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Abstract: Organic wastes have a positive impact on soil physical and chemical properties in the
agroecosystems. However, its main effects on soil organic carbon (SOC) or total organic carbon, TOC
(SOC and coal-C) contents as well as their effects on soil physico-chemical properties are still unclear.
Two types of organic wastes (maize straw and manure) were utilized in dryland affected by mining
activities to quantify their relative effect on soil physico-chemical properties. Regression analysis
was used to assess the relationship between the soil physical properties, SOC, and TOC as well as
their respective contributions to improving these properties. Treatments included control (CK), straw
(S), low manure (LM), medium manure plus straw (S-MM), and high manure plus straw (S-HM).
The results showed that SOC, soil bulk density, mean weight diameter (MWD), soil total porosity,
soil penetration resistance, saturated hydraulic conductivity, and soil infiltration rate were strongly
influenced by the application of organic wastes. A stronger linear relationship between SOC and
the MWD, (R2 = 0.93, p < 0.05) compared to that between TOC and MWD indicated the important
role of SOC in improving soil aggregation relative to the effect of TOC. According to the principal
component analysis (PCA), the application of organic wastes had stronger effects on SOC contents
and physical properties than TOC (SOC and coal-C). These findings advance our understanding of
the actual effect of organic wastes on soil physical properties and SOC in dryland affected by mining
activities and could inform fertilizer management decisions to improve soil properties.

Keywords: soil organic carbon; total organic carbon; soil aggregate stability; saturated hydraulic
conductivity; infiltration rate; mine soils

Highlights

Organic waste applications can be beneficial strategies for reclamation of dryland
affected by mining activities. Straw co-application with manure provided the best soil
improvement. SOC had more influence on soil physical properties than the TOC. Soil
hydraulic conductivity was closely associated with the improvement of MWD and SOC.

1. Introduction

Although the economic importance of extracting surface coal mining near agricultural
areas, these mining activities lead to the transformation of large areas of arable land into
unproductive or low-productivity soil [1,2]. These mining processes lead to the removal of
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soil materials that damage the ecosystem and degrade soil properties, negatively impacting
the nutrient cycle. In China, these soils located near coal mining areas are typically used
for the production of crops to achieve the goal of balancing needs and population growth
through increased arable soils [3,4]. Shanxi Province, in the eastern Loess Plateau, is the
second-biggest coal-producing region after Inner Mongolia [5,6]. From the 1990s, the
Shouyang-Yangquan mining area undertook several coal gob pile reclamation projects.
Reclamation of mine soils (RMS) can not only impact the development of the physical
and chemical properties of spoil soil but also shorten the reclamation time [7,8]. Previous
studies have shown that mine soils have low organic carbon, high bulk density, poor
structure, and low water conductivity [2,5,9].

In addition to the coal mining activities, the Loess Plateau soils suffer from several
problems such as severe soil erosion, the fragile ecological environment, and high chemical
fertilizer applications, which have led to soil degradation [4,10]. Therefore, improving
farmland management and preventing the degradation of soil resources are urgent prob-
lems in the sustainable development of the ecological environment of this area. Among the
practices employed to reclaim and improve the properties of dryland affected by mining
activities are organic wastes applications [1,8,10–13].

In mining areas, coal particles, coal dust, and airborne coal particles are emitted and
combined with biogenic carbon from different organic waste inputs. Coal waste pollutants
lead to serious errors in the determination of soil organic carbon (SOC) in arable soils
nearing mining areas [14,15]. The amount of coal waste contribution to SOC is unknown in
soil affected by coal mining activities, which makes it hard to understand the effect of C
additions from the decomposition of organic waste applications and plant materials in soil
affected by coal mining activities [16]. Das and Maiti [17] concluded that the estimation
of biogenic carbon and coal-C is necessary for assessment of the actual SOC content in
RMS in dry tropical climates. The differentiation between SOC derived from organic
wastes (biogenic C) and coal (geogenic C) is important for understanding the dynamics
of the soil carbon and the improvement in soil physical properties. This is important for
understanding to what extent management practices contribute to the reclamation of land
affected by coal mining activities.

In mine soils, enhancing the SOC is associated with improving the soil physical
and hydraulic properties, especially in the surface layer after reclamation [2,18]. Via two
reclaimed sites in Jackson and Vinton counties, Ohio [8] found that long-term organic
fertilization caused increases in SOC and soil aggregation so improved water movement
even though it decreased soil bulk density. Luna et al. [19], reported that the application
of organic amendments increased total porosity, which resulted in an improvement in
water conductivity and decreased erosion on the RMS. However, some studies have
shown insignificant changes in soil bulk density, infiltration rate, and saturated hydraulic
conductivity when organic wastes were applied to soils [20].

