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Preface

Soil degradation is defined as a change in the soil’s health status resulting in a diminished

capacity of the ecosystem to provide goods and services for its beneficiaries. Ecological rehabilitation

is required when the soil is degraded to such an extent that the land becomes unproductive. However,

the types, causes, and characteristics of soil degradation are complicated and require effective and

up-to-date technology for soil degradation and soil pollution restoration. The Special Issue aimed to

provide a platform for researchers to communicate their research results or latest insights in related

fields. It can also serve as a scientific reference for readers engaged in soil degradation remediation.

In this Special Issue, Sun et al. provide an overview of China’s experiences and challenges in

achieving sustainable agricultural development. Zhao et al. proposed a new standard describing

the surface cracking conditions of soda-saline-alkali soil. Cai et al. found that the application of

biochar and manure to soil can improve micropore volume and aggregate stability and increase crop

yield. According to Qian et al., soil erodibility (K factor) and saturation conductivity (Ks) are the key

indicators to evaluate the quality of land reclamation. The Dorocki and Korzeniowska survey showed

that heavy metals in the soil of Jaworzyna Krynicka, in the Beskidy Mountains of Poland, were not

highly contaminated. Chen et al. combined geostatistics and chemometric methods to analyze the

sources and spatial patterns of heavy metal pollution in soil. Wyszkowska et al. suggested that

grass composting and corn planting could mitigate the toxic effects of tetracycline on soil bacterial

communities. Lin et al. found that farmland consolidation had a significant effect on soil bacterial

community structure. Gong et al. showed that different land use types and soil depths had significant

effects on soil mineral element content, soil enzyme activity, and the fungal community in karst areas.

Li et al. conducted a seven-year fertilization reclamation experiment in a coal mine subsidence area

and found that fertilization had a significant impact on soil bacterial community composition and

diversity.

In the future, more attention will be paid to the following aspects of soil degradation and

restoration: (1) Evaluation criteria and key indicators of soil degradation. (2) Clarification of soil

degradation processes from micro-scale to field-scale to regional-scale. (3) Soil–plant microbial

responses and feedback in soil degradation and restoration processes. (4) The critical role of soil

degradation and restoration under global climate change.

The Special Issue was successfully completed under the organization of Professor Bo Sun, who

had a high academic level in soil quality, soil health, and soil biology. Unfortunately, due to an

accident, Professor Sun had to leave his love of soil science research forever. This article is dedicated

to his memory.

Ming Liu and Yan Chen

Editors
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Abstract: Major problems in China’s pursuit of sustainable agricultural development include in-
adequate, low-quality soil and water resources, imbalanced regional allocation and unreasonable
utilization of resources. In some regions, overexploitation of soil resources and excessive use of
chemicals triggered a web of unforeseen consequences, including insufficient use of agricultural re-
sources, agricultural non-point source pollution and land degradation. In the past decade, China has
changed its path of agricultural development from an output-oriented one to a modern, sustainable
one with agricultural ecological civilization as its goal. First, the government has formulated and
improved its laws and regulations on soil resources and the environment. Second, the government
has conducted serious actions to ensure food safety and coordinated management of agricultural
resources. Third, the government has planned to establish national agricultural high-tech industry
demonstration zones based on regional features to strengthen the connection among the government,
agri-businesses, scientific community and the farming community. As the next step, the government
should improve the system for ecological and environmental regulation and set up a feasible eco-
incentive mechanism. At the same time, the scientific community should strengthen the innovation
of bottleneck technologies and the development of whole solutions for sustainable management
in ecologically fragile regions. This will enhance the alignment between policy mechanisms and
technology modes and effectively promote the sustainable development of agriculture in China.

Keywords: cultivated land quality; agricultural environment; soil and water resources; agricultural
engineering; synergetic development strategy

1. Introduction

Agriculture is a social and economic activity of mankind that has the longest, widest
and closest connection with nature. Sustainable agriculture belongs to the Sustainable
Development Goals (SDGs) launched by the United Nations [1]. The essence of agricultural
production is the development and utilization of agricultural resources, a process with
great ecological and environmental impacts. Meanwhile, agricultural production is affected
and restricted by resources and the environment [1].

China is faced with huge population, resource and environmental pressures. In its
long history of agricultural development, China attaches great importance to relations
between agricultural production, resources and the environment. Since the 1960s, China has
established ecological agriculture models, such as the pig raising–biogas production–fruit-
tree plantation model and multistory cropping-raising patterns in paddy fields and terraced
fields (Figure 1) [2,3]. Since the 1980s, China has developed highly intensive agriculture;
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some inefficient management measures have led to increasingly serious environmental and
ecological problems and weaker sustainability [4].

 

Figure 1. The ecological agriculture models in Southern China: pig raising–biogas production–navel
orange (a) or citrus (b) plantation models in hilly regions, and duck-raising model (c) and crayfish
culture model (d) in paddy fields.

Therefore, sustainable agricultural development has become one of the highest priori-
ties for agricultural policy makers in China. To achieve the Sustainable Development Goals
(SDGs), China abides by the principles and patterns of the ecological system when engag-
ing in agricultural production in order to enhance the mutual–complementary relations
between agricultural production and environmental protection, optimize the structure and
functions of agricultural ecosystems, and constantly improve its overall agricultural pro-
duction capacity and sustainable development capacity. China has developed an efficient
path for agricultural resources and environmental protection by formulating annual and
long-term plans for modern agricultural development; constantly enhancing laws and
regulations on resources and environmental management; setting up an implementation
mechanism for the coordinated management of resources and the environment; and imple-
menting various types of projects for agricultural development in different regions based
on coordination between policy systems and technology modes. In this study, we review
the keys to success from China’s experience, which could offer models for others engaged
in developing sustainable agriculture. First, we address the main problems facing China in
sustainably utilizing soil resources and protecting the agricultural environment. Second,
the pathway to develop sustainable agriculture and the impact of major national programs
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since the 1980s are discussed. Finally, we suggest future priorities for both the government
and scientific community.

2. Methods

First, we undertook a review of the recent literature to evaluate the main problems
related to soil resources and the environment for sustainable agricultural development in
China. We then undertook a comprehensive review of sustainable agricultural development
using four aspects: action plan, regulation system, implementation system and achievement.
We used a multi-source review approach that involved assembling information from
published scientific and gray literature, including scientific journal papers and reports,
official government reports, yearbooks, statistics and webpages. Many of these sources
were published in Chinese.

To evaluate the achievements of cultivated land quality improvement projects in China
since the 1980s, soil organic carbon density data in the topsoil (0–20 cm) were collected
from the National Earth System Science Data Center (http://soil.geodata.cn, accessed
on 10 May 2022). The soil pH data in the topsoil (0–20 cm) were collected from the Na-
tional Cultivated Land Quality Big Data Platform (http://www.farmland.cn/, accessed on
10 May 2022). The soil organic carbon contents and pH values in the topsoil were investi-
gated in the second national soil survey between 1979 and 1984. The Chinese Academy
of Sciences launched the “Climate Change: Carbon Budget and Relevant Issues” project
and conducted a soil carbon stock survey at a national scale in 2011. The Ministry of Agri-
culture and Rural Affairs conducted the cultivated land quality survey including soil pH
evaluation at a national scale during 2015–2017. SOC stock (tonnes ha−1) was calculated by:
SOC × BD × Depth × (1 − RF)/10, where SOC is the organic C content (fine soil fraction
that passes through a 2-mm sieve, g kg−1), BD is the soil bulk density (g cm−3), Depth
represents topsoil thickness (20 cm in this study), and RF represents the volume fraction of
rock fragments (>2 mm). Based on the 1:4,000,000 soil database, the spatial analysis of soil
organic carbon stock and soil pH was conducted using the GIS software ArcView 3.2 (ESRI,
Redlands, CA, USA).

3. Problems with Soil and Water Resources for Sustainable Development in China

In general, the overall agricultural production capacity of China has been constantly
improving, with gross grain output ranging from 616 to 669 million/from 2016 to 2020.
However, demands for forage grain and industrial grain are increasing rapidly as a result
of China’s growing and more urbanized population, optimized dietary mix, and wider
use and structural change of agricultural products for industrial purposes. The total grain
demand will reach 725 million tonnes by 2030 when considering a population of 1.45 billion
and per capita grain demand of 500 kg. Structure-wise, China falls short of the supply of
certain agricultural products; the already large gaps may continue to expand in the future.
In 2020, China imported 142.62 million tonnes of grain, including 100.33 million tonnes of
soybean, 11.3 million tonnes of maize and 8.38 million tonnes of wheat. In addition, the
increases in consumption per capita of vegetables, fruits, poultry and milk are estimated
to be 5.7%, 13.7%, 14.8% and 44.0%, respectively, from 2020 to 2030. Therefore, a shortage
of supply will be normal for China’s agricultural development in the long run [5]. The
pressure to ensure food security will lead to the intensive use of soil and water resources.

3.1. Shortage of Cultivated Land and Water Resources

China’s cultivated land was 134.87 million hectares in 2019. There is only 0.087 hectares
of cultivated land, which represents 36% of the global average (0.24 hectares). In addition,
the large majority of arable land has been utilized, and only approximately 5 million
hectares of reserved arable land can be developed and utilized on scale in China [6].

China had a total water resource amount of 2904.1 billion m3 in 2019, with an annual
per capita amount of 2124 m3, which was 25% of the world average [7]. On average,
agriculture in China faces a water shortage of more than 30 billion m3 every year, and some
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regions are troubled by polluted water resources and shortage of water supply induced
by poor infrastructure. In the North China Plain, groundwater overexploitation has led
to a decline in the groundwater level in irrigated areas and formed a 4.1-million-hectare
funnel-shaped area. In the region with the deepest groundwater level, i.e., in Hengshui
city, the deep groundwater level experienced an annual decrease of 1.16 m from 2000 to
2014; however, it experienced an increase of 2.76 m from 2015 to 2016 and an increase of
0.26 m from 2019 to 2020 as a result of the exploitation–supplement balance strategy.

3.2. Low Quality of Soil Resources

In 2019, low-quality cultivated land—i.e., levels 7–10, as cultivated land is classified
into 10 levels in China, with level 1 being the best and level 10 being the worst—and
mid-quality cultivated land (levels 4–6) accounted for 31.2% and 46.8%, respectively, of
China’s national total [8]. Overall, the contribution rate of basic land productivity to the
total grain yield (wheat, corn and single-season rice) is 45.7% to 60.2% [9], and there is
a yield gap ranging from 20% to 40% [10,11]. If measures are taken and a piece of mid-
quality cultivated land is upgraded by 1 level, there will be an increase of at least 80 billion
kilograms of total grain production. The overall water quality of surface water was good
in 2020. Among the 1940 state-controlled surface water monitoring sections, 12.6% were
Grade IV and above (surface water is classified into Grade I, II, III, IV, V and above V in
China, with Grade I being the best) [12].

3.3. Uncoordinated Distribution of Soil and Water Resources

First, there is an uncoordinated spatial distribution of natural factors such as light,
temperature, soil and water. Regionally, with a humid climate and abundant water re-
sources, eastern China (47.6% of the national total area) has 90% of the country’s cultivated
land, while arid, semi-arid or Alpine western China (52.4% of the national total area) has a
mere 10% of the country’s cultivated land. In addition, there is a mismatch between water
resources and soil resources. Southern China has more than 80% of the country’s water
resources and less than 40% of the cultivated land, while northern China has 20% of the
water resources and 60% of the cultivated land [13,14].

Second, there is a mismatch between agricultural production layout and natural
resource distribution. In recent decades, the national grain production center has grad-
ually shifted from the southern region with abundant water and heat resources to the
northern region facing severe water shortages [15]. At present, with only 15% of China’s
water resources, Northeast China and the Huang-Huai-Hai region contribute 53% of
the national total grain output. The export of commodity grain to the southern region
caused a deficit in water resources. In 2012, the total grain transportation amounted to
79.45 million tonnes from northern to southern China, which equals a virtual water flow of
82.6 billiom m3 [16]. However, the “South-to-North Water Diversion Project” transported
approximately 6.43 billion m3 of water annually from 2014 to 2020. Thus, the resource gap
cannot be closed.

3.4. Inefficient Utilization of Soil and Water Resources

According to FAO statistics, with only 8% of cultivated land in the world, China
feeds 19% of the global population. China’s cultivated land utilization intensity is high:
2.2 times that of the U.S. and 3.3 times that of India. While the U.S. has a well-established
fallow system covering a large amount of its cultivated land, China is taking intensive
measures such as increasing the multiple-cropping index to ensure that we produce more
with fewer land resources. As a result, China’s high agricultural output comes at the price
of a low resource utilization rate and low labor productivity. At the same time, agricultural
infrastructure in China remains weak and is not fully capable of withstanding natural
disasters. The effective irrigation area accounts for only 51.8% of the total, and the average
water productivity is approximately 1.0 kg/m3, which is much lower than the developed
country figure (1.2~1.5 kg/m3) [17].

4



Int. J. Environ. Res. Public Health 2023, 20, 3233

4. Problems of Habitat Soil and Environment Safety for Sustainable Development in
China

At present, China’s agricultural resources and environment are affected by both
exogenous and endogenous pollution, which aggravates the pollution of soil and water
resources and increases risks to agricultural product quality and security. On the one
hand, industrial, mining and domestic pollutants are released into the agricultural system,
leading to poorer environmental quality and worse pollution problems. On the other hand,
the overuse of chemicals (such as fertilizers and pesticides) in agricultural production as
well as the inappropriate disposal of agricultural wastes (such as livestock/poultry manure,
crop straw and plastic film residues) result in severe non-point source pollution.

4.1. High Fertilizer Consumption and Low Utilization Rate

In 2019, China used 54.04 million tonnes of chemical fertilizers, which was 303.2 kg ha−1

if taking into account the agricultural planting area (including orchards) [18]. In recent
years, China has taken measures in regard to high fertilizer consumption, including an
optimized fertilizer mix based on soil tests for main grain crops. Furthermore, the average
nitrogen consumption of wheat, rice and corn is 210, 210, and 220 kg ha−1, respectively,
which is already below 225 kg ha−1, the upper limit set by developed countries to avoid
water pollution. However, the average chemical fertilizer consumptions in orchards and
protected vegetable fields (including greenhouses, tunnels and padding) were 555 kg ha−1

and 365 kg ha−1, far more than the safety ceiling [19].
The high fertilizer consumption is accompanied by a low utilization rate. The average

seasonal utilization rates of nitrogen, phosphorus and potash in wheat, corn and rice in
China were 33% (30~35%), 24% (15~25%), 42% (35~60%), and 10~20%, respectively [20,21].
With the implementation of Zero Growth Action in the use of chemical fertilizers and
pesticides since 2015, the average utilization rates of chemical fertilizers increased from
35.2% in 2015 to 39.2% in 2019—and there is still much room for improvement [22].

4.2. High Pesticide Consumption and Low Utilization Rate

Green and comprehensive measures for pest prevention/control are not widely used
in China. The total consumption of pesticides grew from 0.765 million tonnes in 1991
to 1.808 million tonnes in 2014 (physical volume, including active ingredients and aux-
iliaries; active ingredient amount is 1/7 of the global figure) and the consumption per
unit area increased from 5.12 kg ha−1 to 11.0 kg ha−1, representing 2.5 times the global
average [23]. Additionally, the total consumption of pesticides dropped to 1.456 million
tonnes in 2019 [22]. China’s average pesticide utilization rate for maize, wheat and rice
crop systems was 39.8% in 2019, which is 20~30% lower than developed countries. Prob-
lems including soil and water degradation and loss of biodiversity still exist as a result
of the residual pesticides that contaminate water via precipitation, surface runoff and
infiltration [24,25].

4.3. Low Utilization Rate and Recovery Rate of Agricultural Waste

Livestock/poultry raising in China produces approximately 3.8 billion tonnes of
animal waste every year, emitting an amount of nitrogen and phosphorus larger than
fertilizer consumption does. Livestock/poultry COD emissions account for more than 90%
of China’s agricultural non-point source pollution COD. According to the first national
pollution source census in 2007, livestock and poultry farms produced 243 million tonnes of
organic waste and 163 million tonnes of urine. Furthermore, the total nitrogen and phospho-
rus discharge from animal excretion reached 1,024,800 and 160,400 tonnes, respectively [26]
(The census includes 1,963,624 discharge sources from medium- to large-intensive units and
do not include discharges from small producers). Overall, with the increased consumption
of fertilizers and the growing amount of animal waste, nitrogen and phosphorus enter
the water through surface runoff, leaching and volatilization, which leads to agricultural
non-point source pollution [27].
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There were 718.8 million tonnes of straw produced from main crops in 2015 [28], of
which 43.2% was used for fertilizer. China consumed 2.41 million tonnes of agricultural
plastic films in 2019. The mulch films amounted to 1.38 million tonnes and covered a
total area of 17.6 million ha [29]. The widely used ultra-thin plastic film (<0.008 mm) is
easily aged, fragile, hard to recover and has a recovery rate of less than 60%. As a result,
approximately 580,000 tonnes of film residues are left in the soil every year, causing “white
pollution,” impacting soil structure and permeability and eventually hindering crops from
utilizing water and nutrients in the soil.

4.4. Regional Land Degradation and Soil Pollution

In the past 30 years, China’s cultivated land soil fertility has been enhanced in general.
According to long-term monitoring from 1987 to 2015, with conventional fertilization
management, the amounts of organic matter and nutrient contents in farmland soil showed
an upward trend. The average contents of soil organic matter, total nitrogen, available
phosphorus and available potassium were approximately 24.7 g/kg, 1.45 g/kg, 27.7 mg/kg
and 133 mg/kg—approximately 13.8%, 2.8%, 123.4% and 46.2%, respectively [30,31].

However, more than 40% of the cultivated land was degraded with intensive agricul-
tural land use [8,32]. Approximately 24 million hectares of cultivated land suffered from
soil erosion, 7.6 million hectares suffered from salinization, 17.4 million hectares suffered
from acidification, and 2.56 million hectares suffered from desertification. In addition,
there was approximately 2 million hectares of cultivated land and 3.3 million hectares of
protected vegetable land suffering from continuous cropping obstacles.

Soil pollution in China is mainly caused by heavy metal and pesticide pollution
and the unreasonable use of untreated organic manure and mulch films. According to a
national survey conducted in 2014, 16.1% of investigated sites were polluted. The main
pollutants were cadmium, nickel, copper, arsenic, mercury, lead, DDT and polycyclic
aromatic hydrocarbons [33,34].

5. Achievements of China’s Sustainable Agricultural Development

5.1. Formulating Sustainable Agricultural Development Plans and Goals

In 2015, the Ministry of Agriculture and Rural Affairs (MARA) issued the National
Sustainable Agricultural Development Plan (2015–2030), which proposed five key tasks to
promote sustainable agricultural development: (a) to optimize the development layout and
enhance agricultural production capacity; (b) to protect cultivated land and facilitate sus-
tainable utilization of farmland; (c) to save water resources, enhance the water utilization
rate and guarantee agricultural water safety; (d) to control environmental pollution and
improve agricultural and rural environments; and (e) to restore agricultural ecology and
improve ecological functions [35]. The nation is then divided into optimized, moderate and
protected development areas, where different management measures will be taken to opti-
mize the agricultural production layout, focus on main varieties and dominant producing
areas, and implement precision management based on permanent basic farmland.

In terms of cultivated land protection, 120 million hectares of cultivated land were
preserved to guarantee grain production, in which 53.3 million hectares of high-standard
cultivated land were constructed by 2020.

In terms of coordinated management of agricultural resources and the environment,
water-saving agriculture was developed to ensure an irrigation water consumption of
372 billion m3 and an effective irrigation water utilization coefficient of 0.55 by 2020.
The “optimized fertilizer mix based on soil test” approach and green prevention/control
technology over pests were used to reach coverage rates of 90% and 30%, respectively.
The utilization rate of chemical fertilizers and pesticides reached 40%. In total, 75% of the
large-scale livestock/poultry farms were supported by waste treatment facilities, the crop
straw comprehensive utilization rate reached more than 85%, and the recycling rate of the
agricultural plastic films reached more than 80%.
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In 2016, the State Council issued the Soil Pollution Prevention and Control Action Plan,
which proposed the following actions: (a) identify the soil pollution status of agricultural
land through a detailed survey in 2018 and prioritize the protection of unpolluted and
slightly polluted cultivated land; (b) take measures including agronomic regulation and
alternative planting to guarantee appropriate parameters of agricultural products before
2020 and safely utilize 2.6 million hectares of mildly and moderately polluted cultivated
land; (c) identify no-production zones to strictly manage the utilization of severely polluted
cultivated land; and (d) restructure the planting mix so that 1.3 million hectares of land
will be recovered or rebuilt into forest/grassland [36].

5.2. Improving Regulations and Establishing Research and Administration Systems for
Agricultural Resource Management and Environmental Protection

China has formulated a number of environmental laws to clarify the requirements for
the protection of agricultural resources and the environment. The Environmental Protection
Law, the Environmental Pollution Law of Solid Waste and the Prevention and Treatment of
Air Pollution Law and Water Pollution Prevention Law have stipulated the requirements for
the entry of solid waste, atmosphere and irrigation water into the agricultural environment.
In particular, the Agricultural Product Quality Safety Law issued in 2006 sets up specific
chapters on agricultural habitat environmental protection. The State Council promulgated
the Basic Farmland Protection Regulations and the Livestock and Poultry Scale Aquaculture
Pollution Prevention Regulations to facilitate cultivated land protection, comprehensive
utilization and non-polluted treatment of animal waste.

In 2015, the Ministry of Agriculture (now called the Ministry of Agriculture and Ru-
ral Affairs) set up 37 ministry-level key laboratory systems for discipline clusters, which
comprised 42 key comprehensive laboratories, 297 professional (regional) key laboratories
and 269 scientific observation stations. At the same time, the MOA improved modern agri-
cultural technology systems for 50 products; each system consists of a national industrial
technology research and development center and a number of integrated experimental
stations in major agricultural areas. Linked with the research teams in other national
research systems, these systems conduct joint research, set up pilot programs, and offer
technical training sessions, policy consultation and contingency services on agricultural
green development [37].

In terms of resources and environmental protection, the MOA has been establishing
an agricultural resources and environmental protection system since the 1980s, which
consists of 2 national stations, 33 provincial stations, more than 300 local-level stations
and more than 1700 county-level stations, with a total of more than 12,000 practitioners.
In 2017, the MOA set up the Cultivated Land Quality Monitoring and Protection Center,
which is responsible for setting up the national monitoring network, carrying out cultivated
land quality investigation and evaluation, and developing technologies and products for
improving cultivated land productivity.

5.3. Carrying Out Fertile Soil Projects and Comprehensive Remediation Projects for Heavy-
Metal-Contaminated Soil to Improve Soil Quality

China has perfected the quality monitoring/protection network for cultivated land and
improved cultivated land quality. China has established a four-level (national, provincial,
city and county), long-term quality monitoring network for cultivated land, which includes
357 national level monitor points and covers 35 major types of cultivated land [31]. Major
focuses are middle- and low-yield fields with soil obstacles and soil degradation, such as
black soil (Phaeozem) in Northeast China with soil erosion problems, Chao soil (Cambisol)
in northern China with groundwater overexploitation problems, and red soil (Acrisol) and
paddy soil (Anthrosol) in southern China with soil acidification and heavy metal pollution
problems [38–41]. The construction pathway of high-standard farmland to reduce soil
obstacles and improve soil structure, soil nutrient pools and soil biological functions was
proposed in different regions (Figure 2) [42,43].
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Figure 2. The construction pathway of fertile and healthy soil.

China has implemented a strict cultivated land protection system and comprehensively
improved the quality of cultivated land and the ecological environment [44]. Since the
1980s, China has successively implemented the actions of the Fertile Soil Project [45], High-
Standard Farmland Construction Project [46], and Northeast Black Soil Conservation Tillage
Action [47]. In 2020, organic fertilizers were used in 36.7 million hectares in total, and the
planting area of green manure crops was approximately 3.87 million hectares. The average
soil organic carbon stock (SOCS) in 0–20 cm of cultivated land was 28.3 tonnes ha−1 in
China in 1980 (Figure 3), which increased to 33.1 tonnes ha−1 in 2011 (Table 1). Only in
Northeast China did the average SOCS decrease by 1.05 tonnes ha−1. The main reasons
for this are the decomposition of soil organic matter with cultivation and soil erosion in
rolling hill regions. In other regions, the higher residue inputs following the large-scale
implementation of the crop straw return policy increase soil organic carbon density [48]. In
general, the average cultivated land quality increased from 4.73 in 2014 to 4.75 in 2019 (a
total of 10 levels) [8].

China has carried out investigations on the heavy metal pollution of cultivated land
and set up a classified management system. The Ministry of Agriculture released opinions
on implementing the Soil Pollution Prevention and Control Action Plan. A total of 1.3 million
sampling sites have been set up in 108.2 million hectares of cultivated land for dynamic
monitoring of heavy-metal-caused soil pollution in agricultural habitats [36]. Integrated
physicochemical–biological technology was developed for the remediation of heavy-metal-
contaminated soils [49]. Since 2014, the Ministry of Agriculture and Rural Affairs has set
up pilot zones for remediating slightly and moderately polluted farmland in 10 provinces.
For example, the VIP + n model was adopted in Hunan province, which is represented
using rice varieties with low cadmium accumulation (V), adopting reasonable irrigation (I),
adjusting the soil pH value (P), and matching assistant measures such as adsorbents and
foliar spray inhibitors for reducing the crop uptake of heavy metals (n) [50].
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Figure 3. Soil organic carbon stock in the 0–20 cm layer of cultivated land in 1980 in China.

Table 1. Changes in the soil organic carbon stock in the 0–20 cm layer of cultivated land from 1980 to
2011 in China.

Vegetation Type
Soil Organic Carbon Stock

in 1980
(Tonnes ha−1)

Change in SOCS from 1980
to 2011

(Tonnes ha−1) **

One crop annually in cold temperate zone 33.2 ± 23.0 * −1.05 ± 5.75

Two crops annually or three crops for two years and deciduous
orchards in warm temperate zone 22.0 ± 16.6 9.75 ± 4.04

Two crops containing upland and rice annually and deciduous
and evergreen orchards in transitional subtropics 31.8 ± 15.9 4.64 ± 7.99

One- or double-cropping rice followed by a cool-loving crop or
three upland crops annually and evergreen economic crops and

orchards in subtropics
28.6 ± 11.9 7.03 ± 4.13

Double-cropping rice annually followed by warm-loving crops
and evergreen economic crops and orchards in tropics 29.8 ± 17.1 3.57 ± 5.88

* Data represents the mean value ± standard error. ** Soil organic carbon stock in 2011 was calculated from
Table S1 [48].
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5.4. Conducting Water-Saving Agriculture Projects and Zero Growth in Fertilizer/Pesticide
Consumption Actions to Improve the Use Efficiency of Resources

China established water-saving agriculture demonstration areas to promote water-
saving varieties and technologies, including sprinkler irrigation and water-fertilizer integra-
tion [51]. The demonstration program covers more than 26.7 million hectares of farmland.
The average effective utilization coefficient of farmland irrigation water in China reached
0.559 in 2020, indicating an increase of 7.7% over 2012 [52].

China has expanded the coverage of the “Soil Testing and Formulated Fertiliza-
tion Project” from 73.3 million ha in 2010 to 106.7 million hectares in 2016 [53]. Inte-
grated soil-crop system management increased the average yields from 7.2 tonnes ha−1 to
8.5 tonnes ha−1 for rice; 7.2 tonnes ha−1 to 8.9 tonnes ha−1 for wheat; and 10.5 tonnes ha−1

to 14.2 tonnes ha−1 for maize, without any increase in nitrogen fertilizer [54]. By 2020,
the coverage rate of green prevention/control for major pest-led diseases reached 41.5%
and the use of professional services reached 35.5%. The fertilization rate decreased from
338.3 kg ha−1 in 2015 to 303.2 kg ha−1 in 2019 (based on agricultural planting area). The
total consumption of fertilizers decreased by 10.3% from 2015 to 2019. The consumption of
chemical pesticide technical decreased by 19.5% from 2015 to 2019, from 596,500 tonnes to
480,000 tonnes. The utilization rates of chemical fertilizer and pesticide reached 40.2% and
40.6%, respectively, for the three major grain crops of rice, wheat and maize [52].

Since 2017, China has conducted the action for replacing chemical fertilizer with
organic fertilizer for fruit, vegetable and tea replacement in 238 counties [55]. The large-
scale biogas natural gas pilot project could support a biogas fertilizer production capacity
of more than 400 million tonnes every year. China is providing higher subsidies for straw
returning, organic manure and thick mulch films (>0.01 mm) and implementing the straw
comprehensive utilization project and mulch film recycling project in 143 and 229 counties,
respectively. In 2020, the national comprehensive utilization rate of straw and livestock
and poultry manure reached 86.72% and 75%, respectively. The residual film processing
capacity increased by 186,300 tonnes.

However, soil acidification has increased since the 1980s. The average topsoil pH
declined significantly by 0.13–0.80 for most soil types from the 1980s to the 2000s, while it
remained unchanged for the Aeolian soils with high pH, which accounted for only 9.8% of
the total cultivated land in China [56]. For the paddy soils, the average topsoil pH declined
by 0.29–0.58 in most major rice-production areas from the 1980s to the 2010s, while it
increased by 0.14 in the southeast region (Table 2). The areas of strong (pH < 5.5) and weak
(pH from 5.5 to 6.5) acidic paddy soil accounted for 12.9% and 32.5% of the total cultivated
land in the 2010s, respectively (Figure 4). The significant soil acidification was mainly
caused by the high N surplus, which increased from 142.8 kg ha−1 in 2004 to 168.6 kg ha−1

in 2015 [57]. Reducing the N surplus while meeting the food demand in 2050 requires an
increase in nitrogen use efficiency from approximately 40% to 60% in China [58].

Table 2. Changes in paddy soil pH in the 0–20 cm layer from 1980 to 2010 in China.

Region Soil pH 1980s Soil pH 2010s
Soil Acidification Rate from
1980s to 2010s (pH Unit/a)

Northeast China 6.41 ± 0.0074 * 6.07 ± 0.1856 0.0163 ± 0.0006

Middle and lower
Yangtze River 5.99 ± 0.0044 5.70 ± 0.0243 0.0006 ± 0.0002

Southwest China 6.15 ± 0.0046 6.29 ± 0.0331 −0.0028 ± 0.0004

Southern China 5.93 ± 0.0040 5.35 ± 0.0243 0.0078 ± 0.0003
* Data represent the mean value ± standard error.
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Figure 4. Soil pH in the 0–20 cm layer of cultivated land in the 2010s in China.

6. Future Priorities for the Coordinated Management of Soil Resources and the
Agricultural Farmland Environment in China

In recent years, realizing soil health has become a global priority to sustain humans,
animals and the environment [59,60]. A large across-the-board increase in soil and envi-
ronmental quality is required for long-term and sustainable agricultural production in
China. While guaranteeing food safety and the supply of major produce, China is paying
more attention to the protection of the quantity, quality and ecology of cultivated land
through high-standard farmland construction programs. By 2030, 80 million hectares of
high-facilitated farmland (62.6% of total national farmland) will be established, with con-
centrated contiguous land, guaranteed harvests in drought or flood, stable and high yields,
and a sound ecology [61]. During this process, a satellite–aviation–ground integrated soil
health monitoring network for farmland should be established based on remote sensing,
proximal sensing, and prediction models. Moreover, an intelligent decision-making system
should be built to propose management strategies for healthy farmland construction.

China has built the Science and Technology Backyard (STB) platform to connect
the government, agri-businesses, and scientific community with the farming community,
enabling smallholders to sustainably achieve yield and economic gains [10]. China will
establish approximately 30 national agricultural high-tech industry demonstration zones in
2025. Each demonstration zone will have a theme that aims to resolve a prominent problem
that restricts agricultural green development in China. The main tasks of the demonstration
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zone include: (a) supporting the entrepreneurship and innovation of new agricultural
business entities such as family farms and farmers’ cooperatives; (b) improving innovative
service platforms, such as various R&D institutions, testing and testing centers, new rural
development research institutes and modern agricultural industry science and technology
innovation centers; (c) guiding the scientific and technological resources and talents of
colleges and universities and scientific research institutes to gather in the demonstration
area; (d) building farmers’ training bases with regional characteristics; (e) improving
the ability of information management and service in the whole process of agricultural
production; and (f) developing circular ecological agriculture and promoting the efficient
utilization of agricultural resources and ecological environment protection.

The government should improve the system for ecological and environmental regula-
tion and set up a feasible eco-incentive mechanism. First, the government should develop
a monitoring and evaluation system for sustainable management that covers grain output,
produce quality, and eco-resources. Second, the government should compensate and in-
centivize clean production technology and green production factors that are eco-friendly
and resource-saving. Finally, the government should carry out pilot subsidy programs
for the use of cycle agriculture technology in ecologically sensitive regions. This will help
agricultural producers, agricultural cooperative organizations and eco-professional service
systems in performing their role in sustainable management.

For the scientific community, the priority is breaking bottleneck technologies and
developing whole solutions for sustainable management in ecologically fragile regions.
Ecologically fragile regions such as Northeast China suffer from soil erosion and a decrease
in soil organic matter; Southeast China suffers from soil acidification and heavy metal
pollution, while Northwest China suffers from soil salinization and climatic aridity. On the
one hand, scientists need to develop modern biological technology to solve the bottleneck
of nutrient transformation technology in soil-root-microbe interfaces to improve soil quality
and nutrient-use efficiency. On the other hand, scientists need to build ecological barriers
for controlling and remediating soil degradation and implement a synergetic development
strategy for mountain–river–forest–farmland–lake–grassland ecosystems (Figure 5).

Figure 5. Implement a synergetic development strategy of mountain–river–forest–farmland–lake–
grassland–sandy land ecosystems.
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In conclusion, the insufficient use of agricultural resources, agricultural non-point
source pollution and land degradation are the main problems facing China’s sustainable
agriculture. China has improved its laws and regulations and implemented serious actions
to ensure food safety and coordinated management of agricultural resources. As a next
step, the connections between the government, agri-businesses, scientific community and
farming community should be strengthened by building demonstration zones. The gov-
ernment should improve regulation and set up a feasible eco-incentive mechanism, while
scientists should break bottleneck technologies and develop solutions for the sustainable
management of resources and the environment. This will facilitate sustainable agricultural
development in China.
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Abstract: Desiccation cracking during water evaporation is a common phenomenon in soda saline–
alkali soils and is mainly determined by soil salinity. Therefore, quantitative measurement of the
surface cracking status of soda saline–alkali soils is highly significant in different applications. Texture
features can help to determine the mechanical properties of soda saline–alkali soils, thus improving
the understanding of the mechanism of desiccation cracking in saline–alkali soils. This study aims
to provide a new standard describing the surface cracking conditions of soda saline–alkali soil on
the basis of gray-level co-occurrence matrix (GLCM) texture analysis and to quantitatively study
the responses of GLCM texture features to soil salinity. To achieve this, images of 200 field soil
samples with different surface cracks were processed and calculated for GLCMs under different
parameters, including directions, gray levels, and step sizes. Subsequently, correlation analysis was
then conducted between texture features and electrical conductivity (EC) values. The results indicated
that direction had little effect on the GLCM texture features, and that four selected texture features,
contrast (CON), angular second moment (ASM), entropy (ENT), and homogeneity (HOM), were the
most correlated with EC under a gray level of 2 and step size of 1 pixel. The results also showed
that logarithmic models can be used to accurately describe the relationships between EC values and
GLCM texture features of soda saline–alkali soils in the Songnen Plain of China, with calibration R2

ranging from 0.88 to 0.92, and RMSE from 2.12 × 10−4 to 9.68 × 10−3, respectively. This study can
therefore enhance the understanding of desiccation cracking of salt-affected soil to a certain extent
and can also help to improve the detection accuracy of soil salinity.

Keywords: GLCM; texture feature; soda saline–alkali soil; soil surface crack; Songnen Plain

1. Introduction

Soil salinization is a very serious issue in China, with the total area of salt-affected
soil being almost 9.91 × 107 ha [1], which is increasing due to the growing population
and deteriorating ecological environment. This has caused great damage to China’s social
economy, natural environment, and ecosystem. As one of the three major distribution
areas in China, the total area of saline soil in the Songnen Plain is over 3.73 × 106 ha [2].
The main soil salt minerals in this area are NaHCO3 (sodium bicarbonate) and Na2CO3
(sodium carbonate), together with small amounts of sulfate and chloride, indicating that
the salt-affected soils belong to a typical type of inland soda saline–alkali soil. Because of
the high content of clay particles and adsorbable cations, shrinkage and cracking on the
surface of soda saline–alkali soil are very common during water evaporation. Desiccation
cracks indicate a surface state of saline–alkali soils and are commonly considered as a char-
acterization of the salinity levels of salt-affected soils, which also indicate a mechanical state
of the salt-affected soil [3]. Therefore, exploring the quantitative relationship between crack
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characteristics and salt content will help to further understand the cracking mechanism of
the saline–alkali soil surface. In addition, effective crack characteristics can also be used
to further predict soil salinity in order to provide important guidance for both ecological
restoration and improvement of salinized soil in soil sciences, which will thus alleviate the
conflicts between human and local land and will thus guarantee China’s food security to a
certain extent.

Many field and laboratory studies have focused on the relationship between soil
salinity and the morphology of desiccation cracks. Amaya et al. [4] measured salinity of a
saline cracking soil within the peds to a depth of 50 cm over a three-year period during
reclamation drying in field, finding that although the initial EC within the interior of peds
and below the cracking depth ranged from 22 to 35 ds/m, the soil salinity redistributes
and decreases with the EC range from only 12 to 16 ds/m at the end of three years of
desalinization. Lima and Grismer [5] conducted field measurements considering the
effects of soil salinity on soil crack morphology at various times after irrigation and found
that as salinity increased, soil crack width, island width, crack area, and crack volume
tended to increase, whereas crack depth decreased. In order to present a field dataset to
quantitatively evaluate the contribution of bypass flow to the leaching salts, Fujimaki and
Baki [6] carried out soil sampling and monitoring of groundwater and discharge from a
tile drain in farmland with a cracking soil in the Nile Delta, finding that the evidence for
the occurrence of significant bypass flow through cracks was the salinity of the pore water.
After conducting a field evaluation of the impact of soil cracking on irrigation, drainage,
and soil salinity on a heavy clay soil in the Imperial Valley of California, Van der Tak and
Grismer [7] found that water movement within soil cracks controls the water application
uniformity, soil profile wetting, and salt leaching to irrigation. Ben-Hur and Assouline [8]
selected a cotton field located in the Yizre’el Valley, Israel, as the experiment site to study
the tillage effects on water and salt distribution in a vertisol during effluent irrigation and
rainfall, with their results showing that the high infiltration of the runoff through cracks
limited the effects of the runoff downhill flow on the water and salt distribution along the
slope. After studying the effects of roots and salinity on law of development for farmland
soil desiccation crack, Zhang et al. [9] found that when the moisture content is less than
27%, salt content will greatly increase the area density of soil cracks at steady state with the
length density appearing as a rather opposite trend. However, most field experiments only
deal with the qualitative relationship between salt content and desiccation cracks. With the
development of image processing technology, crack feature can be extracted with a quite
precise accuracy, which makes more scholars tend to carry out controllable experiments
to quantitatively analyze the influence of salt content on soil desiccation cracking. From a
laboratory dry test, Zhang et al. [10] investigated the development law of desiccation cracks
on the soil surface under different salt content, with their results indicating that soil salinity
can increase area density but lead to a decrease in length density of cracks. Zhang et al. [11]
conducted desiccation tests in the laboratory on initially saturated slurry specimens with
different NaCl (sodium chloride) content selected from Yar City, northwest China, and
their results indicated that as the NaCl content increased, the intersection number, segment
number, and total length of the cracks all decreased. After conducting a laboratory study
to investigate the effects of four salt cations, namely, Na+ (sodium), K+ (potassium), Ca2+

(calcium), and Mg2+ (magnesium), on soil shrinkage and cracking during dehydration, Xing
et al. [12] found that parameters including crack length, crack area, crack length density,
and crack area density decreased with an increase in the concentrations of K+, Na+, and
Ca2+, but a reduction was found when the concentration of Mg2+ increased, indicating that
the four crack parameters also increased with the content of HCO3

− (bicarbonate), CO3
2−

(carbonate), and SO4
2− (sulfate), while an opposite trend was found with the concentration

of Cl-. After studying the effect of cation type on the process of shrinkage and desiccation
cracking, Wang et al. [13] found that salt cations, including Na+, K+, Ca2+, and Mg2+, have
a strong effect on the crack areas of salt-affected soils.
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From the studies mentioned above, it can be seen that the relationships between salt
content and the extent of desiccation cracks are quite different, indicating that the effect of
salinity on the cracking patterns and dynamics of salt-affected soils still remains an open
question. This is because of the complicated interaction between salt and soil particles
during desiccation cracking is affected by the ion concentration and the valence state of
ions, which are determined by the physical and chemical properties of the soil samples,
indicating that the effect of salinity on the cracking of the cohesive soil surface remains
partially unclear [14]. In addition, the response of soil cracking to salt content is inseparable
from the selection of crack characterization indicators. Although many quantitative indexes
in previous studies have been established to characterize the extent of shrinkage and
desiccation cracks [15–18], there is still no unified soil crack description standard. In
addition, most previous indicators have focused on geometric features, indicating that
they usually have severe limitations for characterizing cracks and cannot reflect the spatial
distributions of desiccation cracks with convergence in many applications. Moreover,
these geometric indicators hardly reflect the direction of crack propagation, which usually
depends on the local hydrological conditions and topographical fluctuations of salinized
soil. Therefore, an effective characterization indicator of soil cracks is of great significance
for analyzing the response of crack characteristics to soil salt content, determining the salt
migration process of the saline–alkaline soil, monitoring the range of soil salinization, and
ameliorating salt-affected soil.

