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Abstract
The objectives of this study were to explore the changes in soil stoichiometry and enzyme activities at different distances 
from an opencast coal mine in the Hulun Buir Grassland of China. Four transects were established on north and east sides 
of the opencast coal mining area, and samples were collected at 50 m, 550 m, and 1550 m from the pit on each transect. 
Control samples were collected from a grassland station 8 km from the opencast coal mining area that was not disturbed by 
mining. Four replicate soil samples were collected at each point on the four transects. Soil physicochemical properties and 
enzyme activities were determined, and correlations between soil properties and stoichiometric ratios and enzyme activities 
were explored using redundancy analysis. The increase in distance from mining did not significantly affect soil properties, 
although soil urease activity was significantly lower than that of the control area. Soil properties 1550 m from the mine pit 
were similar to those at the grassland control. In addition, soil total nitrogen had the greatest effect on soil stoichiometry, and 
soil total potassium had the greatest effect on soil enzyme activities. Coal dust from opencast mining might be the main factor 
affecting soil stoichiometry and enzyme activities. The results of this study provide direction for the next step in studying 
the influence of mining areas on soil properties and processes.
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1  Introduction

Coal is the main source of energy in China, and thus, it 
is important in economic and social development in China 
(Yang et al. 2018; Suo et al. 2021). With rapid economic 
development, coal resources have been overexploited, which 
affects the ecological environment and causes degradation 
of vegetation and soil (Younger et al. 2004). Mining dust 
can affect plant growth, and plant health around mines is 
related to the dust generated by mining and the distance to 

a mine (Kayet et al. 2019a, 2019b). However, with the rapid 
economic development, the focus has been on ecological res-
toration, whereas soil quality is often neglected. In addition 
to climate change and human activities (Yang et al. 2019b), 
changes in soil characteristics can also significantly affect 
plant growth.

Soil quality is the main factor limiting growth of grass-
land vegetation (Wang et al. 2018; Dong et al. 2019). Soil 
carbon (C), nitrogen (N), phosphorus (P), and potassium (K) 
are the main elements that determine soil fertility (McDon-
ald 1992; Pettigrew 2008; Khan et al. 2018; Hinojosa et al. 
2021; Wang et al. 2021b), and C, N, P, and other element 
cycles in an ecosystem are coupled with one another. In 
addition, changes in element ratios determine the main char-
acteristics of organisms and ecosystems (Hessen et al. 2013), 
regulate most biochemical processes, and affect the energy 
balance of biosystems (Sardans et al. 2012; Cui et al. 2018; 
Yang et al. 2019a). Coal mining introduces inorganic C dust 
and waste gas into ecosystems, and in grassland ecosystems, 
the inputs disturb original patterns, including regional water 
and thermal conditions, and lead to subsequent changes in 
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soil nutrients (Zhang et al. 2018). Soil ecological stoichio-
metric ratios are used as primary indices to reflect changes in 
soil element contents. Therefore, because of the importance 
of coal in China, it is essential to study nutrient cycles and 
mechanisms to maintain nutrient balances in ecosystems 
affected by proximity to coal mines.

Soil enzymes, derived from root exudates, litter, and 
microbial activity (Pausch and Kuzyakov 2018), are active in 
various biochemical processes and nutrient cycles (Li et al. 
2014) and thus have vital roles in recycling of soil nutri-
ents and maintaining soil fertility. Changes in soil enzyme 
activities provide early warnings of soil biological changes 
(Bandick and Dick 1999), and therefore, enzymes are good 
indicators of soil quality (Bastida et al. 2006). In addition, 
enzymes are highly sensitive to environmental and anthro-
pogenic stimuli (Rutigliano et al. 2009). Consequently, soil 
enzyme activities have been extensively investigated in 
objective evaluations of soil fertility and biological activ-
ity (Roldán et al. 2005). Moreover, soil enzyme activity 
increases with vegetation restoration (Xiao et al. 2020) and 
is a primary factor affecting soil C and N transformations. 
Therefore, soil chemical properties are likely closely related 
to soil enzyme activities (Cui et al. 2019). However, previ-
ous studies have not associated soil enzyme activities with 
soil properties (Lauber et al. 2008; de Vries et al. 2012).