The effectiveness of the application of different organic wastes in dryland affected by
coal mining on SOC or TOC contents and soil physical properties are still unclear. Most
previous studies depend on traditional methods for measuring SOC content regardless of
its source. However, it is very important to distinguish the effect of organic C and coal
C and their interaction effects on soil physical properties. We hypothesize that the long-
term application of organic wastes has a stronger impact on SOC, aggregate stability, and
soil hydraulic conductivity compared to TOC, which may positively affect these physical
properties and consequently improve the productivity of these soils. Therefore, the current
study aimed to quantify and compare the effect of SOC from long-term application of
organic wastes and TOC (SOC + coal-C) on soil physical properties in dryland affected by
coal mining activities.
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2. Materials and Methods
2.1. Site Description

A long-term fertilizer experiment with continuous spring maize was initiated in 1992 at
the Dryland Farm Experiment Station in Shouyang, Shanxi Province, China (37◦ N–38◦ N,
112◦ E–113◦ E; 1100 m ASL). The site is in the Shouyang-Yangquan mining area at the
northern temperate zone and has a tarry monsoon climate. It is cold and arid in winter,
hot and rainy in summer. The mean daily temperature is 28.2 ◦C in the warmest month
(July) and −11.4 ◦C in the coldest month (January). The meteorological data through the
period of 1992 to 2018 is presented in Table 1. The annual sunshine duration is 2710 h. The
annual average prospective evaporation is 1700–1800 mm, and the yearly frost-free season
is nearly 130 days. Spring maize is the main crop grown under the one-crop-per-year
cropping system. The soil was sandy loam in texture (Table 2) and it could be classified as
a Calcaric-Fluvic Cambisol [21–23]. The site has received organic wastes, since 1992 that
consists of Maize straw (S) and cattle manure (M).

Table 1. The meteorological data in Shouyang through the period of 1992 to 2018.

Period 1992–2018
Source

Month January February March April May June July August September October November December Year

Mean
monthly
precipi-

ta-
tion(mm)

2.5 4.8 13.3 22.4 35 55.4 120.1 112 62.7 31.6 10.2 1.5 471.5

Wang
et al.
[24]

and Li
et al.
[25]

2018

Mean
low ◦C −1 4 14 18 23 28 27 26 20 15 9 1 15.3

Mean
low ◦C −14 −14 −2 3 8 13 18 16 7 −1 −5 −13 1.3

Mean
monthly
precipi-

ta-
tion(mm)

1.6 0.0 8.1 31.2 59.0 58.4 169.0 118.7 41.5 8.3 5.9 0.0 501.8

Table 2. Some soil physical and chemical properties of the tested soils (0–10; 10–20 cm) in 1992.

Soil Layer (cm) Soil Particle Size Distribution (g kg−1) Available Soil Nutrient (mg kg−1) SOC (g kg−1) pH

Sand Silt Clay N P K

0–10 586.00 357.00 58.00 58 8.3 96 25.6 7.9
10–20 597.00 346.00 58.00 52 6.9 93 25 7.9

The initial soil chemical and physical properties (in 1992) of the studied area are shown
in Table 2.

2.2. Experimental Design and Sampling

The experiment was arranged in randomized block design with three replicates, the
area of each plot was 36 m2 (6 × 6 m2). The experiment included five treatments as follows:

(1) Unfertilized control (CK),
(2) 3000 kg ha−1 maize straw (S),
(3) 1500 kg ha−1 cattle manure as low (LM),
(4) 3000 kg ha−1 maize straw residue plus 4500 kg ha−1 cattle manure as medium

(S-MM), and
(5) 3000 kg ha−1 maize straw residue plus 6000 kg ha−1 cattle manure as high rate

(S-HM).
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Each plot of the treatments S, LM, S-MM, and S-HM had nitrogen 105 kg ha−1 and
phosphorus 105 kg ha−1 applied once a year, respectively, using urea (46% N) and calcium
superphosphate (7% P) in a ratio of N to P of 1:0.44. At the same time, the source of
potassium depended on the supply of organic wastes.

The organic manure was cattle manure obtained from local farms, whereas maize straw
from the previous year’s harvest. The weighted mean contents for cattle manure of organic
matter, total N, P, and K content of 360 g kg−1, 9.6 g kg−1, 1.7 g kg−1, and 7.4 g kg−1,
respectively (ratio of N:P: K = 100:18:77), and 750 g kg−1, 6.3 g kg−1, 0.04 g kg−1, and
7.2 g kg−1, respectively, for maize straw (ratio of N:P: K = 100:6:114). Maize straw (S),
cattle manure (M), and mineral fertilizers (F) were broadcasted and incorporated into the
soil by ploughing (20 cm deep) after the maize harvest in the fall. The winter and spring
seasons are dry and there are frequently high winds. Locally recommended maize varieties
were utilized, at a seeding rate of 30 kg ha−1. Due to heavy winter, maize was seeded on
28 April 2018 without ploughing and harvested in late September. Seeds were sown at
an intensity of 5.55 × 104 plant ha−1 to preserve a spacing of 60 × 33 cm. Two manual
weeding operations were carried out during the growing season. The maize was harvested
near the soil with sickles and all harvested residues were removed from the plots.