Texture features often refer to visual characteristics that do not depend on the color or
brightness of the image and can reflect the homogeneous phenomenon of the image and
describe the pixel distribution in the neighborhood space [19–21]. For a special object within
an image, texture features often contain important information about the surface structure
arrangement and thus can reflect its connection with the surrounding environment [22,23].
Texture analysis aims to select a unique method to describe the underlying characteristics,
which generally consist of four types: statistical, modeling, signal processing, and structural
methods [24]. Among these types of texture analysis, GLCM is the most common [25–30]
method because it can reflect a large amount of information within a grayscale image,
such as the direction, interval, amplitude, and change ratio. GLCM texture features are
commonly extracted for analyzing the local features and overall arrangement rules of an
image and are widely used for pattern recognition, accurate classification, feature extraction,
and image segmentation in many applications [31–39]. Because the propagation and
development of desiccation cracks are rather random in statistics, texture features always
contain important information about the crack arrangement and the pixel distributions
within the crack patterns. Therefore, it is quite certain that GLCM texture analysis can aid
in describing the complex structures and variation in the surface intensity of desiccation
cracks in cohesive saline–alkali soil. This is because GLCM texture features can describe
both the important arrangement of the surface structure and the distribution of the pixels
of the soil crack image in the neighborhood space. In addition, GLCM texture features
extracted from crack patterns can also reflect differences in the physical and chemical
properties of saline–alkali soils, such as clay minerals and salt content. However, very few
studies have focused on the relationship between soil salinity and GLCM texture features
computed from crack images. However, research on the correlation between cracked soil
surface texture features and soil salinity is still very rare. Although Ren et al. [40,41] studied
the influence of salt content on the shrinkage and cracking process of soda saline–alkali
soils on the basis of the theory of GLCM texture analysis, only one type of GLCM texture
feature (corresponding to the contrast) was extracted from the binary crack image in their
research, and their cracked soil samples were prepared in the laboratory, indicating that
these samples cannot accurately reflect the real status of desiccation cracks generated
in nature.

Surface cracking is a mechanical state of saline–alkali soil, which indicates that explor-
ing the correlation between crack characteristics and salt content can therefore effectively
improve the cognition level of cracking process of saline soil. To achieve this objective
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and develop an effective standard for crack characteristics, this study intended to quantify
the ability of GLCM texture features extracted from crack patterns in characterizing the
desiccation cracks generated on the surface of soda saline–alkali soil samples. In particular,
the effects of parameters, including the gray level, step size, and direction, on the results of
GLCM texture features were individually analyzed and compared. Subsequently, correla-
tion analysis was also conducted between GLCM texture features and EC values of the soil
samples to quantitatively study the response of GLCM texture features to soil salinity for
further understanding the cracking process of soda saline–alkali soils in the Songnen Plain
of China. Finally, the logarithmic regression model between EC values and several common
texture features were developed under the optimal GLCM computing parameters, which
both leads to a better recognition for desiccation cracking process of soda saline–alkali
soils and also provides a possibility for effective detection of the characteristics of soda
saline–alkali soils.

2. Materials and Methods

2.1. Study Area and Soil Sampling

The western part of the Songnen Plain is a typical salt-affected soil region in China
with salt minerals mainly composed of NaHCO3 and Na2CO3, which makes the soil a
typical type of soda saline–alkaline soil. In this study, Baicheng City was selected as
the study area, with an average annual precipitation of 400 to 500 mm, which is mainly
concentrated in July and August; however, the average annual evaporation in Baicheng City
is as high as 1500 to 1900 mm. This severely unbalanced evaporation-to-precipitation ratio,
coupled with special hydrogeological conditions and over-irrigation in human agricultural
production, makes the area heavily salinized. In addition, the desiccation cracks commonly
occur on the soil surface since the soil can be classified as a texture of clay loam with
high clay content. After considering the heterogeneity of soil salinity, 200 soil sample
points with different extents of desiccation cracking were selected, with a small region
ranging from 45◦18′14′′ N to 45◦29′47′′ N and 123◦39′8′′ E to 124◦21′6′′ E in November 2018
(Figure 1). This is because, after months of evaporation, the soil moisture content is very
low in November, and the cracking process is complete on the soil surface. All soil samples
were determined on the basis of the rule of plum blossom spots.

Figure 1. This study area and sampling points located on a Landsat-8 satellite image.

2.2. Preprocessing of Crack Images

According to Ren et al. [40], the GLCM contrast feature becomes stable at a scale of
approximately 38 × 38 cm. After considering the effects of sample size on the degree of soil
cracking, soil samples with a rectangular size of 50 × 50 cm were selected in this study, and
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the cracking patterns of all the soil samples were measured using the following standard.
First, a digital camera was selected and fixed on a platform with the lens 1.5 m above
the ground. Second, a rectangular wooden frame with an inner size of 50 × 50 cm was
designed and placed on the ground to ensure that it coincided with the vertical projection
of the digital camera lens. Third, the white balance processing of the camera was performed
together with the aperture size and exposure time set to standardize the same lighting
environment and camera parameters. Finally, the desiccation crack was photographed and
the calibration image of a black and white grid plate with a size of 50 × 50 cm was taken
for further geometric distortion corrections. When the images of the cracked soil samples
were taken, a unified pre-processing operation was conducted. In detail, all crack patterns
of the soil samples were geometrically corrected using the polynomial method, cropped to
a standard size of 50 × 50 cm, and converted into grayscale images (Figure 2).

 

Figure 2. Grayscale images of cracked soil samples.

2.3. Soil Property Measurements

After the crack images were taken at the sampling points, soil samples were collected
at a depth of 20 cm in the center of the wooden frame to determine the soil properties. This
is because the kind of soda saline soil largely prevents salt moving downwards due to
its bad infiltration capacity, which indicates the properties of soil from the top 20 cm soil
layer are very stable [42]. The soil samples were weighed before and after they were evenly
oven-dried for water contents, after which they were ground and passed through a 2 mm
sieve for soil properties. Note that as the osmotic pressure of the soil solution increased by
soil salinity is strictly proportional to the EC values under certain water conditions, the EC
value was thus determined as the indicator of soil salinity in this study. In particular, soil
suspensions for all soil samples were configured using CO2-free distilled water (pH = 7),
with a water–soil mass ratio of 5:1 [43–45]. After stirring with a glass rod and leaving for
about half an hour, the pH and EC values of all the soil samples were measured using
potentiometric and conductometric methods, respectively (Figure 3). To facilitate the
analysis and comparison of different samples, the unit of the EC value was uniformly
converted into ds/m. In addition, the particle size distributions of all soil samples were
measured using an Mllvern-200 laser particle size analyzer.
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Figure 3. Measurements of main chemical soil properties. (a) Prepared soil suspensions; (b) pH
measurement process; (c) EC measurement process.

2.4. Gray Level Co-Occurrence Matrix Texture Features

In this study, we selected the classic GLCM texture features as the statistical texture
characteristics of the cracked soil surface to determine the relevance of different pixels by
calculating the second-order combined conditional probability density between the image
pixel gray levels at a certain distance and direction. For a known gray image f (x, y) of a soil
sample with surface cracks, the second-order combined conditional probability density can
be calculated using the following equation:

p(i, j) = g{ (x1, y1), (x2, y2) ∈ m × n| f (x1, y1) = i, f (x2, y2) = j} (1)

where i and j are the gray values of the gray image f (x, y) at the (x1, y1) and (x2, y2)
coordinate positions in Equation (1), respectively. In practical applications, a series of
texture feature features must be extracted according to the calculation results of the gray-
level co-occurrence matrix so that the images can be more intuitively extracted and target
recognitions can be performed. After the GLCMs of all cracked soil samples were extracted,
13 common texture features were then computed using the formulas listed in Table 1 [46].
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Table 1. GLCM texture feature calculation formulas.

Texture Features Formulas

Contrast (CON)
CON =

Ng−1
∑
n

n2

{
Ng
∑

i=1

Ng
∑

j=1
p(i, j)

}
, |i − j| = n

Angular second moment (ASM)
ASM = ∑

I
∑
J
{P(i, j)}2

Entropy (ENT) ENT = −
Ng
∑

i=1

Ng
∑

j=1
p(i, j) log(p(i, j))

Homogeneity (HOM) HOM =
Ng
∑

i=1

Ng
∑

j=1

1
1+(i−j)2 p(i, j)

Correlation (COR) COR =
∑

Ng
i=1 ∑

Ng
j=1(ij)p(i,j)−uxuy

σxσy

Cluster shade (CS) CS =
Ng
∑

i=1

Ng
∑

j=1

(
(i − ui) +

(
j − uj

))3
p(i, j)

Cluster prominence (CP) CP =
Ng
∑

i=1

Ng
∑

j=1

(
(i − ui) +

(
j − uj

))4
p(i, j)

Max probability (MP) MP = max{p(i, j)}

Sum average (SA) SA =
2Ng
∑

1=2
ipx+y(i)

Sum entropy (SE) SE = −
2Ng
∑

1=2
px+y(i) log

{
px+y(i)

}

Sum variance (SV) SV =
2Ng
∑

1=2
(i − SumEntropy)2 px+y(i)

Information of correlation (IC1) IC1 = HXY−HXY1
max(HX,HY)

Information of correlation (IC2) IC2 = (1 − exp[−2∗(HXY2 − HXY)])
1
2

Here, p(i, j) is the value of the normalized GLCM at the (i, j) coordinate position; Ng
is the gray level of the co-occurrence matrix; ux and uy are the mean of px(i) and py(j),
respectively; and σx and σy are the variance of px(i) and py(j), respectively. The relevant
intermediate parameters in the formulas for texture features can be calculated from the
following Equations (2)–(7):

Px(i) =
Ng

∑
j=1

p(i, j) (2)

Py(j) =
Ng

∑
i=1

p(i, j) (3)

Px+y(k) =
Ng

∑
i=1

Ng

∑
j=1

p(i, j), i + j = k, k = 2, 3, . . . 2Ng (4)

HXY = −
Ng

∑
i=1

Ng

∑
j=1

p(i, j)log{p(i, j)} (5)

HXY1 = −
Ng

∑
i=1

Ng

∑
j=1

p(i, j)log
{

px(i)py(j)
}

(6)

HXY2 = −
Ng

∑
i=1

Ng

∑
j=1

px(i)py(j)log
{

px(i)py(j)
}

(7)
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To study the influence of GLCM calculation parameters on the results of texture
features, the crack images of all soil samples were transformed into eight different gray
levels (2, 4, 8, 16, 32, 64, 128, and 256, as shown in Figure 4), and the GLCMs of the
transformed images with different gray levels were calculated at seven different pixel steps
(1, 5, 10, 20, 40, 60, and 80 pixels) and four directions (0◦, 45◦, 90◦, and 135◦) for texture
features. Correlation analysis was then performed between EC and texture features on the
basis of different GLCM parameters.

 

Figure 4. Extraction results of eight gray-scale images of a typical cracked soil sample. (a) gray level
of 2; (b) gray level of 4; (c) gray level of 8; (d) gray level of 16; (e) gray level of 32; (f) gray level of 64;
(g) gray level of 128; (h) gray level of 256.

Note that there were too many soil samples in this study, indicating that different types
of measurement results cannot be listed individually. In order to express the characteristics
of the data more clearly, statistical analysis was therefore performed on the measured
physical and chemical properties of soil samples and the GLCM texture features extracted
from crack images. Specially, the statistical parameters including the minimum, maximum,
average, standard deviation, coefficient of variance (CV), skewness, and kurtosis values of
soil properties and GLCM texture features were computed using the SPSS software.

3. Results

3.1. Chemical and Physical Properties

Table 2 lists the statistical indexes of soil properties for all the cracked soil samples.
From the table, it can be seen that EC values of the samples ranged from 0.2 to 6.37 ds/m
with a mean value of 0.95 ds/m, while pH ranged from 8.55 to 11.16 with a mean value
of 10.06. In addition, measurement results from Li and Wang [47] showed the ESP and
pH from soil samples of the western Songnen Plain (covering all the sampling points in
this study) were higher than 20% and 8.5, respectively, indicating that all the soil samples
exhibited intensive alkali characteristics according to the international classification standard
proposed by USSLS [48]. The standard deviation of 0.915 ds/m and CV of 96.45% also
showed that there was significant heterogeneity among the EC values of all the soil samples
in the study. Table 2 also shows that the samples selected belong to a typical soil texture of
clay loam, with the clay content of all soil samples varying in a narrow range from 25.01% to
30.99%; the standard deviation of 1.61% and CV of 5.74% also explained that the differences
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in clay content were not evident within the soil samples. As the soil samples were fully
dried in natural conditions, the water content varied from 2.01% to 4.47%.

Table 2. Statistical description of soil properties of the soil samples.

Parameters Min Max Mean Standard CV% Skewness Kurtosis

EC (ds/m) 0.20 6.37 0.95 0.915 96.45 3.04 10.9
pH 8.55 11.16 10.06 0.53 5.36 0.34 −0.85

Moisture (%) 2.01 4.47 2.95 0.58 19.32 −1.14 0.06
Clay (%) 25.01 30.99 27.88 1.61 5.74 −1.01 0.06
Silt (%) 30.06 41.95 35.98 3.51 9.77 −1.30 0.02

Sand (%) 28.19 39.38 33.86 3.39 10.01 −1.13 0.13
N = 200; CV, coefficient of variation.

From Table 2, it also can be seen that the clay content of the soil samples in this study
covered a very small range of 25.01% to 30.99%. To quantify the effects of clay content
on the extent of desiccation cracks, a complementary study was carried out between the
clay content and the four selected GLCM texture features (Figure 5). Notably, the scatter
diagrams in Figure 5 did not show clear regularity for the data points, indicating that the
clay content of soda saline–alkali soils was not sensitive to GLCM texture features.

 
Figure 5. Scatter diagram between clay content and GLCM texture features. (a) for texture feature of
CON; (b) for texture feature of ASM; (c) for texture feature of HOM; (d) for texture feature of ENT.

3.2. Optimal Texture Features

Table 3 shows the maximum correlation coefficients between EC values and the
13 GLCM texture features in the 0◦, 45◦, 90◦, and 135◦ directions under different gray levels
and pixel steps. The table also indicates that the same trends appeared between each
texture feature and EC values of all soil samples. Texture features such as CON, ASM, ENT,
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HOM, CS, CP, MP, SA, and SE had a high correlation with EC, with correlation coefficients
all above 0.7, while the other four texture features, namely, COR, SV, IC1, and IC2, had
poor correlation with EC values with correlation coefficients less than 0.58. Therefore, four
optimal texture features (CON, ASM, ENT, and HOM) were selected in this study to analyze
the ability of GLCM texture features to characterize the surface cracks of soda saline–alkali
soils, considering both their high relationship with EC and their common application in
texture feature analysis. Particularly, CON returns the amount of local variation in an
image, reflecting the sharpness of the image and the intensity of the texture. ASM (also
referred to as energy) measures the sum of squared elements in the GLCM and ranges from
0 to 1. It describes the thickness of the image texture feature and the uniformity of pixel
distributions. ENT measures the randomness of the intensity distribution in the image and
represents the amount of information in the image. HOM usually represents a value that
measures the distribution closeness of elements in the GLCM to the GLCM diagonal and
ranges from 0 to 1.

Table 3. Maximum correlation coefficient between texture features and EC in four directions under
different gray levels and step sizes.

Texture
Features

0◦ 45◦ 90◦ 135◦

CON 0.82 0.78 0.76 0.78
ASM −0.77 −0.76 −0.75 −0.76
ENT 0.74 0.73 0.72 0.73

HOM −0.82 −0.78 −0.76 −0.78
COR −0.47 −0.29 −0.31 −0.39
CS −0.75 −0.75 −0.76 −0.75
CP 0.75 0.76 0.77 0.76
MP −0.77 −0.76 −0.76 −0.76
SA 0.74 0.73 0.72 0.73
SE −0.74 −0.73 −0.72 −0.73
SV 0.37 0.44 0.37 0.34
IC1 0.57 0.58 0.61 0.58
IC2 −0.31 −0.43 −0.31 −0.43

N = 200; significance level α = 0.05; CON, contrast; ASM, angular second moment; ENT, entropy; HOM,
homogeneity; COR, correlation; CS, cluster shade; CP, cluster prominence; MP, max probability; SA, sum average;
SE, sum entropy; SV, sum variance; IC1 and IC2, information of correlation based on different equations.

3.3. Analysis of GLCM Parameters
3.3.1. Effects of Directions

Figure 6 shows the coefficients of variation (CV) of CON, ASM, ENT, and HOM
extracted from the 0◦, 45◦, 90◦, and 135◦ directions, which were computed from the GLCMs
of a typical soil sample under different gray levels and pixel steps. As shown in Figure 6a,
the CV of CON in the four directions reached its highest when the step size was 1 pixel, after
which the CV decreased significantly with increasing step size and gradually stabilized
until it reached 60 pixels. Figure 6b shows that when the gray level was larger than 16, the
CV of ASM decreased with the steps and stabilized at a step size of 10 pixels. Figure 6b
also indicates that CV was no longer affected by step size when the gray level was less
than 8. Figure 6c shows that the CV of HOM had the same trend as ASM but with a larger
difference at various gray levels. Figure 6d shows that the CV of ENT had a similar trend
with CON at the same gray level, but the difference was larger than that of CON when
the step sizes were 10, 20, and 40 pixels. Therefore, there were certain differences in the
extraction results of texture features computed from different directions, gray levels, and
step sizes, which also explained the differences in the maximum correlation coefficients
between the texture features and EC values in Table 3. To effectively consider the workload
and remove the effect of direction, the mean values of texture features in the directions of
0◦, 45◦, 90◦, and 135◦ were selected to further analyze the effect of texture features on the
surface cracking status of soda saline–alkali soils under different gray levels and step sizes.
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Figure 6. Coefficients of variation of four texture features in four directions of a typical soil sample.
(a) for texture feature of CON; (b) for texture feature of ASM; (c) for texture feature of HOM; (d) for
texture feature of ENT.

3.3.2. Effects of Gray Levels and Step Sizes

To quantify the response of GLCM texture features on the salinity of soda saline–alkali
soil in the Songnen Plain of China, the mean values in four directions (0◦, 45◦, 90◦, and 135◦)
were extracted under different gray levels and step sizes for all selected texture features,
including CON, ASM, ENT, and HOM. Subsequently, correlation analysis was performed
between the EC values and the texture features derived from different GLCM parameters,
as shown in Figure 7. It can be seen from Figure 7a that the correlation coefficient between
CON and EC of the soil samples was significantly positive, with an initial decreasing and
then increasing trend, which finally became stable at a step size of 16 pixels. Although the
lowest correlation coefficient of CON for 1 pixel in the step size occurred at a gray level of
8, the lowest values in all correlation coefficient curves under other step sizes were found
at the same gray level of 4. Figure 7b shows that the correlation coefficient between the
ASM and EC of the soil samples decreased with increasing gray levels, while the step size
had little effect on the results of the correlation analysis. Figure 7c shows that although the
trend of the correlation coefficient curves between HOM and EC were basically the same as
those of ASM, a significant difference was still found under various step sizes. Figure 7d
indicates that the curve shapes of the positive correlation coefficients between ENT and
EC decreased until a gray level of 8, after which the correlation curves gradually increased
and became stable at a gray level of 32. In addition, Figure 7 also shows that when the gray
level of the crack images was determined, the correlation coefficients of the four texture
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features and EC values gradually decreased with increasing step size, especially when the
gray level was less than 8, and the difference in the correlation coefficients also showed a
more evident tendency when the gray level increased.

Figure 7. Correlation coefficients between four selected GLCM texture features and EC of the cracked
soil samples. (a) for texture feature of CON; (b) for texture feature of ASM; (c) for texture feature of
HOM; (d) for texture feature of ENT.

3.4. Cross-Correlation Analysis between Different Texture Features

As discussed in Section 3.3, the difference in the correlation between each texture
feature and EC values of soil samples was quite small, given the step size of 1 pixel and gray
level of 2. As the gray level and step size increased, the difference between different texture
features and the EC values of soil samples increased. Figure 8 shows the analysis results of
the cross-correlation among the four selected GLCM texture features of CON, ASM, HOM,
and ENT under different step sizes and gray levels. We observed that when the gray level
was 2 and the step size was 1 pixel, the two different texture features were highly correlated
with a correlation coefficient close to 1. However, the correlation between any two texture
features rapidly decreased as the gray level increased once the step size was determined.
Figure 8 also indicates that among all combinations of two texture features, the intervals
of cross-correlation curves under different gray levels usually increased until the largest
difference appeared at a step size of five pixels. After that, the curves of cross-correlation
became close and gradually stabilized with increasing step sizes, except for the combination
between CON and ENT.
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Figure 8. Cross−correlation coefficients of four GLCM texture features of the cracked soil samples.
(a) between CON and ASM; (b) between CON and ENT; (c) between CON and HOM; (d) between
ASM and ENT; (e) between ASM and HOM; (f) between ENT and HOM.

3.5. Logarithmic Regression Models between EC and Texture Features

Table 4 shows the statistical parameters of the mean values of the four texture features
in four directions of 0◦, 45◦, 90◦, and 135◦ for all soil samples, which were calculated under
a gray level of 2 and step size of 1 pixel. Table 4 shows that the CON extraction results
had the lowest values, ranging from 4.82 × 10−6 to 6.2 × 10−3, followed by ENT varying
from 1.92 × 10−4 to 1.13 × 10−1, while ASM and HOM had relatively high values ranging
from 9.76 × 10−1 to 9.99 × 10−1 and from 9.97 × 10−1 to 9.99 × 10−1, respectively. In
addition, the distributions of CON and HOM of different soil samples were relatively
discrete, with CVs of 58.25% and 52.71%, respectively. The coefficient of variation (CV)
values of 0.59% and 0.08% indicated that the extraction results of ASM and HOM texture
features were relatively concentrated. Table 4 also shows that the kurtosis values of the
four texture features were all less than 0, indicating that the overall distribution of the
texture features was relatively flat, but the characteristic was not evident because the range
was only from −0.70 to −0.61, whereas the skewness between −0.22 and 0.06 indicated
that texture features of the soil samples, including CON, ASM, ENT, and HOM, basically
conformed to the normal distribution.

Table 4. Statistical description of four GLCM texture features of cracked soil samples.

Parameters Min Max Mean Standard CV% Skewness Kurtosis

CON 4.82 × 10−6 6.2 × 10−3 2.6 × 10−3 1.5 × 10−3 58.25 0.06 −0.61
ASM 9.76 × 10−1 9.99 × 10−1 9.89 × 10−1 5.9 × 10−3 0.59 0.02 −0.69
ENT 1.92 × 10−4 1.13 × 10−1 5.29 × 10−2 2.79 × 10−2 52.71 −0.22 −0.70

HOM 9.97 × 10−1 9.99 × 10−1 9.98 × 10−1 7.1 × 10−4 0.08 −0.06 −0.61

N = 200; CON, contrast; ASM, angular second moment; ENT, entropy; HOM, homogeneity; CV, coefficient
of variation.
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To further illustrate the response of the GLCM texture features to the salinity of soda
saline–alkali soils in the Songnen Plain, regression models were developed between the EC
values and the texture features of CON, ASM, ENT, and HOM of the cracked soil samples.
Figure 9 shows the scatter points between the mean values in the 0◦, 45◦, 90◦, and 135◦
directions of the four typical texture features mentioned above and the EC values of all
cracked soil samples under the optimal GLCM parameters (gray level of 2 and step size of
1 pixel). As shown in Figure 9, all four texture features had a logarithmic relationship with
the EC values of soil samples, where CON and ENT were positively correlated with EC
values and ASM and HOM were inversely proportional to EC values.

Figure 9. Logarithmic fitting results between EC and four GLCM texture features of the cracked soil
samples. (a) between EC and CON; (b) between EC and ASM; (c) between EC and HOM; (d) between
EC and ENT.

The established models in Table 5 show that both CON and HOM had the best
logarithmic correlation with EC, both with R2 of 0.92, followed by ASM and EC with an R2

of 0.90. Although the weakest relationship was found between ENT and EC, R2 was still
high, with a value of 0.88. In addition, Table 5 shows that all logarithmic models had very
low RMSE, ranging only from 2.12 × 10−4 to 9.68 × 10−3, which suggested that texture
features of GLCM could effectively characterize the salt content of soil samples. Thus,
GLCM texture features can be considered as good indicators of the salt-determined crack
status of the soda saline–alkali soil.
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Table 5. Logarithmic regression models based on EC and texture features of soda saline–alkali soil
samples with surface cracks.

Texture Features Logarithmic Regression Models R2 RMSE

CON y = 0.0032 × lg(x) + 0.005 0.92 4.24 × 10−4

ASM y = −0.0196 × lg(x) + 0.987 0.90 1.86 × 10−3

ENT y = 0.091 × lg(x) + 0.065 0.88 9.68 × 10−3

HOM y = −0.0024 × lg(x) + 0.998 0.92 2.12 × 10−4

RMSE, root mean square error; RMSE =

√
∑n

i=1( y′−y)2

n , n represents the number of soil samples, y stands for the
measured texture feature, and y′ stands for the observed texture feature based on models; CON, contrast; ASM,
angular second moment; ENT, entropy; HOM, homogeneity.

4. Discussion

From Table 2, it can be seen that the clay content did not play an important role
in desiccation cracking of soda saline–alkali soils in this study. This was because the
original minerals of soda saline–alkali soils in the Songnen Plain are quartz and feldspar,
and the secondary mineral relates to illite/smectite formation with an interlayer ratio
above 0.5 according to the results of X-ray diffraction complete analysis measured by
Zhang et al. [49] and Wang et al. [50]. This result indicates that the clay content and clay
mineral composition did not play important roles in the shrinkage and cracking of the soil
samples because of the activity index covering a very low range from 0.33 to 0.48. The soil
salinity therefore can be considered as the main role in the desiccation cracking process of
salt-affected in this study. Yang et al. [51] found that the soil salinity was highly correlated
with both ESP and SAR of the salinized soils in Songnen Plain since the main salt minerals
were NaHCO3 and Na2CO3, which made Na+ the dominant exchangeable cation; their
results also indicated that this kind of salt mineral composition leads to an alkalinization
reaction and thus disperses the cementation between the clay soil particles. In addition,
according to the measurements results of different ions, Chi and Wang [52] found that Na+

occupies an absolute dominant role in the cations of the saline–alkali soils in the Songnen
Plain with content much larger than those of the cations including K+, Ca2+, and Mg2+,
indicating that Na+ affects the desiccation cracking of soda saline–alkali soils in Songnen
Plain, China, to a certain extent. Specifically, the previous studies from Zhang et al. [53]
and Yu et al. [54] turned out that a kind of thick bound water film can be found forming
around the soil particles, which is caused by the interaction between colloidal particles and
adsorbent cations (especially for Na+ with a hydrolysis radius compared with other cations
within the type of soda saline–alkali soils in Songnen Plain). This kind of water film always
in turn reduces the cohesion between soil particles and then results in a decrease in the
soil strength [55]. Aksenov et al. [56] also found that the combined water film generated
among soil particles could reduce the internal friction angle and shear strength of salinized
soil samples, thus making the surface of saline–alkali soils more prone to shrinkage and
cracking. Moreover, many studies have indicated that the diffuse double layer (DDL) also
plays an important role in determining the shrinking and cracking processes of saline
soils during water evaporation [57,58]. Specifically, water evaporation causes thinning
of the DDL and a reduction in the distance between soil particles, which results in the
propagation of desiccation cracks on the soil surface. Therefore, a higher salt content makes
soil particles combine more tightly, which is manifested by more soil volume shrinkage
and more complex soil cracking.

The selection of crack parameters usually shows great effects on the quantification of
soil surface cracks. Although many previous studies have shown that geometric parameters
(such as crack length, crack area, crack length density, and crack area density) have been
commonly used, they still have certain defects in quantitatively characterizing the surface
cracks compared with texture features. Specifically, crack length and crack area cannot
show convergence [59,60], while crack length density and crack area density are unable
to adequately describe the distributions of desiccation cracks generated from the random
cracking locations of the soil samples with low repeatability [61,62]. In addition, the crack
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densities mentioned above also fail to provide an idea of the propagation of soil cracks in
different directions [63]. Due to its strong self-correlation under natural conditions, GLCM
texture analysis can thus offer an easy way to describe the cracking status of the soil surface
quantitatively and effectively.

Under natural conditions, there are differences in the extraction results of GLCM
texture features in various directions, including 0◦, 45◦, 90◦, and 135◦, which may be related
to the presence of slight slopes on certain soil surfaces that cause the water to flow in a
specific direction after precipitation. However, the difference in texture features of field
soil samples due to the direction is not distinct because most of the process and direction
of crack development are random. Moreover, the direction of the crack patterns of soil
samples may not be accurately obtained in the photo process in the field, and there may
be operations, such as rotation of the images in the post-processing stage, which make it
difficult to ensure the same standard direction of the texture features for all soil samples.
The characterization ability of GLCM texture features on the EC values generally showed
a decreasing trend with the increasing step size. This was because when the step size is
small, the extraction results of the texture features can effectively distinguish the grayscale
of the crack region. However, when the step size is larger than the width of the soil crack,
the calculation results of the GLCM texture features ignore the information of some crack
regions, resulting in a decrease in the correlation with soil EC. Further, the increasing
gray level reduced the correlation between texture features and soil salinity, which may
be because when the gray level is relatively low, the gray value of the crack region is
more distinct from the gray level of other surface areas of the soil samples. In contrast,
with an increasing gray level, the uncertainty of the pixel distribution is enhanced, and
the consistency of gray values is weakened [64–66], which rapidly decreases the ability
of ASM and HOM to characterize crack conditions. In addition, although the amount of
local variation in the cracked patterns of soil samples was the most notable in the lowest
image information when the gray level was set to 2 (all the images only represent crack
and non-crack regions), increasing the gray level gradually reduced the proportion of gray
levels within the crack regions and thus made CON (returns the local variation of crack
images) and ENT (returns the randomness and complexity of crack images) decrease and
gradually become stable. Therefore, GLCM texture features were the best for characterizing
the surface cracking status of soda saline–alkali soils under the optimal gray level of 2 and
step size of 1 pixel.

From Section 3.5, it can be seen that the EC values of soda saline–alkali soils showed
clear logarithmic relationships with different GLCM texture features, indicating that a new
online measurement method of soil salinity can therefore be proposed using regression
models based on the GLCM texture features, which are computed with optimal GLCM
computing parameters. Specially, the procedures can be described as follows: firstly, taking
crack patterns under field conditions using a unified photographic standard; secondly,
performing geometric correction and preprocessing operations on all crack images; after
that, extracting GLCM texture features under optimal computing parameters including
gray level, direction, and step size; subsequently, developing regression models with a
certain number of soil samples; thereafter, importing the texture features extracted from all
other soil samples into the best regression model to predict the EC values of soil samples;
and finally, calibrating all estimated EC values using the measured ones in laboratory for
better accuracy. In practical applications, this potential method can thus be selected to
measure the soil salinity non-destructively, effectively, and accurately. In addition, this kind
of method can be further extended to aerial remote sensing for simultaneous measurement
of soil salinity in a large range, which can provide important guidance for ecological
restoration, agricultural production, and engineering construction in saline–alkali areas.
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5. Conclusions

In this study, quantitative analyses were conducted to study the effects of GLCM
computing parameters on the relationship between different texture features and the
EC values of soda saline–alkali soil samples. Although the texture features in different
directions were different, their influence was quite limited; as the gray level and step
size increased, the correlation between texture features and soil salinity greatly decreased.
Although the cross-correlation between various texture features decreased rapidly with the
increase in gray level, it was weakly affected by step size. The soil salinity of the soda saline–
alkali soils in the Songnen Plain was correlated with the surface crack status, indicating
that they can be determined by the GLCM texture features. In further studies, aerial remote
sensing for simultaneous prediction of soil salinity in a large range are required to provide
guidance for ecological restoration, agricultural production, and engineering construction.
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Abstract: Background: The combination of biochar and organic manure has substantial local im-
pacts on soil properties, greenhouse gas emissions, and crop yield. However, the research on soil
health or quality is still in its early stages. Four pot experiments were carried out: C (30 g biochar
(kg soil)−1), M (10 g manure (kg soil)−1), CM (15 g biochar (kg soil)−1 + 5 g manure (kg soil)−1),
and the control (without any amendments). Results: When compared to C and M treatments, the
MWD of CM was reduced by 5.5% and increased by 4.9%, respectively, and the micropore volume
(5–30 m) was increased by 17.6% and 89.6%. The structural equation model shows that soil structural
parameters and physical properties regulate the distribution of micropores (5–30 μm) in amended
soil. Conclusion: Our studies discovered that biochar mixed with poultry manure had antagonistic
and synergistic effects on soil aggregate stability and micropore volume in vertisol, respectively, and
thus enhanced crop yield by 71.1%, which might be used as a technological model for farmers in
China’s Huang-Huai-Hai region to improve low- and medium-yielding soil and maintain soil health.

Keywords: soil health; biochar; manure; soil structure; vertisol

1. Introduction

Soil health is defined as soil’s ongoing ability to support vital ecosystem functions for
plants, animals, and humans [1]. Soil health or quality has become a hot topic in research
on sustainable agricultural development today, and it can be evaluated quantitatively and
qualitatively through soil health indices (soil processes and traits) [2]. Soil aggregate stabil-
ity and soil pore characteristics, for example, are important indicators for characterizing
soil health and the sustainability of various agricultural management practices [3,4].

Aggregate stability refers to the ability of soil aggregates to withstand damage when
subjected to external forces (such as rain) [5]. It describes the physical ability of soils to
maintain their aggregation and structure in wet conditions (such as irrigation after severe
rainfall or protracted drought). Aggregate stability is regarded as a reliable indicator
of soil’s biological and physical health. According to research, poorly structured soils,
such as vertisol, frequently develop surface crusts or compaction, which can impair water
transport and gas exchange and increase the risk of flooding and drought. Internal and
extrinsic factors both influence soil aggregate stability [6]. Meteorological conditions
(e.g., average annual precipitation and temperature) and agricultural management practices
(e.g., fertilization and tillage) are examples of external influences, while intrinsic factors
include soil clay content, organic matter content, and soil minerals [7].

Soil pores are the spaces between soil particles or aggregates. Pore properties are the
“leading indicator” for determining many soil processes and functions, including water
storage and transport, microbial activity, and soil mechanical resistance to root penetra-
tion [8]. Soil pore size distribution (PSD) has been shown in studies to be an important
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indicator for a thorough understanding of soil aggregate stability, water transport, and
carbon sequestration [9]. Many studies have shown that fertilization, tillage, and land use
can all have a significant impact on the total porosity, size distribution, and function of soil
pores [4,10,11], thereby affecting soil quality. This implies that soil pore structure is highly
susceptible to soil management practices and environmental changes. As a result, studying
soil pore characteristics is vital for assessing soil health.

Organic manure is an efficient way to improve soil health and plant growth [12]. In
comparison to inorganic fertilizers, it primarily promotes plant growth in the soil by slowly
decomposing and releasing various nutrients. Many types of organic manure on the market
are derived from biochar, animal manure, and wood waste compost, and their effects on
promoting healthy soils have been thoroughly researched [13,14].

Biochar is a byproduct of high-temperature pyrolysis of natural organic materials
that are rich in carbon and porous materials [15]. Currently, the primary application of
biochar in agriculture is as a soil amendment [16]. In-depth research has demonstrated
that biochar may improve soil fertility, detoxify the soil, promote soil microbial diversity,
and improve plant health, and it is projected to become one of the main efforts to preserve
soil health and sustainable agricultural development. However, biochar prices are high
and cannot be offset by prospective economic gains based on greater average yields and
current CO2 pricing [17]. As a result, biochar has yet to be used on a broad basis in
agricultural operations [18,19].

Livestock and poultry waste are the primary sources of animal manure. Poultry
manure, in particular, is widely used as a soil improvement material due to its obvious
advantages of high nitrogen content, low price, and high yield [20], which can increase the
source of soil nutrients and organic matter and can improve the soil microbial population,
affecting soil structure and soil physical properties, as well as chemical and biological
changes in other parameters [21]. According to a literature study, the amount of manure
generated by large-scale chicken dung in China is 3.83 × 109 t, with Henan Province
producing the most, followed by Shandong, Hebei, Sichuan, and Hunan provinces [22].
This suggests that poultry manure has a high potential for organic manure generation
in soil.

Vertisol is soil with a similar mineral composition and characteristics to its parent
material [23]. It is commonly available in Australia, China, India, the United States, and
other countries [24]. Deep cracks and sticking behavior are easily developed as a result
of the continual expansion and shrinkage of clay-rich minerals, posing a possible threat
to agricultural production. However, due to its potential high natural fertility, it has
piqued the interest of many scholars both domestically and internationally. Vertisols cover
approximately 4 × 106 ha in China, with the majority of them located in semi-arid northern
China and belonging to low- and medium-yielding soils [4]. To enhance its poor physical
structure, predecessors attempted to implement various technologies (organic fertilizer, fly
ash, biochar, and amendment, among others) and achieved considerable progress [3,4].

Previous research has mostly focused on the single effect of organic manure or biochar
on the structural improvement of vertisols, focusing little on the combined effect of the
two. Several studies combining the two have shown promising results in terms of soil C
and N cycling processes, soil biological indicators (soil microbial biomass, enzyme activity,
and soil microbial diversity), and crop yield enhancement [14,25,26], but there has been
a severe lack of studies on the effects of the two on soil structure. Due to the uniqueness
and typicality of the vertisol soil structure, improving its poor physical structure has always
been the primary goal of vertisol research.

As a result, it is critical to understand the impact of the two on the physical structure
of the modified soil. Through pot experiments, the goal of this study is to investigate
the effects of combining biochar and organic fertilizer on soil aggregate stability, soil pore
structure and their combined response (crop yield and economic profit). When compared to
biochar or organic manure treatments alone, we hypothesized that co-applying biochar and
organic manure improves soil’s aggregate stability and optimizes soil pore size distribution
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in vertisols, which in turn will increase crop yield and economic efficiency, thus maintaining
soil health.

2. Materials and Methods

2.1. Potted Experiment Method

The experimental soil was originally taken from a typical vertisol of a 0–30 cm soil
layer in Dancheng County, Zhoukou City, Henan Province, China (33◦38 N, 115◦23 E,
elevation of 23 m). Large aggregates were crushed, and debris, such as rocks larger than
3 cm in diameter, was removed. The soil is classified as a typical vertisol by the Chinese soil
classification method [27]. Before the test, the selected soil physicochemical characteristics
were determined using the Zhang and Gong [28] test method, and the results are shown
in Table 1.

Table 1. Selected physicochemical properties of vertisol.

Parameter Vertisol

Sand (2–0.02 mm, %) 26.0
Silt (0.02–0.002 mm, %) 30.7

Clay (<0.002 mm, %) 43.3
Porosity (%) 37.7

Total carbon (g kg−1) 5.92
C/N 10.3

CEC (cmol (+) kg−1) 23.7
pH 7.50

The pH was determined using the ratio of solid material to water of 1:2.5; particle size distribution was determined
using sieving and the pipette method; cation exchangeable capacity was determined using the ammonium
saturation and distillation methods; total carbon was estimated through potassium dichromate oxidation and
titration with ferrous sulfate.

The test pots were 52 cm tall, with an upper inner diameter of 44 cm and a lower
diameter of 30 cm, and a water outlet hole at the bottom. Each pot was filled with 70 kg of
drying soil with a filling capacity of 1.3 g cm−3.

The experiment started in 2012. Given the characteristics of poor soil physical prop-
erties (soil viscosity, high bulk density, and poor ventilation and water permeability) of
sand ginger black soil, a total of four treatments were set up in a completely randomized
block design and repeated four times. The four treatments were as follows: C (30 g biochar
(kg soil)−1), M (10 g manure (kg soil)−1, CM (15 g biochar (kg soil)−1 + 5 g manure
(kg soil)−1), and the control (without any amendments). These amounts refer to the ranges
generally applicable in the region and other countries [4,14]. After the crops were harvested,
the soil for each treatment was removed from the pot and sieved, as biochar is inert and
basically does not decompose, and the biochar treatment was no longer required. Each pot
of organic manure treatment was added again according to the soil ratio of 1.04 g/kg, and
it was used for potting experiments in the summer. The applied crop rotation method was
winter wheat–summer corn.

Wheat (Triticum aestivum L.) was planted on 9 October and harvested on 1 June; maize
(Zea mays L.) was planted on June 10 and harvested on 1 October.

Biochar was created in a factory-scale reactor by pyrolysis at 500–550 ◦C for 20 h, then
sieved to 2 mm and analyzed (Table 2) according to the methodology recommended by
Xie et al. [29]. Poultry manure was composted at 30–70 ◦C for 30 days and kept above
55 ◦C for 7 days before its physicochemical properties were determined using the method
recommended by Xie et al. [29].
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Table 2. Selected chemical characteristics of the biochar and manure used in the test.

Parameter Biochar Manure

Porosity (%) 78.4 -
pH 9.20 8.60

Total carbon (g kg−1) 647.2 442.5
CEC (cmol (+) kg−1) 41.7 36.2

Phosphorus, mg kg−1 2.6 5.3
Potassium, cmolc kg−1 4.5 4.9
Calcium, cmolc kg−1 3.3 2.0

Nitrogen, % - 3.1
The pH was determined by the ratio of solid material to water of 1:2.5; particle size distribution was determined
by sieving and the pipette method; cation exchangeable capacity was determined using the ammonium saturation
and distillation methods; total carbon was estimated by potassium dichromate oxidation and titration with ferrous
sulfate. “-” indicates undetermined.

Wheat seeds were sown in each pot in four rows. Maize was sown in pots with 10 seeds
per pot, and four plants were kept until harvest. To calculate yield, the aboveground parts
of the plants (straw and grain) were harvested separately and dried at 70 ◦C for 72 h.

2.2. Laboratory Methods
2.2.1. Soil Samples

In October 2019, after the end of the experiment (after maize harvesting), 15 cm soil
samples were collected from each pot, air-dried, and sieved (<2 mm), and physicochemical
properties were analyzed according to traditional methods [28].

2.2.2. Determination of Physical Properties

(1) Coefficient of linear expansion (COLE)
The COLE of soil was determined on ground remolded soils according to Schafer and

Singer [30]. The COLE was calculated using the formula below:

COLE = (Lm − Ld)/Ld

where Lm and Ld are the length of moist and dry soils, respectively.
(2) Distribution and stability of soil aggregate
Soil agglomeration distribution was performed using the wet sieve method. For the

main steps, 50 g of soil samples was weighed and placed on the top of a set of sieves with
diameters of 2, 1, 0.5, and 0.25 mm, and all the sieves were placed in an agglomerate shaker
model (DM200-II) and shaken up and down at a frequency of 30 times per minute for
30 min. Finally, the remaining agglomerates of each sieve were dried in a drying oven
at 105 ◦C for 24 h and weighed, and the percentage of soil water stability mass for each
particle size was calculated. The calculation formula of soil aggregate stability (average
weight diameter) is as follows [31]:

MWD =
n

∑
i

XiWi

In the formula, MWD is the average weight diameter, Xi is the grain size average
diameter (mm); Wi size Xi is the body weight percentage.