In this study, the hypothesis was that changes would occur 
in soil stoichiometry and enzyme activities at different dis-
tances from an opencast coal mine. In addition, the factors 
affecting changes in soil properties around the opencast min-
ing area were explored. Samples were collected at different 
distances from the coal mining area, and soil properties in 
those samples were compared with those from two undis-
turbed controls at inner and outer of grassland stations that 
were fenced and far from the coal mining area. Ecological 
econometric ratios were used to analyze the changes in soil 
physicochemical properties and enzymes at different dis-
tances from the mining area.

2 � Materials and methods

2.1 � Study area

The study area (Fig. 1) was a typical grassland in the Hulun 
Buir high plain that included grasslands to the north and east 
of an opencast mine (48° 48′–50° 12′ N, 118° 22′–121° 02′ 
E) in the Inner Mongolia Autonomous Region, Northeast 
China. Winters are cold and long, with an average of 110 
frost-free days, and summers are cool and short, with con-
centrated and relatively low amounts of rainfall. Tempera-
tures change dramatically in spring and autumn. In 2018, 

mean annual precipitation was 29.1 mm, and mean annual 
temperature was − 0.1 °C. In a typical ecologically fragile 
area, the grassland in the area was degenerating. The grass-
land soils were a light calcareous and dark chestnut calcare-
ous soils, according to the Chinese soil classification system. 
Soils had a thin humus layer and were poor in nutrients. 
Study area vegetation included the dominant species Carex 
duriuscula C. A. Mey., Stipa baikal, and Leymus chinensis 
(Table 1).

2.2 � Study site selection

Four replicate grassland transects were set up (Fig. 1) to 
determine the effects of different distances from an opencast 
coal mine on soil stoichiometry and enzyme activity. Three 
transects extended from the northern edge of the mining area 
and one extended from the eastern edge. The transects were 
distance gradients, with soil samples collected 50 m, 550 m, 
and 1550 m from the mine. Two undisturbed controls were 
established. One area (Inner) is inside the enclosed national 
grassland station in Prairie Chenbarhu Banner where grass 
naturally grows with Stipa being the main species, and the 
other area (Outer) is outside the grassland station in the natu-
ral grazing area.The station was 8 km from the mining area 
boundary and was not affected by the mining. Thus, 14 sites 
were established to represent four zones of different distance 
from the opencast coal mine.

2.3 � Soil sampling and processing

At each site, four 1 m × 1 m plots were set up, spaced at 
least 10 m from one another. In each plot, soil samples at a 
0–10 cm depth were collected using the S-shaped method, 

Fig. 1   Schematic of the study area and sampling sites
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and samples from the same plot were pooled as one com-
posite sample. In the laboratory, all roots, stones, and visible 
fauna were removed from the composite samples. Samples 
were then separated into three portions. One portion was 
air-dried and sieved to 2 mm and used to analyze soil phys-
icochemical properties, including pH, electrical conductivity 
(EC), particle size, available P (AP), and available K (AK). 
One portion was air-dried and sieved to 0.147 mm and used 
to analyze soil chemical properties, including soil organic 
C (SOC), total N (TN), total P (TP), and total K (TK). The 
remaining portion of fresh soil samples was stored at 4 °C 
and used to determine soil enzyme activities, including 
sucrase, urease, and acid phosphatase activities.

2.4 � Soil enzyme activities

Soil sucrase (S-SC) and urease (S-UE) activities were deter-
mined as previously reported (Xiao et al. 2018). In brief, soil 
sucrase activity was determined by 3,5-dinitro salicylic acid 
colorimetry using sucrose as the substrate and expressed 
in milligrams of glucose produced by 1 g of dry soil in 

24 h. Soil urease activity was determined by a sodium phe-
nol–sodium hypochlorite colorimetric method and expressed 
in milligrams of NH3–N produced by 1 g of dry soil in 24 h. 
Soil acid phosphatase (S-ACP) activity was determined as 
reported by Tarafdar and Marschner (1994) and expressed by 
the amount of acid phosphatase converted to p-nitrophenyl 
disodium phosphate (PNPP) in 1 h per gram of soil sample.