After maize harvesting in 2018 soil samples were collected at six points selected
randomly from 0–10 and 10–20 cm depth from each plot by soil auger and mixed well to
form a composite sample. Six soil cores (5 cm diameter and 5 cm height) were sampled to
measure soil bulk density. The total porosity was then calculated from soil bulk density
assuming that the soil particle density was 2.65 mg m−3 [26]. Moist soil samples were taken
to the laboratory, left on the bench for air-drying to a stable weight, and then separated
gently breaking (by wood hammer) apart along the natural break to obtain aggregate sizes
< 8 mm. After complete mixing, one subsample was dried at 105 ◦C to determine soil
moisture gravimetrically according to Page et al. [27]. Soil samples passed through 8-mm
sieve were subjected to determine four aggregate size fractions according to Elliott [28].
Samples of 80 g were put on the top of a 2-mm sieve and gently immersed in deionized
water for 5 min at room temperature. The aggregates were separated by manually moving
(3 cm vertical distance 50 times in 2 min). The rest of each soil sample on the 2-mm sieve
was collected. The passing soil suspension was transferred to the next finer sieve, and the
sieving operation was repeated. In the sieving process, there were three consecutive sieves,
with pore diameters of 2, 0.25, and 0.053 mm, respectively. Thus, the size fractions acquired
were (1) large macroaggregates of >2 mm, (2) small macroaggregates of 2–0.25 mm, (3)
micro aggregates of 0.25–0.053 mm, and (4) the silt and clay fraction of <0.053 mm that
was collected by centrifugation. All separated fractions were oven-dried at 60 ◦C and then
weighed, and the mean weight diameter (MWD, mm) was calculated as an index of the
aggregate stability according to [29,30] using the following equation:

MWD =

n
∑

i=1
xiwi

∑n
i=1 wi

(1)

where xi is the mean diameter of the size fraction (mm), and wi is the proportion of the size
fraction in the whole soil (%).

The steady-state phase of soil infiltration rate (INR) was measured according to the
criterion suggested by USDA [31] at the field. This method uses a single ring infiltrometer
with a diameter of 152 mm. The time required for a known quantity of water, equal to
a 25.4 mm head (444 mL of water), to infiltrate into the soil is recorded. The saturated
hydraulic conductivity (Ks) was determined on soil cores by the constant-head method [32].

In 2018, soil penetration resistance (PR) as an indicator for soil compaction was
measured for 0–10 and 10–20 cm depth using a hand-pushing electronic cone penetrometer
(Eijkelkamp Penetrologger). The measurements were carried out at six spots in each plot in
October just after harvesting the maize crop. The soil moisture content of each plot was
measured in both soil layers.
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The coal-C content of soil samples was analyzed using a Chemi-thermal method as
described by Ussiri and Lal [16]. Thinly ground 2 g soil samples were chemically treated
by 1 M HCl (to remove carbonates), 0.5 M NaOH, 60% HNO3, and HF then heated in
a muffle furnace at 340 ◦C for three hours. The remained C fraction that is resistant to
chemical extraction and thermal oxidation is defined as the coal-C, which was analyzed by
the elemental-analyzer systems GmbH (Vario Pyro Cube, Germany). Newly derived SOC
concentration of the soil samples was determined by subtracting the coal-C from the total
organic carbon (TOC) (Figure 1).
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2.3. Statistical Analysis

A one-way analysis of variance (ANOVA) and Duncan’s test were perfected by SPSS
21.0 (SPSS Inc., Chicago, IL, USA) for the analysis of difference and the test of significant
variance (p < 0.05). The relation between soil variables and treatments were analyzed with
principal component analysis (PCA) by using Origin Pro 2017. Multiple linear regressions
(MLR) were performed using statistical models of Freedman (2009).

3. Results
3.1. Soil Carbon Components

In general, total organic carbon content (TOC) that includes both soil organic carbon
and coal-C constantly increased with the application of organic wastes. The TOC content
significantly increased in the S-HM treatment, while it showed an insignificant increase
in the other treatments (S-MM, S, and LM) compared to CK treatment in both soil layers
(Table 3).

Table 3. Soil carbon components (TOC, SOC, and Coal-C) for the 0–10 cm and 10–20 cm soil depths affected by the long-term
organic material applications.

Layer (cm) Treatment
TOC SOC Coal-C

g C kg−1

0–10

CK 26.20 ± 0.40 b 15.16 ± 0.05 d 11.03 ± 0.31 a

S 27.30 ± 0.07 ab 15.72 ± 0.09 c 11.58 ± 0.05 a

LM 26.75 ± 0.06 ab 15.82 ± 0.08 c 10.93 ± 0.03 a

S-MM 28.10 ± 0.21 ab 16.43 ± 0.06 b 11.64 ± 0.26 a

S-HM 29.04 ± 0.9 a 16.91 ± 0.09 a 12.42 ± 0.69 a

10–20

CK 23.63 ± 0.40 d 12.94 ± 0.18 c 10.69 ± 0.33 b

S 26.71 ± 0.07 b 13.57 ± 0.22 b 13.14 ± 0.59 a

LM 26.06 ± 0.06 b 14.88 ± 0.11 a 11.18 ± 0.54 b

S-MM 25.51 ± 0.21 b 15.38 ± 0.28 a 10.13 ± 0.11 b

S-HM 29.04 ± 0.20 a 15.41 ± 0.13 a 13.72 ± 0.11 a

TOC = total soil organic carbon; SOC = biogenic carbon; Coal-C = coal carbon. Data are represented as means ± S.E (n = 3). Different
lowercase letters in the same column indicate significant differences at p < 0.05 according to Duncan’s multiple range tests.