2.2.3. Pore Size Distribution (PSD)

Using a mercury porosimeter (MIP) model, PSD was calculated (Autopore IV9500,
Micromeritics Inc., Norcross, GA, USA). The mercury porosimetry method is based on the
hypothesis that the soil pores are small, irregularly shaped, and cylindrical. Each pore can
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extend to the sample’s outer surface and come into direct contact with the mercury (theta is
140◦). The Washburn formula is as follows:

r =
2γ cos θ

p

The pores were assumed to be cylindrical, where r is the pore radius (μm), p is the pres-
sure (kPa), γ is the Hg surface tension (0.47 N m−1), and θ is the mercury–soil contact angle
(140◦). Under certain pressure, the mercury will infiltrate into pores of the corresponding
size, and the amount of indented mercury represents the volume inside the pores; if the
pressure is gradually increased, the amount of indented mercury can be calculated, and the
volume distribution of soil pores can be measured [32]. To gain an in-depth understanding
of soil pore size distribution, soil pores are divided into five levels: macropores (>60 μm),
mesopores (60–30 μm), micropores (30–5 μm), ultra-micropores (5–0.1 μm), and crypto
pores (0.1–0.01 μm and <0.01 μm) [33].

2.2.4. Determination of Chemical Properties

The pH was determined using a standard method, i.e., a soil-to-water ratio of 1:2.5,
and the mixture was shaken uniformly after 60 min of settling; subsequently, the pH of the
suspension was measured using a pH meter [28].

Total organic carbon was determined using the C oxidation method with potas-
sium dichromate, followed by the titration of the remaining Cr2O7

2− with ammonium
iron (II) sulfate [34].

2.3. Statistical Analysis

The multivariate statistical analysis of soil pore types and soil physical and chemical
properties was conducted using the SPSS 21.0 Statistical Package (Tsinghua University Press,
Beijing, China). Structural equation modeling (SEM) is a multivariate statistical method
that can perform hypothesis testing on complex path relationships between indicators [35].
Based on the relative contribution rates of biochar and organic manure to soil micropore
volume and their interaction, we used AMOS 21.0 software (IBM, Armonk, NY, USA) for
structural equation modeling and quantitative analysis. Drawing using Sigmaplot12.5.

3. Results

3.1. Selected Physical and Chemical Properties of Vertisol Soil

The physical and chemical properties of vertisol soil selection are shown in Table 3.
The soil has typical alkaline vertisol characteristics (pH > 7.98). The pH values of C,
M, and CM treatments were not significantly different, and the pH values of the three
treatments were all lower than those of the control. Soil organic carbon (SOC) ranged
from 22.47 to 27.33 g kg−1. On average, the soil organic carbon (SOC) in C (27.33 g kg−1),
M (26.87 g kg−1), and CM (26.61 g kg−1) were significantly higher than in the control
(22.47 g kg−1), respectively. The COLE ranged from 0.09 to 0.12, with an average of 0.105.
The COLE values of the C and CM treatments were significantly lower than that of the
control and M treatments; however, there was no significant difference between the C and
CM treatments.

Table 3. Selected physical and chemical properties.

Treatment pH
SOC

(g/kg)
COLE

Porosity
(%)

Fractal
Dimension

Control 8.18 ± 1.08 a 10.47 ± 0.61 c 0.12 ± 0.74 a 24.14 ± 0.09 b 2.79 ± 0.01 b
C 8.07 ± 0.31 b 13.14 ± 0.26 a 0.10 ± 0.26 c 40.44 ± 0.15 a 2.89 ± 0.01 a
M 8.01 ± 0.14 b 11.87 ± 0.16 b 0.13 ± 0.16 b 21.31 ± 0.08 c 2.80 ± 0.01 b

CM 7.98 ± 1.04 b 12.66 ± 0.63 a 0.09 ± 0.80 c 40.63 ± 0.15 a 2.91 ± 0.01 a
Mean ± SD; n = 4. Values followed by different letters within a column are significantly different (p < 0.05).
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3.2. Soil Aggregates

Figure 1 shows the improved vertisol aggregate size distribution with biochar and
poultry manure. Biochar and poultry manure changed the soil aggregate properties of
vertisol. Compared with the control, the percentage of water-stable macroaggregates of
2–0.25 mm was significantly increased for the C, M, and CM treatments, while the percent-
age of microaggregates < 0.053 mm was significantly decreased; however, the percentage
of soil aggregates > 2 and 0.25–0.053 mm did not differ among the three treatments. Mean-
while, the CM treatment (biochar and manure co-application) had the highest percentage
of 2–0.25 mm aggregates (26.3%), while the percentage of <0.053 mm aggregates was the
lowest (61.9%), which was increased by 28.7% compared with the control, which decreased
by 9.4%. This indicates that the interaction of biochar and poultry manure upon aggregate
formation was significant (p < 0.05).

Figure 1. Effects of different treatments on the vertisol aggregate size distribution using wet sieving
method and MWD, where error bars represent standard deviation and lowercase letters indicate
significant differences between treatments (p < 0.05).

The mean weight diameter (MWD) plays an important role in assessing the stability of
soil aggregates, with large MWD values indicating better water stability of aggregates [36].
Compared with the control, the MWD of the C, M, and CM treatments was significantly
improved, and the CM treatment was the most effective (Figure 1). The MWD of CM was
4.9% higher than that of the M treatment, but 5.5% lower than that of the C treatment,
which indicated that the combination of C and M would have obvious antagonistic effects,
that is, reducing the positive effect of biochar treatment and enhancing the negative effect
of poultry manure treatment.

3.3. Pore Characteristics and PSD of Soil
3.3.1. Pore Size Distribution

The cumulative pore volume and differential pore size distribution (PSD) curves of
the vertisol soil show that (Figure 2) the PSD curve of vertisol has a unimodal distribution
overall. The peak value (0.12–0.30 μm) was shifted to the right, and when the equivalent
pore size was <0.01 μm, there was no significant difference between the two pore size
distribution curves. The PSD changes in the C and CM treatments were similar. Compared
with the control and M treatments, their PSD distribution curves shifted to the right as
a whole, with peaks at 12–16 μm and 50–60 μm, respectively. The CM peak was significantly
higher than that of the C treatment, which indicated that the CM treatment had a significant
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positive effect in increasing the pore volume with pore sizes of 5–30 μm; however, when
the equivalent aperture was <5 μm, there was no significant difference in PSD distribution
between the two treatments.

Figure 2. Cumulative (A) and differential (B) pore size distribution of different treatments determined
by MIP in the range of 0.001–1000 μm. The red vertical line is the dividing line (2 μm) between the
ineffective and effective pores.

3.3.2. Pore Volume Distribution

Pore size distribution (PSD) data can be used to characterize soil evolution and describe
agricultural management effects [37,38]. The soil pore volume distribution and total pore
volume determined based on the MIP method are shown in Figure 3A. The total pore
volumes of soils treated with C and CM were 0.2859 and 0.2886 cm3 g−1, respectively,
which were significantly higher than (p < 0.05) that of the control soils (0.1261 cm3 g−1),
while the total pore volumes of soils treated with M (0.1014 cm3 g−1) were significantly
lower than the control. Compared with the control, C, and M treatments, the total pore
volume of the CM treatment was increased by 128.9%, 0.9%, and 184.6%, respectively,
which indicated that the CM treatment reflected the synergistic effect of the mixing of
biochar and poultry manure.
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Figure 3. Determination of soil pore volume distribution through mercury intrusion (MIP) using
the pore classification method of Cameron and Buchan [33,34]. (A,B) represent the pore volume and
total pore volume at different treatment equivalent pore sizes and pore volume fraction, respectively.
Values followed by different letters within horizontal row are significantly different (p < 0.05).

Figure 3B showed that the C, M, and CM treatments significantly reduced the volume
percentage of macropores by 100–60 μm and significantly increased the volume percentage
of micropores by 5–30 μm compared to the control, which further indicated the biochar
and poultry manure in the pores. The improvement of the structure had a significant
synergistic effect; however, the difference was that there was a positive synergistic effect on
the 5–30 μm pore volume percentage, but a negative synergistic effect on the 100–60 μm
pore volume percentage. Changes in the volume percentage of pores at other grades (60–30,
5–0.1, and <0.1 μm) were irregular.

3.4. Correlation between Soil Micropore Characteristics and Soil Physicochemical Properties

Pearson correlation coefficients were calculated to describe the correlation of micropore
volume changes with soil properties and composition (Table 4). There was a significant
positive correlation between the micropore volume (P5–30) and TPV, porosity, fractal
dimension, and A2–0.25 (p < 0.05), but a significant negative correlation with P0.1–5,
P0.01–0.1, p < 0.01, pH, COLE, and A < 0.053 (p < 0.05).

44



Int. J. Environ. Res. Public Health 2022, 19, 11335

Table 4. Correlation between micropore volume and equivalent pore diameter (5–30 μm) and
different varieties.

Variety Correlation

A > 2 0.263
A2–0.25 0.601 *

A0.25–0.053 −0.115
A < 0.053 −0.636 *

MWD 0.432
SOC 0.497
pH −0.866 **

COLE −0.760 **
P > 60 −0.414
P30–60 0.23
P0.1–5 −0.844 **

P0.01–0.1 −0.986 **
p < 0.01 −0.983 **

TPV 0.985 **
Porosity 0.986 **

Fractal dimension 0.965 **
Percentage of A > 2 mm aggregate; percentage of A2–0.25 and 2–0.25 mm aggregates; percentage of A0.25–0.053
and 0.25–0.053 mm aggregates; percentage of A < 0.053 and <0.053 mm aggregates; MWD, mean weight diameter;
SOC, soil organic carbon of bulk soil; pH, calculated using the ratio of solid material to water of 1:2.5; COLE,
linear expansion coefficient, p > 60, macropore volume; P30–60, mesopore volume; P5–30, micropore volume;
P0.1–5, ultramicropore volume; P0.01–0.1 and p < 0.01, cryptopore volume; TPV, total pore volume. ** Highly
significant p < 0.01. * Significant at p < 0.05.

3.5. Structural Equation Modeling

Due to the strong correlation between the micropore volume (P5–30) and physico-
chemical parameters, we introduced structural equation modeling to deeply explore the
mechanism of biochar and livestock manure on the change in micropore volume (Figure 4).
According to the three indicators of the model fitting effect (χ2 = 6.437, df = 6, and p = 0.368),
the SEM model constructed in this study can better fit the internal relationship between
the relevant indicators, assuming that causal variables explain 73.5% of the reason for the
change in pore volume (5–30 μm).

 
Figure 4. Structural equation modeling (SEM) analysis of the biochar and manure synergistic effects
on micropore volume with equivalent pore diameter (5–30 μm).
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The results of the optimal model fitting (Chi-square (χ2) = 23.46; df = 12, p = 0.0481; com-
parative fit index (CFI) = 0.918; root square mean error of approximation (RMSEA) = 0.221).
Square boxes denote variables included in the models. The solid arrows (→) mean a single
effect in the direction of the arrow, the lines (-) mean a cycle effect, and the thickness
represents the magnitude of the path coefficients. Dashed arrows represent the directions,
and the effects were non-significant (p > 0.05). (Porosity and total MIP porosity for the pore
diameter range of 0.003–360 μm; FD, fractal dimension; COLE, linear expansion coefficient;
Percentage of A2–0.25 and 2–0.25mm aggregates; Percentage of A < 0.053 and <0.053 mm
aggregates; and P5–30 and 5–30 μm, soil pore volume.)

The structural equation model demonstrated that porosity, fractal dimension, and
2–0.25 mm aggregates had direct positive effects on the 5–30 μm pore volume, and porosity
and fractal dimension had indirect positive effects on the 5–30 μm pore volume through
2–0.25 mm soil aggregates, respectively. COLE and <0.053 mm soil aggregates had a direct
negative effect on the 5–30 μm pore volume, and COLE produced an indirect negative
effect on the 5–30 μm pore volume through <0.053 mm soil aggregates.

3.6. Grain Yield and Economic Profit

Table 5 shows that the grain yields of C, M, and CM (0.37, 0.29, and 0.33 kg (Per Plant)−1)
were increased by 92.8%, 49.9%, and 71.1%, respectively, compared with the control
(0.19 kg (Per Plant)−1). Among them, the yield of CM was between C and M. This sug-
gested that the combination of biochar and organic manure had an antagonistic effect on
maize grain yield. In terms of economic Profit, the M treatment had the highest economic
Profit, followed by the control treatment, and the C and CM treatments were the lowest.

Table 5. Effects of application of 20 t ha−1 biochar and 5 t ha−1 Poultry manure on summer maize
yield and economic benefits (cost, income, and Profit).

Treatments
Grain Yield Cost Income Profit

kg (Per Plant)−1 kg ha−1 CNY

Control 0.19 10,191.35 5100 15,287 10,187
C 0.37 19,652.48 23,100 29,479 6379
M 0.29 15,277.50 7600 22,916 15,316

CM 0.33 17,435.25 16,600 26,153 9553

4. Discussion

4.1. Amelioration of the Aggregate Stability

Soil aggregate stability is an indicator for assessing the effects of soil type and field
management on soil quality [6]. The biochar-amended soil significantly increased the
formation of 2–0.025 mm aggregates while decreasing the percentage of 0.053 mm mi-
croaggregates (Figure 1), indicating that the macroaggregates were formed through the
combination of many microaggregates [31]. The biochar-enhanced carbon may act as
a glue, concentrating microaggregates into macroaggregates. Our findings are consistent
with those of Lu et al. [39], who discovered that rice husk biochar-amended soils have
a significantly higher MWD than the control soils [36]. The improvement in aggregate
stability was thought to be the result of two mechanisms. The first is that biochar improves
soil properties through the physical meshing of carbon polymers or particles, increasing the
internal cohesion of mineral particles to increase aggregate resistance to clay swelling [40],
and the second is that biochar treatment promotes soil hydrophobicity properties, thereby
reducing the degree of clay swelling and aggregate breakage [3]. The stability of aggregates
in this study could be due to the interaction of these two mechanisms.

Several studies have suggested that adding poultry manure to soil improves MWD [41,42].
The use of poultry manure (2% by weight) increased wet aggregate stability (Figure 1). The
MWD value of the poultry manure treatment was slightly higher than that of the control,
but the difference was not significant, confirming a previously established effect of poultry

46



Int. J. Environ. Res. Public Health 2022, 19, 11335

manure on soil aggregation stability. This finding is consistent with that of Peng et al. [43],
who concluded that adding swine manure increased dry aggregate stability and Peanut
biomass in a Ultisol. Figure 1 also shows that biochar co-application with manure treatment
significantly increased the percentage of 2–0.25 mm aggregate and MWD when compared
to the C and M treatments, indicating a positive synergy effect between C and M. These
findings are consistent with those of Sánchez et al. [41], who discovered that the addition
of 3% biochar promoted the rapid degradation of organic matter, reduced the formation of
large clumps, and accelerated stabilization and detoxification. One possible explanation for
this is that biochar can help increase the carbon source for microorganisms or promote the
rapid degradation of poultry manure [42].

4.2. Amelioration in the Soil Pore System

Soil pore characteristics (such as porosity, size distribution, and Shape of soil pore
space) are important indicators of soil quality and are highly sensitive to soil management
practices, such as biochar and manure application in the field [8,39]. Clay PSDs usually
have more micropores (<0.01 μm). The 100–0.3 μm pore volume was significantly higher
in the C and CM treatments than in the control and manure treatments (Figure 3). This
variation could be attributed to the inherent properties of biochar (e.g., wider pore size
distribution) [44]. Other authors have reported that organic waste-based biochar contains
many macropores larger than 10 μm in diameter, which induce soil particle cohesion and
thus improve the pore structure [45].

The use of poultry manure has been shown to improve soil structural stability [43,46].
In the current study, CM reduced soil porosity and was consistent with the changing trend
of the control treatment; however, the pore volume fraction at a 0.5 m equivalent pore
diameter was higher than that of other treatments (Figure 3B).

This finding contradicts previous research, which has found that organic manure
treatment increases Porosity more than the control [14,47]. This result could be explained
in two ways. On the one hand, the decrease in total pore porosity in soil may be due to an
increase in ultramicropores (0.1–5 m) and crytopores (0.1–0.007 m), which have become
the dominant component of the pore system. On the other hand, it is likely that changes
in the composition and arrangement of soil particles (or aggregates) caused a decrease
in porosity [46]. However, it is unknown how the composition and arrangement of soil
particles (or aggregates) affect the decrease in total pore porosity; therefore, more research
should be conducted.

Figures 3 and 4 show that the co-application of biochar with manure had a significant
positive synergistic effect on microspore volumes of a 5–30 μm equivalent pore size. The
synergistic effect was comparable to adding cow manure (2% by weight) and biochar
(10% by weight) to calcareous soils, and it demonstrated a positive priming effect [48].
However, the findings of this study do not support those of Binh Thanh et al., [49] that the
combination of biochar and cow manure had no positive synergistic effect. Although the
underlying reasons for the opposite conclusion are yet to be determined, the dilution effect
caused by the mixing of livestock manure and clay minerals could be one of them [46]. On
the one hand, biochar’s ion adsorption creates a favorable solution environment. Mean-
while, biochar accelerates the mineralization of livestock manure [42], Providing more ion
adsorption for biochar, but biochar pores typically exceed 10 mm [45]. As biochar can only
selectively adsorb parts of ions, it is the collaboration of biochar and manure that produces
these synergistic effects. However, currently, this effect mechanism is only speculative, and
more research is needed to confirm it.

4.3. MicroPore Change Based on Structural Equation Model

Interaction effects between different factors are frequently masked by simple bivariate
correlations, and SEM can answer questions involving multiple regression analyses of
factors [35]. We conducted a structural equation simulation analysis of soil pore structure
parameters and soil micropore volume to reveal the pathway of biochar and organic manure
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affecting soil micropores (5–30 μm) via changes in soil aggregates and pore structure
parameters. In this study, we hypothesized that soil micropores (5–30 μm) were affected
by three pathways (Figure 4): the soil pore structure (represented by porosity and fractal
dimension); soil aggregates (represented by the number of aggregates between 2–0.25 mm
and 0.053 mm); and soil physical properties (represented by COLE), and that any difference
in these parameters could explain soil micropore (5–30 μm) volume variation.

Soil porosity and fractal dimension contributed the most to the soil micropore (5–30 μm)
volume in the first approach, with contributions of 0.986 and 0.965, respectively, and in
the second pathway, the contribution rates of 2–0.25 mm and 0.053 mm aggregates were
0.592 and 0.641, respectively. COLE’s contribution to the soil micropore (5–30 μm) volume
was −0.688 in the third approach. It is worth noting that biochar and organic manure had
a direct and indirect effect on the volume change in soil micropores (5–30 μm) via porosity,
fractal dimension, and COLE, which was consistent with the findings of Guo et al. [50].

According to Table 1, biochar treatment enhanced porosity and fractal dimension
while decreasing COLE. The use of organic manure reduced porosity while increasing the
fractal dimension and COLE. CM treatment, on the other hand, enhanced porosity and
fractal dimension while decreasing COLE. When these findings are combined with the
structural equation model, it is obvious that the volume change in soil micropores (5–30 μm)
is the result of the synergistic and antagonistic effects produced by the combination of
biochar and organic fertilizer. However, given Present technological Capabilities, it is
still impossible to quantify the synergistic and antagonistic effects. To this aim, the best
microscopic technology must be developed, as well as advanced spectroscopy (NMR) and
isotope labeling (13C and 15N) technologies.

4.4. Economic Profit

The combination of biochar and organic manure needs to be verified by comprehensive
experiments with cost–benefit methods [18,20]. The most significant improvement effect
of biochar and organic manure was an increase in crop yield (Table 5). As this was a pot
experiment, only the corn yield was used as an example to facilitate the comparison with
the field experiment. The field yield conversion method was as follows: convert the corn
yield per plant in the pot experiment into the field yield based on 3500 plants (667 m2)−1,
which is approximately 10,191 kg ha−1. The use of biochar in combination with livestock
manure increased production by 71.1%. When combined with the current situation of low
local farmer income, high biochar costs, and abundant Poultry manure, this combination
is recommended as a feasible alternative to increase maize yield in this region while
considering appropriate economic benefits.

In general, vertisol improvement in China’s Huang-Huai-Hai plain requires approxi-
mately 5 tons ha−1 of organic manure, with a total value of approximately CNY 500 [51],
and with a local maize price of CNY 1.5/kg−1 [52], the application of organic manure
would yield CNY 15316. Given that the cost of biochar varies and that the price in the
region is approximately CNY 1800/t−1 [17], the benefit of 20 t biochar was approximately
CNY 6379, which was lower than the benefit of organic manure alone and the control.
However, as biochar is a major source of inert carbon with a long average retention time
(decades to centuries), it may have a long-term impact on soil quality [20].

5. Conclusions

The effects of biochar, organic manure, and a combination of the two on soil properties
and crop growth were significant. The combination (15 g biochar (kg soil)−1 + 5 g manure
(kg soil)−1) demonstrated antagonistic effects on aggregate stability and crop yield, as well
as synergistic effects on soil macropore and Micropore volume distribution, with the former
being negative and the latter being positive.

Combining biochar and organic manure application can be a viable management
practice for smallholder farmers in China’s Huang-Huai-Hai Plain region, as it not only
improves aggregate stability and the distribution of soil micropores (5–30 μm) correspond-
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ing to plant available water, but also reduces COLE and soil improvement costs, increases
crop yields, and thus maintains soil health when compared to applying biochar or organic
manure alone. Further research will be required to accurately match the ratio of biochar to
organic manure to apply this improved technology more widely.
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Abstract: Soil erodibility (K factor) and saturated hydraulic conductivity (Ks) are essential indicators
for the estimation of erosion intensity and can potentially influence soil nutrient losses, making them
essential parameters for the evaluation of land reclamation quality. In this study, 132 soil samples
from 22 soil profiles were collected to measure soil physicochemical properties (e.g., particle size
distribution, bulk density and soil nutrient content) and calculate the K factor and Ks of reclaimed soils
across the South Dump of the Pingshuo opencast coalmine in the Loess Plateau, China. Geostatistical
analysis and the kriging interpolation were employed to quantify the spatial variations in the K factor
and Ks in different layers. The results show that the K factor at 0–10 cm is obviously lower than that
of other soil layers due to the external input of organic matter, while the Ks tends to decrease along
with soil depth. Horizontally, the K factor at 0–10 cm and 50–60 cm shows a decreasing tendency from
west to east, while that of other soil layers seems not to show any spatial distribution pattern along
latitude or longitude. Meanwhile, the Ks at 0–10 cm presents a striped distribution pattern, while that
of other soil layers shows a patchy pattern. On the other hand, the independent-sample t-test and
Spearman’s correlation analysis were carried out to determine the effects of soil erodibility on total
nitrogen (TN), soil organic matter (SOM), available phosphorus (AP) and potassium (AK). Overall,
the K factor is negatively correlated with TN (r = −0.362, p < 0.01) and SOM contents (r = −0.380,
p < 0.01), while AP and AK contents are mainly controlled by Ks. This study provides insight on
the optimization of reclamation measures and the conservation of soil nutrients in reclaimed land of
similar ecosystems.

Keywords: soil erodibility; saturated hydraulic conductivity; soil nutrients; opencast coalmine;
Loess Plateau

1. Introduction

Opencast coal mining is a preferentially adopted exploitation method due to its cost-
effective nature, despite the fact that it causes serious damage to original landforms through
large-scale and high-intensity mining activities (e.g., stripping, excavation and transporta-
tion) [1]. Numerous studies report that the surface vegetation is thoroughly removed and
the subsurface geological structures are largely reshaped during opencast mining, which
triggers severe soil erosion in mining areas [2,3]. Moreover, Chinese opencast coalmines are
primarily distributed in ecologically fragile regions (e.g., Inner Mongolia, Shanxi Province,
Ningxia Province, Shaanxi Province and Gansu Province), where local ecosystems are
increasingly threatened by soil and water losses [2]. The practice of land reclamation has
been widely employed and developed all over the world as the most effective pathway for
the ecological restoration of opencast coalmines; it is mainly characterized by soil recon-
struction, landform remodeling and revegetation [4]. The optimal soil physicochemical and
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biological properties should be constructed for the optimal productivity of reconstructed
soils. As such, it is vital for the implementation of land reclamation measures to understand
and decipher the spatial distribution patterns of reconstructed soil properties [5]. For
instance, reconstructed soils are always deficient in soil nutrients due to intensive mining
activities and the removal of surface vegetation, making soil fertility an essential indicator
for the quality of land reclamation. Moreover, large amounts of soil nutrients may be lost
during the erosion process, highlighting the necessity of exploring the spatial distribution
characteristics of soil erosion in the reclaimed land of opencast coalmines.

Characterized by the detachment and transportation of soil substances, soil erosion
is regarded as a severe environmental problem that triggers serious soil degradation
and threatens the service and function of ecosystems [6–10]. Soil erodibility (K factor)
and saturated hydraulic conductivity (Ks) are essential parameters in influencing erosion
intensity and have been widely employed to estimate soil loss rates during the erosion
process [11–15]. The K factor reflects the inherent soil susceptibility to external erosivity
forces and is reported to be mainly regulated by the structural stability of soil aggregates,
while Ks can exert a non-negligible influence on the soil erosion process by regulating the
infiltration and drainage of surface runoff [16–18]. Previous studies have reported that the
K factor and Ks are largely influenced by surface vegetation, SOM and soil physicochemical
properties (e.g., soil texture, bulk density and total porosity) [13,19–24]. Comprehensive and
localized land management requires accurate spatial distribution information concerning
soil properties, which highlights the importance of spatial analyses of soil erosion indicators.
For instance, Wang et al. [20] quantified how vegetation restoration strategies influenced the
distribution of the K factor in the Loess Plateau, and they concluded that the variations in K
factor could be regulated by various factors, such as SOM content, plant litter density, soil
bulk density (SBD) and biological crust thickness. Geostatistical methods can be effectively
employed to estimate soil properties at unsampled locations based on a set of statistical
tools [25]. Over the years, numerous interpolation techniques have been developed to
quantitatively estimate the spatial distribution patterns of soil properties, such as pedo-
transfer functions, inverse distance weighting (IDW), ordinary kriging (OK) and artificial
neural networks [26,27]. The OK has been the most frequently adopted spatial interpolation
method for soil properties because OK is considered the best linear unbiased predictor and
can be easily conducted with high precision and accuracy [28–30]. Bonilla and Johnson [22]
employed the OK interpolation to construct soil erodibility maps, and they found that
soil erodibility was positively correlated with silt content but not correlated with SOM
content in Central Chile. However, few studies have employed geostatistical methods to
investigate the spatial variability of the K factor and Ks in reclaimed lands, despite the fact
that their variability can reflect the overall quality of land reclamation efforts and guide the
implementation of reclamation measures.

Soil nutrients are essential for the revegetation and ecological restoration of reclaimed
lands; the dissolution and adsorption/desorption of these nutrients are strongly regulated
by surface runoff, reclamation practices and the physicochemical properties of reclaimed
soils [27,31,32]. Guan et al. [32] analyzed the spatiotemporal variations in soil nutrients
under different land use types in reclaimed land of the Pingshuo opencast coalmine and
concluded that the adopted reclamation measures significantly influence the evolution of
reclaimed soil nutrients. Huo et al. [33] explored the interaction mechanisms among precip-
itation, surface runoff and soil nutrient losses, through which they found that high-intensity
rainfall and runoff accelerate soil nutrient losses by increasing soil erosion. However, the
effects of soil erodibility on soil nutrients have been rarely investigated, and several related
studies concentrated only on the total nutrient content instead of the available nutrients
that better reflect soil fertility [34,35]. Although Wang et al. [11] carried out laboratory
simulation experiments to determine how soil erodibility affects the loss of available phos-
phorus and nitrogen, relevant research is still scarce, and research examining the effects
of soil erodibility under natural conditions is required. Land reclamation measures can
be greatly improved in order to reduce soil nutrient losses by optimizing the intrinsic soil
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properties if the interaction mechanisms between soil erodibility and soil nutrients can
be better understood. Such an advance would provide scientific guidance for global land
reclamation practices in similar ecosystems.

Overall, this study aims to: (1) analyze the spatial distribution characteristics of
the K factor and Ks in different soil layers based on geostatistical analysis and kriging
interpolation; (2) decipher the potential influencing factors for the spatial distribution
patterns of the K factor and Ks; (3) explore how the K factor and Ks affect the accumulation
and migration of total nitrogen (TN), SOM, available phosphorus (AP) and potassium (AK)
in reclaimed soil profiles; (4) provide scientific guidance for land reclamation in opencast
coalmine regions of similar ecosystems.

2. Materials and Methods

2.1. Study Area

The largest Chinese opencast coalmine is the Pingshuo opencast coalmine (112◦11′–
113◦30′ E, 39◦23′–39◦37′ N). It is located in the east of the Loess Plateau and the north of
Shanxi Province, where the soil erosion intensity is one of the highest in the world and
the erosion rates vary from 5000 to 10,000 Mg km−2 yr−1 as a combined result of natural
factors (e.g., intensive rainfall, erodible loess soil and a low vegetation coverage rate)
and anthropogenic factors (e.g., mining, cultivation and overgrazing) [20,36]. Moreover,
the ecosystem of the opencast coalmine was severely damaged due to intensive mining
activities that hinder the restoration of vegetation and land reclamation in this region [2,37].
The present research was carried out in the South Dump of the Pingshuo opencast coalmine,
which was employed as the open dump of the Antaibao opencast coalmine from 1985 to
1989 [38]. The study area is dominated by a semi-arid continental monsoon climate with
a mean annual precipitation of around 450 mm, most (>65%) of which is concentrated from
June to September [39]. Based on Chinese Soil Taxonomic Classification, the local soils
are mainly composed of chestnut cinnamon soil and chestnut soil, which are of poor soil
structure and low organic matter content and have limited ability to resist wind/water
erosion [38]. The study area has suffered severe soil erosion due to the concentrated rainfall
and loose soil structure; as a result, large amounts of soil nutrients essential to plants have
been lost. According to previous studies and local long-term records, the soil erosion rate
of the dump areas without reclamation (15,060 t·km−2·a−1) is much higher than that of the
original Loess Plateau (10,120 t·km−2·a−1), while the erosion rate of the dump areas that
have experienced 10-year revegetation is reduced to 3438 t·km−2·a−1 [2].

The South Dump is the earliest reclaimed region of the whole opencast coalmine and
has experienced around 31 years of land reclamation, due to which the local ecological
environment has been greatly improved [2]. The adopted land reclamation measures
mainly comprise revegetation and soil reconstruction in the South Dump. The main plant
configurations used for revegetation are Hippophae rhamnoides, Pinus tabulaeformis, Ulmus
pumila and Robinia pseudoacacia. During the soil reconstruction process, various topsoil
substitute materials (e.g., natural soils, coal gangue and rock fragments) were mixed to
improve the soil productivity and landscape stability of the reclaimed land [38]. Different
from natural soils, reconstructed soils are always characterized by high heterogeneity and
bulk density.

2.2. Sampling and Analysis

A total of 132 soil samples were collected from 22 sample sites in May and August 2018
(Figure 1). These sample sites were selected because they represent the overall conditions
in the South Dump (e.g., topography, vegetation types and soil conditions). Due to the
exposure of hard rocks, only soil samples at 0–60 cm were collected and, based on our field
observations, the sampling interval was determined as 10 cm at all sites. The quadrat was
10 m × 10 m on the platform in the first field sampling and 5 m × 5 m in the second field
sampling. The size of the quadrat on slopes was adjusted to guarantee that the vertical
projection area of the quadrat reached 10 m × 10 m or 5 m × 5 m [38].
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Figure 1. The location, slope, elevation and sample sites of the South Dump in the Pingshuo opencast
coalmine, China.

After the collected soil samples were air-dried sufficiently, they were passed through
a 2-mm sieve to remove unwanted materials (e.g., stones and plant residues) for subsequent
laboratory analyses [40]. The contents of total nitrogen (TN) and soil organic matter
(SOM) were measured based on the Kjeldahl and Walkley–Black methods [41,42]. Soil AK
was extracted by NH4OAc solutions and determined by atomic absorption spectroscopic
analyses, while AP was extracted by NaHCO3 solutions and measured using Olsen’s
bicarbonate method [43,44]. After the pretreatment, particle size distribution (PSD) was
determined by the laser particle size analyzer “Longbench Mastersizer 2000” (Malvern
Instrument, Malvern, England) with a precision of 1%; the detailed experimental procedure
we employed has been described by Liu and Han [45]. To obtain the herbaceous biomass,
the plants on 1 m × 1 m quadrat at each sample site were randomly collected and weighted
after they were sufficiently dried to a constant weight at 65 ◦C. These soil physicochemical
properties were measured in the Beijing Academy of Agriculture and Forestry Sciences.
Additionally, the data and experimental procedures for determining soil bulk density have
been reported by Huang et al. [37].

2.3. Statistical Analysis
2.3.1. Data Acquisition of the K Factor and Ks

The soil erodibility factor (K factor) has been widely employed to quantify the ability
of soils to resist erosion processes and is mainly dominated by soil properties (e.g., organic
matter, PSD and permeability) [46]. The K factor can be calculated by various models, such
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as the USLE model (Universal Soil Loss Equation) and the EPIC model (erosion productivity
impact calculator) [47–50]. In this study, the K factor is calculated according to the EPIC
model, the formula for which is listed as follows [51]:

K =
(

0.3e[−0.0256Sa(1− Si
100 )] + 0.2

)
×

(
Si

Si + Cl

)0.3
×

[
1 − 0.25SOC

SOC + e(3.72−2.95SOC)

]
×

[
1 − 0.7Sa′

Sa′ + e(22.9Sa′−5.51)

]
(1)

where Sa, Si and Cl (%) represent the contents of sand, silt and clay, respectively. Sa′ (%) =
1 − Sa/100, while SOC (%) refers to the content of soil organic carbon that is derived
from the measured SOM content (i.e., SOC = SOM × van Bemmelen factor) [52]. The van
Bemmelen factor is a widely used conversion factor (0.58) to calculate SOC content based
on measured SOM [53]. For the benefit of using an international unit (t ha h (ha MJ mm)−1),
the calculated K factors are multiplied by a conversion factor (0.1317).

The saturated hydraulic conductivity (Ks) is an essential soil property for the pre-
diction of soil water movement, which always triggers the redistribution of elements or
nutrients in soil profiles [23]. The direct measurement of Ks is very time-consuming and
expensive due to the strong nonlinearity of the unsaturated hydraulic conductivity func-
tion and water retention [54,55]. Moreover, the reconstructed soils in the South Dump are
highly compacted and heterogeneous, which means that accurate measurement of Ks is
very difficult for reclaimed land, and it is more appropriate to calculate Ks values based
on simulation models. Various pedotransfer functions (PTFs) have been developed for
the accurate prediction of soil hydraulic parameters, of which the Rosetta model based
mainly on artificial neural network analyses (ANN) and the bootstrap resampling method
are two of the most frequently employed models [56]. Rosetta1 was first proposed by
Schaap et al. [57]; its reliability has been validated by various studies comparing measured
and estimated Ks over the past two decades [11,58,59]. Moreover, the Rosetta model has
been directly employed to calculate Ks and other soil parameters in the Loess Plateau [60],
indicating that the model is qualified for the calculation of Ks in this study. The optimized
Rosetta3 model was adopted to calculate the Ks (m/day) values based on the test data of
PSD (percentages of clay, silt and sand) and soil bulk density by running the corresponding
code in Python.

2.3.2. Geostatistical Analysis

Geostatistical methods have been widely employed to describe the spatial variability
of various soil physicochemical properties [61,62]. Previous studies have confirmed that
the kriging interpolation method should be preferentially considered to predict the values
of soil physicochemical properties at unsampled locations [23,48,63]. In this study, the
ordinary kriging (OK) was adopted as the interpolation method to present the spatial
distribution characteristics of the K factor and Ks, the optimal input parameters for which
were obtained by the application of a semivariogram. The formula of the semivariogram is
shown as follows:

γ(h) =
1

2N(h)

N(h)

∑
i=1

[F(xi)− F(xi + h)]2 (2)

where γ(h) refers to the semivariance for the given lag distance h, N(h) represents the total
data pair number between sample sites separated by h, and F(xi) is the value of the variable
F at xi.

2.3.3. Data Validation

The cross-validation method was carried out to assess the quality of the OK interpola-
tion in this study. This method picks out one datapoint from the sample pool each time and
estimates this datapoint based on the model derived from the remaining data [48,63,64].
The errors between the predicted and actual values for all sample sites are calculated to
assess the performance of the corresponding model (e.g., linear model, spherical model,
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exponential model and Gaussian model). The mean error (ME), absolute mean error (AME)
and root mean square error (RMSE) are calculated as the evaluation indices for model
stability. These indices can be calculated according to the following equations:

ME =
1
n

n

∑
i=1

(Ei − Ai) (3)

AME =
1
n

n

∑
i=1

|Ei − Ai| (4)

RMSE =

√
1
n

n

∑
i=1

(Ei − Ai)
2 (5)

where n is the number of sample sites, Ei refers to the estimated value and Ai represents
the actual observation value. Generally, ME, AME and RMSE values closer to zero denote
better performance of the corresponding interpolation model. The geostatistical analysis
and kriging interpolation in our study were carried out in GS+ (Gamma Design Software,
version 9.0).

3. Results and Discussion

3.1. The Statistical Characteristics of the K Factor, Ks and Herbaceous Biomass
3.1.1. Descriptive Statistics at Different Sample Sites

The average K factor at 0–10 cm and 10–20 cm, the surface herbaceous biomass
and the vertical distribution characteristics of Ks at different sample sites are shown in
Figure 2. The average K factor in topsoil (0–20 cm) ranges from 0.0252 to 0.0519 t ha h
(ha MJ mm)−1 with an average value of 0.0403 t ha h (ha MJ mm)−1. The K factor is
unevenly distributed among different sample sites, and the K factor values at sites S6,
S20, S21 and S32 are much higher than those at S1, S2, S8 and S28 (Figure 2). As shown
in Figure 2, the Ks values vary dramatically (0.006 m/day–2.278 m/day) and tend to
decrease along with soil depth in most soil profiles. Overall, the Ks of topsoil is obviously
higher than that of other soil layers at most sample sites, which results from the fact
that deep soils are more compacted relative to topsoil. However, a vertical distribution
tendency is not obvious at other sample sites (e.g., S16, S18, S20, S22 and S31), and the
average Ks values are obviously different at different sample sites (Figure 2), which can
be attributed to the high heterogeneity of reconstructed soils. Meanwhile, the herbaceous
biomass varies dramatically (10.99–357.72 g m−2) at different sample sites and presents
somewhat opposite distribution characteristics relative to the K factor in topsoil (Figure 2).
For instance, a relatively high K factor always corresponds to an extremely low level of
herbaceous biomass (e.g., sites S6, S21 and S32). On the one hand, higher erodibility triggers
massive soil nutrient losses and reduces biomass in soils; on the other hand, SOM can act
as an essential bonding agent that benefits the formation of soil aggregates and reduces soil
erodibility [2,65,66]. Overall, herbaceous biomass is an important source of external organic
matter input for local soils, and higher soil erodibility is adverse for the accumulation of
SOM. A greater slope means higher runoff velocity and intensity, which accelerates the loss
of fine soil particles and further decreases the K factor and increases the Ks in topsoil. To
identify the potential influence of slope, the independent-sample t-test was employed to
compare the difference between the K factor and Ks in the topsoil on platform and slope.
The results show that there is no significant difference in the average K factor (p = 0.920) or
Ks (p = 0.805) on the platform (Kmean = 0.0386 t ha h (ha MJ mm)−1, Ksmean = 0.716 m/day;
N = 14) and the slope (Kmean = 0.0382 t ha h (ha MJ mm)−1, Ksmean = 0.642 m/day; N = 8),
indicating that the influence of slope on the K factor and Ks can be ignored in the study area.
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Figure 2. The distribution of K factor, Ks and herbaceous biomass at different sample sites. The K
factor refers to the average value at 0–10 cm and 10–20 cm. The vertical distribution characteristics of
Ks are presented by the bubble chart, where the larger bubbles represent deeper soil samples.

3.1.2. Descriptive Statistics in Different Soil Layers

The descriptive statistics for the K factor and Ks in different soil layers are displayed
in Table 1. The results of the Kolmogorov–Smirnov test indicate that both the K factor
and Ks conform to a normal distribution (Table 1). The average K factor does not show
a certain distribution pattern among different soil layers, although the average K factor
at 0–10 cm is lower than that of other soil layers. Soil erodibility (K factor) is an essential
indicator of the vulnerability of soil to erosion processes, and a greater K factor means
a higher possibility of soil erosion [21,67,68]. The low K factor value of topsoil is most
likely attributable to the fact that topsoil receives more external organic matter input, which
can enhance water-stable aggregate contents [69,70]. Meanwhile, the average Ks value
tends to decrease along with soil depth, which results from the fact that deep soil is more
compacted and mainly characterized by low soil porosity and high bulk density. The
coefficient of variation (CV) is frequently employed to describe the dispersion degree of
variables, which categorizes variable types into weak variability (CV < 10%), moderate
variability (10% < CV < 100%) and strong variability (CV > 100%) [32]. The evidence from
CV indicates that the K factor presents moderate variability (16.42% < CV < 24.21%) while
the Ks shows moderate (0–10 cm, 10–20 cm and 50–60 cm, 76.90 < CV < 94.75) to strong
(20–30 cm, 30–40 cm and 40–50 cm, 104.18 < CV < 106.35) variability.

Table 1. Statistical characteristics of the K factor and Ks in different soil layers.

Soil Depth (cm) Mean Median Maximum Minimum CV (%) K-S

K (t ha h (ha MJ mm)−1)
0–10 0.0384 0.0368 0.0543 0.0203 24.20 0.95

10–20 0.0423 0.0441 0.0540 0.0279 17.65 0.81
20–30 0.0421 0.0452 0.0571 0.0228 24.21 0.66
30–40 0.0412 0.0409 0.0554 0.0255 21.68 0.98
40–50 0.0445 0.0453 0.0566 0.0270 16.42 0.60
50–60 0.0423 0.0417 0.0531 0.0213 18.46 0.96
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Table 1. Cont.

