the more they can provide nutrients for
vegetation growth or promote soil microbial activity, effectively improving soil conditions of
abandoned mining areas. All 12 indicators calculated through entropy weight method ranged from
0.036 to 0.210. Fungi had a relatively high weight, followed by AN. The weights of aboveground
biomass, underground biomass, and total biomass were equivalent (Fig. 3). From the ranking
results, variation in the amendment type, dosage, and host vegetation resulted in significant
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differences. The selection of vegetation types also played an essential role in the restoration effect,
and mining soils planted with M. sativa was more improved than those planted with E. dahuricus
and A. cristatum, although all plants remediated mining soils to a certain extent (Fig. 4).
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Fig. 3 Weight results of various evaluation indicators. MBC/MBN ratio, microbial biomass carbon/microbial
biomass nitrogen ratio; SOM, soil organic matter; AN, available nitrogen; AP, available phosphorous; AK,
available potassium.

D
|
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Fig. 4 Euclidean distances of artificial zeolite (AZ; a) and microbial fertilizer (MF; b). AG, A4. cristatum; ET, E.
dahuricus; ML, M. sativa; T0, 0 g/kg; T1, 5 g/kg; T2, 10 g/kg; T3, 20 g/kg. Dmin, the minimum of distance; Dmax,
the maximum of distance.

We created a Nightingale rose plot based on the normalized C; values (Fig. 5). The farther the
point is from the central region, the higher it ranks. The higher the ranking, the better the
comprehensive properties of additive and vegetation group, and the greatest potential for
improving abandoned mining soils. The top five treatments were, in order, AZ with M. sativa
under T2 treatment (AZ-ML-T2; C;=0.0583), MF with M. sativa under T2 treatment (MF-ML-T2;
Ci=0.0553), AZ with M. sativa under T3 treatment (AZ-ML-T3; C=0.0512), AZ with E.
dahuricus under T3 treatment (AZ-ET-T3; C=0.0508), and AZ with E. dahuricus under T2
treatment (AZ-ET-T2; C~=0.0505).

4 Discussion

4.1 Effect of soil amendments on biomass

Zeolites in soil store nutrients in their three-dimensional structural channels, including NH4" and
K7, reducing ion leaching and increasing their availability to plants, meanwhile, shoot and root
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Fig. 5§ Technique for order preference by similarity to ideal solution (TOPSIS) ranking result graph based on
entropy weight method. AZ, artificial zeolite; MF, microbial fertilizer; AG, A. cristatum; ET, E. dahuricus; ML, M.
sativa; TO, 0 g/kg; T1, 5 g/kg; T2, 10 g/kg; T3, 20 g/kg.

growth is accelerated and total biomass is increased (Farzad et al., 2007). Similar conclusions
have been demonstrated with maize and oat growth in different polluted soils such as in gold
mine-contaminated, smelter factory-contaminated, and farmland-contaminated soils (Knox et al.,
2003; Lahori et al., 2020). When zeolite is applied to soils, salinity stress and other adverse
impacts in arid mining areas can be mitigated, soil water holding capacity can be enhanced, and
Ca and Mg uptake is improved (Rahimi et al., 2021). As a kind of Gramineae herbage, E.
dahuricus has developed a stubborn root system and strong water retention ability (Liu et al.,
2023). To some extent, it can adapt to the limitations of low water content in arid areas.

It is known that SOM content in soils decreases due to soil removal and storage after mining
(Angst et al., 2018). Increasing SOM content is fundamental for ecosystem restoration as it leads
to improved soil structure, enhanced nutrient cycling and retention, and improved biological
activity (Gmach et al., 2019). The results of these pot experiments show that SOM values were
significantly affected by fertilizer application concentration, with the lowest values observed
under TO treatment. SOM increased with amendment application concentration, especially when
using MF as an additive. The effect of amendments on SOM status in plants has been
demonstrated (D¢bska et al., 2016).