Regarding coal-C distribution along with the application of organic wastes, insignifi-
cant variations were found among all treatments in 0–10 cm soil depth. The coal-C contents
were highly significantly increased in 10–20 cm soil depth with S-HM and S treatments
(Table 3).

Long-term application of organic wastes realized significant (p < 0.05) effects on soil
organic carbon content (SOC or biogenic carbon). The SOC content of both soil layers
progressively increased with the application of organic wastes (Table 3). The SOC content
in S-HM and S-MM treatments was 16.91 and 16.43 g C kg−1 soil, respectively, and it was
15.82, 15.72, and 15.16 g C kg−1 soil in LM, S, and CK treatments, respectively, in the surface
soil layer (Table 3). The same trend of SOC content was recognized in the subsurface layer
(10–20 cm), but not statically significant between LM, S-MM, and S-HM treatments.

3.2. Soil Bulk Density (ρb) and Total Porosity (P-Core)

The long-term application of organic wastes resulted in a significant reduction in the
soil bulk density of the 0–10 cm soil layer compared to the CK treatment (Table 4). S-HM,
S-MM, and LM treatments exhibited a significant (p < 0.05) reduction in soil bulk density
reflecting a significant increase in the total soil porosity compared to the CK treatment.
While in a 10–20 cm soil layer, S-HM and S-MM treatments showed a significant effect on
both bulk density and total porosity compared to the other treatments. Regardless of the
organic waste application, bulk density increased with soil depth consequently the total
porosity decreased.
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Table 4. Soil bulk density (ρb), total porosity (P-core), saturated hydraulic conductivity (Ks), and penetration resistance (PR)
for the 0–10 cm and 10–20 cm soil layers affected by the long-term application of organic materials.

Layer (cm) Treatment
ρb P-Core Ks PR

mg m−3 cm cm−3 cm h−1 MPa

0–10

CK 1.28 ± 0.02 a 0.51 ± 0.0064 d 0.94 ± 0.13 b 2.96 ± 0.01 a

S 1.25 ± 0.01 b 0.52 ± 0.0045 cd 1.08 ± 0.29 b 3.12 ± 0.13 a

LM 1.22 ± 0.01 bc 0.53 ± 0.0020 bc 1.50 ± 0.15 a 2.93 ± 0.02 a

S-MM 1.20 ± 0.02 c 0.54 ± 0.0072 ab 1.51 ± 0.15 a 2.10 ± 0.18 b

S-HM 1.18 ± 0.01 c 0.54 ± 0.0054 a 2.03 ± 0.04 a 2.07 ± 0.01 a

10–20

CK 1.41 ± 0.01 a 0.46 ± 0.0011 c 0.53 ± 0.14 a 7.83 ± 0.02 a

S 1.41 ± 0.01 a 0.46 ± 0.0013 c 0.62 ± 0.1 a 7.55 ± 0.50 a

LM 1.40 ± 0.01 a 0.45 ± 0.0010 c 0.56 ± 0.1 a 5.10 ± 0.04 b

S-MM 1.38 ± 0.01 b 0.47 ± 0.0034 b 0.61 ± 0.1 a 5.16 ± 0.01 b

S-HM 1.29 ± 0.01 c 0.50 ± 0.0025 a 0.70 ± 0.03 a 6.09 ± 0.15 b

Data are represented as means ± S.E (n = 6). Different lowercase letters in the same column indicate significant differences at p < 0.05
according to Duncan’s multiple range tests.

3.3. The Size Distribution of Soil Water-Stable Aggregates

In the surface layer (0–10 cm), the aggregates with size >2 mm only with S-MM
treatment significantly increased compared to the other treatments. The different manure
applications had a significant effect on aggregate with size 2–0.25 mm than the S and CK
treatments in both the soil layer. The aggregate size of 0.25–0.053 and <0.053 mm in both
soil layers significantly differed as a result of organic wastes application compared to the
CK treatment. The number and size of soil water-stable aggregates decreased as soil depth
increased (Figure 2). For all treatments, the micro aggregates (0.25–0.053 mm) are the
dominant ones in each soil layer, followed by the macroaggregates (>0.25 mm).
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3.4. Mean Weight Diameter (MWD)

Long-term application of organic wastes showed significant (p < 0.05) effects on the
MWD, which is considered as a reference of soil aggregation. The highest MWD values of
the surface layer were obtained in S-HM, S-MM, LM, and S treatments, being 0.44, 0.42,
0.37, and 0.36 mm, respectively, with statically significant differences from the CK treatment
(Figure 3). The MWD values of the subsurface layer were lower than those in the surface
one with significant effects (p < 0.05) among treatments (Figure 3).
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3.5. Saturated Hydraulic Conductivity (Ks) and Infiltration Rate (INR)

The Ks in 0–10 and 10–20 cm soil layers as affected by different applications of organic
wastes are shown in Table 4. In the surface layer (0–10 cm), it was observed that the Ks
had the highest value on S-HM treatment followed by S-MM, LM, S, and CK treatments.
The S-HM, S-MM, and LM treatments increased Ks values by 115.50, 61, and 51.32%,
respectively, compared to the CK treatment. In the subsurface layer (10–20 cm), the Ks
values increase with the application of organic wastes, but with insignificant effects among
treatments compared to the CK treatment.