Soil Depth (cm) Mean Median Maximum Minimum CV (%) K-S

Ks (m/day)
0–10 0.689 0.392 2.278 0.094 94.24 0.07

10–20 0.430 0.331 1.184 0.046 76.90 0.62
20–30 0.496 0.204 1.955 0.032 105.13 0.12
30–40 0.387 0.227 1.506 0.014 104.18 0.27
40–50 0.256 0.169 1.051 0.010 106.35 0.12
50–60 0.245 0.154 0.876 0.006 94.75 0.34

3.2. Geostatistical Analyses of K Factor and Ks
3.2.1. Semivariogram Analyses

Semivariograms are frequently applied to investigate the spatial variability of soil
physicochemical properties [64,71], the parameters of which are shown in Table 2 in this
study. The Gaussian model is the best-fit model for the K factor in all soil layers except for
50–60 cm, for which the best-fit model is the linear model (Table 2). Similarly, the best-fit
model for Ks is the Gaussian model at 0–10 cm, 30–40 cm and 40–50 cm, while it is the
linear model at 10–20 cm and 50–60 cm and the exponential model at 20–30 cm. The deter-
mination coefficient (R2) ranges from 0.61 to 0.94, indicating that these optimal models are
qualified for accurately describing the spatial variability of the K factor and Ks in different
soil layers. The nugget (C0) and sill (C0 + C) of these models were obtained to describe
the spatial structure of the K factor and Ks [64]. The ratio of C0/(C0 + C) is an essential
indicator for the spatial dependence degree of soil properties, which categorizes the degree
into strong spatial dependence (<25%), moderate spatial dependence (25–75%) and weak
spatial dependence (>75%) [64,71]. According to the classification criterion, the K factors at
10–20 cm, 20–30 cm, 30–40 cm and 40–50 cm have strong spatial dependence, while the K
factors at 0–10 cm and 50–60 cm are characterized by moderate to weak spatial dependence,
indicating that soil erodibility in the middle soil layers is mainly regulated by intrinsic fac-
tors, while extrinsic factors exert a non-negligible influence on soil erodibility in the surface
(0–10 cm) and bottom (50–60 cm) soil layers. Meanwhile, it can also be concluded that the
levels of saturated hydraulic conductivity at 10–20 cm and 50–60 cm are mostly regulated
by extrinsic factors, and the Ks levels in the remaining soil layers are mainly determined
by intrinsic factors. The evaluation indices of model stability (ME, MAE and RMSE) are
shown in Table 3. The ME, MAE and RMSE values for the K factor and Ks in different soil
layers are all close to zero and remain stable (K factor: −2.90 × 10−4 < ME < 6.70 × 10−4,
5.86 × 10−3 < MAE < 9.45 × 10−3, 6.75 × 10−3 < RMSE < 1.11 × 10−2; Ks: −9.81 × 10−3 <
ME < 1.24 × 10−2, 1.81 × 10−1 < MAE < 5.51 × 10−1, 2.34 × 10−1 < RMSE < 7.43 × 10−1),
which indicates that the kriging interpolation results are credible for the K factor and Ks in
different soil layers.

Table 2. Parameters for the semivariogram analyses of the K factor and Ks in different soil layers.

Soil Depth (cm)
Optimal
Model

C0/(C + C0) (%) a R2 b RSS c A0/m d

K (t ha h (ha MJ mm)−1)
0–10 Gaussian 36.78 0.80 9.07 × 10−10 1143.15

10–20 Gaussian 0.17 0.92 3.47 × 10−10 211.31
20–30 Gaussian 0.08 0.85 7.63 × 10−10 145.49
30–40 Gaussian 0.12 0.64 1.95 × 10−9 148.96
40–50 Gaussian 0.17 0.65 5.16 × 10−10 143.76
50–60 Linear 100 0.66 1.96 × 10−10 649.43
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Table 2. Cont.

Soil Depth (cm)
Optimal
Model

C0/(C + C0) (%) a R2 b RSS c A0/m d

Ks (m/day)
0–10 Gaussian 13.82 0.85 1.40 × 10−2 2793.80
10–20 Linear 100 0.80 3.60 × 10−3 651.73
20–30 Exponential 17.12 0.94 2.41 × 10−3 795.00
30–40 Gaussian 0.06 0.83 4.14 × 10−3 226.90
40–50 Gaussian 0.13 0.61 7.02 × 10−4 164.54
50–60 Linear 100 0.81 1.24 × 10−3 631.17

a Ratio of spatial heterogeneity, where C0 is Nugget and C + C0 is Sill; b Determination coefficient; c Residual sum
of squares; d Range.

Table 3. Stability evaluation for different models of the ordinary kriging interpolation.

Soil Depth (cm) Optimal Model ME AME RMSE

K (t ha h (ha MJ mm)−1)
0–10 Gaussian 4.86 × 10−4 7.15 × 10−3 8.94 × 10−3

10–20 Gaussian −2.90 × 10−4 6.37 × 10−3 7.44 × 10−3

20–30 Gaussian −1.67 × 10−4 9.45 × 10−3 1.11 × 10−2

30–40 Gaussian −1.36 × 10−4 7.96 × 10−3 9.30 × 10−3

40–50 Gaussian −1.18 × 10−4 5.86 × 10−3 7.57 × 10−3

50–60 Linear 6.70 × 10−4 5.86 × 10−3 6.75 × 10−3

Ks (m/day)
0–10 Gaussian −3.45 × 10−2 5.51 × 10−1 7.43 × 10−1

10–20 Linear 3.03 × 10−3 2.82 × 10−1 3.35 × 10−1

20–30 Exponential −9.81 × 10−3 4.08 × 10−1 4.95 × 10−1

30–40 Gaussian 3.64 × 10−5 3.11 × 10−1 3.95 × 10−1

40–50 Gaussian 1.24 × 10−2 2.05 × 10−1 2.72 × 10−1

50–60 Linear 1.08 × 10−2 1.81 × 10−1 2.34 × 10−1

3.2.2. Spatial Distribution Maps of K factor and Ks

The spatial interpolation maps of the K factor and Ks in different soil layers of the
South Dump are shown in Figures 3 and 4. The K factor in topsoil (0–10 cm) is more
variable than that of other soil layers, which might result from the uneven input of external
organic matter due to the variations in surface vegetation. For instance, the areas dominated
by woody plants (e.g., Robinia pseudoacacia, Pinus tabuliformis and Caragana korshinsk) are
characterized by lower K factor values compared with the areas dominated by herbaceous
plants (e.g., Incarvillea sinensis, Elymus dahuricus and Saussurea japonica), indicating that
the plant configuration modes can exert an essential influence on soil erodibility. The K
factor generally presents a decreasing tendency from west to east at 0–10 cm and 50–60 cm,
while the K factor seems not to show any spatial distribution pattern along latitude or
longitude for other soil layers. Meanwhile, many high-K factor or low-K factor “points” are
sporadically distributed across the study area, which results from the strong heterogeneity
of the reconstructed soils triggered by the irregular mixing of various substances (e.g., rock
fragments, soil particles and plant residues) [72]. Vertically, the K factor in topsoil (0–10 cm)
is lower than that of other soil layers in most areas of the South Dump, which might be
attributed to the relatively higher SOM content in topsoil. Previous studies have confirmed
that the existence of SOM benefits the formation of anti-erosion soil aggregates and the
increase in soil infiltration, which can reduce soil erosion and surface runoff [2,73,74].
Saturated hydraulic conductivity is regarded as one of the most important indicators for
the mobility of solute in soils, and understanding the spatial distribution characteristics of
hydraulic properties is necessary for land reclamation and revegetation [75]. Overall, the
Ks presents a striped distribution pattern at 0–10 cm while showing a patchy pattern in
other soil layers. Moreover, the Ks in topsoil is obviously higher than that in deeper soil

61



Int. J. Environ. Res. Public Health 2022, 19, 4762

layers. Interestingly, the spatial distribution patterns of Ks are opposite to those of soil bulk
density (SBD) reported by Huang et al. [37]. Meanwhile, the K factor also shows opposite
spatial distribution characteristics relative to the reported SBD at 50–60 cm. Generally,
high SBD can lower soil permeability and increase the ability of soils to resist erosion
processes, which might account for the opposite spatial distributions between K factor, Ks
and SBD [23]. Moreover, the effects of soil properties on K factor and Ks can be further
supported by Spearman’s correlation analyses. The results show that clay contents are
positively correlated with the K factor (r = 0.332, p < 0.01) and negatively correlated with
Ks (r = −0.615, p < 0.01), indicating that fine soil particles can improve soil erodibility
and reduce saturated hydraulic conductivity. The spatial distribution patterns of the K
factor and Ks in the South Dump highlight the significance of plant configuration modes
and reconstructed soil properties (e.g., SBD, clay and SOM contents) on regulating soil
erodibility, which can provide insight for vegetation configuration and soil management in
similar ecosystems.

 

Figure 3. Spatial distribution maps of the K factor (t ha h (ha MJ mm)−1) in the South Dump based
on the ordinary kriging interpolation. (a–f) represent the soil layers at different depths (0–10 cm,
10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm and 50–60 cm).
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Figure 4. Spatial distribution maps of the Ks (m/day) in the South Dump based on the ordinary
kriging interpolation. (a–f) represent the soil layers at different depths (0–10 cm, 10–20 cm, 20–30 cm,
30–40 cm, 40–50 cm and 50–60 cm).

3.3. Effects of Soil Erodibility and Saturated Hydraulic Conductivity on Soil Nutrients

To explore the effects of soil erodibility and saturated hydraulic conductivity on the
distribution of soil nutrients (i.e., TN, SOM, AP and AK), soil samples were categorized into
two groups (i.e., group 1 and group 2), and the independent-sample t-test was employed
to compare the difference in soil nutrient contents between different groups. Group 1 com-
prises the samples whose K factor values (or Ks values) are lower than the average K factor
(or average Ks), while group 2 is composed of the remaining soil samples (Figures 5 and 6).
The average TN and SOM contents in group 1 are obviously higher than those in group 2 in
all soil layers, and the difference is significant (p < 0.01) at 0–10 cm (Figure 5a,b). Meanwhile,
the average AP and AK contents in group 1 are obviously lower than those in group 2 in all
soil layers (except for 0–10 cm) (Figure 5c,d). For the Ks classification scheme, the average
AP content in group 1 is higher than that in group 2 at 0–30 cm, and the average AK content
in group 1 is higher than that in group 2 at 10–60 cm (Figure 6c,d).
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Figure 5. The average contents of TN (a), SOM (b), AP (c) and AK (d) in group 1 and group 2 (the
classification of the two groups is based on the K factor values). The error bar represents the standard
error and different forms of T denote significant difference.

Generally, soil nutrients are always dissolved in soil solution or bound by soil par-
ticles, due to which they can be transported in dissolved and particulate form during
soil erosion process [11,76]. Theoretically, dissolved fractions of soil nutrients can move
both horizontally and vertically, and the vertical mobility of dissolved soil nutrients is
mainly regulated by the leaching process that is largely determined by saturated hydraulic
conductivity. Although available soil nutrients only account for a small proportion of
the total nutrient content, their mobility and accumulation in soil profiles are of great
significance because they are mostly dissolved in soil solution and can be easily utilized by
plant roots [11]. By comprehensively analyzing the distribution patterns of soil nutrients
among the two groups, it is reasonable to conclude that lower soil erodibility benefits the
accumulation of TN and SOM in reconstructed soils, while AP and AK contents are largely
regulated by saturated hydraulic conductivity. This conclusion can be further supported by
Spearman’s correlation analysis, which denotes that the K factor is negatively correlated
with TN (r = −0.362, p < 0.01) and SOM (r = −0.380, p < 0.01) while Ks is negatively asso-
ciated with AP (r = −0.229, p < 0.01) and AK (r = −0.180, p < 0.05). The statistical results
reflect that the mobility of TN and SOM is more controlled by surface lateral runoff during
soil erosion processes, while the migration of AP and AK is mainly determined by the
vertical leaching process in soil profiles.
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Figure 6. The average contents of TN (a), SOM (b), AP (c) and AK (d) in group 1 and group 2 (the
classification of the two groups is based on the Ks values). The error bar represents the standard error
and different forms of T denote significant difference.

3.4. Implications for Soil Management and Land Reclamation in Opencast Coalmine Areas

The kriging interpolation maps of the K factor and Ks can provide helpful guidance
for the management practices of reconstructed soils and the spatial planning of land use
during land reclamation in similar ecosystems. In the South Dump, the vegetation con-
figuration modes should be optimized to improve the ability of reconstructed soils to
resist erosion processes. Anti-erosion vegetation (e.g., black locust, shrub sophora and kor-
shinsk peashrub) should be preferentially planted, and more exogenous organic materials
(e.g., biochar and local organic fertilizer) should be exerted to reduce soil erodibility in
high-K factor regions of the study area [23,31]. Moreover, it is quite important to sustain
the soil fertility of reconstructed soils because the ability to maintain fertility is an essential
indicator in evaluating the quality of land reclamation. The results of this study indicate
that TN and SOM contents are mainly affected by the K factor, while AP and AK contents
are more regulated by Ks. The influence of soil erodibility on TN and SOM can be mainly
attributed to the soil erosion process, while there are many pathways through which satu-
rated hydraulic conductivity affects the mobility of AP and AK. High Ks causes rapid water
drainage and infiltration, which amplifies the leaching process of elements in soil profiles.
Meanwhile, it also determines the abundance of air-filled porosity, which further exerts an
important influence on the uptake of soil nutrients by plants [77]. This study demonstrates
that different reclamation measures should be adopted to obtain good soil conditions with
appropriate soil erodibility and saturated hydraulic conductivity for the conservation of
different soil nutrients. This study can also benefit the improvement of the Chinese “com-
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pletion standards on land reclamation quality” that have not yet considered soil erodibility
or saturated hydraulic conductivity as indicators for land reclamation quality.

4. Conclusions

The effects of soil erodibility and saturated hydraulic conductivity on TN, SOM, AP
and AK were determined, and spatial distribution maps of the K factor and Ks in different
soil layers were presented based on geostatistical analyses. The main conclusions can be
summarized as follows:

(1) The K factor in topsoil is obviously lower than that in other soil layers due to the
external input of organic matter, while Ks generally tends to decrease along with
soil depth. The K factor in middle soil layers has a strong spatial dependence and is
mainly controlled by intrinsic factors, while Ks levels at 10–20 cm and 50–60 cm are
mostly regulated by extrinsic factors based on the C0/(C0 + C) values.

(2) The statistical results indicate that K factor is negatively correlated with SOM (r = −0.380,
p < 0.01) and TN (r = −0.362, p < 0.01), while Ks is negatively associated with AP
(r = −0.229, p < 0.01) and AK (r = −0.180, p < 0.05). The phenomenon should be
attributed to the fact that TN and SOM mainly exist in particulate form, while AP
and AK are always dissolved in soil solutions, and their mobility is largely influ-
enced by the leaching process in soil profiles. The intriguing results indicate that the
conservation of different soil nutrients requires different reclamation measures.

(3) Based on the spatial information for the K factor and Ks, anti-erosion vegetation
should be preferentially planted in high-K factor regions to reduce the soil erodibility
in the South Dump. The results of this study can guide the spatial planning of land
use and the implementation of land reclamation measures in the reclaimed land of
similar ecosystems.
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Abstract: The paper presents the content of six metals (Cd, Cr, Cu, Ni, Pb, and Zn) in the soils of the
southern slope of Jaworzyna Krynicka in Poland. Soil samples were collected in polygons, starting
from an altitude of 500 m above sea level and ending at an altitude of 1100 m above sea level. Ten
soil samples were collected in each polygon. The polygons were set at every 100 m of absolute
altitude. The selected research area is an important natural area. The fertile mountain beech forests
located there are the most important forest communities in the mountain areas of Poland. They
are valuable habitats for plants and animals (especially for large predatory mammals). Every year,
numerous tourists and health resort patients visit this place. The results of the research showed that
soil contamination in the study area is not high, in particular for altitudes of 500 and 900 m above sea
level. At these altitudes, the contents of Cd, Cr, Cu, Ni, Pb, and Zn were similar to the concentrations
of these metals in uncontaminated soils. The tests carried out showed very low cadmium content
for all absolute altitudes. Zinc, the concentrations of which exceeded natural values, showed the
highest content in the tested soils. All the metals tested showed a common tendency of increases in
their content in the soils of Jaworzyna Krynicka up to 800 m above sea level. From an altitude of
900 m above sea level, the content of these metals decreased, except for Pb. Only Pb concentrations in
Jaworzyna Krynicka soils also increased with the increasing altitude. The research significance of this
work is that it is important for assessing the ecological balance in the selected area.

Keywords: heavy metals; soil; absolute altitude; Jaworzyna Krynicka; contamination

1. Introduction

Heavy metals are very common in the environment. Metals present in the form of
salt solutions, which are by-products or wastes of various industries, pose a threat to
the environment [1–6].

The condition for the sustainable existence of any ecosystem is the balance of the main
metabolic processes, i.e., homeostasis. In natural ecosystems, biogeochemical cycles are
usually characterized by a certain regularity. However, as a result of human economic
activity, they may be disturbed owing to the excessive discharge of one or more compo-
nents. The constant increase in the consumption of trace elements leads to changes in the
proportion between their activation and introduction into the biological environment and
their re-deposition in geological formations [3,7].

Dusts contained in the atmosphere, in which heavy metals are present, get into the
soil and fall on the above-ground parts of plants. As a result, the concentration of heavy
metals in these elements of the environment increases. The natural content of heavy metals
in soils is closely related to the type, kind, and grade of soil [3,4,7]. The intensity of metal
deposition depends on the emission volume, physical properties of dusts, meteorological
conditions, and soil characteristics.

Five metals (Cd, Cr, Cu, Pb, and Zn) from the group of elements with a very high
degree of threat to the natural environment and one (Ni) with an average degree of threat
were selected for the study. Introduced into the soil, these metals accumulate in it and
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remain there for a long time [8–10]. Heavy metals are often transported over long distances
from emission sources [11–13]. This phenomenon is related to the long-term dustiness of
the atmosphere and meteorological conditions. The residence time of particulate matter
in the atmosphere also depends on the size of the particles and the configuration of the
terrain onto which they fall. Low pressure and strong winds favor the spread of pollutants
over long distances [14,15].

The aim of this study was to determine the content of Cd, Cr, Cu, Ni, Pb, and Zn in the
soil, at various absolute altitudes, of an environmentally important area, the Krynica-Zdrój
and Muszyna health resorts located in the Poprad Landscape Park. Krynica-Zdrój, as well as
Muszyna, which borders it, are towns with the status of health resorts, which are visited by
many tourists and health resort patients [16,17]. These towns are so popular owing to their
healing waters, climatic conditions, and extensive tourist and skiing infrastructure [18,19].
It is an area located in the Beskid Sądecki. The object of the research was the area of the
southern slope of Jaworzyna Krynicka, reaching an altitude of 1114 m above sea level. This
peak is located on the border of the two mentioned health resorts; however, the samples
were taken from the area administratively belonging to the Muszyna commune. The
research work carried out is important for determining the impact of long-range emissions
on the natural environment of mountain areas. The increased content of heavy metals
in the soils of environmentally valuable areas clearly indicates an anthropogenic source
of pollution.

2. Materials and Methods

2.1. Study Area

Soil samples were collected on the southern slope of Jaworzyna Krynicka, which
is the highest peak (1114 m above sea level) in the Jaworzyna Krynicka range in the
Beskid Sądecki, Poland. The Jaworzyna Krynicka range occurs within the Magura Nappe.
The spatially dominant geological formations within the range are thick-bedded Magura
sandstones [20]. The sandstones are represented by psamite–pelite deposits, conglomerated
with a clay or lime–clay binder. They result in a rock mantle with a mechanical composition
of light and medium loams, sometimes dusty, with a skeleton of various sizes, occurring at
a depth of 40–50 cm, and sometimes shallower [21].

Climatic conditions in the mountainous area of the Carpathians are difficult to de-
termine. Their parameters depend on numerous factors, such as altitude above sea level,
exposure, lie of the land, etc. The climate of the study area is closely related to the oro-
graphic location and massiveness of the culminating part of the Jaworzyna Krynicka range.
The conditions prevailing there correspond to the habitat types of forests, in particular
to the growth and development of mountain forests and mountain mixed forests. In the
case of advective weather, situations with air inflow from the west (18.8%) as well as from
the south and north-west prevailed, on average, in 11.0% of all cases. These situations
generally prevailed in all months, with the period of their greatest activity being the cold
part of the year, from October to March. In the summer (August and September), baric
systems with air advection from the east and north-east prevailed [22].

The forests of Jaworzyna Krynicka consist mainly of a mixed mountain forest, located
mainly above an altitude of 950 m above sea level, and a mountain forest. In the study area,
beech accounted for about half of the stand. Apart from beech, there are also spruce, fir,
and pine trees. The role of admixture species is played here by larch, birch, and grey alder,
while ash and sycamore trees also occur, but singly [23].

2.2. Sampling

Samples (ten samples per polygon) were taken from seven polygons (A, B, C, D, E, F,
and G) at altitudes of 1100, 1000, 900, 800, 700, 600, and 500 m above sea level, located in
an area with southern exposure (Figure 1). The samples were taken on 24 May 2021. The
polygons were distributed along the hill stretching between the Szczawniczek stream in
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the west and the Jastrzębik stream in the east, and descending from the top of Jaworzyna
towards the village of Złockie in the Muszyna-Zdrój commune.

 

Figure 1. Location of sampling sites.

2.3. Chemical Analysis

In order to determine the content of heavy metals (Cd, Cr, Cu, Ni, Pb, and Zn) in the
sampled soil material (topsoil, up to 10 cm), the following laboratory work was carried
out, in accordance with the methodology used for collecting and preparing samples for
chemical analyses [24,25]:

• Manually cleaning the collected samples by removing foreign material (dry leaves,
twigs, grass, etc.);

• Drying the samples at 100 ◦C;
• Grinding soil samples in a ceramic mortar and sieving through a sieve with a mesh

diameter of 2 mm;
• Mineralization, which is performed to completely break down soil samples into simple,

solid compounds—1 g of the dried sample material was digested with a modified
Aqua Regia solution of equal parts concentrated HCl, HNO3, and DIH2O for one hour
in a heating block or hot water bath. The resulting solution was filtered and stored in
sealed polyethylene containers until sent for spectrometric analysis;

• Determination of the pseudo-total content of heavy metals using the inductively cou-
pled plasma mass spectrometry (ICP-MS) method in the Bureau Veritas Commodities,
Vancouver BC, Canada. The use of the Bureau Veritas methodology made it possible
to accurately determine the metal content in the soil material, with the following
detection limits (mg/kg) for Cd: 0.01, Cr: 0.5, Cu: 0.01, Ni: 0.1, Pb: 0.01, and Zn: 0.1.
The STD DS11 and STD OREAS262 standards were used as reference materials.

2.4. Statistical Analysis of the Data

SAS® OnDemand for Academics software and ANOVA procedures were used for
statistical analysis [26]. The software SAS® OnDemand for Academics is available on
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the website https://www.sas.com belonging to SAS Institute Inc. (SAS Campus Drive,
Cary, NC, USA).

The ANOVA procedure was used to analyse the content of selected elements in the
soil by performing the analysis of variance [27]. In the analysis of variance, the continuous
response variable, considered as the dependent variable, is measured using classification
variables, called independent variables. It was assumed that the variability of the obtained
results follows from the adopted classification and depends on the altitude above sea level
of the collected soil sample, with random error responsible for the remaining variability.
The classification variable was specified in the code by the CLASS value which, unlike the
GLM procedure, does not allow continuous variables on the right side of the model.

The F test indicates whether the model takes into account a sufficient amount of
variability of the dependent variable [28]. The general F test is statistically significant
in all examined cases of the analyzed elements, which indicates that the adopted model
for a given element, as a whole, is responsible for a significant part of the variability of
the dependent variable. The F test indicates that there is a difference between the mean
values for individual samples according to the altitude above sea level. Interaction between
the altitude of a collected soil sample and the content of selected elements in the soil is
significant at a level of 95%. The significance level of this test was determined prior to
the analysis. The F test does not reveal any information about the nature of the observed
differences between the content of elements and altitude. Therefore, mean comparison
methods were used to collect further information. The MEANS instruction requires the
comparison of average levels using the Waller–Duncan K-ratio test method [29]. The
Waller–Duncan K-ratio test is a multi-range test. It does not work by controlling for type I
errors. Instead, it compares type I and type II error rates based on Bayesian principles [30].

In addition, the analysis used some simple statistics. The value of the R-square
relationship indicates how much the model of regression between the content of metals
in the soil and altitude corresponds to the variability of the variable [31]. The coefficient
of variation (CV) is a measure determining the diversity of the analyzed samples together.
The CV shows the degree of variation of the data in the sample relative to the mean
population, even if they differ in the mean value. The mean square error (MSE) also
provides information about how close the regression line is to the set of points, i.e., it proves
the variability of the data in the same way as the mean of the dependent variable [32]. Root
MSE (RMSE) is an estimate of the standard deviation of the dependent variable [33]. RMSE
is one of the most commonly used measures to assess the quality of forecasts. It shows how
far predictions deviate from the actual values measured using the Euclidean distance. In
the case below, it refers to the model of regression between metal content in the soil.

3. Results

Among the analyzed elements, the best match of the model of regression according to
the altitude of sampling and the content of elements in the soil was noted for Ni and Cr,
where the R-Square was 0.971 and 0.963, respectively. Only in the case of Cd, the R-Square
was below 0.9 and reached the value of 0.723, which is already a high value.

The results obtained for individual elements show that in most cases, the model of
regression corresponds to the variability of the variable (Table 1).

Regarding the variability of the results obtained on the basis of the coefficient of
variation (CV), the smallest diversity was noted among the tested elements in the case of
Cr (7.6). Low values in the samples taken also occurred for Ni and Zn (around 10.8). The
greatest diversity was noted in the case of Cd, which was mainly the result of two samples
taken at altitudes of 1000 and 1100 m above sea level. However, in no case were the values
such outliers as to be omitted from the analysis.

Considering the root mean square error (RMSE), or the square mean of errors, which
is the square root of the MSE, it can be observed that the smallest difference between the
obtained estimation from the model and the actual value occurs in the case of Cd (0.091).
Low values of the difference between the values obtained from the model and the actual
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values were noted for Cr (1709), Ni (2383), and Cu (2736). In other cases, the value of the
standardized difference is higher and, in the case of Zn, it is as much as 8 points.

Table 1. The results of the statistics of the content of individual metal elements in the soil according
to the variable altitude above sea level.

Statistical Indicators Cd Cr Cu Ni Pb Zn

R-Squared 0.72 0.96 0.94 0.97 0.90 0.92

Coefficient of variation (CV) 20.61 7.59 15.70 10.78 14.32 10.82

Root mean square error (RMSE) 0.091 1.709 2.736 2.383 5.419 8.020

Mean square (MS) 0.22 795.52 1262.76 1962.12 2888.44 7998.22

F value (<0.0001) 27.35 272.33 168.74 345.61 98.37 124.36

Mean square error (MSE) of
grouping model 0.008 2.921 7.483 5.677 29.362 64.314

Additionally, in the case of the mean square error (MSE) for the grouping model, the
smallest difference between the model and the observed values was noted for Cd content
(0.008) and, in ascending order, for Cr (2.921), Ni (5.677), and Cu (7.483). The greatest
differences were noted, as before, for Zn (64.314).

Therefore, referring to the distribution of elements in the soil samples taken at specific
altitudes, in the case of Cr, Cu, Ni, and Zn, the metal content increases from 500 m above
sea level to 700 m above sea level, and then it usually drops below the value from 500 m
above sea level (Figure 2). The change in metal content may, on the one hand, result from
the altitude above sea level, but also from the type of land cover (the two lowest polygons
were without any forest).

In the case of Cd, the concentration of metals increases from an altitude of 500 to 800 m
above sea level, and then at 900 m, for example, it decreases to the level from 500 m above
sea level, to reach at an altitude of 1100 m above sea level the same value as at 800 m above
sea level.

In the case of Pb content, the values show a slow increase from an altitude of 500 to
900 m above sea level. Samples from altitudes of 700 to 800 m above sea level have the
same average at a level of 0.05. On the other hand, samples from the highest polygons have
the highest values of Pb content.

In the analysis of grouping according to average levels using the Waller–Duncan K-
ratio coefficient method, polygons that are graphically connected by the same line have the
same average value at a confidence level of 0.05. All samples have a significantly different
average across all polygons only in the case of Cr. In the case of Cd and Cu, there are the
smallest differences in the average values according to the altitude of sampling.
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Figure 2. The content of metals in the soil according to altitude and the grouping of polygons
according to the average content of elements in the soil.
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4. Discussion

The first polygon (A) at an altitude of 1100 m above sea level was located below
the tourist-developed peak of Jaworzyna Krynicka, overgrown mainly with beech, with
blueberry with an admixture of spruce included in the meso-climatic floor of the peak area.
As in the case of the polygons from A to E, there were cryptopodzolic soils or brown acidic
soils. Additionally, in the case of samples from polygons B and C, these were beech forest
habitats. The reaction of these soils from polygons A, B, and C was very acidic (pH in H2O)
and varies in a range of 4.0–4.3. In polygons D and E, mixed beech–spruce–pine stands in a
mountain forest habitat have a greater share. The reaction of these soils was already acidic
and slightly acidic, in a range of 5.5–6.3. Polygon F was grassland. It represents a grassy
habitat with the predominance of fescue, bent grass, and dog’s-tail grass. The grassland
was characterized by a reaction close to neutral or slightly acidic (pH ranging from 6.5 to
6.9). Therefore, these were proper brown soils and acidic soils. Polygon G, located at the
lowest level and surrounded by buildings located in adjacent valleys, was an agricultural
area used as pastures and farmland. These were mainly leached brown soils. These soils,
similar to the soils in polygon F, had a neutral and slightly acid reaction (6.2–7.2). The
organic carbon content in the soils increased with altitude, starting from 2.38% (500 m
above sea level), through 2.91% (600 m above sea level), then 6.53% (700 m above sea level),
7.45% (800 m above sea level), and then 9.12% (900 m above sea level), reaching 10.42%
at 1000 m, and 12.34% at 1100 m above sea level. [21]. The average content of the tested
metals in the soils of Jaworzyna Krynicka within each polygon was compared with the
globally defined geochemical background (average content of the element in the Earth’s
crust according to Turkian and Wedepohl [34]) and with the value of the locally defined
geochemical background for Polish soils proposed by Czarnowska [35]. The average
content of the element in the Earth’s crust [34] and the geochemical background for Polish
soils [35] amount to, respectively: for Cd, 0.18 and 0.13 mg/kg; for Cr, 27.0 and 13.0 mg/kg;
for Cu, 7.1 and 14.0 mg/kg; for Ni, 10.2 and 15.0 mg/kg; for Pb, 9.8 and 17.5 mg/kg; for
Zn, 30.0 and 50 mg/kg.

The contents of Cu, Ni, Pb, and Zn are almost twice as high in Polish soils as in world
soils. However, the contents of Cd and Cr are lower in Polish soils.

The average contents of Cd and Pb (for all absolute altitudes) in the soils of the south-
ern slope of Jaworzyna Krynicka are higher than both the globally defined geochemical
background (average content of the element in the Earth’s crust) and the geochemical
background for Polish soils. The average contents of Zn and Cu in the tested soils are
higher than the globally defined geochemical background for all tested altitudes, while for
altitudes of 500–1000 m above sea level, the Zn content is higher than the geochemical back-
ground for Polish soils. The average Cu content is higher than the geochemical background
for Polish soils only for an altitude of 600–800 m above sea level. The average Ni content in
the soils of Jaworzyna Krynicka is higher, for all altitudes except 1100 m above sea level,
than the globally defined geochemical background, and for altitudes of 600–900 m above
sea level, higher than the geochemical background value for Polish soils. The average Cr
content is higher than the globally defined geochemical background only for altitudes of
700 and 800 m above sea level, while the tested Cr content is higher, for all altitudes except
1100 m above sea level, than the geochemical background for Polish soils.

One should consider why the concentrations of all metals tested, except for Pb, increase
up to an altitude of 800 m above sea level, and then decrease. Why do metal concentrations
reach the highest values for altitudes of 700 and 800 m above sea level? Why do soil
Pb concentrations increase rather than decrease with increasing altitude? The logical
explanation seems to be the land cover and soil reaction. In the polygons located at
altitudes of 1100, 1000, and 900 m above sea level, we are dealing with beech forest habitats,
while in the polygons located at altitudes of 800 and 700 m above sea level, mixed stands
of beech, spruce, and pine predominate in the mountain forest habitat. Here we can see
the influence of conifer needles on the pH of the soil, which is definitely more acidic
compared to higher altitudes. The polygons at altitudes of 600 and 500 m above sea level
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are grasslands, pastures, and farmland. Neutral to slightly acidic reaction prevails here.
Moving on to the increase in Pb content in the soil of the slope of Jaworzyna Krynicka with
increasing absolute altitude, this result of the study can be explained by the strong affinity
of Pb with the content of organic matter in the soil. Organic matter (content of organic
carbon) in the soil in the analyzed area increased, similarly to the concentration of Pb, with
the altitude above sea level.

Comparing the results obtained with the metal content in the soils of environmentally
important and slightly polluted areas, a similar content of Cr and Pb in the soils reported
by Słowik et al. [36] for the Roztocze National Park was found. However, the content of
Zn was almost twice as high as that measured for Jaworzyna Krynicka. Most likely, such a
high content of Zn was affected by the type of soil found in the park. Similar concentrations
of Cd, Cr, Cu, and Ni were also found in the soils of Jaworzyna Krynicka, and in the soils of
the Stołowe Mountains National Park [37], and in the soils of the Tatra National Park [38].
The content of Pb and Zn in the Jaworzyna Krynicka soils was almost twice as high as the
content of this metal in the soils of the above-mentioned parks.

The results of the biomonitoring of atmospheric aerosol pollution are often interpreted
using the enrichment factor (EF) [39–41]. However, the best results are obtained when
comparing the content of metals in soil and mosses. Therefore, it was not used in this case.
However, further research is planned to compare the content of the tested metals in soil
and mosses.

5. Conclusions

The mean contents of all the tested metals in the soils of the southern slope of Ja-
worzyna Krynicka, for altitudes of 500 and 900 m above sea level were within the range of
values natural in Polish soils. Cadmium was the metal which did not exceed natural levels
in soils for all absolute altitudes. The metal which, for all the tested altitudes, exceeded the
values natural in Polish soils was zinc.

The mean concentrations of metals for altitudes of 700 and 800 m above sea level were
highest for Cd, Cr, Cu, Ni, and Zn. An increase in the content of these metals was observed
from an altitude of 500 to 800 m above sea level, and then a decrease in concentration began
from 900 to 1100 m above sea level. The Pb content increased with the increase in absolute
altitude, reaching maximum values for an altitude of 1100 m above sea level.
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15. Miśkowiec, P. The impact of the mountain barrier on the spread of heavy metal pollution on the example of Gorce Mountains,

Southern Poland. Environ. Monit Assess. 2022, 194, 663. [CrossRef]
16. Dorocki, S.; Brzegowy, P. Impact of natural resources on the development of spa industry in Krynica-Zdroj. Int. Multidiscip. Sci.

GeoConf. SCEM 2013, 2, 309.
17. Wójcikowski, W.K. Muszyna Zdrój-10 years of spatial changes in the town and in the spa. SWS J. Soc. Sci. Art 2020, 2, 1–13.

[CrossRef]
18. Dorocki, S.; Brzegowy, P. Ski and spa tourism as local development strategy–the case of Krynica Zdrój (Poland). Ann. Univ.

Paedagog. Crac. Stud. Geogr. 2014, 5, 88–116.
19. Kwiek, M.; Korzeniowska, J. Rozwój infrastruktury sportowo-rekreacyjnej w gminie Krynica-Zdrój w ostatnich 10-ciu latach. [The

development of sports and recreation infrastructure in the Krynica-Zdrój commune in the last 10 years]. In Tradycje i Perspektywy
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Abstract: Soil heavy metal pollution is frequent around areas with a high concentration of heavy
industry enterprises. The integration of geostatistical and chemometric methods has been used to
identify sources and the spatial patterns of soil heavy metals. Taking a county in southwestern China
as an example, two subregions were analyzed. Subregion R1 mainly contained nonferrous mining,
and subregion R2 was affected by smelting. Two factors (R1F1 and R1F2) associated with industry
in R1 were extracted through positive matrix factorization (PMF) to obtain contributions to the soil
As (64.62%), Cd (77.77%), Cu (53.10%), Pb (75.76%), Zn (59.59%), and Sb (32.66%); two factors (R2F1
and R2F2) also related to industry in R2 were extracted to obtain contributions to the As (53.35%),
Cd (32.99%), Cu (53.10%), Pb (56.08%), Zn (67.61%), and Sb (42.79%). Combined with PMF results,
cokriging (CK) was applied, and the z-score and root-mean square error were reduced by 11.04% on
average due to the homology of heavy metals. Furthermore, a prevention distance of approximately
1800 m for the industries of concern was proposed based on locally weighted regression (LWR). It is
concluded that it is necessary to define subregions for apportionment in area with different industries,
and CK and LWR analyses could be used to analyze prevention distance.

Keywords: heavy metals; industries of concern; source apportionment; spatial patterns; prevention distance

1. Introduction

With the rapid development of the global economy, industrialization is intensifying,
and cities are expanding. Heavy metals in industrial waste have affected the surrounding
soil, making it easier for heavy metal concentrations to reach high levels of toxicity [1].
Heavy metal pollutants do not degrade easily, have poor mobility, and easily accumulate.
Additionally, mining and smelting operations play a critical role in the accumulation of
heavy metals in local soils, especially in areas with resource-dependent economies. For
example, the mining of polymetallic ores provides not only the targeted metals but also vast
amounts of by-products, such as tin and copper associated with sulfide ore [2]. The areas
affected by mining are always seriously polluted by heavy metals, which are emitted from
the mining waste and tailings and are transported by runoff and human activities [1,3].
The concern is that the mining sites, tailings, and associated equipment could be pollution
sources for a long time [4]. In addition, emissions from smelting may be distributed widely
via atmospheric deposition, and this is especially true for metals such as As, Cd, and Pb,
which can form into oxides and condense into particulates at high temperature [5].

Identification and quantitation of the sources of pollutants in soils are critical for
risk assessments and the development of reclamation strategies. The apportionment of
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pollution sources began with atmospheric particulates, and the technical system consisted
of an emission inventory, mass diffusion model, and receptor model [6–9]. The main
objects of the apportionment for soil pollution sources are heavy metals and some organic
matter (e.g., polycyclic aromatic hydrocarbons, PAHs), which are always widespread and
do not easily degrade [10,11]. Receptor models have been the primary method because
of the uncertainty of emissions inventory information and the complexity of mass dif-
fusion models [9,12–14]. Currently, many studies have estimated the spatial patterns of
source factors extracted from receptor models to increase the credibility of pollution source
identification [13,15]. When using receptor models, few studies have paid attention to
spatial variations in the pollution sources, e.g., the areas that have a higher density of key
industries that emit pollution.

In China, investigations of the soil environment around enterprises in key industries
have been conducted [16]. Due to a literal misunderstanding, the key industries were
named as the industries concerned in these studies. At the beginning of the survey, risk
screening was carried out through attribute scores of large-scale areas [17,18], but the
soil environment around the industries of concern should be investigated before health
risk assessments of contaminated sites are conducted to provide suggestions about the
spatial patterns of the environmental protection and the priority pollutants on the county
level, which is also the target scale in this study. The study area is a remote region with
predominantly silver and copper mining in the early stage. However, after the 1840s,
it became a strategic area for tin, lead, and zinc mining and smelting. These mineral
resources have been gradually exhausted since the 1990s, but historic mining has been
inseparable from the local businesses and the livelihoods of the residents, so determination
of a sustainable development scheme for this region has become a critical issue. Most
environmental surveys and studies of this area have paid attention to the issues of soil
heavy metal pollution, which mainly originates from mining and smelting activities [19–21].
In addition to tin, multiple minerals occur in the study area, including copper, lead, and
zinc ores. Some of the mineral deposits are distributed within the tin mineralization zone,
while others are distributed outside of this zone. The characteristics of soil heavy metal
pollution in polymetallic mining area can help to distinguish the contribution of major
industrial pollution sources and give the protection distance of soil heavy metal pollution
of main industrial land in this area through its spatial distribution with enterprise land.

Specifically, the main objectives of this study are as follows: (i) to explore the relation-
ship between the soil heavy metals and the spatial distribution of the pollution sources from
industries of concern; (ii) to extract the factors of the soil heavy metals through positive
matrix factorization (PMF) to estimate the contributions of the industries of concern; and
(iii) to determine the spatial patterns of the heavy metals originating from certain factors
through cokriging (CK), which makes use of the homology of heavy metals to improve
the accuracy of the assessment, so as to determine the variations in the heavy metals with
distance from the nearest source through locally weighted regression (LWR).

2. Materials and Methods

2.1. Study Area and Investigation of Pollution Sources

The study area (102◦54′–103◦25′ E; 23◦01′–23◦36′ N) contained more than 400 key
enterprises and consists of five towns, with a total area of 992.05 km2, which are in a
supergiant tin polymetallic district located along the suture zone of the Indian and Eurasian
plates on the southwestern edge of the China sub-plate. This area has a subtropical
mountain monsoon climate, with an annual average temperature of 15.9 ◦C and an annual
rainfall of 1292.8 mm. The parent materials of the area are very complex, which is mainly
composed of limestone and minor dolomite, and the main soil types are yellow-brown and
red soils.

Using a combination of remote sensing and historical business information, a field
survey of the pollution sources related to the nonferrous metal industry was conducted,
and five types of sources were confirmed and vectorized, which provided their spatial
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positions and areas (Table S1). The results of the field survey revealed that 3000 ha of
land may have been the source of the soil pollution in subregion 1 (R1). Mining had led
to destruction of the landscape, and tailings (i.e., large particles that settle at the bottom
of the flotation tank), which are of lower economic value, were directly discarded in a
natural depression during a time when environmental protection was not of great concern.
Additionally, in subregion 2 (R2), 935 ha of land could be a potential source of soil pollution,
and this land was mainly covered by slag produced by lead and zinc smelting.

2.2. Sample Collection and Chemical Analysis

The collection and analysis of 230 samples were completed in 2018, and the database
used in this study also incorporated the results of geochemical surveys conducted in 2013
and 2015 (390 samples). In R1 and R2, 389 and 231 samples were collected and analyzed,
respectively. All surveys were conducted using the same sampling and geochemical
analysis methods, and the soil samples were collected according to the distribution of
the different land use (dry land, n = 412; paddy land, n = 123; garden plot, n = 85). Each
composite sample (1 kg) was composed of five subsamples collected at the central point and
four additional points within an area of 5 m2. The 3S technique was used for the sampling
conducted around the mining area, industrial plants, mining waste heaps, smelting slag
heaps, and tailings ponds. In addition, several samples were collected away from the
pollution sources to study the pollution from atmospheric deposition and surface runoff.
Moreover, the sampling density around the sources was four samples per square kilometer
(Figure 1).