Value of pH in soils varies with SOM, and positively correlates with soil acid buffering
capacity and negatively correlates with basic cations leaching from acid mining soils such as Ca,
Mg, and K (Jiang et al., 2018). In addition, humic substances have a high molecular weight
distribution and contain multiple functional groups, and can decrease acidity in contaminated
soils. Abundant SOM, suitable pH value, adequate humic substances, and other nutrients are
jointly beneficial to increase soil nutrient pool responsible for plant growth and production (Dai et
al., 2019; Liu et al., 2021). The total biomass of plants grown with MF application also increased
for these reasons. Similar conclusions have been found in other studies, showing that the
application of fertilizer can bring about an obvious increase in plant growth in mine tailings
(Feagley et al., 1994; Ye et al., 2002; Green and Renault, 2008).

4.2 Effect of soil amendments on chemical characteristics

4.2.1 Effect of AZ on chemical characteristics

Soils from abandoned mining areas have extremely poor nutrient content. This study indicated
that available soil nutrients markedly improved with the application of AZ and MF compared
with no amendment. Owing to the efficacy of additive, SOM content and nutrient retention
increase in treated surface mining soils (Ribeiro et al., 2021). Furthermore, the decomposition of
SOM aided with additives can promote the release of soil micronutrients (Baumann et al., 2013).
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Metals can be immobilized by zeolite. Additionally, immobilization is also accompanied by
enhancement of soil properties (Ge et al., 2022). More than half of zeolite structure is composed
of silicon oxide, especially silicon dioxide (SiOz), reaching for 40%. Silicon increases the activity
of H*-ATPase pumps, which exist on the plasma membrane of plant cells; this regulates the
uptake of nutrients and is expected to increase membrane stability (Savvas and Ntatsi, 2015). In
soil, zeolite particles adhere to the surface of roots and improve SOM solubilization and nutrient
availability (Trinchera et al., 2010).

Available soil nutrients, including AK, are held on the surface of clay particles and SOM. After
the nutrients are absorbed by plants, AK becomes enriched in modified mining soils through
nutrient cycling. AZ amendment increases AK in topsoil, and its effect is far greater than that of
applying K fertilizer (Li et al., 2022). K from zeolite is a key part of AK content, and its
exchangeable K is far more than that adsorbed and stored in zeolite channels. Interestingly, the
existing K in zeolite does not hinder its ability to adsorb excess K (Moraetis et al., 2016). When
soil nutrients decrease, K adsorbed by zeolite can be easily released into the soil for plant uptake
(Li et al., 2022). This process gives the vegetation a continuous supply of nutrients during
growth, which is also conducive to improved nutrient cycling in the soils. While insufficient
nutrient supply seldom causes the decrease of yield during a short period, it could limit
production during a long period (Hou et al., 2019). Earlier studies testified that zeolite was able
to retain N and decreased the loss of ammonia to the atmosphere (Montalvo et al., 2020). This
result contradicted with present study, where a decreasing AN trend was found in M. sativa
soils. In addition, soil nutrients like AN were not significantly different among the four
treatments. One possible explanation is that amendment with AZ promoted the activity of soil
microbial communities and enhanced the expression of denitrification genes (Xiao et al., 2021).
Pot experiments also may not have fully demonstrated the full nutrient cycling effects because
of the short period of experiment. Additive application generally has significant effects on soil
AP concentration regardless of plant type and amendment application rate (Nisbet et al., 1993),
which was consistent with the findings of present study.

4.2.2 Effect of MF on chemical characteristics

The increase in soil available nutrients (AN, AP, and AK) primarily resulted from MF application
acting as a nutrient-building soil amendment. An increase in the availability of soil nutrients after
soil amendment was also partly resulted from a reduction in soil acidity. The microbial
community is indirectly reshaped during this process (Xu et al., 2020; Chen et al., 2022; Zheng et
al., 2023). MF contains a large number of microbial strains and promotes the mass reproduction
of microbial communities. Beneficial microbes such as N, K, and P fixing bacteria accelerate the
transformation of available nutrients and provide nutrients for plants. MF also leads to the
enrichment of functional microbial species involved in carbon fixation, N metabolism
(nitrification and denitrification), and P acquisition (Xiao et al., 2021). These organisms increase
nutrient conversion in soil, thus increasing available nutrients further.