The long-term application of organic wastes had varying effects on the infiltration
rate (INR); it played a major role in improving the INR values (Figure 4). The high manure
application rates had higher INR values than those of other applications. The S-HM and S-
MM treatments increased INR by 226 and 93%, respectively, compared to the CK treatment.
While the S-HM treatment increased the INR by 168 and 207% compared to the S and LM
treatments, respectively. There was an insignificant difference in the INR between the LM
and S treatments. On the other hand, the INR statistically significant variation for S-MM
and S-HM vs. LM, S, and CK treatments.
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3.6. Soil Penetration Resistance (PR)

The average PR values for 0–10 and 10–20 cm soil layers amended with different
organic waste applications are presented in Table 4. The organic material applications had
a significant (p < 0.05) effect on penetration resistance. In the surface layer, the penetration
resistance showed low values with S-HM (2.07 MPa) and S-MM (2.10 MPa) treatments.
While it showed high values with S (3.12 MPa) followed by CK (2.96 MPa) treatment, with
insignificant effect among CK, S, and LM treatments. The PR significantly increased with
soil depth for all treatments. The influence of manure applications on PR was completely
analogous except for S-HM treatment at the subsurface layer.

3.7. Soil Physical Properties in Relation to TOC and SOC

The soil bulk density was negative significantly correlated with SOC and TOC in both
soil layers. The regression value of this negative correlation was higher with SOC than
that of TOC in the surface layer, and the opposite trend was true in the subsurface layer
(Figure 5a,b). Total soil porosity was positively correlated with SOC and TOC in both soil
layers (Figure 5c,d).

The MWD significantly increased with increasing SOC or TOC of both soil layers.
Moreover, for both soil layers, MWD was more closely related to the SOC (R2 > 0.9,
p < 0.01) than TOC (Figure 5e,f). The water infiltration (INR) significantly increased with
the increasing content of soil organic carbon or total soil organic carbon. The INR was more
strongly related to the SOC (R2 > 0.8, p < 0.001) than TOC (Table 5 and Figure 6a).



Sustainability 2021, 13, 5686 10 of 18
Sustainability 2021, 13, x FOR PEER REVIEW 10 of 19 
 

 
Figure 5. Relationships between the SOC or TOC content and soil bulk density (ρb) of (a) 0–10 cm layer and (b) 10–20 cm 
layer and the total porosity (P-core) of (c) 0–10 cm layer and (d) 10–20 cm layer and the mean weight diameter (MWD) of 
(e) 0–10 cm layer and (f) 10–20 cm layer in studied soil. Yellow dots represent SOC content and red ones TOC content, 
respectively. Correlation (r) is significant at ** p < 0.01, and * p < 0.05. 

  

Figure 5. Relationships between the SOC or TOC content and soil bulk density (ρb) of (a) 0–10 cm layer and (b) 10–20 cm
layer and the total porosity (P-core) of (c) 0–10 cm layer and (d) 10–20 cm layer and the mean weight diameter (MWD) of
(e) 0–10 cm layer and (f) 10–20 cm layer in studied soil. Yellow dots represent SOC content and red ones TOC content,
respectively. Correlation (r) is significant at ** p < 0.01, and * p < 0.05.

Table 5. Multiple stepwise linear regression (MLR) between SOC, as well as TOC content, and some soil physical properties
of the 0–10 cm and 10–20 cm soil layers affected by the long-term application of organic materials.

Soil Layer (cm) Parameter Equation R2 F

0–10

Pb 2.12 − (0.06 × SOC) + (0.004 × TOC) 0.67 12.10
P-core 18.82 + (2.31 × SOC) − (0.12 × TOC) 0.67 12.20
MWD −0.54 + (0.061 × SOC) − (0.002 × TOC) 0.93 81.25
INR −1583.37 + (94.20 × SOC) + (9.20 × TOC) 0.84 30.54
Ks −8.10 + (0.70 × SOC) − (0.06 × TOC) 0.63 10.36
PR 13.20 − (0.76 × SOC) + (0.054 × TOC) 0.72 15.46