Figure 1. Land used for mining and smelting and the sampling sites in the study area.

Upon receipt, the samples were dried in a lyophilizer and sieved (2 mm mesh), and
then, the stones, litter, and roots were removed. The total major element contents (K, Ca,
Mn, and Fe) of the samples were analyzed using an X-ray fluorescence spectrometer (Niton
FXL analyzer, Thermo-Fisher Scientific, Waltham, MA, USA) [22]. Then, the samples were
digested in HNO3 and H2O2 using method 3050B (USEPA, 1996). The total As concentration
was analyzed using atomic fluorescence spectroscopy (AFS-9800, Haiguang Instrument
Co., Beijing, China), and the Cd concentration was analyzed using graphite furnace atomic
absorption spectrometry (contrAA700, Analytikjena, Jena, Germany). The other minor
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elements were measured using inductively coupled plasma optical emission spectrometry
(Optima 5300DV, PerkinElmer, Boston, MA, USA). The detection limits of As, Cd, Cu, Cr, Ni,
Pb, Sb, and Zn were 0.10, 0.05, 0.10, 0.10, 0.05, 0.10, 0.05, and 0.50 mg/kg, respectively. For
quality control, blanks control, sample replicates (20%), and standard reference materials
(GSS-5/GBW07405) were included in each batch of sample digestion and chemical analysis.
And the relative standard deviations were less than 5%.

2.3. Methodology
2.3.1. Exploratory Analysis

Identification of soil heavy metal sources on the regional scale (i.e., up to 1000 km2,
almost the area of a county) using receptor models is difficult because of the heterogeneity
of the parent materials of the soil and the high variability of anthropogenic activities.
Thus, in this study, the entire region was partitioned using the spatial distribution of the
pollution sources based on the enterprise land survey and the collection of data on the
environmental factors. Moreover, this idea could help deal with the rotation ambiguity
(i.e., different results obtained via PMF may generate similar model fitting) by decreasing
the number of columns in the factor contribution matrix and the number of rows in the
factor profile matrix.

After this, correlation analysis was conducted on the concentrations of the elements
in the samples and the environmental factors. Because of the heavy rainfall in the study
area, surface runoff and soil water flow must affect the spatial distribution of soil heavy
metals, and water flow is closely related to topographic characteristics. Elevation (EL)
directly reflects topographic features, while humidity index (HI) quantifies topographic
control over basic hydrological processes. EL and HI were obtained via digital elevation
model (DEM) data processing. DEM data came from a geospatial data cloud platform
(https://www.gscloud.cn/, accessed on 8 July 2021), with a resolution of 30 m. The ELs of
the samples were obtained directly using a spatial overlay, while the HI was determined
from the topographic HI [23]:

HIi = ln(ai/tanβi), (1)

where HIi represents the humidity index at surface point i; ai represents the specific
catchment area, i.e., the contributing upslope area per unit width of the contour; and βi is
the gradient at point i.

The other environmental factors considered were distance (Dist) and direction (Dir)
from the nearest pollution source, which were estimated using the Near tool in ArcGIS
version 10.4.1 (Esri, Redlands, CA, USA).

2.3.2. Source Apportionment via PMF Model

Similar to principal component analysis, PMF is a typical analytical factoring technique,
which is based on the study of Paatero and Tapper [24,25]. In this study, the PMF 5.0
program was used to conduct the source apportionment of the soil heavy metals. The
receptor sites were defined as the matrix relationship of a two-dimensional factor analytic
with a residue matrix,

X = GF + E, (2)

or in the component form,

xij =
K

∑
k = 1

gik fkj + eij, (3)

where xij represents the measured sample concentration, gik represents the contribution of
the kth factor for the ith sample, fkj represents the composition of the jth element within
the kth factor, and eij is the residual error.
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Matrix G and matrix F were approximated using the PMF model to minimize the
objective function Q under the constraint of non-negative contributions, which relies on
more physically significant assumptions than other factor analysis methods [25].

Q =
n

∑
i = 1

m

∑
j = 1

(
eij

uij
)

2
, (4)

where uij represents the uncertainty of the jth chemical element for sample i.

2.3.3. Spatial Pattern Analysis

Once contents of the heavy metals, which originated from industries of concern, were
confirmed approximately through the above-described processes, these data were used
to estimate the heavy metals of critical concern on a 200 m interval grid across the study
area. Multivariable CK was chosen because homologous heavy metals could help each
other to improve the accuracy through this method [26,27], and the estimation function
was as follows:

Z∗(x) =
n

∑
i = 1

Z(xi)Γi, (5)

where x1, · · · , xn represent the locations of the samples, and Z1(x), · · · , Zm(x) represent
the values of the multivariates at location x. Γi represents the weighted vector. To determine
Γi, an unbiased estimation was made with the smallest variance of error. Furthermore, by
introducing Lagrangian multipliers and determining the derivation of Γi, linear equations
were derived with semi-variogram and cross-variogram functions [28]. The semi-variogram
was obtained by fitting the models, including Matérn, spherical, exponential, and power
function models, while the cross-variogram functions were calculated as follows:

γij(h) =
1
2

[
γ+

ij (h)− γii(h)− γjj(h)
]
, (6)

where γii(h) represents semi-variogram of the ith variate Zi(x), γij(h) represents the cross-
variogram between the ith and jth variates, and γ+

ij (h) represents the semi-variogram of

Z+
ij (x), which is equivalent to Zi(x) + Zj(x).

It must be emphasized that the auxiliary variables used in this study not only have
a significant correlation, but they also have the same origin as the heavy metals from the
mining and smelting sources, which increases the accuracy of the spatial prediction and
provides a good foundation for the subsequent analysis using the environmental factors. In
order to measure the error, the method of Zhang and Wang (2009) [29] and cross-validation
were used depending on the predictions and variances of the predictions derived from the
remaining observations. The predictive accuracy scores were calculated as follows:

zi =
Z(xi)− Ẑ−i(xi)

σ−i
, (7)

where Z(xi) represents the observation made at location xi for i = 1, · · · , n; and Ẑ−i(xi) is
the drop-one prediction based on all of the data Z

(
xj
)

for j �= i. σ−i is the corresponding
standard deviation. Then, the mean of zi becomes the z-score for the first index for evaluat-
ing the error conditions. Another predictive score is the root mean square error (RMSE):

RMSE =

[
1
n

n

∑
i−1

(
Z(xi)− Ẑ−i(xi)

)2
]1/2

, (8)

The RMSE should be as low as possible value, while the z-score should be close to 0.
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Then, in this study, the heavy metals from the industries of concern were analyzed
based on the environmental factor, i.e., the distances to the nearest pollution sources. The
LWR method was used [30], and the target equation was minimized as follows:

∑ ω(i)(yi − θTx(i))
2
, (9)

where ω(i) = exp(− (x(i)−x)
2

2τ2 ), which is the weight based on the degree of proximity to

the predicted point. If the value of
∣∣∣x(i) − x

∣∣∣ is very small, ω(i) ≈ 1; while for a very large

value, ω(i) ≈ 0. τ indicates the rate of decrease with the degree of proximity. Finally, this
regression method was used to analyze the variations in the heavy metal contents with
distance from the nearest source, and two-dimensional fitting lines for the 95% confidence
interval were obtained.

3. Results

3.1. Descriptive Statistic and Analysis of Variance Analysis of Samples

The descriptive statistics of the topsoil heavy metals in the two subregions are pre-
sented in Table 1. Higher heavy metal concentrations were observed in R1, including higher
As (108.61%), Ni (123.47%), Cr (114.66%), Sb (164.03%), and Cu (116.80%) levels than those
in R2; while the Cd, Pb, and Zn concentrations in the two subregions were similar. The
coefficients of variation (CVs) of the two regions for As were significantly different than
those of the other heavy metals, which may indicate that As and Cu concentrations in the
two subregions have different spatial variabilities. Furthermore, the CVs of Cd, Pb, and Sb
were all high (>50%), indicating that extrinsic factors strongly affected the enrichment of
these heavy metals. Additionally, with the exceptions of Sb, Cr, and Ni, soil heavy metals
of the different land use greatly surpassed risk screening values [31,32], indicating that As,
Cd, Pb, Zn, and Cu may pose a threat to human and plants (Table S2). Specifically, 92.32%,
100%, 80.12%, 62.54%, and 82.67% of the dry land soil samples surpassed the risk screening
values for As, Cd, Pb, Zn, and Cu. For paddy land, As (97.14%), Cd (100%), Pb (72.14%), Zn
(45.23%), and Cu (87.55%) exceeded their corresponding risk screening values. In garden
plot samples, As (82.22%), Cd (100%), Pb (74.58%), Zn (49.34%), and Cu (70.52%) exceeded
risk screening values.

Table 1. Descriptive statistics of the soil heavy metals.

Subregion Element Minimum Maximum Mean SD CV(%)

Subregion 1
(R1) (n = 389)

As (mg kg−1) 94.8 633.9 233.14 92.87 39.83
Cd (mg kg−1) 1.33 11.24 2.77 1.4 50.51
Pb (mg kg−1) 30.4 1236.4 322.46 183.5 56.91
Zn (mg kg−1) 176.3 1134.5 503.72 139.06 27.61
Ni (mg kg−1) 30.76 294.63 113.66 46.7 41.09
Cr (mg kg−1) 14.86 463.4 154.57 70.68 45.73
Sb (mg kg−1) 2.31 48.4 9.9 6.5 65.66
Cu (mg kg−1) 119.42 897.05 277.29 119.62 43.14

pH 5.42 8.06 6.52 1.3 19.94

Subregion 1
(R1) (n = 231)

As (mg kg−1) 18.8 538.2 214.65 131.41 61.22
Cd (mg kg−1) 0.92 9.3 3.04 1.77 58.32
Pb (mg kg−1) 161.34 1353.3 333.31 198.14 59.45
Zn (mg kg−1) 348.7 1018.7 528.8 153.79 29.08
Ni (mg kg−1) 32.41 220.9 92.05 40.58 44.08
Cr (mg kg−1) 47.1 356.9 134.81 66.12 49.05
Sb (mg kg−1) 0.27 19.18 6.04 5.08 84.19
Cu (mg kg−1) 28.32 715.57 237.41 178.23 75.07

pH 5.13 7.92 6.32 1.1 17.41
SD, standard deviation; CV, coefficient of variation.
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An overview of the exploratory analysis dealing with the correlations between the
elements and the environmental factors in R1 and R2 are presented in Tables S3 and S4.
The Pearson’s correlation coefficients between the soil heavy metals, major elements (K,
Ca, Mn, and Fe), and environmental factors (Dist, HI, and EL) for the samples from the
two subregions were calculated (Table S3). In R1, the correlations between As, Cd, Pb,
Zn, and Cu were all significant (p < 0.01) moderately or strong positive (Table S5), and Sb
was moderately correlated with As and Cd. Dist exhibited low negative correlations with
Pb, Zn, and Cu. The other correlations between the environmental factors and soil heavy
metals were negligible. In R2, Pb was strongly positively correlated with Zn, while As was
strongly positively correlated with Cd, Cu, and Sb. Similarly, Dist was slightly negatively
correlated with Pb, Zn, and Cd, while the other correlations were negligible. In both R1
and R2, the major elements K, Mn, and Fe all exhibited at least moderate correlations, but
Ca performed differently, which may be due to the different geological environments. Next,
analysis of variance (ANOVA) [33] was applied to examine the differences in the soil heavy
metal contents in different directions from the nearest pollution sources (Table S4). The
ANOVA results revealed that the number of differences between the means (p < 0.05) was
always larger toward the south. For example, in R1, all of the means of the heavy metal
contents in the samples whose nearest sources were located to the south were larger than
those whose nearest sources were located to the west, and significant differences were
identified for six heavy metals. Generally, samples with pollution sources located to the
south always had positive significant differences compared with the other directions.

3.2. Source Identification

The receptor data for the two subregions, including eight heavy metals and four major
elements, were used as the input data for the PMF. Originally, various trials with different
numbers of factors were conducted, and the results revealed that a small number of factors
(i.e., three or four factors) resulted in poor fitting, while six factors were excessive because
the samples were mainly located within reach of the pollution sources, which was also
indicated by the loss function’s Q value. Thus, the results for the two subregions using
five factors both provided a reasonable interpretation with good fitting (i.e., R2 for heavy
metals ≥ 0.50) and consistency with the field survey. As was previously mentioned, the
model dealt with the rotational ambiguity by exploring different values of the rotational
parameter Fpeak (between −1 and +1, step = 0.1), and −0.5 was adopted for R1, while no
change was adopted for R2. The contributions are presented in Figure 2.

3.2.1. Factors Related to the Industries of Particular Concern

The industries of particular concern in this study were nonferrous metal mining and
smelting, which were also the focus of the field survey. The factors were categorized into
two groups: related to industries of concern and others (Figure 2). The main categorization
rule was the pollution characteristics of the soil heavy metals, including As, Cd, Cu, Pb,
Zn, and Sb, which have been reported in previous studies [19–21]. In R1, factor 1 (R1F1)
mainly explained the Pb (69.55%) and Zn (44.02%), and it also made moderate contributions
(approximately 20%) to Cr, Ni, As, Cd, and Cu, indicating that it may be a key contamination
source for the study area. Factor 2 (R1F2) exhibited the same characteristics and made large
contributions to Cd (61.92%), As (47.82%), Cu (36.77%), and Sb (27.92%). Furthermore,
R1F2 was determined to be robust because it was almost unaffected by the rotations in
many trials. In R2, R2F1 predominantly contributed to the Pb (41.84%) and Zn (39.46%),
but it also contributed to the (24.91%) and As (22.12%). R2F2 contributed to the As, Cd,
Pb, Zn, and Ni, with at least 28% contributions for each metal, which demonstrates that it
was very likely a contamination source related to smelting. Therefore, the above factors
contributed greatly to the As, Cd, Cu, Pb, Zn, and Sb, which were the main pollutants in
the study area. The specific judgment will be discussed in the next section.
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Figure 2. Contributions of the profiles for R1 (top) and R2 (bottom).

3.2.2. Other Factors

First of all, R1F3 and R2F3 deserve more attention because they are both very conspicu-
ous, with large contributions to the major elements (K, Mn, Fe, and Ca). It is almost certain
that R1F3 and R2F3 come from the weathering of local minerals. They also make moderate
contributions to some of the heavy metals due to the high background values in the study
area. In addition, some of the samples were collected from farmland and gardens, so R1F4
and R2F4 could be related to agricultural activity. The chemical plants, which were part of
the industry chains of the local mining and smelting, may be related to R1F5 and R2F5.

3.3. Spatial Pattern of Key Heavy Metals Related to Industries of Concern

In this section, only the heavy metals originating from factors related to the industries
of particular concern, i.e., nonferrous industry, are discussed. Based on their contents, the
spatial distributions of the affected areas were estimated on a 200 m interval grid. The
CK method was used to build models for auto-variograms and cross-variograms, which
were found to have exponential forms in this study (Figure S1). Then, based on the spatial
distributions of the heavy metals (Figure 3), the variation trends of the heavy metals with
distance from the nearest source were analyzed, and two-dimensional fitting lines for the
95% confidence interval were obtained (Figure 4).
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Figure 3. Spatial distributions of heavy metals obtained via PMF.

In order to determine the effective auxiliary variables for CK analysis of each heavy
metal, the error conditions were tested through numerous trials (Table 2), and the variogram
models were constructed to identify the homogeneous characteristics (Figure S1). As can be
seen from Table 2, all RMSEs of the CK results are less than those of Universal Kriging (UK).
The z-scores of the CK results are closer to 0 except for the CK for Cu. Figure 3 shows that
the heavy metal concentrations around the study area all severely exceed the background
levels (Table S5) due to the presence of nonferrous industry enterprises. However, the
spatial distribution patterns of these elements were different. Before estimating the spatial
distribution, the area with a small sampling density was excluded. The results revealed that
the spatial patterns of the effects of the pollution sources were different in R1 and R2. In R1,
the soil Cu and Sb contents were high, while the As, Cd, Pb, and Zn all exhibited spatial
patterns consistent with the pollution sources in the two subregions. Soil As pollution was
high in the entire area, and the high-value areas were consistent with the source distribution,
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especially in the region with clusters of smelters in the north. The excess degree of Cd was
the highest, and the value in the highest value area exceeds the background value by more
than 40 times. Heavy Pb and Zn pollution were observed in both R1 and R2, with values
approximately 10 times higher than the background values. Heavy Cu and Sb pollution
were observed in R1 but were not detected in R2.

Figure 4. Variations in the contents of the heavy metals related to the industries of concern with dis-
tance from the nearest source. (a–f) The red crosses denote the changing nodes of the variation trends.

Figure 4 shows the variations in the heavy metals with distance from the nearest
source, and the contents decrease with increasing distance. In Figure 4a, the trend flattens
from 1800 m to 2500 m. However, the decreasing trends of the other heavy metals did not
flatten, and the changing nodes are denoted by red crosses in Figure 4. When the distance
is greater than the distance of the change node, the heavy metal contents decreased more
slowly, and the uncertainty increased. The changing nodes of As and Cd were both located
at approximately 1800 m, while those of Cu, Pb, Zn, and Sb were all located between 1000 m
and 1500 m.
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Table 2. Cross-validation results for cokriging and universal kriging.

Title 1 As Cd Cu

entry 1 CK with Cd
and Cu UK CK with As UK CK with Sb UK

z-score 7.57 × 10−4 1.74 × 10−3 6.77 × 10−3 7.09 × 10−3 5.25 × 10−3 4.54 × 10−3

RMSE (mg/kg) 79.74 83.38 0.95 1.01 50.51 53.55

entry 2
Pb Zn Sb

CK with Zn UK CK with Pb UK UK with Cu UK

z-score 1.05 × 10−2 1.08 × 10−2 1.30 × 10−2 1.35 × 10−2 −1.25 × 10−3 −1.46 × 10−3

RMSE (mg/kg) 90.42 102.19 113.18 127.22 1.39 1.48

4. Discussion

This integrated approach provides a method of apportioning the contributions of
industries of concern to soil heavy metals and of estimating the spatial patterns. The
information obtained can be used to develop suggestions for the prevention and control of
pollution around polluted industrial land. Several studies have been performed on source
apportionment and geostatistics [34–36], focusing on clarifying the sources. However, this
study emphasizes the characteristics of the soil pollution around industries of concern by
extracting certain factors via PMF and estimating the spatial distributions using CK with
the homology of the elements.

In the field survey and soil sampling, the object of the study is the soil within a distance
of 5 km around the industries of concern. With regard to the public information about the
protective distance of the soil environment from polluting enterprises [37], it is suggested
that the scope of influence of nonferrous industries is within 5 km, and some studies [38,39]
have also collected samples within 4 km or 5 km. Through exploratory analysis, it was
found that the soil pollution to the north of the pollution sources is more serious, which
can be explained by the fact that the dominant wind is from the south. In addition, the Dist
exhibited a low correlation with Pb, Zn, and Cu, and the correlation with the other heavy
metals is negligible. Therefore, further research is needed to determine the trend based on
a receptor model and regression analysis.

Apportionment of soil pollution sources, which clarifies all of the potential sources,
requires uniform sampling of the entire area [40–42], but in this study, only the sources
related to mining and smelting are considered. Therefore, we provide a brief discussion of
the other factors, which mainly depend on the characteristics of the major elements and the
land-use types of the sampling locations. As was previously stated, the main migration
pathways in R1 were likely dry and wet deposition from mining and concentration and
surface runoff from the tailings. Furthermore, the pollution related to the tailings left
over from historical mining is very serious, and leaching tests in the study area have
demonstrated that the pollution derived from the tailings contains large amounts of As,
Zn, and Pb. Therefore, R1F1 may be associated with the tailings. R1F2 made considerable
contributions to all of the heavy metals, so it may be related to dry and wet deposition
from mining and concentration. In R2, R2F1 was dominated by Pb and Zn, so it clearly
originated from the emissions from smelters based on the survey. In addition, R2F1 is also
associated with the accumulation of Cd and As, which is attributed to the atmospheric
deposition of emissions from smelters. This conclusion is consistent with the results of
previous studies [43,44]. In addition, the receptor model can be regarded as a tool for
extracting factors of concern, which helps to illustrate the variation trends of the spatial
patterns described below.

While some reports provided the spatial patterns based on the factors’ contributions, in
this study, the contents of heavy metals related to industries of concern were extracted based
on a receptor model, and the similar characteristics of some of the heavy metals (e.g., As
and Cd have similar profiles related to the nonferrous industry) were taken advantage of
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to improve the accuracy of the spatial estimation through CK. The spatial variation trends
of the heavy metals around polluting enterprises were studied [38,45,46], and the problem
of contingency cannot be avoided. Based on statistical analysis, when the variation in the
studied objects is large, the more samples are used, and the clearer the trend will be. The
spatial patterns obtained via PMF and CK exhibit clear trends in the heavy metal contents
with distance from the nearest sources. Then, the trends flattened, or change nodes of the
trendlines occurred due to weakening of certain sources’ influences as the homologous
nature of the other sources increased. In addition, the uncertainty increased significantly,
which may be due to the weakened influences or the decreased sampling density. The
above data show that 1800 m may be a satisfactory pollution protective distance in the
study area. The LWR method has the ability to process a large amount of data, so it is
considered to be a better tool based on trials using many regression methods.

5. Conclusions

In this study, geostatistical and chemometric methods were combined to identify pol-
lution sources and estimate the spatial patterns of the soil heavy metals around industries
of concern. It was found that at the county level, subregions should be defined before the
apportionment of the sources due to the large spatial variations in the polluting enterprises.
The main factors related to the industries of concern were extracted using the characteristics
of the key heavy metals, which have been reported. The contents of the heavy metals from
the main factors can help each other improve the estimation accuracy of the CK due to
their homology. The trendlines of the variations with distance from the nearest sources can
be used to determine a pollution protective distance around the industries of concern, but
additional research is required.
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Abstract: Given their common use for disease treatment in humans, and particularly in animals,
antibiotics pose an exceptionally serious threat to the soil environment. This study aimed to determine
the response of soil bacteria and oxidoreductases to a tetracycline (Tc) contamination, and to establish
the usability of grass compost (G) and Zea mays (Zm) in mitigating adverse Tc effects on selected
microbial properties of the soil. The scope of microbiological analyses included determinations
of bacteria with the conventional culture method and new-generation sequencing method (NGS).
Activities of soil dehydrogenases and catalase were determined as well. Tc was found to reduce counts
of organotrophic bacteria and actinobacteria in the soils as well as the activity of soil oxidoreductases.
Soil fertilization with grass compost (G) and Zea mays (Zm) cultivation was found to alleviate the
adverse effects of tetracycline on the mentioned group of bacteria and activity of oxidoreductases. The
metagenomic analysis demonstrated that the bacteria belonging to Acidiobacteria and Proteobacteria
phyla were found to prevail in the soil samples. The study results recommend soil fertilization with
G and Zm cultivation as successful measures in the bioremediation of tetracycline-contaminated soils
and indicate the usability of the so-called core bacteria in the bioaugmentation of such soils.

Keywords: antibiotics in soils; microbial community; soil degradation; soil oxidoreductases;
compost fertility

1. Introduction

Tetracyclines (Tc) represent a group of antibiotics with a broad spectrum of activities [1,2].
The first antibiotics from the class of tetracyclines (chlorotetracycline and oxytetracycline)
were discovered at the end of 1940 s, with ultimately over 20 tetracyclines in use today [3].
They can be divided into three categories: I generation tetracyclines (chlorotetracycline,
oxytetracycline, tetracycline, demeclocycline), II generation tetracyclines (doxycycline,
minocycline, lymecycline, meclocycline, metacycline, rolitetracycline), and III generation
ones (tigecycline, omadacycline, sarecycline) [2,4]. The I generation antibiotics are naturally
synthesized, whereas the II and III generation ones are semi-synthetic.

Considering data derived from 103 countries, the World Organization for Animal
Health [5] has reported tetracyclines to be the most frequently used antimicrobial agents
for animals worldwide. In 2017, they accounted for 33.9% of all administered drugs, on
average, followed by polypeptides (11.1%), penicillins (10.9%), and macrolides (10.4%). A
slightly different situation is observed in the European countries [6]. Based on data derived
from 31 European countries (30 UE/UOG Member States and Switzerland), the European
Medicines Agency has demonstrated tetracyclines (30.4%), followed by penicillins (26.9%),
and sulfonamides (9.2%) to be the greatest contributors to the total sales of antimicrobial
agents in 2017. In 2020, the demand for tetracyclines changed, making them second (26.7%)
after penicillins (31.1%) and followed by sulfonamides (9.9%) in the total sales of these
agents. This was the first year when the sales of penicillins surpassed those of tetracyclines.
Noteworthy is that the World Health Organization classifies tetracyclines as antimicrobial
agents of great importance to human medicine [7].
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Their beneficial antimicrobial properties and low production costs compared to other
antibiotics have made them widely applicable not only in human [8,9] and animal ther-
apies [10] but also in agriculture [3,11]. The antibiotics from the class of tetracyclines
deployed most often for therapeutic purposes in animal production include chlorotetra-
cycline, oxytetracycline, and tetracycline [3]. In many countries, tetracyclines are also
often added to feedstuffs for livestock and poultry, and are used in aquaculture as growth
stimulants [10,12–14]. Antibiotics are poorly metabolized under in vivo conditions [1,15].
According to Daghrir and Drogui [16], 70% of the tetracycline group antibiotics are excreted
with human and animal urine and excreta and released in the active form to the natural
environment. The continuous release of Tc residues to the environment [17,18] and the fact
that low temperature contributes to the retardation and even complete inhibition of their
degradation in the soil [19] make them ubiquitous in the soil environment (Table 1).

Table 1. The concentrations of tetracycline in soil reported in other countries and regions.

Location
Soil Sample
Description

Maximum Antibiotics,
Concentration, μg kg−1 References

city of Shenyan,
northeast China depth of 0–15 cm 976.17 [20]

China, Beijing, soils from vegetable
greenhouses 74.4 [21]

Spain, South
surrounding
of Valencia

agricultural soils with
20% of clay 64.4 [22]

Korea, Hongcheon,
Gangwon province, paddy and upland soils 177.6 [19]

Spain, NW, Galicia sand 40%, silt—38%,
clay—22% 600 [23]

Germany

0–10, 10–20 and 20–30
cm soils

sand 91.6%, silt—6.0%,
clay—2.4%

86.2; 198.7; 171.7 [24]

Poland, areas of
Pomeranian
Voivodeship

soils from agricultural
areas of Pomeranian

Voivodeship
14.5 [25]

Tetracyclines usually pervade the soil environment after the use of fertilizers contami-
nated with these antibiotics [17,26]. Types of veterinary drug residues in soil are associated
with animal species being manure providers. The greatest amounts of antibiotics are found
in the manure derived from poultry and livestock production, while lesser ones in the
cow’s manure [23–29]. Antibiotics pervade the arable soils also as a result of field irrigation
with wastewater [30–32]. The highest detection rate of antibiotics in the world, reaching
almost 100% in soils and 98% in surface water, has been reported in China [27]. A far better
situation is observed in the European countries [33]. According to Conde-Cid et al. [23],
antibiotics can be detected in approximately 40% of manures and 17% of soils therein.
In addition, the highly hydrophilic character and low volatility of antibiotics make them
highly stable in surface and ground waters [16,34,35], and even in drinking water [36].

Given the above, they pose severe environmental problems, including ecological
hazards and adverse effects on human health. These problems additionally lead to the
emergence of antibiotic resistance genes in the environment [34,37]. Considering high
amounts of tetracyclines used worldwide, their monitoring, including identifying responses
of soil microorganisms and determining enzymatic activity, seems to be of key importance.
Today, little is known about the basic changes in the community of microorganisms involved
in the accelerated degradation of tetracyclines in the soil. Therefore, the aims of this research
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were to: (1) determine the response of soil bacteria and oxidoreductases to tetracycline (Tc),
(2) establish the effect of Zea mays (Zm) cultivation on bacteria and oxidoreductases in the
soil contaminated with Tc, and (3) identify the usability of compost from various grass
species (G) in restoring the microbiological homeostasis of tetracycline contaminated soil.
The gathered information may facilitate the choice of bacteria most active in tetracycline
degradation and an effective bioremediation method.

2. Materials and Methods

2.1. Study Objective

The soil (Eutric Cambisol) to be analyzed was sampled from the topsoil layer (0–20 cm)
of an arable field located in North-Eastern Poland (53.7167◦ N, 20.4167◦ E), where organic
fertilizers have not been administered five years prior to soil sampling. According to
fraction size classification by the International Union of Soil Sciences and the United States
Department of Agriculture [38], the soil was classified as sandy loam (sand—0.0–2.0 mm—
63.61%, dust 0.02–0.05 mm—32.68%, and loam <0.002 mm—3.71%). Compost used in the
study derived from aerobic composting of cut and pre-dried grass. Table 2 presents the
basic properties of the soil and compost used in the study.

Table 2. Some properties of the soil and compost used in the experiment, the test units and literature
according to which the analyses were made.

Abbreviation Properties Unit Soil Compost References

Chemical and physicochemical properties

Ntot total nitrogen
g kg−1 DM

0.83 ± 0.05 20.18 ± 0.86 [39]
Corg organic carbon 10.00 ± 0.60 146.61 ± 6.19 [40]
SOM soil organic matter 17.24 ± 1.03 252.76 ± 10.67 [40]

P phosphorus
mg kg−1 DM

81.10 ± 4.13 3.41 ± 0.18 [41]
K potassium 145.25 ± 7.18 9.25 ± 0.24 [41]

Mg magnesium 71.00 ± 3.00 5.69 ± 0.17 [42]
pH pHKCl—soil reaction 1 mol KCl dm−3 4.40 ± 0.15 6.1 ± 0.15 [43]

EBC sum of exchangeable
base cations

mmol (+) kg−1 DM
63.60 ± 4.50 659.76 ± 32.01 [44]

HAC hydrolytic acidity 26.10 ± 1.92 82.04 ± 3.98 [44]

CEC cation exchange
capacity 89.70 741.80 [44]

ACS alkaline cation
saturation % 70.90 88.94 [44]

Exchangeable cations

K+ potassium

mg kg−1 DM

168.00 ± 8.30 NA [45]
Ca++ calcium 1190.5 ± 52.70 NA [45]
Na+ sodium 10.00 ± 0.43 NA [45]

Mg++ magnesium 82.10 ± 4.70 NA [45]

Microorganisms number per 1 kg DM

Org organotrophic bacteria

cfu

36.728 ± 1.986 × 109 NA [46]
Olig oligotrophic bacteria 7.740 ± 0.581 × 109 NA [47]
Cop copiotrophic bacteria 11.240 ± 0.127 × 109 NA [47]
Act actinomyces 17.008 ± 0.537 × 109 NA [48]

Enzymatic activity per 1 kg DM h−1

Deh dehydrogenases μmol TFF 4.042 ± 0.136 NA [49]
Cat catalase mol O2 0.212 ± 0.001 NA [50]

NA—not analized.

Tetracycline (C22H24N2O8) was purchased at Sigma-Aldrich (Saint Louis, MO, USA).
Its molecular weight is 444.4 g moL−1. It is highly soluble in water (231 mg dm−3) and
features a low octanol-water partition coefficient (Log KOW), i.e., −1.30, pointing to its
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hydrophilic nature. A tetracycline (Tc) molecule has acidic functional groups, namely:
tricarbonyl methane (pKa~3.3) and phenolic diketone (pKa~7.8) [23,51–54].

2.2. Experiment Design

A pot experiment was carried out in a greenhouse of the University of Warmia and
Mazury in Olsztyn (Poland) in 2021, in polyethylene pots having the following sizes: 15 cm
(height), 14 cm (pot bottom diameter), and 16 cm (pot upper diameter). Each pot was
filled with 3.5 kg of sandy loam sieved through a screen with a mesh diameter of 5 mm.
The experiment was established in a randomized block design and was conducted in five
replications for the control soil and the soil with tetracycline addition. The following
experimental variants were tested: (1) non-sown soil (C); (2) non-sown soil with the
addition of tetracycline (CTc); (3) non-sown soil fertilized with grass compost (CG); (4) non-
sown soil with the addition of tetracycline fertilized with grass compost (CTcG); (5) soil
sown with maize (Zm); (6) soil with tetracycline and sown with maize (ZmTc); (7) soil
sown with maize and fertilized with grass compost (ZmG); and (8) soil sown with maize,
contaminated with tetracycline, and fertilized with grass compost (ZmTcG). The same
mineral fertilization was applied in all soil variants, including both the non-sown and sown
ones. Fertilizer doses were established considering nutritional demands of maize (Zea mays
L.) of LG 32.58 variety (variety registered in the European Union), which served as the
experimental crop. Maize was selected for this study because it is one of the two crops most
often cultivated on all continents [55], and also because its acreage and yield continuously
increase, expecting to grow by 4% and 10% until 2030, respectively, compared to 2020 [56].
The following fertilization was applied in the experiment, in mg kg−1 DM soil: N—140, P—
50, K—140, and Mg—20. Nitrogen was used in the form of urea, phosphorus as potassium
dihydrophosphate, potassium as potassium dihydrophosphate and potassium chloride,
and magnesium as magnesium sulfate heptahydrate. Tetracycline (Tc) was applied in a dose
of 100 mg kg−1 DM soil in respective experimental variants (CTc; TcG; ZmTc; ZmTcG). This
Tc dose reflects adverse scenarios involving high doses of antibiotics pervading the soil as a
result of their uncontrolled disposal to municipal sewage or their storage in landfills [57,58].
Compost from grasses (G) was used in the amount of 4 g C kg−1 DM soil to ensure natural
biostimulation of the soil microbiota in respective experimental variants (CG; CTcG; ZmG;
ZmTcG).

Mineral fertilizers, tetracycline, and compost were applied to the soil once before it
had been placed in pots. Afterward, the soil was hydrated using distilled water to 60% of
the water capillary capacity, and soil from selected experimental variants (Zm; ZmTc; ZmG;
ZmTcG) was sown with Zea mays L. (Zm) in the amount of 6 seeds. After the emergence
(at the BBCH 10 stage), maize plants were thinned and only 4 were left in each pot. The
experiment lasted 50 days, and soil moisture content was kept stable throughout this
period at 60% of the water capillary capacity. Daytime ranged from 15 h 5 min to 17 h
5 min, the average temperature was at 14.9 ◦C, and the average air humidity was at 67.5%.
The plants were grown under natural light. The leaf greenness index (SPAD, Soil and
Plant Analysis Development) was determined twice (on day 25 and day 50 just before the
plants had been cut). Determinations were carried out in 8 replications, using a SPAD 502
Chlorophyll Meter 2900P. At the BBCH 51 stage (beginning of panicle emergence), analyses
were conducted to determine the yield of aerial parts and roots of maize. The plants were
dried at a temperature of 60 ◦C for 4 days.

2.3. Methods of Laboratory Analyses

The count of microorganisms and the activity of enzymes were determined in fresh
soil, moist soil, and soil sieved through a screen with 2 mm mesh diameter, whereas the
physicochemical properties were tested in dry soil.

2.3.1. Microbiological Analyses

• Count of microorganisms
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On days 25 and 50 of the experiment, the numbers of soil microorganism colonies
(cfu) were determined with the serial dilution method. In order to extract a microbial
community, a soil suspension was prepared (10 g of dry soil bulk in 90 cm3 of a sterile 0.85%
NaCl solution) and shaken for 30 min. Afterward, a series of dilutions were prepared and
used to isolate organotrophic bacteria [46], oligotrophic and copiotrophic bacteria [47], and
actinobacteria [48]. Culture conditions and detailed procedure of microorganism isolation
were described in our previous work [59]. The colony numbers (cfu) of all groups of
microorganisms were determined in 4 replications.

• DNA isolation

DNA was isolated from the soil using a Genomic Mini AX Bacteria+” kit (A&A
Biotechnology, Gdansk, Poland). DNA isolation was followed by enzymatic lysis conducted
using Lyticase (cat. 1018-10, A&A Biotechnology, Gdansk, Poland) and mechanical lysis
performed on a FastPrep—24 type apparatus using zirconia beads. The resulting bacterial
DNA was additionally purified by means of an Anti-Inhibitor Kit (A&A Biotechnology,
Gdansk, Poland). The presence of bacterial DNA in the tested samples was confirmed
in the Real-Time PCR performed in a CFX Connect thermocycler (Biorad), using a SYBR
Green dye as fluorochrome and universal primers 1055F (5′-ATGGCTGTCGTCAGCT-3′)
and 1392R (5′-ACGGGCGGTGTGTAC-3′) [60].

• Amplicon sequencing

Amplicons of the taxonomic groups Bacteria and Archea were sequenced based on
the hypervariable V3-V4 region of the 16S rRNA gene. In the case of bacteria, amplification
was performed using specific primer sequences 341F (5′-CCTACGGGNGGCWGCAG-3′)
and 785R (5′-GACTACHVGGGTATCTAATCC-3′). PCR conditions were provided in detail
in our previous work [61]. The sequencing was conducted at the Genomed SA company
(Warsaw, Poland). DNA was sequenced on a MiSeq sequencer (Illumina, San Diego, CA,
USA), in the paired-end (PE) technology using an Illumina v2 kit (San Diego, CA, USA).

• Bioinformatic analysis

The sequences obtained were subjected to quality control. Incomplete and chimeric
sequences were discarded. The bioinformatic analysis ensuring the classification of bacteria
to particular taxonomic levels was performed using the QIIME software package based
on reference sequence database GreenGenes ver. 13_8. The results were presented as
the percentage of relative abundance of sequences identified at selected taxonomic levels
(phylum and genus). This manuscript presents results with OTU (operational taxonomic
units) exceeding 1%. The sequencing data were deposited in the GenBank NCBI (https:
//www.ncbi.nlm.nih.gov/) (accessed on 27 March 2022) under accession numbers of
ON042235-ON042332.

2.3.2. Biochemical Analyses

As in the case of microbial count determination, i.e., on days 25 and 50 of the experi-
ment, soil samples from each replication were determined in another 3 replications for the
activity of selected enzymes from the class of oxidoreductases: Deh—dehydrogenases (EC
1.1), and Cat—catalase (EC 1.11.1.6). All determinations were carried out with standard
methods presented in Table 2. The specific procedures of the enzymatic test (buffers, in-
cubation temperature and duration, reaction arrest time) were provided in detail in our
previous works [59,62]. The activity of dehydrogenases was determined using a Perkin-
Elmer Lambda 25 spectrophotometer (Woburn, MA, USA) at a wavelength (λ) of 485 nm.
The enzymatic activity was defined as the amount of product released by 1 kg DM soil
per 1 h, And hence, Deh activity was expressed in μMol triphenylformazan, whereas Cat
activity—in Mol O2.
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2.3.3. Chemical and Physicochemical Analyses

Before the experiment, the collected soil was determined for fraction size with the
aerometric method and for contents of: total nitrogen (Ntotal); organic carbon (Corg); soil
organic matter (SOM); available P, K, and Mg; and exchangeable cations Ca2+, Mg2+, K+,
and Na+. In addition, before the experiment had been established and after plant harvest,
soil pH was measured in 1 mol KCl dm−3 and soil samples were determined for hydrolytic
acidity (HAC) and sum of exchangeable base cations (EBC). The HAC and EBC values
obtained were used to compute the cation exchange capacity (CEC) and alkaline cation
saturation (ACS). All determinations were made in three replications. The above-mentioned
determinations were carried out with standard methods presented in Table 2 and described
in our previous work [62].

2.4. Data and Statistical Analysis

The counts of organotrophic bacteria and actinobacteria (cfu) were used to determine
the colony development index (CD) and the ecophysiological diversity index (EP) [63]. The
CD and EP values were computed from Equations (1) and (2), respectively:

CD = [N1/1 + N2/2 + 3/3 . . . .. N10/10] × 100; (1)

where: N1, N2, N3,...N10—sum of the quotients of colony numbers of microorganisms
identified in particular days of the study (1, 2, 3, ... 10) and the sum of all colonies in the
entire study period;

EP = −Σ(pi × log10 pi) (2)

where: pi—the quotient of the number of colonies of microorganisms from particular days
of the study and the sum of all colonies from the entire study period.

The effect of tetracycline on soil microorganisms and enzymes was determined based
on the index of tetracycline effect (IFTc) on soil microorganisms and enzymes (3):

IFTc =
ATc

A
− 1 (3)

where: ATc—the number of microorganisms or the activity of enzymes in the soil with the
addition of tetracycline, A—the number of microorganisms or the activity of enzymes in
the control soil.

Additional analyses were conducted to evaluate the effect of maize cultivation (IFZm)
and soil fertilization with grass compost (IFG) on the colony numbers of microorgan-
isms and activities of soil enzymes. The IFZm and IFG values were computed from
Equations (4) and (5), respectively:

IFZm =
AZm

A
− 1 (4)

where: AZm—the number of microorganisms or the activity of enzymes in the soil sown
with maize, A—the number of microorganisms or the activity of enzymes in the non-sown
soil.

IFG =
AG

A
− 1 (5)

where: AG—the number of microorganisms or the activity of enzymes in the soil fertilized
with grass compost, A—the number of microorganisms or the activity of enzymes in the
non-fertilized soil.

The operational taxonomic units (OTU) of bacteria established at all taxonomic levels
allowed computing the Shannon-Wiener index (H’) of bacterial diversity (6):

H’ = −Σpi × (lnpi) (6)
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where: p is the ratio of OTU number of one representative of the tested taxon to the total
OTU number of the entire taxon.

All results were subjected to a statistical analysis using Statistica 13.3 package [64].
Firstly, Kruskal-Wallis and Shapiro-Wilk tests were conducted to establish the normality
of the data distribution. Next, two-way analysis of variance (ANOVA) was carried out to
determine the effect of tetracycline and compost on the microbiological, enzymatic, and
physicochemical properties of the soil. All significant differences between mean values
were determined using the post-hoc Duncan test or post-hoc Dunn test with Bonferroni
correction at a 95% confidence interval.

The data from the metagenomic analysis were developed using bioinformatic soft-
ware for statistical calculations and graphical visualization. The phylum of bacteria was
compared statistically by means of the G-test (w/Yates’) + Fisher test, using STAMP 2.1.3
software [65]. The analyzed data was presented with the confidence interval of 95%. The
collected metagenomic data related to the phylum and genus of bacteria was analyzed
using the R v1.2.5033 software [66] with R v3.6.2 [67] and a gplots library [68]. The OTU
≥ 1% data was presented on heat maps with a dendrogram of their similarities, whereas
unique and common genera of bacteria identified in the soils non-sown and sown with Zea
mays, OTU ≥ 1%, were presented on a Venn diagram plotted using InteractiVenn [69].