2.5 � Soil physicochemical properties

Soil variable water content (VWC) was measured using a 
TDR350 soil moisture meter (Spectrum, USA). Soil pH was 
measured in soil suspensions with soil to water (weight to 
volume) ratios of 1:2.5 using an electronic pH meter fit-
ted with a glass electrode (Mettler Toledo FE30, Shanghai, 
China). Soil EC was determined using a leaching–conduc-
tivity method with soil to water (weight to volume) ratios 
of 1:5 with a conductivity meter fitted with a glass elec-
trode (Mettler Toledo FE30/EL30). Soil particle size was 
determined using a laser particle size analyzer (Malvern 
Mastersizer 3000, UK). Soil organic C was measured by a 
potassium dichromate external heating method (Kalembasa 

Table 1   Geographic information on the sampling sites

Distance (m) Transects Latitude (N) Longitude (E) Altitude (m) Dominant species

50 1 49° 24′ 50″ 119° 42′ 34″ 626.3 Carex duriuscula C.A. Mey.; Cleistogenes squarrosa (Trin.) Keng; 
Calamagrostis epigeios (L.) Roth

2 49° 24′ 30″ 119° 45′ 17″ 642.3 Carex duriuscula C.A. Mey.; Stipa baicalensis Roshev.; Cleistogenes 
squarrosa (Trin.) Keng

3 49° 24′ 24″ 119° 45′ 44″ 644 Carex duriuscula C.A. Mey.; Stipa baicalensis Roshev.; Leymus chinensis 
(Trin.) Tzvel

4 49° 24′ 00″ 119° 46′ 20.″ 671.3 Carex pediformis; Stipa baicalensis Roshev.; Carex duriuscula C.A. 
Mey.;

550 1 49° 24′ 50″ 119° 42′ 31″ 639 Galium verum L.; Carex duriuscula C.A. Mey.; Potentilla acaulis L
2 49° 24′ 46″ 119° 45′ 17″ 642 Carex duriuscula C.A. Mey.; Leymus chinensis (Trin.) Tzvel.; Cleis-

togenes squarrosa (Trin.) Keng
3 49° 24′ 40″ 119° 45′ 44″ 652.6 Carex duriuscula C.A. Mey.; Stipa baicalensis Roshev.; Artemisia frigida 

Willd
4 49° 24′ 02″ 119° 46′ 45″ 660.9 Carex duriuscula C.A. Mey.; Carex pediformis; Stipa baicalensis 

Roshev.;
1550 1 49° 25′ 38″ 119° 42′ 32″ 626.7 Carex duriuscula C.A. Mey.; Potentilla acaulis L

2 49° 25′ 18″ 119° 45′ 17″ 669 Carex duriuscula C.A. Mey.; Leymus chinensis (Trin.) Tzvel.; Stipa 
baicalensis Roshev

3 49° 25′ 12″ 119° 45′ 47″ 684.4 Carex duriuscula C.A. Mey.; Stipa baicalensis Roshev.; Leymus chinensis 
(Trin.) Tzvel

4 49° 24′ 02″ 119° 47′ 34″ 668.2 Cleistogenes squarrosa (Trin.) Keng; Carex duriuscula C.A. Mey.; Stipa 
baicalensis Roshev

≥ 8000 1 49° 28′ 03″ 119° 49′ 30″ 637.3 Leymus chinensis (Trin.) Tzvel.; Stipa baicalensis Roshev.; Carex durius-
cula C.A. Mey.

2 49° 28′ 07″ 119° 48′ 33″ 653.4 Carex duriuscula C.A. Mey.; Leymus chinensis (Trin.) Tzvel.; Cleis-
togenes squarrosa (Trin.) Keng
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and Jenkinson 1973). Total N was determined using a Kjel-
dahl digestion method (Bai et al. 2019). Total P content 
was determined with inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES) after digestion with 
HCl–HNO3–HF–HClO4 (Bing et al. 2016). Soil available 
P and AK) were determined with ICP-AES after extraction 
with ammonium carbonate.