10–20

Pb 1.93 − (0.012 × SOC) − (0.015 × TOC) 0.60 9.20
P-core 26.77 + (0.28 × SOC) + (0.60 × TOC) 0.54 6.88
MWD 0.023 + (0.02 × SOC) + (0.003 × TOC) 0.65 13.56
INR −790.376 + (22.52 × SOC) + (23.36 × TOC) 0.63 10.33
Ks 0.09 + (0.003 × SOC) + (0.02 × TOC) 0.66 0.46
PR 17.66 − (1.20 × SOC) + (0.21 × TOC) 0.67 12.37
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The Ks was positive significantly correlated with SOC or TOC in surface soil layers.
Otherwise, Ks was positively insignificant correlated with SOC or TOC in the subsurface
soil layer. The regression (R2) value of this positive correlation was higher with SOC than
that of TOC in the surface layer (Table 5 and Figure 6b,c). In general, a significant negative
correlation was observed between PR and SOC in both soil layers, while the correlation
between PR and TOC was only significant at the surface soil layer (0–10 cm). The R2

value of this negative correlation was higher with SOC than that of TOC in both soil layers
(Table 5 and Figure 7a,b).
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Soil bulk density (ρb), total soil porosity (P-core), mean weight diameter (MWD),
soil infiltration rate (INR), saturated hydraulic conductivity (Ks), and penetration resis-
tance (PR).

3.8. Principal Components Analysis (PCA)

Depending on the PCA of soil characteristics (Figure 8), the first two principal com-
ponents explained approximately 95.60% of the total variation: PC1 (89.60%) and PC2
(6.00%) for 0–10 cm soil layer (a). While the first two principal components explained
approximately 81.80% of the total variation: PC1 (65.80%) and PC2 (26.00%) for 10–20 cm
soil layer (b). The 1st principal component can be interpreted as a gradient of TOC and SOC
contents, with positive eigenvector values for MWD, INR, Ks, and P-core. The 2nd princi-
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pal component is mainly related to a gradient of TOC and SOC contents, with negative
eigenvector values for PR and ρb.
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The PCA consequence of the organic waste application plotted on the scale of the
first PCA components is grouped (Figure 8a,b). Axis 1 separated the S-HM, and S-MM,
with high values of MWD, INR, KS, P-core, SOC, and TOC, and it is related mainly to the
manure rate application. Axis 2 distinguished mainly the LM, S, and CK from the other
treatments, with a tendency to high values of ρb and PR.

4. Discussion

In the mine soil, organic waste application and fertilization practices play an important
function in creating a balance in the soil organic carbon level. Therefore, it is essential
to determine organic (biogenic) and coal (geogenic) carbon to assess the role of each in
conserving soil organic content as well as improve soil physical properties. The coal-
C portion gradually increased with soil depth (>10 cm) except for the S-MM and CK
treatments. This action might be due to sedimentation of coal-C in the subsurface soil layer
as a result of rainfall impacts, which leached it downward. These results agreed with Ussiri
and Lal [16], who reported that the contribution of coal-C was not obvious in the surface
layers (<10 cm depth). This was probably due to the application of organic wastes, which
have been applied at topsoil.

The SOC contents of the topsoil significantly increased with the application of organic
wastes. Other comparable studies suggested that the integrated applications of organic
manure had better promising effects for both recovering and increasing the SOC in mine
soils than the performance of any of them individually [33–37]. The SOC content signifi-
cantly diverged among organic waste applications at 0–10 cm soil layers, and it increased
by increasing the rate of manure application (Table 3). Additionally, S and LM treatments
increased SOC content compared with CK treatment, where a slight variation was observed
with the CK treatment in both layers. These results agreed with those of Song et al. [37],
who studied the effect of long-term fertilization under rainfed areas with continuous maize
cropping in the black soil (Clay Loam) of Northeast China. They observed that farmyard
manure at the rate of 23 t ha−1 or maize straw at the rate of 7.5 × 103 kg ha−1 with balanced
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inorganic fertilizers at the rate of 50 kg N ha−1, 82.5 kg P2O5 ha−1 and 82.5 kg K2O ha−1

had a favorable influence on the SOC content. Generally, the SOC content balance is
determined by the amount of organic wastes input and output. The increased SOC content
might be explained by the amount of C input since the soil mineralization rate is commonly
steady, and, therefore, the rate of SOC variation is directly linked to the C input from
organic applications [38,39]. The higher application of organic wastes input in S-MM
and S-HM treatments enhanced SOC and TOC contents in the soil. It led to increased
maize growth compared to the control treatment, which contributed to a higher rate of
root residues in the soil [37]. The application of organic wastes and root biomass input
with S, LM, S-MM, and S-HM treatments contributed to the promoted C content in the
soil [37,40]. Moreover, the SOC was higher in the combined application of organic wastes
than that of individual application. This could be attributed to the higher C inputs in the
combined applications. Moreover, low temperature and soil moisture play an important
role in the mineralization of organic waste. [37,41]. Ogle et al. [42] mentioned that organic
wastes have further increased SOC content in humid climates compared to arid climates.
Nonetheless, they explained that the only exception to climate restrictions on SOC, is
the low-rate application of organic matter that had a major impact on C inputs and SOC
contents in humid and arid climate conditions. In general, these results pointed out that
organic waste plays a significant role in increasing SOC contents in the soil affected by coal
mining activity.