3. Results

3.1. Response of Zea Mays to Soil Contamination with Tetracycline

In the soil not fertilized with grass compost (G), tetracycline (Tc) did not inhibit the
growth and development of Zea mays (Zm) (Table 3), while it increased the leaf greenness
intensity at the 8th leaf stage of Zm development, increasing the SPAD value by as much as
23.8%. The aerial parts of Zm produced significantly greater biomass in the soil fertilized
with G than in the non-fertilized soil. In turn, Tc effect in the fertilized soil was insignificant,
just as in the non-fertilized one. In this experimental variant, Tc did not affect the SPAD
value. The Zm yield was positively affected by soil fertilization with G, which increased
the biomass of aerial parts by 9.3% in the soil not contaminated with Tc to 10.6% in the
Tc-contaminated soil.

Table 3. The yield of Zea mays and the value of leaf greenness index (SPAD).

Tc Content
(mg kg−1 DM

of soil)

Yield, (DM g pot−1) Zea Mays Development Phase SPAD

Shoots Roots Together 4 Leaves 8 Leaves

−G

0 55.33 b ± 0.92 13.51 bc ± 0.44 68.84 c ± 0.44 38.10 a ± 2.74 22.62 b ± 4.89
100 56.49 b ± 1.55 14.69 ab ± 0.42 71.18 bc ± 0.64 38.69 a ± 3.62 28.00 a ± 2.36

+G

0 60.46 a ± 0.93 12.07 c ± 1.44 72.53 b ± 1.12 34.36 c ± 2.36 29.01 a ± 1.54
100 62.48 a ± 1.03 15.83 a ± 0.72 78.31 a ± 1.37 36.33 b ± 2.61 27.48 a ± 1.58

Tc—tetracycline; −G—soil without grass compost; +G—soil with grass compost. Homogeneous groups denoted
with letters (a–c) were calculated separately for each of the columns.

3.2. Response of Bacteria to Soil Contamination with Tetracycline

The negative values of the IFTc index proved the adverse effect of Tc on the commu-
nities of organotrophic bacteria and actinobacteria (Table 4), whereas its positive value
indicated the positive impact of Tc on copiotrophic bacteria (Table S1).
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Table 4. The index of tetracycline effect on the number of microorganisms (IFTc).

The Dose of Grass Compost
in g C kg−1 DM Soil

−Zm +Zm

Analysis Day

25 50 25 50

Organotrophic bacteria (Org)

0 −0.352 d ± 0.011 −0.514 e ± 0.046 −0.122 ab ± 0.007 −0.123 ab ± 0.014
4 −0.093 ab ± 0.005 −0.161 bc ± 0.012 −0.236 c ± 0.025 −0.061 a ± 0.002

Oligotrophic bacteria (Olig)

0 −0.262 f ± 0.022 −0.009 d ± 0.001 −0.469 g ± 0.027 −0.052 de ± 0.005
4 −0.102 e ± 0.008 0.223 b ± 0.017 0.687 a ± 0.029 0.134 c ± 0.008

Copiotrophic bacteria (Cop)

0 0.214 c–e ± 0.015 0.375 bc ± 0.053 0.300 cd ± 0.064 0.591 a ± 0.007
4 0.070 e ± 0.006 0.388 bc ± 0.051 0.139 de ± 0.005 0.529 ab ± 0.051

Actinomycetes (Act)

0 −0.633 c ± 0.060 −0.265 b ± 0.067 −0.063 b ± 0.006 −0.259 b ± 0.016
4 −0.222 ab ± 0.021 −0.217 ab ± 0.037 −0.054 a ± 0.005 −0.118 ab ± 0.53

−Zm—unsown soil; +Zm—soil sown with Zea mays. Homogeneous groups denoted with letters (a–g) were
calculated separately for each group of microorganisms.

Definitively lower negative IFTc values were obtained in the soil fertilized using
G than in the non-fertilized soil, proving that organic matter provided to the soil with
compost mitigates the adverse effects of Tc on the mentioned bacterial groups. In the case of
copiotrophic bacteria, higher IFTc values were usually determined in the soil not fertilized
with G (0.214–0.591) than in the fertilized soil (0.070–0.529). On day 25 of the experiment,
Tc elicited an adverse effect on oligotrophic bacteria, as the IFTc values reported in this
analytical period ranged from −0.262 to −0.469. The adverse Tc effect was neutralized on
day 50, as indicated by IFTc values ranging from −0.009 to −0.052. An explicitly positive
effect on this bacterial group was observed upon the fertilization of soil sown with Zm
(IFTc = 0.134—0.687).

In the non-sown soil, the fertilization with G contributed to the greatest increase in
the population numbers of actinobacteria and organotrophs (Table 5), with the increase
being significantly greater in the soil contaminated with Tc than in the non-contaminated
soil. The population numbers of copiotrophic bacteria remained relatively stable, whereas
negative IFG values were noted in most variants for oligotrophic bacteria. In the case of
soil sown with Zm, fertilization with compost positively affected actinobacteria, whereas it
adversely influenced oligotrophic bacteria in the soil not contaminated with tetracycline.
Fertilization with compost triggered greater positive changes in the actinobacteria count in
the soil contaminated with Tc than non-contaminated with Tc. In this experimental variant,
compost elicited a minor effect on the other groups of the analyzed bacteria. On day 50
of the experiment, the IFG values ranged from −0.060 to 0.005 for organotrophic bacteria,
from −0.189 to −0.031 for oligotrophic bacteria, and from 0.032 to 0.074 for copiotrophic
bacteria.
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Table 5. The index of compost effect on the number of microorganisms (IFG).

Tc Content
(mg kg−1 DM

of soil)

−Zm +Zm

Analysis Day

25 50 25 50

Organotrophic bacteria (Org)

0 0.289 c ± 0.060 0.150 c–e ± 0.015 0.203 cd ± 0.021 −0.060 f ± 0.014
100 0.804 b ± 0.083 0.988 a ± 0.047 0.046 d–f ± 0.004 0.005 ef ± 0.002

Oligotrophic bacteria (Olig)

0 −0.333 e ± 0.029 −0.118 cd ± 0.019 −0.353 e ± 0.045 −0.189 d ± 0.017
100 −0.189 d ± 0.007 0.089 b ± 0.023 1.057 a ± 0.036 −0.031 c ± 0.010

Copiotrophic bacteria (Cop)

0 0.190 ab ± 0.019 0.058 c ± 0.020 0.278 a ± 0.033 0.074 c ± 0.036
100 0.049 c ± 0.005 0.068 c ± 0.015 0.120 ab ± 0.053 0.032 c ± 0.021

Actinomycetes (Act)

0 1.020 b ± 0.075 0.878 bc ± 0.034 0.311 d ± 0.029 0.528 cd ± 0.078
100 3.278 a ± 0.374 1.000 b ± 0.146 0.323 d ± 0.043 0.819 bc ± 0.089

Tc—tetracycline; −Zm—unsown soil; +Zm—soil sown with Zea mays. Homogeneous groups denoted with letters
(a–f ) were calculated separately for each group of microorganisms.

Among all independent variables tested, bacterial communities were most strongly
affected by Zm cultivation. The mean results achieved in the assumed analytical periods
indicate that the IFZm values determined for organotrophic and copiotrophic bacteria and
actinobacteria in the soil not fertilized with G and contaminated with tetracycline were
generally high, and higher than in the non-contaminated soil (Table 6), reaching 2.233,
0.168, and 3.208, respectively. In the soil fertilized with G, the IFZm values were higher
for copiotrophic bacteria, actinobacteria and additionally for oligotrophic bacteria under
conditions of soil exposure to Tc compared to the non-exposed soil. The mean IFZm values
reached 0.186, 0.969, and 0.889, respectively, for the mentioned groups of bacteria.

Table 6. The index of Zea mays effect on the number of microorganisms (IFZm).

Tc Content
(mg kg−1 DM

of Soil)

Microorganisms

Org Olig Cop Act

Analysis Day

25 50 25 50 25 50 25 50

−G

0 0.563 e

± 0.049
1.405 b

± 0.049
0.417 b

± 0.008
0.402 b

± 0.019
0.071 bc

± 0.007
0.027 c

± 0.009
1.429 b

± 0.114
1.204 ab

± 0.066

100 1.120 c

± 0.016
3.345 a

± 0.069
0.018 d

± 0.005
0.342 ab

± 0.027
0.147 a–c

± 0.057
0.188 ab

± 0.022
5.194 a

± 0.547
1.222 ab

± 0.049

+G

0 0.459 f

± 0.025
0.965 d

± 0.029
0.375 ab

± 0.038
0.289 ab

± 0.039
0.150 a–c

± 0.048
0.042 c

± 0.012
0.576 c

± 0.095
0.793 ab

± 0.093

100 0.229 g

± 0.039
1.198 c

± 0.015
1.583 a

± 0.045
0.194 cd

± 0.018
0.224 a

± 0.028
0.148 a–c

± 0.038
0.916 ab

± 0.098
1.021 ab

± 0.101

Tc—tetracycline; −G—soil without grass compost; +G—soil with grass compost. Org—organotrophic bacteria,
Olig—oligotrophic bacteria, Cop—copiotrophic bacteria, Act—actinomycetes. Homogeneous groups denoted
with letters (a–g) were calculated separately for each group of microorganisms.

The value of the colony development index (CD) determined for organotrophic bacte-
ria was higher than that computed for actinobacteria (Figure 1). Regardless of the analytical
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period, the mean value of soil fertilization with G and soil contamination with Tc reached
29.720 for Org and 27.326 for Act. Soil contamination with tetracycline caused no changes
in CD values determined for Org and Act. Mean differences in CD values between the
soil samples non-contaminated and contaminated with tetracycline were not statistically
significant despite fluctuations in certain analytical terms. Soil fertilization with G evoked
an inexplicit effect on CD values calculated for the analyzed microorganisms as it caused
no significant changes in CD value of Org and increased CD in Act from 25.962 to 28.689.
The analysis of data collated in Figure 1 shows that CD values of Org and Act did not
change significantly also upon Zm cultivation.
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Figure 1. Colony development index (CD) (a) organotrophic bacteria (b) actinomycetes in soil. C—
non-sown soil (control), CTc—non-sown soil contaminated with tetracycline, CG—non-sown soil
fertilized with compost, CTcG—non-sown soil contaminated with tetracycline and fertilized with
compost, Zm—soil sown with maize (Zea mays), ZmTc—soil sown with maize and contaminated
with tetracycline, ZmG—soil sown with maize and fertilized with compost, and ZmTcG—soil sown
with maize, contaminated with tetracycline, and fertilized with compost. 25—the date of the analysis,
25 days, 50—the date of the analysis, 50 days. Homogeneous groups denoted with letters (a–f ) were
calculated separately for each group of microorganisms.

In turn, data presented in Figure 2 indicates that the mean values of the ecophysiologi-
cal diversity index (EP) computed for both Org and Act were high and reached 0.828 and
0.855, respectively. Regardless of analytical term, fertilization with G compost, and Zea mays
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cultivation, the soil contamination with Tc did not disturb the ecophysiological diversity of
Org and Act. The mean EP value computed for Org was 0.824 in the non-contaminated
soil and 0.832 in the Tc-contaminated soil, whereas the respective values calculated for Act
were 0.851 and 0.858. Soil fertilization with G also did not disturb the ecophysiological
diversity of the microorganisms tested, whereas Zm cultivation increased EP values from
0.813 to 0.844 for Org and from 0.838 to 0.872 for Act.
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Figure 2. Ecophysiological diversity index (EP) (a) organotrophic bacteria (b) actinomycetes in soil.
C—non-sown soil (control), CTc—non-sown soil contaminated with tetracycline, CG—non-sown soil
fertilized with compost, CTcG—non-sown soil contaminated with tetracycline and fertilized with
compost, Zm—soil sown with maize (Zea mays), ZmTc—soil sown with maize and contaminated
with tetracycline, ZmG—soil sown with maize and fertilized with compost, and ZmTcG—soil sown
with maize, contaminated with tetracycline, and fertilized with compost. 25—the date of the analysis,
25 days, 50—the date of the analysis, 50 days. Homogeneous groups denoted with letters (a–e) were
calculated separately for each group of microorganisms.

The mean OTU number of the bacterial phylum reached 76,782 in the soil sown with
Zm and 69,042 in the non-sown soil (Figure 3). In the non-sown soil, the value of the
index of Tc effect on OTU reached 1.53, that of compost effect reached 2.17, and that of the
cumulative Tc and G effect reached 1.34, whereas the respective values noted in the soil
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sown with Zm were at 0.07, −0.08, and −0.40. The IF value describing the effect of Zm
cultivation on the soil tested reached 1.80.

Figure 3. The abundance of bacterial types, OTU ≥ 1% presented by the heat map. C—non-sown soil
(control), CTc—non-sown soil contaminated with tetracycline, CG—non-sown soil fertilized with
compost, CTcG—non-sown soil contaminated with tetracycline and fertilized with compost, Zm—soil
sown with maize (Zea mays), ZmTc—soil sown with maize and contaminated with tetracycline, ZmG—
soil sown with maize and fertilized with compost, and ZmTcG—soil sown with maize, contaminated
with tetracycline, and fertilized with compost.

Both in the soil sown with Zea mays and in the non-sown soil, the prevailing bacteria
were those belonging to the Actinobacteria and Proteobacteria phyla (Figure 4).

Figure 4. Cont.
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Figure 4. Structure of the abundance of bacterial phyla in the soil computed based on OTU ≥ 1%.
C—non-sown soil (control), CTc—non-sown soil contaminated with tetracycline, CG—non-sown soil
fertilized with compost, CTcG—non-sown soil contaminated with tetracycline and fertilized with
compost, Zm—soil sown with maize (Zea mays), ZmTc—soil sown with maize and contaminated
with tetracycline, ZmG—soil sown with maize and fertilized with compost, and ZmTcG—soil sown
with maize, contaminated with tetracycline, and fertilized with compost.
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The greatest changes in the structure of both phyla were triggered by Zm cultivation,
which contributed to a 20.64% decrease in the relative abundance of Actinobacteria and a
14.16% increase in the relative abundance of Proteobacteria. In this experimental variant, soil
contamination with Tc decreased the relative abundance of Actinobacteria by barely 1.29%
and increased that of Proteobacteria by 1.25%. The structure of the remaining bacterial phyla
remained unaffected by Tc effect. In turn, soil fertilization with G diminished Actinobacteria
contribution in the phylum structure by 5.32%, but increased that of Proteobacteria and
Firmicutes by 2.33% and 7.21%, respectively. The use of this fertilizer in the Tc-contaminated
soil caused a 17.52% increase in the contribution of Actinobacteria in the structure as well
as decreased contributions of Proteobacteria, Acidobacteria, and Bacteroides by 7.81%, 4.55%,
and 4.01%, respectively. Nine bacterial genera were identified to belong to the phylum
Proteobacteria, eight to the phylum Actinobacteria, and one to each of the following phyla:
Acidobacteria, Firmicutes, and Verrucomicrobia (Figure 5).

The prevailing genera of the phylum Proteobacteria included: Kaistobacter and Rhodoplanes,
and these prevailing in the phylum Actinobacteria included: Cellulosimicrobium, Nocardioides,
Streptomyces, and Terracoccus. Kaistobacter was the most abundant in CTc and ZmTc variants;
Cellulosimicrobium in CTc as well as ZmTcG and ZmG; Luteibacter in ZmG; Sphingomonas,
Sphingobium, and Burkholderia in the soil sown with Zm; Rhodanobacter in ZmTc; Nocardioides
in CTc, CTcG, and CG; Rhodoplanes in CTcG; Arthrobacter and Streptomyces in ZmTcG; and
Terracoccus in CTcG.

The core bacteriome identified in all variants with non-sown soil comprised the
following genera: Kaistobacter, Cellulosimicrobium, Nocardioides, Rhodoplanes, and Terracoccus
(Figure 6a). Among the aforementioned genera, only Kaistobacter, Cellulosimicrobium, and
Rhodoplanes represented the core bacteriobiome of the soil sown with Zm (Figure 6b).
These three common genera, colonizing soils regardless of their contamination with Tc,
fertilization with G, Zm cultivation, and specific genera appearing exclusive in the soil
contaminated with Tc (Kutzneria, DA101, Ralstonia), should be perceived as providers of
species potent to degrade Tc.

Considering the above findings, it may be concluded that the changes observed
in the genetic diversity of bacteria were reflected in the values of the Shannon-Wiener
index (Figure 7). The contamination of non-sown soil with Tc diminished the diversity of
bacteria at the phylum, class, order, and family levels. Soil fertilization with G decreased the
diversity at the phylum and class levels, and increased that at the genus level. This increased
bacterial diversity at the genus level was also observed in the soil not contaminated with
Tc but fertilized with G. The greatest positive impact on bacterial diversity, found at all
taxonomic levels, was elicited by Zm cultivation. In this experimental variant, Tc did
not diminish the bacterial diversity. Soil fertilization with compost had little effect on the
bacterial diversity, increasing it only at the genus level. Fertilization of the soil contaminated
with Tc, likewise of the soil non-sown with Zm, diminished the bacterial diversity at the
phylum, class, and order levels.
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Figure 5. Diversity of bacterial species, presented based on OTU ≥ 1%. C—non-sown soil (control),
CTc—non-sown soil contaminated with tetracycline, CG—non-sown soil fertilized with compost,
CTcG—non-sown soil contaminated with tetracycline and fertilized with compost, Zm—soil sown
with maize (Zea mays), ZmTc—soil sown with maize and contaminated with tetracycline, ZmG—soil
sown with maize and fertilized with compost, and ZmTcG—soil sown with maize, contaminated
with tetracycline, and fertilized with compost.
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Figure 6. Venn diagram depicting unique and core bacterial genera in (a) non-sown soil and (b) soil
sown with Zea mays, plotted based on OTU ≥ 1%. C—non-sown soil (control), CTc—non-sown soil
contaminated with tetracycline, CG—non-sown soil fertilized with compost, CTcG—non-sown soil
contaminated with tetracycline and fertilized with compost, Zm—soil sown with maize (Zea mays),
ZmTc—soil sown with maize and contaminated with tetracycline, ZmG—soil sown with maize and
fertilized with compost, and ZmTcG—soil sown with maize, contaminated with tetracycline, and
fertilized with compost.

 
Figure 7. Diversity of bacterial taxa calculated from OTU according to Shannon-Wiener. C—non-sown
soil (control), CTc—non-sown soil contaminated with tetracycline, CG—non-sown soil fertilized with
compost, CTcG—non-sown soil contaminated with tetracycline and fertilized with compost, Zm—soil
sown with maize (Zea mays), ZmTc—soil sown with maize and contaminated with tetracycline, ZmG—
soil sown with maize and fertilized with compost, and ZmTcG—soil sown with maize, contaminated
with tetracycline, and fertilized with compost.
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3.3. Response of Oxidoreductases to Soil Contamination with Tetracycline

Tetracycline was found to elicit a less pronounced effect on oxidoreductases than on
soil bacteria (Table S2). IFTc of catalase was low (Table 7), ranging from −0.089 to 0.051,
which indicates that Tc inhibited its activity by barely 8.9% or stimulated it by 5.1%. In turn,
the IFTc values computed for dehydrogenases were always negative (ranging from −0.004
to −0.245), which proves a tendency for the inhibiting effect of Tc on these enzymes. The
lowest IFTc values were noted for dehydrogenases on day 50 of the experiment in the soil
sown with Zea mays. They reached −0.245 in the non-fertilized soil and −0.170 in the soil
fertilized with compost.

Table 7. The index of tetracycline effect on the activity of soil enzymes (IFTc).

The Dose of Grass
Compost in g C
kg−1 DM Soil

−Zm +Zm

Analysis Day

25 50 25 50

Dehydrogenases

0 −0.087 b ± 0.016 −0.040 ab ± 0.008 −0.074 b ± 0.018 −0.245 d ± 0.021
4 −0.004 a ± 0.001 −0.061 ab ± 0.009 −0.078 b ± 0.016 −0.170 c ± 0.013

Catalase

0 −0.042 b ± 0.010 0.047 a ± 0.010 −0.089 c ± 0.014 0.051 a ± 0.002
4 0.016 a ± 0.004 −0.054 bc ± 0.012 −0.037 b ± 0.010 −0.026 b ± 0.004

−Zm—unsown soil; +Zm—soil sown with Zea mays. Homogeneous groups denoted with letters (a–d) were
calculated separately for each enzyme.

The values of the IFG index (Table 8) prove that fertilization with G promoted activities
of oxidoreductases to a various extent depending on the analytical term, soil contamination
with Tc, and cultivation of Zea mays. The strongest dehydrogenase stimulation was noted
on day 50 of the experiment in the soil sown with Zm and contaminated with Tc (IFG
0.742) and in the soil not contaminated with this antibiotic (IFG 0.583), whereas the poorest
one was in the non-sown soil (IFG 0.022—0.046). The catalase activity was most strongly
promoted by G fertilization in the non-sown soil not contaminated with Tc on day 50 of
the experiment (IFG 0.156) and in the Tc-contaminated soil on day 25 regardless of its
cultivation (IFG 0.141).

Table 8. The index of compost effect on the activity of soil enzymes (IFG).

Tc Content
(mg kg−1 DM

of Soil)

−Zm +Zm

Analysis Day

25 50 25 50

Dehydrogenases

0 0.061 d ± 0.053 0.046 d ± 0.005 0.043 d ± 0.011 0.583 b ± 0.014
100 0.158 c ± 0.008 0.022 d ± 0.033 0.038 d ± 0.018 0.742 a ± 0.028

Catalase

0 0.076 bc ± 0.005 0.156 a ± 0.005 0.081 bc ± 0.028 0.094 b ± 0.005
100 0.141 a ± 0.015 0.045 cd ± 0.013 0.141 a ± 0.015 0.014 d ± 0.012

Tc—tetracycline; −Zm—unsown soil; +Zm—soil sown with Zea mays. Homogeneous groups denoted with letters
(a–d) were calculated separately for each enzyme.

The cultivation of Zea mays elicited a significantly positive effect on the activity of
dehydrogenases (Table 9), with a stronger stimulating effect observed on day 50 than 25 of
the experiment. This effect was, however, significantly suppressed by Tc, as the IFZm value
determined on day 50 of the experiment reached 0.982 in the non-contaminated soil not
fertilized with G and 2.000 in the fertilized soil. Soil contamination with Tc decreased the
IFZm value to 0.558 and 1.654, respectively. In contrast to dehydrogenases, the activity of
catalase was modified by Zm cultivation to a little extent. In the case of this enzyme, apart
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from the null IFZm values noted on day 25 of the experiment in the soil contaminated with
Tc, the maximal IFZm values were noted on day 50; however they were relatively low and
ranged from 0.050 to 0.082.

Table 9. The index of Zea mays effect on the activity of soil enzymes (IFZm).

Tc Content
(mg kg−1 DM

of Soil)

Dehydrogenases Catalase

Analysis Day

25 50 25 50

−G

0 0.237 ef ± 0.007 0.982 c ± 0.055 0.051 ab ± 0.003 0.078 a ± 0.014
100 0.254 e ± 0.025 0.558 d ± 0.040 0.000 c ± 0.003 0.082 a ± 0.003

+G

0 0.215 ef ± 0.012 2.000 a ± 0.026 0.055 ab ± 0.007 0.020 bc ± 0.003
100 0.124 f ± 0.019 1.654 b ± 0.043 0.000 c ± 0.003 0.050 ab ± 0.005

Tc—tetracycline; −G—soil without grass compost; +G—soil with grass compost. Homogeneous groups denoted
with letters (a–f ) were calculated separately for each enzyme.

4. Discussion

4.1. Effect of Tetracycline and Soil Fertilization on Plants

The continuous release of tetracyclines to the natural environment makes them ubiq-
uitous in soil [36]. The growing concentrations of tetracycline group antibiotics in arable
fields worldwide are especially alarming due to their potential impact on crops [70–72].
Antibiotics may exert direct phytotoxic effects contributing to, e.g., a decreased rate of seed
germination [71], plant growth and biomass growth [73,74] as well as a decreased rate of
respiration or chlorophyll synthesis [70]. In turn, in our study, Tc not only did not decrease
the SPAD value but increased it at the 8th leaf stage. The effect of antibiotics is considerably
stronger in hydroponic cultures than in soil. According to Liu et al. [71], in cultures of
this type, the EC50 reached 57 mg dm−3 for oats, 69 mg dm−3 for rice, and as much as
203 mg dm−3 for cucumber. In turn, in soil cultures, the EC50 determined for these plants
exceeded 300 mg kg−1 DM soil. This Tc dose analyzed in Phytotoxkits tests reduced the
length of Sinapis alba L. roots by 40% [75]. The direct phytotoxic effect of antibiotics on plant
growth can, undoubtedly, be estimated using phytotoxic kits [70,71,75], but determination
of Tc impact on plants in pot and field experiments seems to be crucial. Our vegetation
experiment demonstrated that Tc applied in a dose of 100 mg kg−1 soil did not inhibit the
growth of both aerial parts and roots of Zea mays. This is consistent with the findings from
the study by Chen et al. [76], where oxytetracycline doses of 15 and 200 mg kg−1 had no
significant effect on the cultivation of Amarantus mangestnus L. and Trifolium repens L. The
weaker inhibiting effect of tetracycline in the soil than in water may be attributed to its
strong absorption in soil [36,58,77].

4.2. Effect of Tetracycline, Fertilization with Compost, and Cultivation of Zea Mays on Soil
Bacteria Community

The release of increasing amounts of antibiotics to soil poses potential threats to all
microorganisms colonizing this environment [18,24,78]. They can modify the structure
and activity of soil bacteria communities [17]. The present study results demonstrated
that soil contamination with Tc exerted selective pressure on soil microorganisms. The
impact of antibiotics on soil microorganisms is strongly dependent on the extent of soil
contamination [79,80]. The antibiotic tested in the present study (100 mg Tc kg−1 soil)
inhibited the proliferation of organotrophic bacteria and actinobacteria, and promoted that
of copiotrophic bacteria. Despite these changes, Tc had little effect upon the colony develop-
ment index (CD) and ecophysiological diversity index (EP) of organotrophic bacteria and
actinobacteria, probably due to its very high affinity to soil components. The percentage of
Tc adsorption approximates 100%, whereas its desorption percentage falls under 10% [53].
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Antibiotics, i.e., cyprofloxacin, oxytetracycline, sulfamethoxazol, and tylosin, applied
in a dose of 1 mg kg−1 soil during cabbage, endive, and spinach cultivation had no
significant effect on the population numbers of microorganisms [77]. In turn, Santás-Miguel
et al. [79] demonstrated that soil contamination with a Tc dose of 2000 mg kg −1 DM soil
induced tolerance of the bacterial community to this antibiotic, which however diminished
with time. A temporary effect of Tc applied in doses of 100 and 500 mg per 1 kg of soil was
also demonstrated by Chessa et al. [58,81]. Its adverse effect on the activity and structure
of microorganisms was observed to decline after 7 days and to disappear within 60 days.
In the present study the effect of Tc on soil bacteriobiome was also observed to vary in
time. On day 50 of the experiment, it was completely neutralized in the case of oligotrophic
bacteria.

Antibiotics may modify the structure and composition of bacterial communities [74,78,82].
In the current study, Tc presence in the soil had a significant but varying effect on the abun-
dance, diversity, and structure of bacterial communities colonizing it. At the phylum level,
the bacterial community was mainly constituted by Proteobacteria and Actinobacteria. The
increased OTU numbers of bacteria from the following genera: Cellulosimicrobium, Nocar-
dioides, Candidatus Solibacter, Streptomyces, Terracoccus, Arthrobacter, Phycicoccus, Kutzneria,
and Amycolatopsis belonging to the phylum Actinobacteria and bacteria from the genera:
Rhodoplanes, Burkholderia, and Rhodanobacter belonging to the phylum Proteobacteria in the
soils contaminated with Tc can be associated with a growing ability of these microorgan-
isms to degrade this antibiotic [54,83] and use it as a source of carbon and energy [24,58].
Potentially, the adverse Tc effect on the bacteria from the phylum Proteobacteria represented
by Kaistobacter, Sphingomonas, Sphingobium, Luteibacter, and Steroidobacter genera could
have been masked by enhanced activities of other microorganisms capable of develop-
ing in the presence of Tc, probably, by using compounds released from lysed cells of
microorganisms [58,79,84,85].

Chessa et al. [58] and Chen et al. [52] point to the fact that tetracyclines are antibiotic
residues most often reported in manure and sewage sludge. Increased concentrations
of antibiotics in soil cause the number of antibiotic-resistant bacteria to increase, which
modifies the sensitivity of entire populations of microorganisms to the antibiotic [86,87] and
increases the number of genes resistant to tetracyclines in the soil [88,89]. The prevailing
bacterial phyla in the soil fertilized with manure containing 171.07–660.20 μg Tc kg1 were
Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, and Bacteroidetes, accounting for 85.2–
92.4% of the total soil bacteria population [80]. The long-term use of sewage sludge and hen
droppings increased the counts of Proteobacteria, Acidobacteria, Actinobacteria, and Chloroflexi.
In addition, five bacterial phyla (Chloroflexi, Planctomycetes, Firmicutes, Gemmatimonadetes,
and Bacteroidetes) were significantly correlated with antibiotic-resistance genes (ARG) in
the soil [88]. The changes observed in the present study in the diversity of microbial
communities upon the influence of Tc may also be reflected in the modified functions of soil
microorganisms, which probably translates into soil metabolism. The present study results
highlighted that, regardless of stress induced by soil contamination with Tc, fertilization
with compost, and sowing the soil with Zea mays, the stability of the soil microbiome
was very well described by the core microbiome being common for all soil types tested
and represented by Kaistobacter, Cellulosimicrobium, and Rhodoplanes. In the non-sown
soil contaminated with Tc, the core microbiome comprised Kutzneria, whereas in the soil
sown with Zea mays—it was represented by Ralstonia and DA101. This is very precious
information considering the paucity of data related to basic changes in the community of
microorganisms involved in accelerated removal of tetracyclines. These microorganisms
can be used for bioaugmentation of antibiotic-contaminated areas.

Soil supplementation with grass compost, which provides an easily available pool of
organic compounds, has turned out to be of key importance during ecosystem adaptation to
adverse environmental conditions caused by soil contamination with tetracycline. Compost
was found to significantly stimulate the development of autochthonous microorganisms
and alleviate the adverse effect of Tc on bacteria proliferation. Also other bioadsorbents
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seem to be a fine alternative for minimizing the adverse effect of tetracycline on soil
microbiomes due to their low cost and their ability to adsorb toxic substances [23,53].
These include: pine bark and crushed clam shell [17], manure [23], and biocharcoal [90].
Definitely lower negative IFTc values obtained in the soil fertilized using G than in the
non-fertilized soil prove that organic matter provided to the soil with compost mitigates
the adverse effects of tetracycline on the soil microbiome. The simultaneous use of Tc
and compost caused lesser changes in the bacterial phylum structure. Also other studies
corroborated the usability of organic matter in restoring the stability of Tc-contaminated
soil. Bovine manure modified the bacterial structure in the soil, enhanced microbiological
activity, and contributed to the restoration of the microbiological structure in the soil with Tc
addition [58]. According to Yue et al. [90], biocharcoal from manure accelerated the removal
of tetracyclines and promoted the growth of bacteria potentially degrading tetracyclines
(Acidothermus, Sphingomonas, and Blastococcus), which may be used for in situ remediation
of tetracycline-contaminated soils. The above considerations allow for the conclusion that
the use of compost, likewise the use of manure or biocharcoal, is advisable as—being the
source of nutrients and microorganisms—it may accelerate microbiological degradation of
tetracycline. In addition, due to its structure, compost may potentially improve the physical
properties of soil by modifying its pH, water capacity, and structure. The usability of
compost in accelerating the microbiological degradation of tetracycline was also confirmed
by the Shannon index values. They prove that compost mitigated the adverse Tc effect on
bacterial diversity at all taxonomic levels in the non-sown soil. In the soil sown with Zea
mays, its alleviating impact was confirmed only at the genus level.

4.3. Effect of Tetracycline, Fertilization with Compost, and Cultivation of Zea Mays on Activities of
Soil Oxidoreductases

Both the microorganisms and enzymes they produce are very good indicators of soil
health [59,91–94], because they are sensitive to various changes proceeding in the environ-
ment [34,59,61]. The present study results demonstrate that activity of oxidoreductases
depended on all variables tested, i.e., soil contamination with tetracycline, soil fertilization
with compost, soil sowing with Zea mays, and experiment duration. The sensitivity of
dehydrogenases and catalase to tetracycline was relatively low. This is consistent with
sparse and inexplicit reports related to the effect of this group of antibiotics on the ac-
tivity of soil enzymes [85,95]. Wei et al. [72] and Kessler et al. [95] emphasized that soil
contamination with Tc impaired the enzymatic activity of soil, particularly in the case of
dehydrogenases. According to Chen et al. [76], oxytetracycline doses of 15 and 200 mg kg−1

adversely affected activity of dehydrogenases, whereas cultivation of Amarantus mangestnus
L. and Trifolium repens L. played an insignificant role in alleviating the adverse effect of
this antibiotic. In turn, Liu [96] demonstrated a temporary enhancement of dehydrogenase
activity in the soil contaminated with chlorotetracycline. In the present study, Tc only
slightly enhanced catalase activity on day 50 of the experiment. Generally, dehydrogenases
were more responsive to Tc compared to catalase, probably due to growth inhibition or
death of sensitive microorganisms [18,83,97]. In turn, the stimulating effect of Tc on catalase
activity, observed in the present study, might have been caused by enhanced proliferation
of copiotrophic bacteria in the Tc-contaminated soils. Probably, these bacteria are capable
of surviving in the presence of antibiotics, using them as sources of carbon [29].

The enhanced activities of dehydrogenases and catalase upon grass compost ap-
plication results most likely from the response of organotrophic bacteria, copiotrophic
bacteria, and actinobacteria to the nutrient loads supplied to their communities. Compost
application to soil provides microorganisms with easily available substrates, e.g., carbohy-
drates [98–100]. This is indicative of a feedback between bacterial community and activity
of oxidoreductases, because these are the microorganisms that trigger the enhancement
in the activity of dehydrogenases [100,101]. The latter directly reflects the activity of soil
microorganisms [102,103] because dehydrogenases are endogenous enzymes responsible
for bio-oxidation of soil organic matter [104,105].
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The results of our study demonstrate that tetracycline disturbed the stability of a soil
ecosystem and confirm the hypothesis that Zea mays cultivation and soil fertilization with
good-quality compost are utile in restoring the biological homeostasis of soil contaminated
with this antibiotic. This finding suggests the permanent need for searching, developing,
and implementing strategies for the bioremediation of soils contaminated with antibiotics.

5. Conclusions

Tetracycline (Tc) present in the soil in a dose of 100 mg kg−1 did not inhibit the yield
of Zea mays (Zm) and did not decrease its leaf greenness index (SPAD). Even though
it impaired the proliferation of culture bacteria, it did not affect the values of the colony
development index (CD) and the ecophysiological diversity index (EP). Tetracycline exerted
a positive effect on copiotrophic bacteria and an adverse effect on organotrophic bacteria,
actinobacteria, oligotrophic bacteria as well as soil oxidoreductases. The bacteria belonging
to Acidiobacteria and Proteobacteria phyla were found to be prevailing soil bacteria. In the
non-sown soil, tetracycline increased the relative abundance of Acidiobacteria by 19% and
reduced that of Proteobacteria by 9%. In the soil sown with Zm, the Tc effect on the relative
abundance of all bacterial phyla was minor and changes observed ranged from −1.29% to
1.25%, which was mainly due to the significant positive impact of Zm on bacteria of the
identified phyla. The greatest changes in the structure of Actinobacteria and Proteobacteria
were caused by Zm cultivation, as it decreased the relative OTU number of Actinobacteria
by 21% and increased that of Proteobacteria by 14%. Fertilization with grass compost (G)
and Zm cultivation alleviated its adverse effect on the mentioned groups of bacteria and
activities of soil dehydrogenases and catalase. The metagenomic analysis demonstrated
that Tc application and fertilization of non-sown soil with G as well as Zm cultivation
significantly increased the OTU numbers of bacteria. Soil fertilization with G reduced the
relative abundance of Acidiobacteria and Actinobacteria as well as increased Proteobacteria
abundance in both soil variants. The Kaistobacter and Rhodoplanes bacteria belonging to
the phylum Proteobacteria and Cellulosimicrobium belonging to the phylum Actinobacterium
constituted the core microbiome in both the soil sown with Zm and in the non-sown soil.
In turn, specific genera identified exclusively in the Tc-contaminated soil turned out to be
Kutzneria (p_Actinobacteria), DA101 (p_Verrumicrobe), and Ralstonia (p_Actinobacteria). The
mentioned genera should be perceived as sources of species effective in bioaugmentation of
soils contaminated with Tc. In the non-sown soil, Tc diminished diversity of bacteria at all
taxonomic levels, except for the genus level. This unfavorable phenomenon was mitigated
by soil fertilization with compost and by Zea mays cultivation.

The present study recommends soil fertilization with grass compost and Zea mays
cultivation in bioremediation of soils contaminated with tetracycline and indicates the
usability of the so-called core bacteria, developing well in the presence of tetracycline, for
the bioaugmentation of soils contaminated with this antibiotic.
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Abstract: Farmland consolidation is an effective tool to improve farmland infrastructures, soil quality,
and sustain a healthy farmland ecosystem and rural population, generating contributions to food
security and regional sustainable development. Previous studies showed that farmland consolidation
regulates soil physical and chemical properties. Soil microorganisms also play an important role in soil
health and crop performance; however, few studies reported how farmland consolidation influence
soil microecology. Here, we used DNA sequencing technology to compare bacterial community
structure in farmlands with and without consolidation. DNA sequencing technology is the most
advanced technology used to obtain biological information in the world, and it has been widely used
in the research of soil micro-ecological environment. In September 2018, we collected soil samples
in Jiashan County, Zhejiang Province, China, and used DNA sequence technology to compare the
bacterial community structure in farmlands with and without consolidation. Our results found
that (1) farmland consolidation had significant impacts on soil microbial characteristics, which were
mainly manifested as changes in microbial biomass, microbial diversity and community structure.
Farmland consolidation can increase the relative abundance of the three dominant bacteria phyla
and the three fungal dominant phyla, but it also negatively affects the relative abundance of the six
dominant bacteria phyla and the three fungal dominant phyla. (2) Farmland consolidation had an
indirect impact on soil bacterial community structure by adjusting the soil physical and chemical
properties. (3) The impact of heavy metals on bacterial community structure varied significantly
under different levels of heavy metal pollution in farmland consolidation areas. There were 6, 3,
3, and 5 bacterial genera that had significant correlations with heavy metal content in cultivated
land with low pollution, light pollution, medium pollution, and heavy pollution, respectively. The
number of heavy metal-tolerant bacteria in the soil generally increased first and then decreased under
heavy metal polluted conditions. Our study untangled the relationship between varied farmland
consolidation strategies and bacteria through soil physcicochemical properties and metal pollution
conditions. Our results can guide farmland consolidation strategies and sustain soil health and
ecological balance in agriculture.

Keywords: farmland consolidation; cultivated land quality; soil basic physical and chemical properties;
heavy metals; microorganisms

1. Introduction

Farmland consolidation is an effective means to improve farmland infrastructure,
improve farmland quality, and protect farmland ecology [1,2]. It is a complex system engi-
neering that plays an important regulatory role in multiple fields such as land ecology, land
economy, and land ownership [3–5]. Therefore, farmland consolidation has an important
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contribution to ensuring global food security and regional sustainable development and
rural depopulation on a global scale [6,7]. The methods under farmland consolidation
mainly include building ditches, merging plots, land levelling, applying organic fertilizers,
and comprehensive improvement. A large number of studies have shown that farmland
consolidation regulates soil physical and chemical properties and concentrations of heavy
metals [6,8,9]. As the most abundant microorganism in the soil environment, soil bacteria
are extremely susceptible to varied soil properties [10]. As a key indicator of soil quality
and ecological status, soil bacteria play an important role in soil pollution restoration and
promotion of crop growth [11,12]. Therefore, it is important to explore how farmland con-
solidation affects the relative abundance and community structure of bacteria by adjusting
soil physical and chemical properties and the content of heavy metals, which can provide
information on sustainable development in farmlands.

The farmland conditions can not only affect crop growth and food security, but also
have a significant impact on regional climate, hydrology, and soil [13–16]. Soil bacteria are
the key driver of nutrient cyclings and energy flow in the soil environment, contributing
to a healthy soil environment, enhanced regional ecosystem service values and ecosystem
functions [17]. Soil bacteria are an important part of the earth’s ecosystem, and they affect
global climate through the regulation of CO2, CH4, N2O, and other greenhouse gases [18].
Many studies reported the relationship between soil bacteria and climate change, and it has
also been confirmed that the regulation of carbon, nitrogen, phosphorus, and other element
cycles by soil microorganisms plays a vital role in the feedback of climate change [19,20]. In
addition, soil bacteria can promote or inhibit the plant performance and further affect the
plant community structure and functions [21,22]. Nitrogen-fixing bacteria in the soil can
promote the uptakes of nitrogen (N), phosphorus (P), potassium (K), and other nutrients by
plants in the nitrogen-fixing symbiotic relationship. Since N, P, K, and other elements are
key nutrients that influence plant growth and reproduction, nitrogen-fixing bacteria can
influence the expansion of the growth range of plant communities [23]. Hence, the types
and functions of soil bacteria regulate plant community structure and function, as well as
evolutionary processes in the ecosystem.