2.6 � Statistical analyses

One-way ANOVA was used to test differences among dis-
tances, with P < 0.05 as the significance threshold with 
Duncan test. Statistical analyses were conducted with SPSS 
(version 19.0; SPSS Inc., Chicago, IL, USA). Redundancy 
analysis (RDA) was used to examine which soil factors 
affected stoichiometry and enzyme activities at different dis-
tances. The RDA was implemented in Canoco 5.0 software 
(Microcomputer Power, Inc., Ithaca, NY, USA).

3 � Results

3.1 � Soil properties

Soil properties in the study area are presented in Table 2. 
With an increase in distance to the mine pit, soil clay and 
silt contents increased, soil sand content decreased, and soil 
VWC remained relatively stable. Soils were acidic, with pH 
ranging from 6.27 to 6.57. With an increase in distance to 
the mine pit, soil pH and EC gradually decreased, with val-
ues at 1550 m and 8000 m from the pit significantly lower 
than those at 50 m (P < 0.05). Contents of both SOC and 

TN tended to increase with distance from the pit, but there 
were no significant differences among samples at different 
distances. The highest contents of both SOC and TN were 
in the control area 8 km from the mine pit. Contents of TP 
and TK tended to increase with distance to the mine pit. 
However, there were no significant differences among differ-
ent distances to the mine pit. Soil TK content also increased 
with an increase in distance to the mine pit, but differences 
among sites were not significant. Soil physicochemical prop-
erties at 1550 m from the mine pit were most similar to those 
in the grassland station control area, indicating the coal mine 
had little effect on soil properties at 1550 m.

3.2 � Stoichiometry of soil organic carbon, total 
nitrogen, total phosphorus, and total 
potassium

The SOC:TN, SOC:TK, and TN:TK soil mass ratios were 
not significantly different among different distances from 
the pit (Fig. 2). Responses of SOC:TP and TN:TP mass 
ratios to distance from the mine pit were similar. Within 
1550 m of the mining area, SOC:TP mass ratios ranged from 
61.63 to 65.91 and TN:TP mass ratios ranged from 5.19 to 
5.38. Those ratios were lower than the SOC:TP (71.85) and 
TN:TP (5.84) ratios in the control area. The ratios at 550 m 
and 1550 m were significantly lower than those in the control 
area. Mass ratios of TP:TK tended to increase with distance 
from the pit. However, the lowest TP:TK mass ratios were 
in the control area.

Table 2   Soil physicochemical 
properties at different distances 
from an opencast coal mine

EC electrical conductivity, SOC soil organic matter carbon, TN total nitrogen, TP total phosphorus, TK 
total potassium, AP available phosphorus, AK available potassium
a The values are presented mean ± SE, n = 12. Different letters within a row indicate significant differences 
among sites at P < 0.05
b VWC, variable water content of soil

Properties 50 m 550 m 1550 m 8000 m

Soil clay (< 0.002 mm) 21.41 ± 0.11ba 21.77 ± 0.15ab 21.62 ± 0.07ab 21.91 ± 0.12a
Soil silt (0.002–0.02 mm) 30.73 ± 1.05a 30.56 ± 0.91a 31.1 ± 0.37a 32.99 ± 0.73a
Soil sand (0.02–2 mm) 47.86 ± 1.13a 47.68 ± 1.04a 47.28 ± 0.37a 45.1 ± 0.84b
VWC (%)b 19.23 ± 0.7ab 22.03 ± 0.98a 21.7 ± 0.81a 18.34 ± 1.53b
pH 6.57 ± 0.07a 6.43 ± 0.06ab 6.31 ± 0.04b 6.27 ± 0.06b
EC (µs/cm) 380.94 ± 28.17a 290.49 ± 19.08b 276.09 ± 16.79b 254.34 ± 14.77b
SOC (g/kg) 36.34 ± 2.59a 33.03 ± 2.93a 36.64 ± 2.7a 40.19 ± 1.74a
TN (g/kg) 3.00 ± 0.25a 2.74 ± 0.28a 3.15 ± 0.25a 3.27 ± 0.15a
TP (g/kg) 0.54 ± 0.03a 0.51 ± 0.04a 0.58 ± 0.02a 0.56 ± 0.01a
TK (g/kg) 6.05 ± 0.32a 5.89 ± 0.32a 6.26 ± 0.17a 6.7 ± 0.09a
AP (mg/kg) 8.78 ± 0.55b 8.44 ± 0.81b 9.98 ± 0.64ab 12.04 ± 1.15a
AK (mg/kg) 206.16 ± 10.04a 162.23 ± 11.75b 196 ± 12.38ab 215.58 ± 9.84a
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3.3 � Enzyme activities