Soil bulk density (ρb) reduction and consequently the increase of total soil porosity
as a result of organic wastes application might be due to the increasing of TOC or SOC
(Table 4). In addition, the low ρb value of the surface layer (0–10 cm) for all treatments may
be attributed to the incorporation of organic waste applications and plant residue with
the surface layer [12]. Moreover, the most important factor for reducing bulk density is
soil organic carbon (SOC) content that increases bioactivity and root penetration [1,41,43].
Ciećko et al. [44] observed that soil organic carbon was an important factor in increase
soil total porosity and decrease in ρb. Multiple stepwise linear regression (MLR) showed
that the combination of SOC and TOC significantly decreased the soil bulk density and
increased the total porosity, of both soil layers (Table 5). As shown in Figure 5a–d, the
soil bulk density value significantly decreased with increasing SOC content because it
encourages soil particles cohesion and binds soil particles and roots, which in turn, form
soil aggregates and changes soil pore size distribution [43]. Furthermore, there was a strong
correlation between the SOC and both soil bulk density and total porosity. The potential
influence of coal-C on soil bulk density and total porosity differed. This may be due to the
texture and density of the coal waste resulting from mining activities likely close to that of
those in the undisturbed soils [45,46].

Mean weight diameter (MWD), is one of the main indexes of soil aggregates stability
and soil structure [37,47,48]. The results demonstrated that long-term application of organic
wastes had positive effects on soil aggregates with a systematic increase in the MWD in
both soil layers (Figure 3), which means soil aggregate stability was improved by organic
wastes application. Soil aggregate stability is affected by many factors, of which tillage
practice and organic applications are considered as the extremely essential ones. Stable and
large soil aggregates were achieved by adding organic wastes compared to those in CK
treatment indicating the improvement of soil physical characteristics. Qu et al. [7] reported
that the MWD was strongly based on the soil binding of the reclaimed cropland soil of
the Dongtan Coal Mine in Zoucheng City. Soil microbes secrete polymeric substances and
plant polysaccharides led to form colloids, which drive the binding of soil particles together,
while surface charge and electrostatic pull play an important role in the interaction of soil
aggregations and organic polymers [49,50]. Accordingly, increasing the application of
organic wastes leads to forming soil aggregates, which exhibit a gradual increase in the
MWD of both soil layers. Furthermore, the application of individual organic wastes did
not result in an increase in the MWD in 10–20 cm soil layers (Figure 3). The soil surface
layer has a greater number of fine roots or fungi more than that of the subsurface layer,
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which contributes to more accumulation of active organic matter (OM) comparatively
rich in monosaccharides and polysaccharides [7,12]. Multiple stepwise linear regression
(MLR) showed that the combination of SOC and TOC significantly improved the aggregate
stability (Table 5). The positive correlations of MWD and SOC or TOC indicated that SOC
and TOC may play an important role in the soil aggregate stability (Figure 5e,f). The
significant positive correlations between MWD and SOC compared to TOC suggested the
important role of SOC in encouraging aggregation by binding soil particles together [51,52].
The potential influence of TOC on the aggregate stability of mine soils has been confirmed
by the results of [18,19,53].

The high values of Ks and INR of the surface layer with long-term organic wastes
application are an indication of improving the soil structure and porosity. However, the
overall Ks values at 10–20 cm soil layer were lower than those of 0–10 cm soil layer, due
to the changes in soil properties, especially slightly low organic matter content and rela-
tively high soil bulk density of the subsurface layer. The saturated hydraulic conductivity
(Table 4) and soil infiltration (Figure 4) values are extremely related to the favorable soil
structure, a reduction in ρb as well as increasing MWD, and SOC content. The results indi-
cated that the increase in SOC contents had an important role to encourage the formation of
stable micro-aggregates (0.25–0.053 mm) and develop soil structure, that improves soil hy-
draulic conductivity. These results agreed with other studies [8,20,54–56]. Shukla et al. [8]
suggested that the decrease in ρb and the increase in SOC, MWD, and INR of the RMS are
indications of the positive influence of inorganic fertilizer application on improving the soil
structure and hydraulic properties. Brar et al. [13] reported that there were significant en-
hancements in soil infiltration rate with the long-term application of inorganic and organic
fertilizers compared to non-treated plots. Generally, the high organic carbon content led
to an increase in Ks value, because the organic carbon promoted the improvement of the
soil aggregate structure, resulting in the possible increase in effective pore volume [43,57].
In addition, the deep roots of maize in reclaimed mine soils can increase the hydraulic
conductivity [52], through the creation of root channels, crack formation, and root exudates
that help to aggregates formation [35,58]. Araya and Ghezzehei, [59] observed that the most
important structural variables on Ks were ρb and C content. In our study, the Ks values
decreased extremely in all treatments within 10–20 cm soil layer compared with the surface
layer, which was likely consequent to compaction resulting in decreased effective pore
volume [43,57]. Multiple stepwise linear regression (MLR) showed that the combination
of SOC and TOC significantly increased the water infiltration (Table 5). There was also a
positive significant effect of SOC on Ks, while there was a negative insignificant influence
of TOC on Ks occurred in the surface soil layer (Table 5), which indicated that the effect of
SOC on Ks and INR was stronger than the effect of TOC (Figure 6a–c). The increase in SOC
as a result of organic waste applications most likely increased the root growth, biological
activity, and soil pore space that leads to an increased water infiltration rate [19].