The structure of soil bacterial community is highly susceptible to different soil condi-
tions. As a human activity, farmland consolidation has a strong interference on the physical
and chemical properties of the soil, which will directly or indirectly affect the soil bacteria
and change its ecological function [8,10,24]. Therefore, the impact of farmland consolida-
tion on soil bacteria will be an important content in the future research fields of land use,
environmental management, and microbial diversity [25,26]. Farmland consolidation is one
of the most effective land management measures to improve agricultural production and
ecological environment, including merging scattered land, improving agricultural facilities
and soil quality, which has been widely used in most countries in the world [1,2,16]. Nowa-
days, in order to cope with the increasing risks of farmland, researchers are exploring the
multifunctional potential of farmland consolidation to solve development problems such
as agriculture, nature, landscape, economy, and tourism [27,28]. However, farmland con-
solidation also affects the physical and chemical properties of farmland soil and bacterial
communities, especially in terms of soil bacterial diversity [6,27]. In order to promote the
strategic deployment of China’s ecological civilization construction, the farmland consoli-
dation is also developing in a more ecological direction. However, the soil microorganisms
that are profoundly affected by farmland consolidation have not received sufficient atten-
tion and need to be paid enough attention in future research and practice [29]. Under the
current situation, it is possible to improve soil quality and increase the productivity of
cultivated land by adopting appropriate farmland consolidation methods [30,31]. On this
basis, we call to scientifically assess the impact of farmland consolidation on the structure
of soil microbial communities, and extract microbial indicators of farmland quality [32,33].
This will be an important topic in the field of global farmland consolidation and ecological
environmental protection in farmlands.
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However, there were few studies on how farmland consolidation affects soil bacterial
characteristics currently, and the mechanism behind them was not clear, which was a
blank in the field of farmland consolidation and soil microecology research. Therefore,
this study attempted to use experimental methods to explore the influence mechanism of
farmland consolidation on soil bacteria in a county of the east coast of China. Specifically,
we explored how farmland consolidation affected the relative abundance of bacteria and the
community structure by regulating the soil properties and heavy metal contents, established
a new research framework for this type of research, and provided information on farmland
consolidation measures and ecological restoration in soils.

2. Framework and Data Collection

2.1. Research Framework

As an engineering method that directly affects arable land, farmland consolidation
regulates arable land morphology, land landscape, soil properties, and fertility through
measures such as building ditches, merging plots, land levelling, and applying organic
fertilizers, combined or respectively [34]. Specifically, the influences of farmland consol-
idation on soil characteristics include: (1) Increasing the intensity of tillage activities to
reduce soil bulk density, increase soil porosity, and improve organic fertilizer uniformity;
(2) Applying organic fertilizer to increase soil nutrients availability, optimize the structure
of soil microbial community, and improve the structure of soil aggregates and soil fertility;
(3) improving farmland irrigation and drainage facilities to ensure the water requirement
for crop growth and implement soil moisture management; (4) strengthening the manage-
ment and protection, standardizing the technical process, and implementing supervision,
of farmland consolidation, to sustain soil and ecosystem health [35].

Soil microorganisms are mainly affected by the dual effects of natural environment
and human disturbance, including natural factors such as soil nutrients, pH, moisture, soil
pollutants, climate change, biological invasion, plant species, as well as farming methods,
irrigation management, land use changes and farmland consolidation methods and other
human activities [36,37]. This study area is a small-scale farmland soil microbial study
with a single farming method, and it has the characteristics of close to natural and local
conditions. Therefore, this study limits the influencing factors of soil bacteria to soil
properties and farmland consolidation methods to help reveal the true mechanism of action
and find effective management strategies.

Farmland consolidation is an engineering method that directly affects the soil, includ-
ing multiple methods such as building ditches, merging plots, land levelling, and applying
organic fertilizers. This has a direct effect on the physical and chemical properties of the
soil, and it will also directly or indirectly affect the quantity and community structure of
soil microorganisms (Figure 1). In addition, through the implementation of mechanical
engineering, farmland consolidation can reclaim non-agricultural land into cultivated
land, and the infrastructure conditions of agricultural land can also be improved through
consolidation projects. The former can lead to heavy metals residue from mines, factories
and other lands, and enter the soil to cause pollution. The latter can adjust heavy metal
concentrations in the soil through engineering measures, both of which will affect soil
bacterial community structure.

In the field of farmland consolidation, few studies have focused on the impact of
heavy metal content and basic physical and chemical properties of soil on soil bacteria, and
the situation is more complicated in different levels of heavy metal pollution, so further
exploration and discussion are needed. Based on the existing research results, this paper
puts forward the analytical ideas and empirical research on the changes in soil heavy metal
content and the basic physical and chemical properties of soil and the indirect effects of soil
microbial characteristics by farmland consolidation, as shown in Figure 1.
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Figure 1. Conceptual diagram illustrating how farmland consolidation influence soil bacteria.

2.2. Study Area

The study area is located in a county of the east coast of China. The total area of the
county is about 500 km2, of which the water area accounts for about 15% and the land
area accounts for about 85% (Data come from Jiashan County Natural Resources Bureau).
The area belongs to the Southeast Asian monsoon region, with four distinct seasons and
a mild climate. The annual average temperature is 15.6 ◦C, the average annual rainfall is
1155.7 mm, the annual average relative humidity is 65%, the annual average insolation
duration is about 2000 h, and the frost-free period is 236 days (Data come from Jiashan
County Natural Resources Bureau). The county has an advantageous geographical location
and pleasant climate, making it an important grain producing area in China. However, the
sustainable development of agriculture in this region is being challenged by fragmentation
of cultivated land, incomplete agricultural facilities, degradation of soil fertility, and soil
pollution. Therefore, farmland consolidation is an important strategy in recent years to
improve the agricultural production and soil health in this area.

Through data collection, field investigations, and household interviews, we found that
the county’s farmland consolidation methods mainly included four types: building ditches,
merging plots, land levelling, and applying organic fertilizers. In the farmland where these
four measures were applied, we defined as comprehensive improvement. Collectively, this
study divided the county’s farmland into six types: building ditches, merging plots, land
levelling, applying organic fertilizers, comprehensive improvement, and non-agricultural
land consolidation areas.

2.3. Soil Collection and Analysis
2.3.1. Soil Sampling

In September 2018, 40 farmland consolidation areas were randomly selected in the
study area (Figure 2). All targeted sites have a rice planting history from 4 to 8 years,
after farmland consolidation, numbered A01–A40. Ten plots of cultivated land without
farmland consolidation history were randomly selected around the farmland consolidation
area. These sites had decades of rice planting history, numbered B01–B10. The farmland in
the study area were dominated by green-purple mud fields and yellow-spot fields. The
sampling points in the non-agricultural land consolidation area were next to the farmland
consolidation area, and had similar soil properties to the farmland consolidation area,
which could be used as an effective control group versus the farmland consolidation area.
The specific sampling point distribution is shown in Supplementary S1.
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Figure 2. Location map of soil samples.

At each site, we divided a plot of 10 × 10 m from the area away from the road. We
collected surface soil (0–15 cm) samples using five-point method and mixed into one soil
sample at each plot [6,38]. Soil samples from all 50 sampling locations were filtered in
sterilized stainless steel vessels to remove tree roots, rocks, plant, and animal debris with
tweezers. We weighted about 20 g from each soil sample and stored them in a refrigerator
at −80 ◦C for DNA extraction [39]. Five hundred grams of soil samples were stored in a
sealed bag and transported back to the laboratory for soil characteristics and heavy metal
analysis. After homogeneity, we extracted soil DNA 3 times from each sample and for
further analysis.

2.3.2. Soil Basic Physical and Chemical Properties Test

We measured soil pH in the soil solution at 1:2.5 (soil:water) with a digital pH meter.
The soil water content (SW) was calculated by using the oven-drying method at 105 ◦C for
12 h [40]. Soil organic matter (OM) was calculated by measuring the total organic carbon
content using a total organic carbon analyzer (BOCS301, Shimadzu, Kyoto, Japan). Soil
total nitrogen (TN), soil available phosphorus (AP), soil total phosphorus (TP), and soil
available potassium (AK) were respectively determined by automatic Kjeldahl nitrogen
analyzer (K9860, Hai Energy, Qingdao, China), flame photometer and spectrophotometer
photometric measurement [41]. Soil catalase, urease, and phosphatase activities were
determined by sodium phenate, sodium phenol-sodium hypochlorite colorimetry, and
phenyl disodium phosphate colorimetry [42]. Each measurement was repeated at least
three times for each sample. All data are detailed in Supplementary S2.

2.3.3. Soil Heavy Metal Content Test

We extracted soil samples using HCl-HNO3-HF-HClO4, the concentrations of Cu, Zn,
Cr, Cd, Pb, and Ni in the soil was measured by an inductively coupled plasma source mass
spectrometer (Agilent 7800, Palo Alto, CA, USA) [43]. Specifically, we digested 0.1 g soil
samples using 3 mL 37% HCl, 1 mL 65% HNO3, 6 mL 65% HF, and 0.5 mL 65% HClO4. The
digestion solution was evaporated to near dryness and dissolved in 1.0 mL of 65% HNO3,
and then 20 mL of deionized water was added. The concentrations of Hg and As in the soil
was pretreated with aqua regia according to the China National Standard (GB 22105-2008)
and then measured by an atomic fluorescence spectrophotometer (AF-630, BFRL, Beijing,
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China) [43]. In this experiment, we repeated measurement 3 times, and used a blank control
to ensure the measurement quality.

2.3.4. Soil Microbial Properties Determination

(1) Soil microbial biomass determination

Soil microbial biomass usually includes soil microbial biomass carbon (MBC), micro-
bial biomass nitrogen (MBN), microbial biomass phosphorus (MBP), etc., and it is mainly
determined by chloroform fumigation extraction method [44]. We fumigated 10 g of sieved
soil and the blank control group with de-ethanol chloroform, added K2SO4 for shaking
extraction and filtered after 24 h. For microbial biomass carbon, after adding K2Cr2O7 and
H2SO4 solution to the extract to boil, FeSO4·7H2O was added and the coefficient conversion
titrated. The microbial biomass nitrogen was processed by adding CuSO4 and concentrated
H2SO4 to the extract, then adding NaOH and connecting a distillation nitrogen analyzer
to absorb the released NH3, and the result was calculated by coefficient conversion. The
microbial biomass phosphorus was measured in a spectrophotometer by using NaHCO3
and KH2PO4.

(2) DNA extraction and sequencing analysis

According to the instructions of the FastDNA SPIN kit (MP Biomedicals, Santa Ana,
CA, USA), the microbial DNA for PCR amplification was extracted from 0.5 g of soil sample.
The Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) was used
to measure the concentration and quality of the extracted DNA, and the extracted DNA
was stored in a refrigerator at −20 ◦C for later analysis. For bacteria, primers 338F and
806R were used for PCR amplification of the V3–V4 region of the 16S rDNA gene [45].

PCR used 20 μL reaction system, including MdNTPs, FastPfu Buffer, FastPfu Poly-
merase, primers, BSA, DNA template, and finally added pure water to 20 μL. We carried
out the following amplification procedure with ABI GeneAmp® 9700 PCR machine: pre-
denaturation at 95 ◦C for 3 min; 95 ◦C for 30 s, 60 ◦C for 30 s, 72 ◦C for 45 s, repeat 10 cycles;
72 ◦C extend down for 10 min; perform 30 min at 10 ◦C. After the amplified products were
electrophoresed on a 2% agarose gel, the PCR mixed products were recovered with a gel
extraction kit (Omega, Norcross, GA, USA).

We used the Illumina HiSeq4000 platform for sequencing and microbial community
analysis [11]. The sequencing data was analyzed on Illumina HiSeq4000, and the original
DNA sequencing data was processed by the Quantitative Insights Into Microbial Ecology 2
platform (QIIME 2, University of California, San Diego, CA, USA) [46]. We used Usearch
7.1 to divide high-quality sequences with 97% similarity into operational taxonomic units
(OTUs). Before clustering the sequences in OTUs, sequences that only appear once were
removed to improve the accuracy of diversity assessment.

2.4. Statistic Analysis

The microbial α diversity index could reflect the richness and diversity of microbial
communities, including Shannon, Simpsoneven, Simpson and Chao 1, which were all eval-
uated by the mothur software package (version v.1.30.1, University of Michigan, Ann Arbor,
MI, USA) [47]. The composition of the microbial community was mainly displayed in the
form of bar graphs and Heatmap graphs through the “vegan” package. The β diversity
index was calculated by QIIME to analyze the differences of microbial communities. The
drivers of the differences in soil microbial community composition could be processed and
discriminated by PLS-DA (Partial Least Squares Discriminant Analysis). The correlations
between environmental factors and soil microbial species were analyzed by Spearman
method and displayed in the form of Heatmap. The functional composition of soil microor-
ganisms was used to predict the function of amplicon sequencing data of bacteria through
PICRUSt2 software (Harvard University, Cambridge, Massachusetts, USA). These were the
scientific and effective bioinformatics statistical analysis methods commonly used in the
world [11].
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We used geological accumulation index (GI), proposed by Muller, to assess heavy
metal pollution levels, which had been widely used in paddy soils [48]. The Nerome
Comprehensive Index (NI) is another common method based on GI to reflect the level of
heavy metal pollution [49]. Collectively, the level of heavy metal pollution in the soil can
be effectively assessed by combining the two methods of GI and NI. GI is a geochemical
standard for determining the pollution level of a single heavy metal in the soil by comparing
it with the pre-industrial level. The formula is as follows:

GIi = log2

(
Ci

1.5Bi

)
(1)

where Ci represents the concentration of a single heavy metal in the soil collected from
sample i; Bi represents the geochemical background value of a single heavy metal in the
sample in this area [50]. In addition, one study reported the influence of the external
environment and human activities on the fluctuation of metal content can be expressed by
a coefficient of 1.5 [51]. NI was determined based on the results of GI, and a reasonable and
comprehensive assessment of pollution could be obtained. The formula is as follows:

NIi =

√
GI2

iave
+ GI2

imax

2
(2)

where GIiave and GIimax show the average and maximum GIi values of eight heavy metals,
respectively. According to the NI value, the level of heavy metal pollution can be divided
into severe level (SL, NI > 3), moderate level (ML, 2 < NI ≤ 3), light level (LL, 1 < NI ≤ 2),
and clean level (CL, NI ≤ 1) [52].

3. Results and Discussion

3.1. Effect of Land Consolidation on Soil Bacterial Community
3.1.1. Changes in Soil Bacterial Diversity

Soil microorganisms include bacteria, fungi, archaea, actinomycetes, viruses, algae,
and protozoa. Among them, bacteria have an absolute advantage in quantity and vol-
ume play an important role in the operation of soil ecosystems [53,54]. Therefore, this
article selected bacteria to represent soil microorganisms for analysis to determine the
degree of impact of different farmland consolidation measures on soil microbial diversity.
α diversity can characterize community diversity characteristics such as the number of
species, uniformity, and relative abundance of microbial communities in the habitat, while
β diversity can reflect the differences between different groups of microbial communi-
ties to analyze changes in space. These two microbial diversity indexes can reveal the
structure and stability of microbial ecosystem functions, which have been widely used for
diversity analysis.

Analysis of α Diversity of Bacterial Community

After 16S rDNA amplification and quality control optimization of soil samples in the
study area, a total of 1,249,000 valid sequences were obtained, with an average length of
about 439 bp, and aggregated into 11,295 OTUs. By making the Shannon dilution curve
(Figure 3), a curve that tends to be flat was obtained. This showed that the amount of
sequencing data in this experiment was appropriate and sufficient to reflect most of the
bacterial diversity information in the soil sample. It was impossible to generate more
strains if the amount of sequencing data continues to increase. Therefore, the 16S rDNA
sequencing data obtained in this experiment had been able to accurately reflect the needs
of bacterial diversity.
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Figure 3. Shannon dilution curve of different samples.

After calculating the α diversity index of bacterial communities in soil samples, the
correlation and significant relationship between the α diversity indexes of different groups
of soil samples were calculated through Spearman correlation analysis (Table 1). The α

diversity index mainly included Sobs and Chao reflecting the community richness index,
Simpsoneven and Shannoneven reflecting the community evenness index, Shannon and
Invsimpson reflecting the community diversity index, and Coverage reflecting the com-
munity coverage. The community richness index refers to the sum of the abundance of
all microbial species in the soil sample. The larger the value, the richer the community
species. In the study area, the soil bacterial community richness indexes Sobs and Chao
of the farmland consolidation were significantly higher than those in the non-agricultural
land consolidation area at the p < 0.05 level. Simpsoneven and Shannoneven, reflecting
the community evenness index, could be used to measure the consistency of the relative
abundance of microbial community species. This species index did not show the significant
difference among the groups, but the value of farmland consolidation areas was higher
than that in non-agricultural land consolidation areas. The results indicated, after farmland
consolidation, the bacterial community species abundance in cultivated soil will be more
uniform. The community diversity index Shannon and Invsimpson were widely used
indexes to reflect the community diversity. The higher the value, the higher the community
diversity. In the study area, the soil bacterial community diversity index in the farmland
consolidation area was significantly higher than that in the non-agricultural land consolida-
tion area, especially in the comprehensive consolidation area, the soil bacterial community
diversity index was the highest. The community coverage index could reflect the depth of
sequencing, and the value close to 1 indicating that the depth of sequencing was sufficient
to cover most of the microbial community species in the soil sample. The Coverage index
of soil bacteria in the study area was all greater than 0.95, indicating that the experimental
data had high credibility and operability.

Our results showed that the analysis of Shannon dilution curve and Coverage index
indicated that the data of this experiment was of high quality and strong operability. The
measurement and calculation of the bacterial community α diversity index confirmed that
farmland consolidation had a stronger effect on improving the diversity of soil bacterial
communities, which was mainly reflected in the community richness index and community
diversity index.
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Table 1. Table of soil bacterial diversity indicators under different farmland consolidation.

Land Consolidation Measures
The Community Richness Index The Community Evenness Index The Community Diversity Index The Community Coverage

Sobs Chao Shannoneven Simpsoneven Shannon Invsimpson Coverage

Comprehensive improvement 4312.00 ± 452.33a 5866.69 ± 523.61a 0.89 ± 0.01a 0.17 ± 0.02a 7.44 ± 0.12a 730.73 ± 118.61a 0.95 ± 0.01a
Applying organic fertilizers 4318.92 ± 447.21a 5768.07 ± 530.29a 0.88 ± 0.01a 0.15 ± 0.04a 7.36 ± 0.16a 658.19 ± 189.31a 0.96 ± 0.01a

Building ditches 4370.70 ± 443.19a 5808.02 ± 493.61a 0.88 ± 0.01a 0.16 ± 0.03a 7.39 ± 0.14a 693.77 ± 161.98a 0.95 ± 0.01a
Merging plots 4349.68 ± 440.11a 5823.19 ± 528.11a 0.88 ± 0.01a 0.15 ± 0.04a 7.38 ± 0.15a 675.83 ± 176.20a 0.96 ± 0.01a
Land levelling 4405.47 ± 396.52a 5963.16 ± 483.81a 0.88 ± 0.01a 0.16 ± 0.04a 7.39 ± 0.17a 696.92 ± 202.67a 0.96 ± 0.01a

Non-agricultural land consolidation 3338.20 ± 675.30b 4348.85 ± 922.49b 0.87 ± 0.01a 0.13 ± 0.04a 7.01 ± 0.25b 439.17 ± 166.72b 0.96 ± 0.01a

Note: The average value in the table is presented in the form of mean ± standard deviation. Different lowercase
letters in the same column represent significant differences at the p < 0.05 level.

Analysis of β Diversity of Bacterial Community

β diversity analysis is usually used to compare and analyze the diversity of microbial
communities between different sample groups, that is, the difference analysis between
samples, mainly by evaluating the abundance information of community species and the
evolutionary relationship between samples to measure the distance between samples—so as
to effectively reflect the significant differences in microbial communities between different
sample groups. PCoA analysis is a commonly used method for β diversity analysis. The
R language is used to sort the eigenvectors and eigenvalues, and the most important
eigenvalues are selected for representation in the coordinate system. Identify the principal
components that have an important influence on the composition of the sample microbial
community by way of dimensionality reduction.

In this study, all samples were divided into two groups: farmland consolidation
area and non-agricultural land consolidation area for PCoA analysis. Our results showed
that the bacterial communities in the two areas had different clusters, which indicates
that there were obvious differences in the soil bacterial community structure between the
groups (Figure 4). Two components explained more than 50% for the difference in bacterial
community composition of the samples. Hence, we concluded that farmland consolidation
affects the change of bacterial community structure by changing the physical and chemical
properties of the soil.

Figure 4. PCoA diagrams of bacterial communities with OTU levels of samples between different groups.

3.1.2. Variations in Soil Bacterial Community Structure
Analysis on the Changes of Bacterial Community at the Phylum Level

A total 1,249,000 high-quality soil bacterial sequences were obtained from 50 samples
in this study, which were aggregated into 11,295 bacterial OTUs. These high-quality
sequences could be divided into 56 bacterial phyla. The dominant phyla with relative abun-
dance greater than 2% included Proteobacteria, Chloroflexi, Acidobacteria, Actinomycetes,
Actinobacteria, Bacteroidetes, Nitrospirae, Gemmatimonadetes, Cyanobacteria. The num-
ber of effective sequences of these dominant bacteria phyla was 1,112,282, accounting for
about 89% of the total; the number of OTUs is 7861, accounting for about 70% of the total.
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Among them, the relative abundance was absolutely dominant in three phyla. Among
them, the sequence number and OTU number of Proteobacteria were 399,929 and 2830
respectively, accounting for about 32% and 25% respectively. The sequence number and
OTU number of Chloroflexi were 239,428 and 1972, respectively, accounting for 19% and
17%, respectively. The sequence number and OTU number of Acidobacteria were 182,952
and 973, respectively, accounting for about 15% and 9% respectively. The sequence numbers
and OTU numbers of Actinobacteria were 100,050 and 541, respectively, accounting for
about 8% and 5%, respectively. The sequence numbers and OTU numbers of Bacteroidetes
were 63,609 and 760, respectively, accounting for about 5% and 7%, respectively. The
sequence numbers and OTU numbers of Nitrospirae were 53,756 and 170, respectively,
accounting for about 4% and 2%, respectively. The sequence numbers and OTU numbers
of Gemmatimonadetes were 45,718 and 305, respectively, accounting for about 4% and 3%,
respectively. The sequence numbers and OTU numbers of Cyanobacteria were 26,840 and
310, respectively, accounting for approximately 2% and 3%, respectively (Figure 5).

Figure 5. The relative abundance (a) and OTU (b)composition of the dominant bacteria in the soil
samples in the study area.

The relative abundance of the soil samples in the top 20 dominant bacterial phyla was
extracted for comparison (Figure 6). The abscissa in the Figure 6 represented the sample
number, which was introduced in Supplementary S1. The results showed that the average
relative abundance of Chloroflexi, Gemmatimonadetes, and Saccharibacteria in all grouped
soils in the farmland consolidation area was higher than that in the non-agricultural land
consolidation area. However, the average relative abundance of Bacteroidetes, Nitrospirae,
Firmicutes, Ignavibacteriae, Spirochaetae, and Nitrospinae was lower than that of non-
agricultural land consolidation area. Our results indicated that the farmland consolidation
in the study area could increase the relative abundance of the three dominant bacteria
phyla, but it also had a negative impact on the relative abundance of the six dominant
bacteria phyla.

Analysis on the Changes of Bacterial Community at the Genus Level

We divided the sampling site type into six groups: building ditches, merging plots, land
levelling, applying organic fertilizers, comprehensive improvement, and non-agricultural
land consolidation areas, and extracted the top 20 dominant bacterial genera with relative
abundance in each group of soil samples for comparative analysis (Figure 7).
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Figure 6. Relative abundance of dominant bacterial phyla in all samples of the study area.

Figure 7. Relative abundance of dominant bacterial genera in all soil samples in the study area.

A total of 1,249,000 high-quality soil bacterial sequences from 50 samples in the study
area could be divided into 1103 bacterial genera. Specifically, the dominant bacterial
genera with relative abundance greater than 1% included Nitrospira, H16, Sphingomonas,
and Roseiflexus. The number of effective sequences of these dominant bacteria was 98,949,
accounting for about 8% of the total. Among the collected soil samples, the average relative
abundance of Nitrospira was the highest, about 4.30%, which was significantly higher than
that of other bacterial genera. This genus accounted for the largest proportion of 4.97% of
the soil in the plots where comprehensive improvement measures were implemented, and
the lowest proportion of soil in the non-agricultural land consolidation area was 3.66%. The
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average relative abundance of H16 is 1.23%, which was relatively close in all soil groups, and
its proportion ranges from 1.16 to 1.25%. The average relative abundance of Sphingomonas
was 1.21%, the largest proportion of soils in non-agricultural land consolidation areas was
2.14%, and the lowest proportion in the soil with applying organic fertilizers was 0.84%.
The average relative abundance of Roseiflexus was 1.18%, the largest proportion of soils in
non-agricultural land consolidation areas was 1.52%, and the lowest proportion of soils
under comprehensive improvement was 0.82%.

Analysis of Changes in Bacterial Community Function

In order to analyze the differences in soil bacterial functions between different groups,
COG family information was obtained through the PICRUSt2 software to calculate the cor-
responding functional abundance and perform a significant analysis (Figure 8). According
to the prediction results of soil bacterial community function, the most important functions
included energy production and conversion, amino acid transport and metabolism, ribo-
some structure and biogenesis, and cell wall/membrane biogenesis. The relative abundance
of bacterial community functions such as energy production and transformation, amino
acid transport and metabolism, cell wall/membrane biogenesis in the soil of farmland
consolidation areas was significantly higher than that in non-agricultural land consolida-
tion areas (p < 0.01). This was caused by the significant differences in the composition and
structure of the corresponding bacterial communities.

Figure 8. The relative abundance of bacterial community functions in soil samples between different
groups.

3.2. Farmland Consolidation Regulates the Basic Physical and Chemical Properties of Soil and Its
Mechanism of Action on Bacteria
3.2.1. Farmland Consolidation Promotes Changes in Basic Physical and Chemical
Properties of Soil
Soil Physical Properties

The targeted soil physical properties in this study consisted of soil particle size and soil
water content, which were the core content of current soil physics research. Soil particle size
can directly affect the distribution of soil pores and have a significant impact on the aeration
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and water holding capacity of the soil. A reasonable particle size distribution is conducive
to the healthy growth of crop roots and effectively increases food production [55]. Soil
moisture is an important driver for soil physical processes, which can be affected by natural
factors such as vegetation, terrain, climate, and human activities at different scales [56], but
it can also affect the nutrient cycles and energy flow in the soil environment and directly
affect the growth and development of crops.

The soil particle size in the study area ranged from 10.16 to 30.42 μm, and the average
soil particle size in the non-agricultural land consolidation area was the smallest, which
was significantly lower than that in the farmland consolidation area (Figure 9). Studies had
shown that when the soil particle size in paddy soil was less than 20 μm, the content of soil
organic matter could be significantly reduced, and when the soil particle size ranged from
20 to 250 μm, it would play a good carbon sink function [57,58]. This was probably because
soil particles with a larger particle size have better permeability, the positive charge carried
by themselves was easy to combine with the humus carrying negative charges, and it could
be decomposed by soil microorganisms easily to increase the organic matter content in the
soil [59]. In this study area, the average soil particle size in each farmland consolidation
grouping was greater than 20 μm and the distribution was relatively uniform, while the
average soil particle size in non-agricultural land consolidation was only 17.48 μm. Our
results suggested that farmland consolidation could change soil particle size distribution
through measures such as project implementation and soil fertilization, which had a certain
driving effect on the change of soil properties. The soil water content in the study area
ranged from 20.70% to 54.18%. The comprehensive improvement area had the highest
average soil water content (47.00%), followed by the average soil water content of the plots
where building ditches were implemented (43.87%). The average soil water content in non-
agricultural land consolidation areas was the lowest (30.39%). Our results indicated that
the improvement of farmland irrigation facilities and the optimization of soil mechanical
structure could effectively increase soil water content and provide sufficient water supply
for crop growth.

Soil Chemistry

Soil chemistry is an important branch of soil science, including soil pH, organic matter,
available potassium, available phosphorus, and other indicators. It plays a key role in
the process of soil productivity, self-purification capacity, carbon emissions, and nutrient
balance [60]. The current frontier research field of soil chemistry is a cross-discipline of soil
chemistry and microbiology. Soil microbes play an important role in the development of
soil chemistry research.

The soil pH value in the study area ranged from 6.15 to 8.30. The average soil pH value
in the non-agricultural land consolidation area was the highest and the value fluctuates
the most, which was significantly higher than areas where the soil pH was close to neutral,
such as building ditches, merging plots, applying organic fertilizers, and comprehensive
improvement (Table 2). This was because measures such as building ditches and merging
plots could effectively promote the flow of water in the farmland, while applying organic
fertilizers could reduce the input of inorganic fertilizers, which could effectively regulate the
pH of the soil [61]. For soil nutrients, the content ranges of organic matter, available phos-
phorus, available potassium, and total nitrogen are 16.00~70.40 g/kg, 8.56~330.79 mg/kg,
14.45~80.25 μg/mL and 0.93~3.75 g/kg, respectively. The average soil nutrient of non-
agricultural land consolidation areas was the lowest, and was significantly lower than
that of farmland consolidation areas, especially the areas where organic fertilizers and
comprehensive improvement were applied have higher soil nutrient content. Our results
showed that the application of organic fertilizers in farmland consolidation areas could
effectively improve soil nutrients, and the construction of ditches accelerates the flow of
water to promote nutrient cycling, thereby creating a healthy soil environment to accelerate
the promotion of microorganisms in soil nutrient cycling, and achieve benign cycle.
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Figure 9. Distribution of soil particle size (green) and soil water content (blue) in the study area.

Table 2. Soil chemical properties among different groups in the study area.

Group pH
Organic Matter

(g/kg)
Available Phosphorus

(mg/kg)
Available Potassium

(μg/mL)
Total Nitrogen

(g/kg)

Building ditches 7.09 ± 0.63b 46.63 ± 14.22b 90.78 ± 83.78a 29.65 ± 13.31a 2.41 ± 0.73b
Land levelling 7.23 ± 0.63a 41.97 ± 15.33b 72.85 ± 54.01b 28.99 ± 12.00a 2.20 ± 0.77b
Merging plots 7.11 ± 0.57b 41.52 ± 15.30b 70.24 ± 57.77b 28.60 ± 15.25a 2.23 ± 0.77b

Applying organic
fertilizers 7.11 ± 0.64b 52.49 ± 11.59a 93.67 ± 84.50a 31.38 ± 14.57a 2.51 ± 0.64b

Comprehensive
improvement 6.93 ± 0.51b 57.98 ± 11.66a 79.80 ± 58.37b 37.78 ± 7.61a 3.08 ± 0.45a

Non-agricultural
land consolidation 7.38 ± 0.71a 30.21 ± 9.80c 53.43 ± 37.13c 24.00 ± 14.93b 1.69 ± 0.45c

Note: The average value in the table is presented in the form of mean ± standard deviation. Different lowercase
letters in the same column represent significant differences at the p < 0.05 level.

Soil Enzyme Activity

Soil enzymes are an important driving factor for soil biogeochemical cycles. They
can not only sense changes in soil properties, but their activity represents the capacity of
soil nutrient supply, which is a key indicator of soil quality [62]. Among them, catalase is
mainly involved in the chemical process of soil redox, which can effectively characterize
the content of soil organic matter and the degree of soil decay [63]. Phosphatase and urease
participate in the soil nitrogen and phosphorus cycles respectively, and are important
indicators to characterize the conversion capacity of soil nitrogen and phosphorus [64].
Additionally, soil enzyme activities can also interact with soil microbial communities. For
example, soil enzymes can participate in the degradation of microbial residues, and changes
in the structure of microbial communities will also affect soil enzyme activities, thereby
affecting the process of soil organic matter decomposition and nutrient cycling [65]. In
addition, fertilization and engineering measures will also have a certain impact on soil
enzyme activity. Studies have shown that applying nitrogen fertilizer and increasing
soil moisture can significantly increase soil enzyme activity [66,67]. Therefore, this study
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selected catalase, phosphatase, and urease for determination and comparison between
groups to try to analyze the effect of farmland improvement on soil enzymes.

According to the results of laboratory tests, in the study area, the soil catalase activity
ranged from 125.45 to 276.90 mg/g, and there was no significant difference between
the groups (Table 3). However, the soil catalase activity in the non-agricultural land
consolidation area was the lowest, with an average of 183.58 mg/g. The soil phosphatase
activity ranged from 2.80 to 45.20 mg/g. Among them, the soil phosphatase activity
of comprehensive improvement was the highest, and the soil phosphatase activity of
farmland consolidation areas was significantly higher than that of non-agricultural land
consolidation areas. The soil urease activity ranged from 0.01 to 0.98 mg/g, and there
was no significant difference between the groups. However, the soil urease activity in the
non-agricultural land consolidation area was the lowest, and the soil urease activity in
the comprehensive improvement was the highest. Farmland consolidation had effectively
improved the soil environment of farmland by adjusting soil pH, improving soil nutrients,
accelerating soil water circulation, and had a greater promotion effect on the increase of
soil enzyme activity [68,69].

Table 3. Three soil enzyme activities in the study area.

Group
Catalase
(mg/g)

Phosphatase
(mg/g)

Urease
(mg/g)

Building ditches 207.66 ± 38.30a 16.017 ± 8.44a 0.25 ± 0.16a
Land levelling 203.62 ± 38.48a 17.35 ± 10.65a 0.28 ± 0.22a
Merging plots 201.61 ± 32.37a 15.28 ± 9.97b 0.23 ± 0.15a

Applying organic fertilizers 198.61 ± 41.72a 17.54 ± 9.68a 0.25 ± 0.16a
Comprehensive improvement 206.72 ± 28.98a 20.88 ± 10.58a 0.33 ± 0.16a

Non-agricultural land consolidation 183.58 ± 50.72a 12.32 ± 11.87c 0.22 ± 0.30a
Note: The average value in the table is presented in the form of mean ± standard deviation. Different lowercase
letters in the same column represent significant differences at the p < 0.05 level.

3.2.2. The Mechanism of Basic Physical and Chemical Properties of Soil on
Bacterial Community
Soil Physical Properties and Bacterial Community

Soil particle size (SPD) and soil water content (SW) are important indicators for
evaluating soil physical properties. They have a strong influence on other soil physical and
chemical properties and microbial characteristics, and can directly or indirectly affect crop
growth and food quality [70]. Soil particle size is an effective index that can characterize soil
porosity and aeration. The size of soil particle size determines the amount of humus that it
adheres to, and also reflects the ability to provide nutrients for microorganisms. The soil
water content can reflect the water supply capacity and nutrient retention capacity of the soil.
As the soil water content increases, it will promote the reproduction of soil microorganisms
to increase the number and relative abundance of microorganisms [71]. Therefore, soil
particle size and soil water content are key indicators of soil physical properties that
affect the structure and diversity of soil microbial communities. However, soil particle
size and soil water content are easily affected by farmland consolidation projects, so the
correlation analysis of soil particle size, water content, and soil microorganisms in farmland
consolidation areas has certain research significance.

According to Spearman correlation measurement, the soil particle size in the study
area was significantly correlated with the relative abundance of 11 bacterial phyla, and the
soil water content was significantly correlated with the relative abundance of 7 bacterial
phyla (Figure 10). In farmland consolidation areas where construction of ditches was
implemented, the soil water content and the relative abundance of bacteria were mainly
positively correlated, but not significant. This was probably because the soil water content
of all plots was higher after the construction of ditches in the farmland, so there was
no significant difference. The soil particle size in this type of farmland was significantly
negatively correlated with Cyanobacteria and Elusimicrobia. This was because these two
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bacteria tend to be synergetic in a eutrophic environment. However, the area with larger
soil particle size would accelerate the water cycle and inhibit the growth of the relative
abundance of these two bacteria. In farmland consolidation areas where land levelling
was implemented, the soil water content was significantly positively correlated with the
relative abundance of Aminicenantes, Firmicutes, Ignavibacteriae, and Spirochaetae. This
was because the farmland soil that implemented the land levelling was subjected to certain
mechanical compaction, which would affect the physical characteristics of the soil’s water
circulation and air permeability, which led to the increase in the relative abundance of some
bacteria phyla with the increase of soil water content. However, the Cyanobacteria and the
soil particle size were significantly negatively correlated at the level of 0.001. This was due
to the mechanical compaction of the soil particle morphology, which resulted in the deterio-
ration of soil voids and water ventilation performance, which restricted the reproduction of
the cyanobacteria, and the larger the soil particle size, the greater the impact it would bear.
In farmland where combined plots, application of organic fertilizers, and comprehensive
improvement were implemented, soil water content and particle size affected the relative
abundance of Cyanobacteria, Firmicutes, Elusimicrobia, and Ignavibacteriae, which were
probably due to the combined effects of soil nutrients, pH and other environmental factors,
and had a certain universality. Different from farmland consolidation areas, the influence
of soil water content and particle size on the relative abundance of bacterial communities
in non-agricultural land consolidation areas was mostly significantly positively correlated.
This was probably due to the uneven drainage and nutrient supply in the non-agricultural
land consolidation area. The bacterial community could obtain a better living environment
in the soil with high water content and large particle size, thereby significantly increasing
its relative abundance. These conclusions were consistent with the previous studies [72].

Soil Chemical Properties and Bacterial Communities

Soil pH, organic matter (SOM), available phosphorus (AP), available potassium (AK),
and total nitrogen (TN) are representative indicators of soil chemical properties, which can
effectively characterize the basic chemical properties and fertility status of the soil, and are
also important factors affecting the structure of bacterial communities [73]. Previous studies
have shown that the pH value in the black soil is the primary influencing factor that affects
the bacterial community structure, while the total nitrogen in the soil under continuous
soybean cropping conditions is a key environmental factor that affects soil bacteria [74,75].
Because bacterial communities are more sensitive to changes in soil nutrients and pH [76],
and farmland consolidation measures have a strong influence on soil chemical properties.
Therefore, the analysis of the correlation between soil chemical properties and bacterial
communities in farmland consolidation areas has a certain reference value for the research
on farmland microecology.

Spearman correlation analysis was carried out on the relative abundance of bacterial
communities and soil chemical properties in different groups of farmland in the study
area. The results showed that a total of 18 bacterial phyla were significantly correlated
with soil chemical indicators such as soil pH, SOM, AP, AK, and TN (Figure 11). The
8 bacterial phyla that were significantly related to pH include Bacteroidetes, Aminicenantes,
Ignavibacteriae, and Nitrospirae, which mainly appeared in farmland consolidation areas.
This was probably because the engineering measures in the farmland consolidation area had
a certain adjustment effect on the soil pH, but they also interfered with the soil environment,
resulting in uneven pH distribution and a significant impact on the relative abundance
of soil bacteria in local plots. There were 7 bacterial phyla that were significantly affected
by SOM, and the relative abundance of soil bacteria in the plots where comprehensive
improvement was implemented showed a strong positive correlation with SOM, including
Latescibacteria, Nitrospinae, Planctomycetes, and other phyla. Our results suggested that
increasing soil organic matter content and improving nutrient cycling conditions through
farmland consolidation had a greater promotion effect on the survival and reproduction of
soil bacteria. AP, AK, and TN, as important soil nutrients, also had a greater impact on the
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structural changes of soil bacteria. A total of 17 bacterial phyla were significantly related to
these three nutrients. Among them, there were 9 bacterial phyla in non-agricultural land
consolidation areas that were significantly correlated with soil AP, AK, and TN, but most
were negatively correlated. Our results indicated that, due to the massive application of
inorganic fertilizers in non-agricultural land consolidation areas, the soil environment was
polluted and soil nutrient dynamic balance was destroyed, thereby reducing soil bacterial
activity [77].

Figure 10. Correlation between soil particle size, moisture content and bacterial community structure
in different groups. (Note: Warm colors indicate positive correlation, and cool colors indicate negative
correlation. *, **, *** indicate significant correlation at the levels of 0.05, 0.01, and 0.001, respectively).

Soil Enzyme Activity and Bacterial Community

Soil microbes and crop secretions are important sources of soil enzymes, so soil enzyme
activity can be used as an indicator of soil microbial activity and has a close relationship
with the structure of soil bacterial community [78]. Existing studies have shown that
soil urease (URE), phosphatase (PDXP), and catalase (CAT) were significantly positively
correlated with the total amount of soil bacteria (p < 0.05) [79]. There are also many studies
on the relationship between soil enzyme activity and bacterial community structure, but
they only stay at the level of bacterial diversity analysis without performing correlation
analysis on specific bacterial species [79,80].
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Figure 11. Correlation between soil chemical properties and bacterial community structure in different
groups. (Note: Warm colors indicate positive correlation, and cool colors indicate negative correlation.
*, **, *** indicate significant correlation at the levels of 0.05, 0.01, and 0.001, respectively).

A total of 14 bacterial phyla in farmland soil samples in the study area were sig-
nificantly correlated with soil enzyme activity indicators such as URE, PDXP, and CAT
(Figure 12). In the farmland consolidation area, the soil enzymes in the farmland where the
organic fertilizer was applied and the comprehensive improvement was carried out had a
significant positive correlation with the more dominant bacteria phyla. This was because
the two groups of soils had a higher content of soil enzymes, and the bacteria obtained
soil nutrients such as carbon, phosphorus, and nitrogen decomposed by enzymes could
achieve rapid reproduction. The phylum Chloroflexi and Planctomycetes were significantly
positively correlated with catalase (CAT) and phosphatase (PDXP) in farmland soils under
comprehensive improvement. This was because many bacteria in these two phyla could
produce energy and nutrient elements through photosynthesis and oxidation, which could
help the microorganisms and enzyme activities in the soil to a certain extent. However, in
farmland soils in non-farmland consolidation areas, most bacterial phyla had a negative cor-
relation with soil enzymes. This was also because there were fewer nutrients available for
soil enzyme decomposition in this group, and it was difficult to promote the development
of the bacterial community, which was caused by the microecological imbalance.

3.3. Farmland Consolidation Regulates Soil Heavy Metal Content and Its Mechanism of Action
on Bacteria
3.3.1. Effects of Farmland Consolidation on Soil Heavy Metal Content
Heavy Metal Content of Farmland Soil

The levels of heavy metals in farmland soils of different groups in the study area are
shown in Table 4. Among the eight heavy metals tested in farmland soils in the study
area, the average content of seven heavy metals was greater than the background value of
the soil, and only the average content of the heavy metal As was slightly lower than the
background value. Among them, the average contents of Cu, Cd, Pb, Cr, Hg, Ni, and Zn
were 45.17, 2.5, 41.94, 223.79, 0.55, 56.77, 123.27 mg/kg, respectively, which were 2.00, 14.71,
1.17, 4.00, 3.24, 2.38, 1.48 times of the soil background value in the region. This showed
that there was a relatively serious accumulation of heavy metals in farmland soils in this
study area.
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Figure 12. The correlation between soil enzyme activity and bacterial community structure in different
groups. (Note: Warm colors indicate positive correlation, and cool colors indicate negative correlation.
*, **, *** indicate significant correlation at the levels of 0.05, 0.01, and 0.001, respectively).

Table 4. Soil heavy metal content in the study area.