Significant differences were observed in enzyme activities 
among distances from the mine pit (Fig. 3). Soil sucrase 
activity fluctuated within 1550 m from the pit, but activity 
was significantly higher in the control area than at 550 m 
from the pit. There was little variation in S-UE activity 
within 1550 m, but activity at all distances was significantly 
lower than that in the control area. Soil acid phosphatase 
activity was not significantly different along the distance 
gradient.

3.4 � Relations between soil factors and soil 
chemometrics and enzyme activities

In RDA sorting diagrams (Figs. 4 and 5), blue arrows repre-
sent response variables and red arrows represent interpreta-
tion variables. In the RDA in Fig. 4, soil stoichiometric ratios 
were used as response variables, and soil physicochemical 
properties were used as interpretation variables. The total 
interpretation by the variables reached 97.3%, with the first 
axis of the RDA explaining 64.35% of the variability and the 
second axis explaining 22.41% of the variability. Total N, 
SOC, TK, and TP explained 55.7%, 20.5%, 12.3%, and 8.5% 
of the variation respectively (Fig. 4). In general, the longer 
an arrow in an RDA sorting diagram is, which indicates the 
greater the explanatory power. The smaller the cosine value 
of the angle, which indicates the two variables are closely 
related. Therefore, an interpretation variable can explain 
the change in a response variable. Soil organic carbon and 
nitrogen mass were significantly negatively correlated with 
SOC:TN but were positively correlated with other soil chem-
ometric ratios (Fig. 4). The constraint accumulation analysis 
considering soil comprehensive factor conditions showed 
that soil chemometric characteristics were mainly affected 
by SOC, TP, TN, TK, and soil grains, each with a significant 
contribution (P < 0.05).

Soil enzyme activities were response variables, and soil 
physicochemical properties were interpretation variables 
in a second RDA. Total interpretation by the soil property 
variables was 56.4%. In the RDA, the first axis explained 
47.18% of the variability in soil enzyme activities and the 
second axis explained 5.33% of the variability. Total K, AK, 
and AP explained 38%, 7.1%, and 4.2% of the variation, 
respectively (Fig. 5). Total K, AP, and AK were significantly 
positively correlated with soil enzyme activity (Fig. 5). The 
cumulative amount of conditional restriction analysis of the 
integrated soil factors with consideration of the interaction 
between factors showed that soil enzyme activity was mainly 
affected by TK AK, and AP, each with a significant contribu-
tion (P < 0.05).

4 � Discussion

With increasing distance from the mine pit, overall soil qual-
ity, characterized by soil physicochemical properties, tended 
to improve. Soil particle size was measured by a laser par-
ticle size analyzer, which considers soil particles as spheri-
cal and calculates particle size according to diameter. Soil 
clay content increased, and soil sand content decreased with 
increasing distance from the pit. Soil pH also decreased with 
increasing distance. Plant root secretions can improve soil 
physical structure and with other root inputs, can increase 
soil quality and nutrient content (Liu et al. 2021), and wind 
and associated dust can increase soil sand content (Kayet 
et al. 2019a). In this study, with dust decreasing with increas-
ing distance from the mine area, overall vegetation coverage 
and density and whole root systems increased. As a result, 
soil conditions also improved. Therefore, with increasing 
distance from the pit, increases in vegetation coverage, root 
systems, litter biomass, and soil microbial activity all con-
tributed to improved soil quality.