The results displayed that the PR values varied with depth. The influence of manure
applications on the penetration resistance (PR) was completely analogous in the 10–20 cm
soil layer Table 4. The high values of the PR in the deep soil layer can be attributed to the
formation of a hard plow pan as a result of the long-term conventional tillage. While low
values of PR in the surface layer can be traced back to being influenced by the application
of organic wastes at the surface soil layer [23,41,60]. Multiple stepwise linear regression
(MLR) showed that the interaction between SOC and TOC significantly reduced the PR, as
well as the PR and SOC, were closely related, with an insignificant association between PR
and TOC (Table 4). The significant negative correlations between PR and SOC compared to
TOC suggested an important role of soil organic carbon in boosting the total soil porosity
(Figure 7a,b).

The principal component analysis (PCA) revealed that more TOC and SOC contents
were closely related to the applications of organic wastes, while coal-C realized a high
impact on TOC. Furthermore, the coal-C had a slightly positive impact on SOC content
at the 0–10 cm soil layer and a slightly negative effect at the 10–20 cm soil layer (Figure 8
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and Table 5). These effects depend on the ability of soil microorganisms to attack the coal
carbon because it is more resistant to decomposition [45,61]. An influence in SOC content
caused by coal-C was also reported by [44,62].

The PCA also pointed out that high values of ρb and PR were associated with LM,
S, and CK treatments due to low SOC contents. On the other hand, manure combined
with straw (S-HM and S-MM treatments) showed that ρb and PR values were reduced as a
result of SOC accumulations. Manure combined with straw encouraged the cohesion of soil
particles, which in turn, form soil aggregates [10,12,33,52,54]. Celik et al. [41] reported that
preserving a suitable amount of organic matter with long-term application led to a decrease
in both soil bulk density and penetration resistance, which enhances the aggregation index
and lessens soil compaction. The results also showed a strong association between PR
and coal-C, which indicates a positive impact of coal-C on those parameters in a 10–20 cm
soil layer. This might be attributed to the sedimentation of coal particles at the subsurface
soil layer.

Moreover, the PCA indicated that the aggregate stability and the high SOC content
were closely associated with applications of manure with straw (S-HM and S-MM) in the
0–10 cm soil layer. The combined application of organic wastes and mineral fertilizer had a
significant effect on increasing the aggregate stability and its development than using each
material individually [7,35,39,63]. Further, SOC is considered a nutrient source for plants
and microorganisms resulted in organic secretion, which leads to binding soil particles
to form aggregates [60,64–68]. Moreover, the lower relation between TOC and MWD
compared to that of SOC and MWD indicated weak effects of coal-C on soil aggregation.
Some previous studies reported that the increased application of coal fly ash upon a certain
proportion in the soil leads to an increase in the soil’s cloddy nature [46,69].

In this study, the application of organic wastes improved the aggregate stability and
increased soil porosity and homogeneity, so allowing rapid water movement, as indicated
by the higher values of Ks and INR. The high manure application significantly increased
the Ks and INR values and enhanced soil aggregates. These results are in harmony with
our hypothesis that long-term application of organic waste encourages soil aggregates
formation, which improved water hydraulic properties. Ozlu et al. [60] reported that high
manure application increased the INR rate at all sites in South Dakota. The results also
showed a stronger association between INR and TOC than that of INR and SOC due to
the weak correlation between INR and coal-C. Likewise, the association between the TOC
and Ks was lower than that of Ks and SOC. Moreover, a negative association was found
between Ks and coal-C. The adverse effect of coal-C on Ks on the soil surface may be due to
the fact that coal particles absorb water as a water-repellent material. [45,61]. Adriano and
Weber [61] reported that the effect of coal fly ash application on soil hydraulic conductivity
depended on soil type and properties of coal wastes.

5. Conclusions

Soil cultivation and environmental balance recovery can be introduced in the areas
affected by coal mining activities on the Loess Plateau of China by the application of
organic wastes. It might be concluded that combined application of organic wastes (straw
and manure) had a positive effect on SOC and soil physical properties than that of the
individual application. The TOC and SOC were strongly and positively correlated with
total soil porosity, mean weight diameter, water infiltration rate, and saturated hydraulic
conductivity. The application of organic wastes plays an important role in increasing the
SOC and TOC content, which promote forming stable soil aggregates as well as decrease
soil bulk density. According to the principal component analysis (PCA), the soil organic
carbon had strong effects on most soil physical properties more than total organic carbon.
Moreover, PCA showed that soil infiltration rate and saturated hydraulic conductivity were
closely associated with the improvement of aggregate stability and soil carbon components
in the surface layer. This study helps us to understand the real effect of soil organic carbon
from the application of organic wastes and total organic carbon in developing soil physical
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properties in dryland affected by coal mining activity. These findings confirmed that on
dryland affected by coal mining activity, we can improve the SOC content and soil physical
properties by choosing suitable management practices with high organic matter input.
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