MF can increase N content in shallow soil layers through the slow release of AN from soil
additives and reduced nitrate-N conversion (Liu et al., 2023). In this study, legumes increased
nutrient content in mining soils much better than other plants, which was in line with the
conclusion of previous study (Zheng et al., 2023). This is because increasing pH altered microbial
activity and intensified several N metabolism pathways (Xiao et al., 2021), increasing soil N loss.
High MF content also inhibited the increase of soil nutrients because excessively high
concentrations of MF increases soil water interactions and reduces soil air permeability, inhibiting
nutrient cycling interactions. On the other hand, the increase in soil microbial content leads to an
increase in soil water consumption, reducing available water content. In this case, nutrient cycle
has to slow due to the low concentration of intermediary.

4.3 Interactive dynamics between soil and nutrition

4.3.1 Interactive dynamics under AZ additive
Bayan Obo mining area in Inner Mongolia is a typical arid area found in China, and water
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scarcity restricts vegetation growth. The application of AZ to soil could alleviate this problem,
mainly because of its frame structure. The molecules are linked together like a shelf and many
cavities are formed, which increases porosity and reduces bulk density of soils (Fig. 6). In
addition, these pores can also hold water, enhancing saturated hydraulic conductivity, a primary
indicator of soil physical characteristics and a measure of soil water storage capacity (Reichert et
al., 2009). AZ also significantly affects nutrient availability in the soils (Reynolds et al., 2008).
Previous studies have also demonstrated that zeolite improves soil moisture by retaining water
and supporting plant growth (Zahedi et al., 2009; Hazrati et al., 2017). Zeolites in mining soils
increase chlorophyll content and photosynthesis rate by preventing the leaching of elements such
as N and improving soil water retention (Farzad et al., 2007; Rahimi et al., 2021). Because of its
adsorption capacity and porous nature, it improves water and fertilizer use -efficiency
simultaneously. It can buffer pH of acidic soil, releasing nutrients that were initially inaccessible
to plants and microbes. Nutrients such as K and silicon, were released into the soil after
amendment with AZ, alleviating the negative nutrient balance. Increased nutrients enhanced the
growth of vegetation (Zhao et al., 2022), and consequently improved the productivity of plant
cultivation for the restoration of mining soils (Li et al., 2022).

Zeolite could also slightly increase soil organic carbon (SOC) content through interaction with
soils, increasing available carbon and energy sources, and promoting soil microbial activity (Ge et
al., 2022). Although zeolite adds little organic carbon into soils (Li et al., 2009), it prevents SOC
decrease and maintains soil structure (Ge et al., 2022). When AZ is used with other fertilizers, it
helps retain fertilizing effects and stabilizes carbon through the formation of organic-mineral
compounds (Noli and Tsamos, 2016). However, previous studies demonstrated that, compared
with mineral fertilization such as AZ, organic additives better increased microbial biomass and
activity (Aparna et al., 2014; Siebielec et al., 2018).
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Fig. 6 Schematic diagram of improving mining soils with the application of artificial zeolite (AZ; a) and
microbial fertilizer (MF; b). AN, available nitrogen; AP, available phosphorous; AK, available potassium; SOM,
soil organic matter.

4.3.2 Interactive dynamics under MF additive

Mining disturbance highly alters soil microbial distribution and influences soil function and
quality (Xiao et al., 2021; Chen et al., 2022). Soil microorganisms are limited in most mining
areas. As shown in Figure 6b, the application of MF to mining soils inoculates the soil with a
large number of microorganisms. Microbe population fluctuations regulate enzyme activity and
community structure, and are crucial contributors to the entire carbon cycle (decomposition,
transformation, and stabilization) (Wei et al., 2014; Raza et al., 2023). Decomposed carbon from
MF is utilized by microorganisms for energy (Xie et al., 2022). They respond rapidly to
environmental variations and ensure the smooth operation of soil ecosystem (Fu et al., 2017). Soil
microbes promote plant growth directly and indirectly through changing soil nutrients. Bacillus
polymyxa, as an example, is a rhizosphere bacterium that can promote plant growth (Adesemoye
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et al., 2010). The biomass of plants increases regularly with the increasing supply of nutrients
coming from MF because it facilitated the growth of advantageous microbes while also
suppressing the growth of pathogenic microorganisms such as the pathogenic fungi Basidiomycota
and Ascomycota (Sun et al., 2023).