Soil organic C levels mainly depend on return of plant 
litter and transformation of the inorganic C pool (Houlton 
et al. 2018). Soil N levels also mainly depend on return of 
plant litter, but atmospheric deposition and biological N 
fixation also contribute to the soil N pool (Houlton et al. 
2018). By contrast, soil P and K levels mainly depend on 
rock weathering (Walker and Syers 1976; Chadwick et al. 
1999). Near the opencast mining area, as the influence of 
mining decreased, the overall soil nutrient content increased. 
The increase might be because vegetation types and cover-
age increased and thus soil nutrients from the return of plant 
litter also increased. Soil stoichiometric ratios are the main 
indices of soil element contents and are important in stud-
ies on ecosystem nutrient cycling and balance mechanisms. 
Cycles of C, N, P, and other elements are coupled, and thus, 
contents of those nutrients are commonly used to indicate 
soil fertility status. Rates of change among indices determine 
the main features of biological and ecological systems (Hes-
sen et al. 2013). In this study, soil C, N, P, and K contents 
increased with increasing distance from the pit. However, 
soil C:N, C:K, and N:K ratios did not differ significantly 
with increasing distance from the pit. Soil nutrient status is 
strongly related to distance from a mining pit because soil 
nutrients are influenced by litter input and microbial decom-
position at local sites (Troelstra et al. 1990; Chadwick et al. 
1999; Van Sundert et al. 2020). In addition, soil contents 
of C, N, P, and K are primarily regulated by organic matter 
accumulation and decomposition (Li et al. 2018; Bai et al. 
2019; Kooch et al. 2019).

Soil eco-chemometrics are important in revealing mech-
anisms of element circulation and balance (Lal 2004). 
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Regional hydrothermal conditions, vegetation communi-
ties, and human activities all greatly influence soil nutrient 
contents and lead to increased spatial variability in soil stoi-
chiometry (Wang et al. 2021a). Soil stoichiometry reflects 
the decomposition and accumulation of organic matter to a 
certain extent, and N and P enrichment and availability can 
be used as indicators of soil fertility in a certain range (Mén-
dez and Karlsson 2005). The global soil C:N ratio ranges 
from 9.9 to 29.8, and according to soil C and N reserves, 
the average global soil C:N ratio is 13.33 and the average 
global grassland soil C:N ratio is 11.8 (Cleveland and Lipt-
zin 2007). The average soil C:N ratio in China is 11.9 (Tian 
et al. 2010). The high C:N ratio in this study indicated slow 
mineralization of organic matter, and slow decomposition 
of organic matter is conducive to maintaining soil fertility 
(Li et al. 2021). As a diagnostic index of soil N saturation, 
the N:P ratio is used to determine the threshold of nutrient 
limitation (McLauchlan et al. 2006). The N:P ratio of surface 
soil in the mining area was lower than the average soil N:P 
ratio in China by a factor of 5.2 (Tian et al. 2010), which 
might be due to dust pollution resulting from mining and 
further increases in surface soil P content.

The soil C pool consists of SOC and inorganic C pools. 
The CO2 released by decomposition of the SOC pool dis-
solves in soil water and is converted into inorganic C (Sas-
mito et al. 2020). Soil inorganic C mainly occurs in arid 
soils, and the inorganic C content in arid soil can reach levels 
five times higher than those of organic C (Bhattacharya et al. 
2016). As a component of the C cycle, soil inorganic C con-
tent is also affected by climate change and human activities 
(Bhattacharya et al. 2016). In this study, the stoichiometric 
ratios of SOC with other soil elements were relatively high 
around the opencast mining area, possibly because coal 
forms as the product of plant death and accumulation and is 
rich in inorganic C. Long-term exposure changes the compo-
sition and physical and chemical properties of coal because 
of weathering or oxidation (Zhang et al. 2019). Many coal 
ash particles in coal mining areas spread to various other 
areas because of atmospheric movement. Particles then set-
tle into soil and enter the terrestrial C cycle. Thus, ash parti-
cles can affect soil quality around mining areas, which leads 

to changes in spatial and temporal developmental patterns 
of regional vegetation coverage and ultimately soil stoichi-
ometry (Zhang et al. 2019). Different distance gradients in 
opencastt mining areas can have an interaction because of 
different environmental factors. In this study, SOC content 
significantly affected the characteristics of soil ecologi-
cal stoichiometry. Soil organic C affects plant growth and 
development and is the major driving factor of ecological 
stoichiometry (Helton et al. 2015). This conclusion was con-
firmed in this study. This preliminary study only examined 
changes in soil nutrient and stoichiometric characteristics at 
different distances from a mining area. To comprehensively 
evaluate soil nutrient status in grassland ecosystems around 
opencast mining areas, it is necessary to conduct in-depth 
explorations that combine analyses of vegetation, N deposi-
tion, and litter nutrient dynamics. It is also necessary to link 
biogeochemical cycles of different vegetation communities 
with additional environmental factors in order to reveal the 
eco-stoichiometric characteristics of vegetation–litter–soil, 
as well as mutual relations and spatial variations.

Soil enzyme activity is an important index to compre-
hensively evaluate changes in soil quality and soil micro-
bial communities (Nadimi-Goki et al. 2018; Boughattas 
et al. 2019). Soil sucrase is directly involved in the met-
abolic processing of soil organic matter. Generally, the 
higher the content of soil organic matter is, the higher 
the sucrase activity. Thus, sucrase activity can be used 
to evaluate soil maturity and fertility (Akhtar et al. 2018; 
Qiu et al. 2018). Soil enzyme activity is affected by many 
factors, including levels of soil nutrients, intensity of soil 
respiration and degree of human disturbance (Datta et al. 
2021). Organic matter content, water content, N, P, and 
K levels, and urease activity can be highly significantly 
positively correlated (Xiao et al. 2019). In this study, soil 
TK explained the most variability in soil enzyme activity, 
explaining 38% of the variation, which might be because 
K can activate a variety of enzymes.

5 � Conclusions

Soil nutrient contents varied with distance from the open-
cast mine and reached the highest levels at 1550 m from the 
mine. Soil pH and EC values were the lowest at 1550 m, 
with values significantly lower than those at other distances. 
Soil enzyme activity was the lowest at 550 m, but activity 
was not significantly different from that at other distances. 
With increasing distance from the mine, soil nutrients, soil 
enzyme activities, and soil stoichiometric ratios increased 

Fig. 2   Soil stoichiometric ratios at different distances from an open-
cast coal mine. The values are presented mean ± SE), n = 12. The 
x-axis represents the distance from the mining area. In Figures a–f 
C:N, soil organic carbon (C):soil total nitrogen (N); C:P, soil organic 
C:soil total phosphorus (P); C:K, soil organic C:soil total potassium 
(K); N:P, soil total N:soil total P; N:K, soil total N:soil total K; P:K, 
soil total P:Ssoil total K. Different letters indicate significant differ-
ences among sites at P < 0.05

◂
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significantly, which might be related to dust production dur-
ing the expansion of mining. Redundancy analysis showed 
that soil N and SOC contents explained the most variation in 
soil stoichiometric ratios and that soil TK explain the most 
variation in soil enzyme activities. Coal dust from the open-
cast mining might be the main factor affecting soil enzyme 
activities and soil stoichiometric characteristics. This study 
can serve as a foundation to guide the next step in stud-
ies on the influence of mining areas on soil properties and 
processes.
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Fig. 3   Soil enzyme activities at different distances from an opencast 
coal mine. The values are presented mean ± SE), n = 12. The x-axis 
represents the distance from the mining area. In Figures a–c, S-SC, 
soil sucrase; S-UE, soil urease; S-ACP, soil acid phosphatase. Differ-
ent letters indicate significant differences among sites at P < 0.05

Fig. 4   Redundancy analysis (RDA) of soil chemometric ratios and 
soil physicochemical properties and cumulative interpretation of soil 
factors. In Figures a and b C:N, soil organic carbon (C):soil total 
nitrogen (N); C:P, soil organic C:soil total phosphorus (P); C:K, soil 
organic C:soil total potassium (K); N:P, soil total N:soil total P; N:K, 
soil total N:soil total K; P:K, soil total P:soil total K; VWC variable 
water content of soil, EC electrical conductivity, SOC soil organic 
matter carbon, TN total nitrogen, TP total phosphorus, TK total potas-
sium, AP available phosphorus, AK available potassium
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