SOM is another pivotal component found in MF, which greatly influences soil microbes and
N-cycling. MBC/MBN ratio also influences SOM decomposition in soils and microbial activity
intensity (Marschner et al., 2008). All nutrients in the soil affect and restrict each other, and they
collectively interact with plants to form a complete system. M. sativa and other species with
N-fixing capacity have very good N uptake abilities and could be regarded as carbon additives
(Moreau et al., 2019). During decomposition, enhanced N also enhances carbon storage in mining
soils, which is mainly controlled by extra-cellular enzymes (Wei et al., 2014; Raza et al., 2023).
Environmental factors also vastly influence nutrient conversion (Raza et al., 2023). In other
studies, soil microbiomes regulated re-vegetation in arid mining areas together with soil
physical-chemical properties (Xiao et al., 2021). In turn, vegetation restoration increased the
accumulation of soil nutrient, leading to improved soil nutrient status (Kumari et al., 2022).

4.4 Implications

Out of the tested plants, M. sativa grew the most when treated with AZ or MF (Fig. 5). M. sativa
was mainly planted due to its high protein content, high feed value, and strong soil consolidation
ability (Liu et al., 2023). It is also an N-fixing species, decreasing the need for N fertilization.
Based on the results of this study, it is a superior selection for restoring mining soils. E. dahuricus
can easily alleviate drought stress because of its water retention capacity by stubborn root system,
resolving the common limiting factor found in the Inner Mongolian mining areas. In areas such as
this, the type of vegetation greatly impacts the success of remediation. It is important to note that
the long-term success of mining ecological rehabilitation may not be achieved only through
amendment strategies in arid areas. In this study, a combination of RDA and TOPSIS was used to
comprehensively evaluate the nutrient content of sandy soil, providing a theoretical basis for the
application and promotion of amendment strategies in abandoned mining soils. The method above
overcomes the one-sidedness of a single evaluation model that can easily be influenced by
multiple indicators. It is also applicable for use in other soil nutrient quality evaluations. This
study mainly focused on the separate application of two additives, and further research and
verification are needed to understand the effects of mixed amendment application and mixed
vegetation on soil restoration in mining areas.

5 Conclusions

Soil properties were generally enhanced by both amendment strategies used in this study, but
amendment type impacted soil quality in distinct ways. AZ improved soil quality by increasing
porosity and water retention, while MF improved it by offering soil nutrition and enrichment of
microbial community. The pot experiments carried out in present study demonstrate that AZ and
MF application enhanced soil nutrition and vegetation biomass from 3.15% to 91.16% in arid
mining soils. Amendments in abandoned coal mining soils clearly influenced the soil nutrient
content and plant growth. AN, MBC/MBN ratio, and SOM were the three main predictors for
biomass quantity in soils with AZ application, while SOM, MBC/MBN ratio, and AK were the
three main predictors in soils with MF application. In this study, applying AZ at 10 g/kg
concentration in mining soils where M. sativa was planted was the optimal treatment strategy for
nutrient improvement, then, applying MF at 10 g/kg concentration in mining soils where M.
sativa was planted was the second-best strategy. These two methods can be built upon for next
steps toward increased remediation efficacy. However, detailed mechanisms of productivity
enhancement and nutrition improvement may differ between inorganic and organic amendment.
Further study and validation of microbial functional genes are critical to understanding
amendment effects on microbial communities and increased productivity in other soil ecosystems.
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