Unit: mg/kg

Cu Cd Pb Cr As Hg Ni Zn

Building ditches 45.95 ± 12.74 2.28 ± 0.23 43.39 ± 13.23 214.65 ± 11.67 4.66 ± 3.83 0.57 ± 0.28 53.15 ± 5.60 125.75 ± 26.70
Land levelling 39.44 ± 7.92 2.23 ± 0.27 37.54 ± 12.81 214.61 ± 11.34 4.21 ± 3.51 0.45 ± 0.15 54.06 ± 7.63 110.47 ± 18.39
Merging plots 41.72 ± 8.83 2.27 ± 0.33 37.62 ± 12.06 212.64 ± 11.22 4.99 ± 3.91 0.53 ± 0.25 54.55 ± 7.44 112.51 ± 21.58

Applying organic
fertilizers 46.55 ± 12.25 2.27 ± 0.31 42.98 ± 10.38 216.45 ± 11.12 3.89 ± 2.90 0.53 ± 0.21 55.00 ± 6.86 128.36 ± 24.72

Comprehensive
improvement 39.90 ± 9.17 2.28 ± 0.13 40.29 ± 14.98 208.70 ± 6.59 2.93 ± 3.94 0.47 ± 0.14 51.10 ± 6.93 117.82 ± 20.45

Non-agricultural
land consolidation 48.97 ± 6.71 3.30 ± 0.55 46.83 ± 8.81 252.96 ± 11.05 7.88 ± 5.29 0.65 ± 0.37 64 ± 10.85 136.82 ± 21.17

Maximum 84 3.98 77.5 268.8 14.4 1.38 80.4 198
Minimum 25 1.57 20 195 0.81 0.1 39 70.6

Average value 45.17 2.5 41.94 223.79 5.29 0.55 56.77 123.27
Variation

coefficient (%) 22.38 22.86 26.4 8.72 77.91 49.99 15.96 20.7

Background value 22.6 0.17 35.7 56 6.9 0.17 23.9 83.1

Note: The content of heavy metals in the table is presented in the form of average ± standard deviation.

The order of the coefficient of variation of the eight heavy metals in the study area was:
As > Hg > Pb > Cd > Cu > Zn > Ni > Cr. Among them, the coefficients of variation of As,
Hg, Pb, Cd, Cu and Zn were all greater than 20%, belonging to moderate intensity variation,
indicating that these heavy metals were significantly affected by external interference. The
specific manifestation was that the content of heavy metals in the soil varies greatly in
space, which was mainly attributed to the influence of human disturbance factors such as
farming methods, fertilizer application, management measures, and pollutant emissions.
The small coefficient of variation of Cr and Ni indicated that the spatial distribution of
these two heavy metal elements was relatively uniform, and there might be a certain degree
of homology [81]. As an artificial measure that strongly disturbed the soil environment,
farmland consolidation was an important factor affecting the spatial distribution of soil
heavy metal content. There were large differences in the content of heavy metals between
the areas where different agricultural land consolidation measures were implemented and
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the non-agricultural land consolidation areas, and the highest average values of various
heavy metal content were in the non-agricultural land consolidation areas. The content of
heavy metals in farmland where construction of ditches, land levelling, combined plots,
application of organic fertilizers, and comprehensive improvement were implemented was
lower than that of non-agricultural land consolidation areas. This was probably because the
construction of ditches could significantly improve the transfer of heavy metals by water in
the soil, and the application of organic fertilizers could provide nutrients for the growth
and reproduction of microorganisms to play the function of transferring and absorbing
related heavy metals, which was consistent with the existing research results [82].

Heavy Metal Pollution Level of Farmland Soil

According to the results of the Geological Accumulation Index (GI) (Figure 13),
the pollution degree of the heavy metals in the study area was in descending order:
Cd > Cr > Hg > Ni > Cu > Zn > Pb > As. Among them, Cd was the heavy metal with the
highest geological accumulation index and the most polluted heavy metal in the study
area. The geological accumulation index of the three heavy metals Pb, As, and Zn was
mostly negative, indicating that the soil in the study area was not polluted by them [83].
At the same time, there were big differences in the geological accumulation level of heavy
metals among different groups. In the study area, the cumulative geological index of heavy
metals in the farmland under comprehensive improvement was generally low, while the
cumulative index of heavy metals in the non-agricultural land consolidation area had the
highest value.

Figure 13. Evaluation results of soil geological accumulation index in the study area. Note: Different
lowercase letters represent significant differences at the p < 0.05 level.

The comprehensive pollution level of heavy metals in farmland soil could be deter-
mined by measuring the Nerome comprehensive index (NI). The average range of the
soil Nemerow comprehensive index of each group in the study area was 0.64 to 3.68. Ac-
cording to the soil heavy metal pollution index classification standard [52], when the NI
is less than 1, the soil is low pollution; when the NI is 1 to 2, the soil is lightly polluted;
When the NI is 2 to 3, the soil is moderately polluted, which will pose a toxic threat to rice;
when the NI is 3 to 4, the soil is heavily polluted, which will seriously affect the growth
and development of crops. According to the calculation results of Nerome comprehensive
index, the farmland soil in the non-agricultural land consolidation area was at a heavily
polluted level, the farmland soil in the combined plot was at a moderately polluted level,
and the farmland soil in other farmland consolidation areas was at a lightly polluted level
(Figure 14). This was because the implementation of construction ditches could promote
soil water circulation to improve the effective transfer of heavy metals, and the application
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of organic fertilizers could increase the abundance of heavy metal-tolerant bacteria to
adsorb, migrate and detoxify related heavy metals. All of these could effectively reduce
the level of heavy metal pollution in farmland consolidation areas. This conclusion was
consistent with the existing research results [82]. At the same time, this also explained why
the farmland soil that implements comprehensive improvement had the lowest level of
heavy metal pollution.

Figure 14. Evaluation results of Nerome comprehensive index in the soil of the study area.

Through the above calculation analysis and field investigation, our results showed
that the reasons for the large differences in the level of heavy metal pollution in farmland
soils in the study area were as follows:

(1) In recent years, the area where the study area was located has continuously strength-
ened the development and utilization of the industrial area, causing industrial pollutants to
continue to flow into the surrounding farmland, causing serious soil heavy metal pollution.
(2) Many oily pollutants, such as fertilizer bags, pesticide bottles, and herbicides, which
were likely to cause cadmium (Cd) pollution, were scattered in the farmland, but had not
been effectively removed. (3) Pollutants caused by fertilizer application, poultry breeding
and domestic garbage in the study area were also sources of heavy metal pollution in the
soil [84]. (4) Measures such as building ditches and applying organic fertilizers in farmland
consolidation areas could accelerate water circulation to transfer heavy metals, and provide
nutrients for bacteria with heavy metal repair functions to achieve the adsorption and
detoxification of heavy metals, which effectively reduced the level of heavy metal pollution
in farmland [85].

3.3.2. The Mechanism of Soil Heavy Metal Pollution on Bacterial Communities
Bacterial Communities at Low Pollution Levels

A total of 10 samples in the study area belonged to the low level of heavy metal
pollution, all located in the farmland consolidation area. According to CCA analysis, in
these 10 samples, heavy metals Cr (r2 = 0.30, p = 0.027), As (r2 = 0.27, p = 0.032), Hg (r2 = 0.28,
p = 0.031), Ni (r2 = 0.45, p = 0.013) were significantly related to bacterial community structure.
According to Spearman correlation analysis, the content of heavy metals was significantly
related to 11 bacterial phyla and 8 bacterial genera (p < 0.05) (Figure 15).
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Figure 15. Correlation between soil environmental factors and bacterial community structure with
low heavy metal pollution levels. (Note: Warm colors indicate positive correlation, and cool colors
indicate negative correlation. *, **, *** indicate significant correlation at the levels of 0.05, 0.01, and
0.001, respectively).

At the bacterial phyla level, the relative abundance of soil bacteria in farmland with
low soil pollution levels of heavy metals was significantly related to the physical and
chemical properties of the soil. In particular, Actinobacteria, Aminicenantes, Bacteroidetes,
Chlamydiae, Nitrospinae, TM6__Dependentiae_were significantly correlated with SW,
pH, SOM, and AP at the level of 0.01. The relative abundance of soil bacteria in this area
was also significantly related to the content of heavy metals such as Cd, Hg, Ni, Zn, and
the relative abundance of 9 bacterial phyla were significantly related to the content of
Hg and Ni. Among them, Chlorobi had a significant positive correlation with Hg, while
Firmicutes, Ignavibacteriae, and Spirochaetae had a significant positive correlation with
Ni. Our results suggested that these four types of bacteria have strong adaptability under
low pollution levels of heavy metals, and could absorb and transfer heavy metals Hg and
Ni to a certain extent. Studies have shown that pH could further change the microbial
community structure by affecting the leaching of heavy metals and adjusting nutrients
such as AP and SOM, which was consistent with the results of this research [86].

At the level of bacterial genera, Bryobacter, Gemmatimonas, Geobacter, Haliangium, Nitrospira,
Sphingomonas were significantly related to the basic physical and chemical properties of soil
such as SW, pH, SOM, and TN. The heavy metals Cd, Pb, As, and Ni were the main influencing
factors affecting the genus structure of bacteria. Among them, Bryobacter, Candidatus_Solibacter,
Gemmatimonas, RB41, 11–24 had a significant positive correlation with Pb content, while
Thiobacillus had a significant positive correlation with As and Ni. This showed that these
bacteria had a certain tolerance to heavy metals such as Pb, As, and Ni in the low pollution
level of heavy metals, and had a strong heavy metal degradation function, which had a great
effect on improving the soil environment.

Bacterial Communities at Light Pollution Levels

A total of 14 samples in the study area belonged to the level of light heavy metal
pollution. One of the samples was located in the non-agricultural land consolidation area,
and the rest were in the farmland consolidation area. According to CCA analysis, in these
14 samples, heavy metals Hg (r2 = 0.53, p = 0.029), Cd (r2 = 0.38, p = 0.081), Pb (r2 = 0.26,
p = 0.094), As (r2 = 0.24, p = 0.023), Cr (r2 = 0.19, p = 0.032) were significantly related to the
bacterial community structure. According to Spearman correlation analysis, the content of
heavy metals was significantly related to 5 bacterial phyla and 4 bacterial genera (p < 0.05)
(Figure 16).
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Figure 16. Correlation between soil environmental factors and bacterial community structure at light
level of heavy metal pollution. (Note: Warm colors indicate positive correlation, and cool colors
indicate negative correlation. *, **, *** indicate significant correlation at the levels of 0.05, 0.01, and
0.001, respectively).

At the phylum level, the relative abundance of farmland soil bacteria at this pollution
level was significantly related to the physical and chemical properties of soils such as SOM,
AK, TN, especially Aminicenantes, Ignavibacteriae, Nitrospirae, and SBR1093. Heavy
metals Cu and Pb had a strong influence on the structure of bacterial community, and
were significantly positively correlated with Gemmatimonadetes and SBR1093. Our results
indicated that Gemmatimonadetes and SBR1093 could still have strong adsorption and
degradation effects on heavy metal elements such as Cu and Pb under conditions of
sufficient nutrients and in an environment with a light heavy metal pollution level.

At the genus level, the basic physical and chemical properties of soil pH, SOM, TN
were important influencing factors that affected the structure of bacterial community, and
had a significant impact on the relative abundance of Candidatus_Solibacter, Nitrospira,
Roseiflexus, and Terrimonas. Cu, Pb, Cr, Ni, and Zn were the main heavy metal elements
that affected the structure of bacterial genera. Among them, bacterial genera of Gaiella, H16,
Thiobacillus were significantly positively correlated with the contents of Pb, Cr, and Ni. This
showed that these bacterial genera had a certain tolerance to heavy metals such as Pb, Cr,
Ni in the light pollution level of heavy metals, and had a strong function of heavy metal
degradation, which could effectively improve the soil environmental conditions.

Bacterial Communities at Moderate Pollution Levels

A total of 15 samples in the study area belonged to the moderate level of heavy metal
pollution, of which two samples were located in the non-agricultural land consolidation
area, and the rest were located in the farmland consolidation area. According to CCA
analysis, among these 15 samples, heavy metals Cu (r2 = 0.46, p = 0.043), Pb (r2 = 0.45,
p = 0.042), Hg (r2 = 0.35, p = 0.045), Zn(r2 = 0.38, p = 0.035) were significantly related to
bacterial community structure. According to Spearman’s correlation analysis, the content of
heavy metals was significantly related to 11 bacterial phyla and 6 bacterial genera (p < 0.05)
(Figure 17).

At the phylum level, the correlation between the relative abundance of farmland
soil bacteria and the basic physical and chemical properties of the soil at the moderate
pollution level was not significant, only two phyla were significantly related to pH and
one phyla was significantly related to SPD. Cd, Pb, Cr, As were the main heavy metal
elements that affected bacteria. Among them, Pb was significantly positively correlated
with GAL15 and SBR1093; Cr was significantly positively correlated with BRC1, Chloroflexi,
RBG-1__Zixibacteria_, Verrucomicrobia; As was significantly positively correlated with
GAL15; and Cd was significantly negatively correlated with Chloroflexi, Latescibacteria,
and Planctomycetes. Our results showed that in a moderately polluted environment with
heavy metals, the basic physical and chemical properties of soil were no longer the main
environmental factors affecting the soil bacterial community. At this pollution level, some
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of the bacteria still had good tolerance to heavy metals such as Pb, Cr, As, and Cd, and had
a strong absorption effect on them.

Figure 17. Correlation between soil environmental factors and bacterial community structure at
moderate levels of heavy metal pollution. (Note: Warm colors indicate positive correlation, and cool
colors indicate negative correlation. *, **, *** indicate significant correlation at the levels of 0.05, 0.01,
and 0.001, respectively).

At the genus level, the soil pH and AK were important influencing factors on the
structure of bacterial communities, and had a significant impact on the relative abun-
dance of bacterial genera Candidatus_Solibacter, Gemmatimonas, Roseiflexus. The influence
of heavy metals on the relative abundance of bacterial genera was limited. Only Cr and
Ni had a significant positive correlation with bacterial genera Sphingomonas, Thioalkalispira,
Geothermobacter. This also showed that under this pollution level, the basic physical and
chemical properties of the soil had a greater impact on the community structure of bacterial
genera, and some bacterial genera still had a certain degrading effect on heavy metals such
as Cr and Ni. This conclusion was consistent with the results of existing literatures [87].

Bacterial Communities under Heavy Pollution Levels

A total of 11 samples in the study area were in the heavily polluted area, of which
7 samples were in the non-agricultural land consolidation area, and the remaining 4 samples
were in the farmland consolidation area. According to CCA analysis, in these 11 samples,
heavy metals Cd (r2 = 0.34, p = 0.020), Cr (r2 = 0.28, p = 0.030), Ni (r2 = 0.41, p = 0.017)
were significantly related to the bacterial community structure. According to the Spearman
correlation analysis, the content of heavy metals was significantly related to 7 bacterial
phyla, and 6 bacterial genera (p < 0.05) (Figure 18).

Figure 18. Correlation between soil environmental factors and bacterial community structure at heavy
pollution levels. (Note: Warm colors indicate positive correlation, and cool colors indicate negative
correlation. *, **, *** indicate significant correlation at the levels of 0.05, 0.01, and 0.001, respectively).
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At the phyla level, the relative abundance of farmland soil bacteria at the heavily
polluted level was not significantly correlated with SW, pH, and TN. Only SPD, SW, and
pH were significantly related to some bacteria phyla. Cu, As, Ni, Zn were the main heavy
metal elements that affect bacteria. Among them, Cu had a significant positive correla-
tion with WS2; As had a significant positive correlation with Nitrospirae, Parcubacteria,
Proteobacteria; Ni had a significant positive correlation with Saccharibacteria; and Zn
had a significant positive correlation with Ignavibacteriae and Parcubacteria. Our results
indicated that there were still a certain number of heavy metal-tolerant bacteria phyla in
heavily polluted environment, which played an important role in stabilizing the quality of
the soil environment.

At the genus level, nutrient indicators such as SOM and TN had a greater impact on
the structure of bacterial community. There was a significant negative correlation with the
relative abundance of Roseiflexus and Ramlibacter. This might be that in this environment, the
genus with heavy metal tolerance could significantly inhibit the toxic effects of heavy metals,
creating favorable conditions for other microorganisms to absorb nutrients to increase their
survival rate, resulting in a rapid decline in nutrients. This was consistent with the research
results of Li [88]. The heavy metals Cd and As were the main influencing factors, which
had a significant effect on the relative abundance of some bacterial genera. Among them,
Cd and Geothermobacter, Pb and Bryobacter, As and Gemmatimonas and Nitrospira, Ni and
Bacillus, all showed a significant positive correlation. Under heavy pollution levels, soil
nutrients were particularly important for the survival of microorganisms, and heavy metal-
tolerant bacteria provided a more favorable growth environment for other bacteria, which
was consistent with existing research conclusions [89].

4. Conclusions

This study used soil experimental analysis and high-throughput sequencing technol-
ogy of gene amplicons to measure the basic physical and chemical properties of soil, soil
heavy metal content, and soil microbial characteristics. We used the basic physical and
chemical properties of the soil and heavy metal content as an intermediary, to study the
impact mechanism of farmland consolidation on microorganisms, to explore the impact of
different farmland consolidation measures on the soil micro-ecological environment, and
drew the following main conclusions:

(1) Farmland consolidation had a significant impact on soil microbial characteristics,
which was mainly manifested in changes in soil microbial biomass, microbial diversity
and community structure. The soil microbial biomass carbon and nitrogen in farmland
consolidation areas were significantly higher than those in non-agricultural land
consolidation areas, and the microbial biomass phosphorus in soil samples from most
farmland consolidation areas was significantly higher than that in non-agricultural
land consolidation areas. In the study area, the soil bacterial and fungal community
richness indexes Sobs and Chao of the cultivated land that had implemented farmland
consolidation were significantly higher than the non-agricultural land consolidation
areas at the p < 0.05 level. The soil bacterial community diversity indexes Shannon
and Invsimpson in farmland consolidation areas were significantly higher than those
in non-agricultural land consolidation areas, especially the soil bacterial community
diversity index in comprehensive improvement areas was the highest.

(2) Farmland consolidation could have a significant impact on the basic physical and
chemical properties of the soil. In the study area, the soil particle size and water
content of the agricultural land consolidation area were significantly higher than
those on the non-agricultural land consolidation area, and the soil pH value of the
non-agricultural land consolidation area was significantly higher than that of the con-
struction ditches, combined plots, application of organic fertilizer, and comprehensive
improvement areas where the soil pH was close to neutral. Regarding soil nutrients,
the content of organic matter, available phosphorus, available potassium, and total
nitrogen in non-agricultural land consolidation areas was also significantly lower than
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that in farmland consolidation areas, especially the application of organic fertilizer
and comprehensive improvement areas had higher soil nutrients. In addition, the soil
catalase, phosphatase, and urease activities in farmland consolidation areas were sig-
nificantly higher than those in non-agricultural land consolidation areas. Our results
showed that farmland consolidation had effectively improved the soil environment
of farmland by adjusting soil pH, improving soil nutrients, accelerating soil water
circulation, improving soil enzyme activity, and creating favorable conditions for the
survival and reproduction of soil microorganisms.

(3) Farmland consolidation had an indirect impact on soil bacteria by adjusting the
basic physical and chemical properties of the soil. Studies have shown that the
effects of different farmland consolidation measures on the relative abundance of
soil bacteria were quite different. The soil water content in the farmland through
the implementation of construction ditches was significantly improved, and the area
with larger soil particle size could accelerate the water cycle, thereby effectively
inhibiting the increase in the relative abundance of Cyanobacteria and Elusimicrobia.
However, in areas with land levelling, Cyanobacteria was significantly negatively
correlated with soil particle size. This was due to the mechanical compaction of
soil particle morphology, which resulted in soil voids and poor water ventilation
performance, which restricted the reproduction of Cyanobacteria. The larger the
soil particle size, the greater the impact it would bear. Important soil nutrients
such as SOM, AP, AK, TN also had a greater impact on the structural changes of
soil bacteria, but there was a significant negative correlation between soil bacteria
and soil nutrients in non-agricultural land consolidation areas. This was probably
due to the large-scale application of inorganic fertilizers in non-agricultural land
consolidation areas, resulting in soil environmental pollution, destroying the dynamic
balance of soil nutrients, and reducing soil bacterial activity. In addition, in farmland
consolidation areas, there was a significant positive correlation between soil enzymes
and more dominant bacteria in farmland where organic fertilizers were applied and
comprehensive improvement was implemented. This was because these two groups
of soils had a high content of soil enzymes, and bacteria could reproduce quickly by
obtaining nutrients such as carbon, phosphorus, and nitrogen that were decomposed
by soil enzymes.

(4) Farmland consolidation had a significant effect on the content of heavy metals in the
soil. Among the eight heavy metals tested in the farmland soil of the study area, the
average content of seven heavy metals was greater than the background value of
the soil, and only the average value of As was slightly lower than the background
value. This showed that there was a relatively serious accumulation of heavy metals in
farmland soils in this study area. As an artificial measure that strongly disturbed the
soil environment, farmland consolidation was an important factor affecting the spatial
distribution of soil heavy metal content. There were large differences in the content
of heavy metals between farmland with different farmland consolidation measures
and farmland in non-agricultural land consolidation areas, and the highest average
values of various heavy metal content were in non-agricultural land consolidation
areas. The content of heavy metals in farmland where building ditches, merging plots,
land levelling, applying organic fertilizers, and comprehensive improvement were
implemented was lower than that of non-agricultural land consolidation areas.

(5) The impact of heavy metals on bacterial community structure varied greatly under
different levels of heavy metal pollution. Cultivated lands with low pollution levels
were all located in farmland consolidation areas. A total of 4 bacterial phyla exhibited
strong absorption and transfer functions for heavy metals such as Hg and Ni, and
6 bacterial genera showed a significant positive correlation with heavy metals such
as Pb, As, and Ni. Most of the soil samples at the lightly polluted level were located
in farmland consolidation areas. Among them, the bacteria Gemmatimonadetes and
SBR1093 had strong adsorption and degradation functions on the heavy metals Cu
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and Pb. The bacteria genera Gaiella, H16, Thiobacillus and the heavy metals Pb, Cr,
Ni content were significantly positively correlated. Among the soil samples with
moderate pollution levels, 13 samples were located in farmland consolidation areas.
A total of 11 bacterial phyla were significantly correlated with the heavy metals Pb,
Cr, As, and Cd, respectively. Bacterial genera such as Sphingomonas, Thioalkalispira,
and Geothermobacter were significantly positively correlated with the heavy metals Cr
and Ni respectively. Among the soil samples with heavily polluted levels, a total of
7 samples were located in non-agricultural land consolidation areas. Among them,
the heavy metals Cu, As, Ni, and Zn had significant effects on the 7 bacterial phyla.
The bacterial genera Geothermobacter, Bryobacter, Gemmatimonas, Nitrospira, and Bacillus
were significantly positively correlated with Cd, Pb, As, and Ni under the condition
of consuming a lot of soil nutrients.

With the continuous increase of heavy metal pollution, the number of heavy metal-
tolerant bacteria in the soil generally increased first and then decreased. This was probably
because with the increase of pollution level, the vitality of heavy metal-tolerant bacteria
was stimulated and better heavy metal adsorption and detoxification functions appear.
However, as pollution continues to intensify, some strains were eliminated, leaving domi-
nant strains. These strains, which had strong heavy metal absorption and detoxification
functions in heavy metal polluted environments, could be used as effective bioremediation
methods to improve the soil environment. They should be added to the cultivated land
quality evaluation system to serve the cultivated land quality improvement project in
farmland consolidation.
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Abstract: The current research was aimed to study the effects of different land use types (LUT) and
soil depth (SD) on soil enzyme activity, metal content, and soil fungi in the karst area. Soil samples
with depths of 0–20 cm and 20–40 cm were collected from different land types, including grassland,
forest, Zanthoxylum planispinum land, Hylocereus spp. land and Zea mays land. The metal content and
enzyme activity of the samples were determined, and the soil fungi were sequenced. The results
showed that LUT had a significant effect on the contents of soil K, Mg, Fe, Cu and Cr; LUT and SD
significantly affected the activities of invertase, urease, alkaline phosphatase and catalase. In addition,
Shannon and Chao1 index of soil fungal community was affected by different land use types and soil
depths. Ascomycota, Basidiomycota and Mortierellomycota were the dominant phyla at 0–20 cm
and 20–40 cm soil depths in five different land types. Land use led to significant changes in soil
fungal structure, while soil depth had no significant effect on soil fungal structure, probably because
the small-scale environmental changes in karst areas were not the dominant factor in changing the
structure of fungal communities. Additionally, metal element content and enzyme activity were
related to different soil fungal communities. In conclusion, soil mineral elements content, enzyme
activity, and soil fungal community in the karst area were strongly affected by land use types and
soil depths. This study provides a theoretical basis for rational land use and ecological restoration in
karst areas.

Keywords: karst areas; soil depth; land use types; soil metal elements; soil enzyme activity; soil
fungal community and diversity

1. Introduction

Karst landform is a variety of peculiar landforms formed on the surface and under-
ground under the continuous dissolution of a large number of soluble rocks by flowing
water. Karst area accounts for about 12% of the world’s land area [1]. Due to the unique
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geographical conditions, the southwest karst region centered on Guizhou Province in China
has the largest continuous coverage area of about a 5.1 million km2 in the world. It is
also the most complete development type and typical karst ecosystem in the world [2].
However, the karst ecosystem is highly heterogeneous and fragile, and can cause rocky
desertification [3]. Here, arable land is limited by rocks, and soil functions and ecosystem
services are negatively affected by poorly managed land use patterns [4].

Land use, as a comprehensive reflection of human behaviors, is closely related to
plant communities, soil nutrients and soil enzyme activities, resulting in differences in
soil microbial characteristics [5]. Studies have confirmed that different land use patterns
showed significant effects on soil nutrients in karst areas of Southwest China [6]. There were
differences in community structure/diversity of soil fungi in different vegetation succession
stages in the karst area and the soil bacterial community had complex responses to tillage
patterns [7]. Both soil enzyme activity and microbial community structure depend on land
use patterns. Therefore, in this case, land use conversion in the karst area has become a
major issue. Additionally, different depths of the soil layer influence soil microorganisms,
vegetation types, and litter quality, which leads to the difference in microbial community
structure. Few studies claimed that microbial respiration activity, biomass and diversity
were decreased with soil depth and the number of bacteria in the topsoil layers of three
different land types was 2–20 times more than the lower layer in the karst area compared
to the non-karst [8,9]. Hence, the change of soil nutrients from top to bottom in the karst
area is very clear. In recent years, local farmers have been encouraged to grow different
cash crops, to improve the ecological environment of the karst area. Therefore, exploring
the effects of different land use patterns and soil layers is helpful for ecological restoration
in this fragile ecological area.

Soil enzymes have a high catalytic capacity and take part in organic matter decompo-
sition and cycling of nutrient in ecosystem [10]. Soil nutrients, microorganisms, vegetation
types and management measures affect soil enzyme activities in different degrees [11–13].
More importantly, soil enzyme activity can represent the rate of nutrient uptake by mi-
croorganisms and plants. Enzymes are sensitive to reflect the early changes of soil quality
caused by soil management [14]. Soil invertase plays a vital role in C decomposition,
transformation, and soil bio-respiration [15]. Urease converts organic N to available N
by hydrolyzing urea [16]. In addition, alkaline phosphatase plays an important role in
organic phosphorus (P) mineralization and plant P nutrition, especially in calcareous soil
with limited P [17]. Microbial activity is a key indicator to detect soil quality and to control
land degradation which fully shows that soil microorganism is still an important research
direction, especially in karst areas. However, the majority of the studies focused on the soil
bacterial community in the karst area, such as the response of soil bacterial community
structure to different disturbances [18] and the correlation between vegetation succession
and bacterial metabolic diversity [19]. Fungi are the basic components of the soil micro-
bial community, and it is necessary to investigate the relationship between soil fungal
community and land use types.

Heavy metals are widespread on the earth’s surface which are persistent, stable, and
difficult to degrade [20]. In recent years, due to unreasonable exploitation of mineral
resources, improper disposal of hazardous wastes, and the extreme vulnerability of ground-
water systems, heavy metals in karst areas have been seriously diffused, posing a serious
threat to the biological community [21,22]. Studies have shown that land use can directly
or indirectly affect the content of heavy metals by changing soil properties [23,24]. Soil
enzymes produced by microbial metabolism can be used as monitoring factors for heavy
metals. Soil mineral elements are also important indicators to determine soil fertility and
the healthy growth of plants. For instance, potassium and sodium are closely related to the
soil microbial community in the karst ecosystem [25].

Land use conversion is a part of China’s policy of “Grain for Green Project”; however,
little is known about the effects of different land use patterns and soil depths on mineral
elements content, enzyme activities and fungal communities in karst areas, Southwest
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China. In the current study, the contents of soil mineral elements, soil enzyme activities
and fungal communities in five land use types and two soil depths in Guizhou Province of
China were investigated to provide a theoretical basis for soil management and ecological
restoration in karst areas.

2. Materials and Methods

2.1. Study Area and Soil Sampling

Huajiang town is located in Guanling Buyi and Miao Autonomous county, Anshun
city, Guizhou province, southwest China with an area of 294.9 km2 (Altitude 1439 m,
105◦34′ E, 25◦43′ N), which is a typical karst landform. The study site is dominated by the
humid subtropical monsoon climate, and the annual mean temperature and rainfall are
17 ◦C and 1200 mm per year, respectively, while the frost-free period is about 288 days. In
November 2019, we selected five land use types, including: grassland (the main species are
Themeda japonica and is located in 105◦28′42′′, 25◦43′48′′, altitude 851 m), secondary forest
(the main species are Liquidambar formosana and is located in 105◦28′46′′, 25◦43′48′′, altitude
798 m); pepper field (the main cultured species are Zanthoxylum planispinum and is located
in 105◦39′58′′, 25◦40′07′′, altitude 517 m), dragon fruit field (the main cultured species is
Hylocereus spp. and locate in 105◦39′41′′, 25◦40′33′′, altitude 598 m) and maize field (the
main cultured species are Zea mays and is located in 105◦39′42′′, 25◦40′33′′, altitude 798 m).
There were 5 sampling points for each land use type, the area of each sampling point is
4 m × 4 m, and the distance between each sampling point was 5 m. After removing 1–2 cm
of topsoil, soil samples were collected at depths of 0–20 cm and 20–40 cm. Each soil sample
was mixed from four subplots (1 m × 1 m range) at 0–20 cm and 20–40 cm soil depths,
respectively, and collected in dry, clean, sterile polyethylene bags. Next, all soil samples
were passed through a 2 mm sieve to remove visible roots and stones. A portion of each soil
sample was transferred in the 50 mL sterile centrifuge tube and placed in a liquid nitrogen
tank. The samples were transported to the laboratory, and the sterile centrifuge tube was
immediately stored in an ultra-low temperature refrigerator at −80 ◦C for subsequent
soil enzyme activity measurement and soil DNA extraction. The other portion of the soil
samples were kept for natural drying to determine the content of soil mineral elements.

2.2. Soil Mineral Elements Content Assay

The contents of soil mineral elements include potassium (K+), calcium (Ca2+), sodium
(Na+), magnesium (Mg2+), iron (Fe3+), copper (Cu2+), zinc (Zn2+), cadmium (Cd2+), chromium
(Cr2+) and lead (Pb2+) were determined by atomic absorption spectroscopy method after
digestion according to the method described by Li et al. [26] The contents of soil mineral
elements were measured by TRACE AI1200 atomic absorption spectrometer (Canada Aurora,
Vancouver, BC, Canada).

2.3. DNA Extraction and Illumina Sequencing

Soil DNA (300 mg) was extracted using the power soil DNA extraction and separation
kit according to the protocol of the manufacturer (MoBio, Carlsbad, CA, USA). The ITS1 re-
gion of the fungal rRNA gene was amplified by PCR as described by
Zhong et al. [27]. The primers were ITS1 (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and
ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′). The PCR procedure consisted of 27 cycles at
94 ◦C for 2 min, 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 60 s, and 72 ◦C for 10 min.
PCR products were sent to Genesky Biotechnologies Inc., Shanghai, 201,315 (China) for
sequencing with an Illumina 2 × 250 bp platform.

2.4. Sequencing Data Processing and Analysis

The original sequence was filtered using the method described by Caporaso et al. [28]
to eliminate the low-quality sequence, and then the ITS2 region was extracted by the same
method used by Bengtsson-Palme et al. [29]. In the subsequent examination of potential
chimeras, the uchime command in mothur version 1.31.2 [30] was used and compared with

155



Int. J. Environ. Res. Public Health 2022, 19, 3120

entries in the DNA based fungal species unified system related to the classification (unite)
database [31]. Finally, after dereplicating and discarding all monomers, the non-chimeric
sequences were aggregated into the operational taxonomic units (OTUs), and the OTUs
were clustered based on the UPARSE pipeline using USEARCH version 8.0 (the similarity
of OTU is 97% [32].

2.5. Soil Enzymes Assay

The activities of soil invertase (Inv), urease (Ure), and alkaline phosphatase (Alp)was
measured by 3,5-Dinitrosalicylic acid colorimetry, sodium phenol-sodium hypochlorite
and disodium diphenyl phosphate colorimetry, respectively according to description of
Hou et al. [33]. The activity of soil catalase (Cat) was determined by Potassium perman-
ganate titration according to Chao et al. [34].

2.6. Statistical Analyses

The data were analyzed using SPSS software 17.0 (IBM Inc., Armonk, NY, USA). The
effects of land use type (LUT) and soil depth (SD) on the soil fungal alpha diversity (Chao1
and Shannon indices), soil mineral elements content and soil enzyme activity were analyzed
by two-way ANOVA. Statistical significance was defined as p = 0.05 confidence level, and
the mean was evaluated by the standard error. The Chao1, Shannon, the heatmap, PCoA,
redundancy analysis (RDA), Variance Partitioning Analysis (VPA) and Spearman’s rank
correlation analysis were carried out in R (version 3.2.2). The Linear discriminant analysis
(LDA) coupled with effect size measurement (LEfSe) analysis was performed using the
OmicStudio tools at https://www.omicstudio.cn/tool (accessed on 27 December 2021).

3. Results

3.1. Differences in Content of Soil K, Na, Ca, Mg and Fe in Different Land Use Types and
Soil Depths

Table S1 presented data on soil K, Na, Ca, Mg and Fe contents as influenced by
land use types (LUT) and soil depth (SD). Our results showed that LUT have significant
effects on soil K (p < 0.001), Na (p = 0.029), Ca (p = 0.01), Mg (p < 0.001) and Fe (p < 0.001)
contents. However, SD had no remarkable role in the content of all soil mineral elements.
Additionally, the LUT × SD interaction only had a clear effect on Ca (p < 0.001) and Mg
contents (p < 0.001) (Table S1). Further, we found that there was no significant difference in
the K, Na, and Mg content between 0–20 cm and 20–40 cm soil layers under the five different
land use types (Figure 1b,c,e). The soil Ca content at 0–20 cm depths in grassland and
Zea mays was 2.3-fold higher and 1.4-fold lower than that at 20–40 cm depth, respectively
(Figure 1d). Interestingly, the Fe content was significantly 1.6 times higher only in the
0–20 cm Zea mays soil compared to the 20–40 cm soil layer (Figure 1f). Different land use
types also have different effects on soil mineral elements content. Significant differences
in soil K, Mg, and Fe contents were found between land use types at both soil depths;
however, land use type played no clear role on Na content in different soil layers (Figure 1).
The highest levels of K were found in Zanthoxylum planispinum soils, while Mg and Fe
contents were highest in grassland soils at both soil depths. Meanwhile the contents of K
in grassland soil and Fe in Zanthoxylum planispinum soil were the lowest, (Figure 1b,e,f).
Whereas, at the deep soil layer (20–40 cm), the Ca content was highest in the grassland soil
and lowest in the Zea mays soil (Figure 1d).
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Figure 1. Effect of the different land use types on content of soil K, Na, Ca, Mg Fe in 0–20 cm and
20–40 cm soil depth. (a) the description of abbreviations, (b) K content, (c) Na content, (d) Ca content,
(e) Mg content, (f) Fe content. ** and *** above green line and purple line indicate there are significant
difference at p < 0.05, p < 0.01 and p < 0.001 level between the five different land use types in 0–20 cm
and 20–40 cm soil depths, respectively; n indicates that there is no statistically significantly different
among the five different land use types. * and ** after g/f/z/h/zm (1–2) indicate significant difference
at p < 0.05 and p < 0.01 level between 0–20 cm and 20–40 cm depths in the five different land use
types, respectively, n indicates not statistically significantly different between 0–20 cm and 20–40 cm
soil depths in the five different land use types, respectively.

3.2. Differences in Content of soil Cr, Ni, Cu, Zn, Cd and Pb in Different Land Use Types and
Soil Depths

As shown in Table S2, soil Cr (p = 0.033), Cu (p < 0.001), Zn (p = 0.011) and Cd (p < 0.001)
contents were obviously influenced by LUT. However, soil heavy metal levels were not
significant to SD. Interestingly, LUT × SD interaction only affected soil Cu content (p = 0.026)
(Table S2). Subsequent studies have shown that in the five different land use types, there
was no significant difference in heavy metal content between different layers (Figure 2).
However, we found that all heavy metal contents in deep soil layers were significantly
affected by land use types. The highest content of Cr, Ni, and Pb existed in secondary forest
soil and the lowest existed in Zea mays soil (Figure 2a,b,f). The contents of Cu, Zn and
Cd in grassland soil were significantly lower than the other land use types (Figure 2c–e).
Moreover, soil Cu and Cd contents in Zanthoxylum planispinum and Zn content in the forest
were the highest (Figure 2c–e). It should be noted that in the topsoil (0–20 cm), different
land use types only affected the contents of Cu and Cd, and the contents of Cu and Cd in
Hylocereus spp. soil were significantly higher than those in other land types (Figure 2c,e).
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Figure 2. Effect of the different land use types on contents of Cr, Ni, Cu, Zn, Cd, Pb in 0–20 cm and
20–40 cm soil depth. (a) Cr content, (b) Ni content, (c) Cu content, (d) Zn content, (e) Cd content,
(f) Pb content. *, ** and *** above green line and blue line indicate there are significant difference at
p < 0.05, p < 0.01 and p < 0.001 level between the five different land use types in 0–20 cm and 20–40 cm
soil depths, respectively; n indicates that there is no statistically significantly different among the five
different land use types.

3.3. Differences in Soil Enzyme Activity in Different Land Use Types and Soil Depths

Statistical evaluation of the effects of land use types on enzyme activity were statisti-
cally significant (p < 0.05) as shown in Table S3, which the role of soil depth was considered.
LUT significantly affected the activity of Inv (p < 0.001), Ure (p < 0.001), Alp (p < 0.001).
SD and LUT × SD interaction all had extremely significant influence on the activity of the
four enzymes (p < 0.001) (Table S3). With the increase in soil depth, the enzyme activities
of different land use types all showed a downward trend. In grass land, Zanthoxylum
planispinum and Hylocereus spp. soil, Inv activity in 0–20 cm soil decreased by 1.5 times,
increased by 1.7 times and 3.6 times compared with that in 20–40 cm soil depths, respec-
tively (Figure 3a). The activity of Ure at soil depths of 0–20 cm in grassland, forest, and
Zanthoxylum planispinum was 1.7, 4.3 and 12.9 times higher than that in 20–40 cm soil,
respectively, but it was 5.7 times lower in 0–20 cm soil compared to 20–40 cm depths in
Zea mays soil (Figure 3b). The Alp activity in 0–20 cm depth was increased by 2.2, 1.7 and
1.6 times compared to 20–40 cm depth in forest land, Hylocereus spp. and Zea mays soil,
respectively (Figure 3c). Similarly, Cat activity in topsoil of Hylocereus spp. and Zea mays
soil was significantly higher than that in deep soil layers, which was 1.9 and 1.8 times,
respectively (Figure 3d). Further, we studied the response of soil enzyme activities to land
use types at different depths. At the two soil depths, different land use types had significant
effects on soil enzyme activity. The activity of Inv and Ure was highest at 0–20 cm depths
of Zanthoxylum planispinum lowest in grass land. In 20–40 cm soil layer, Inv activity was
the highest in forest, and the lowest was found in Hylocereus spp. soil(Figure 3a). Urease
activity was the lowest in 0–20 cm layer of Zea mays soil. On the contrary, in 20–40 cm layer,
its activity was the highest in Zea mays soil and the lowest in grass land (Figure 3b). In
shallow soil, the activity of Alp was the highest in forest, and the lowest in Hylocereus spp.
Interestingly, the lowest activity of Alp and catalase in deep soil all existed in Hylocereus
spp. soil (Figure 3c,d).
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Figure 3. Effect of the different land use types on soil enzyme activity in 0–20 cm and 20–40 cm soil
depth. (a) invertase (Inv) activity (b) urease (Ure) activity, (c) alkaline phosphatase (Alp) activity,
(d) catalase (Cat) activity. *** above yellow line and blue line indicate there were significant difference
at p < 0.001 level between the five different land use types in 0–20 cm and 20–40 cm soil depths,
respectively; n indicates that there is no statistically significantly different among the five different land
use types. *, ** and *** after g/f/z/h/zm (1–2) indicate significant difference at p < 0.05, p < 0.01 and
p < 0.001 level between 0–20 cm and 20–40 cm depths at the five different land use types, respectively,
n indicates not statistically significantly different between 0–20 cm and 20–40 cm soil depths at the five
different land use types, respectively. The abbreviations are described in Figure 1a.

3.4. The Richness and Diversity of Soil Fungal Community

We found that LUT and SD had an obvious effect on the Shannon index (p = 0.018;
p = 0.004, respectively, Table S4), but the Shannon index was not significantly affected by
the interaction of LUT and SD. Similarly, LUT had a marked influence on the Chao 1 index
(p = 0.028, p = 0.03, respectively, Table S4), and LUT × SD caused a significant influence
on the Chao 1 (p = 0.032, Table S4). Our results also showed that Shannon and Chao 1
index were affected by different soil depth and land use types. In Zea mays, the Shannon
and Chao 1 index in the topsoil layers are all significantly higher than that of the deep soil
layers, and the Shannon and Chao 1 of topsoil layers in Zea mays land were 1.21 times
and 1.42 times higher than those of deep soil layers, respectively (Figure 4a,b). However,
the rest of the land use types did not change significantly with the change of soil depth.
Additionally, Shannon at a soil depth of 0–20 cm in Zanthoxylum planispinum land was the
highest (4.87 ± 0.15) and was the lowest in Hylocereus spp. land (3.86 ± 0.15) (Figure 4a).
The same result was shown in the Chao 1. Chao 1 at 0–20 cm depth in Zanthoxylum
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planispinum land was the highest (579.20 ± 22.39) and Hylocereus spp. land was the lowest
(385.00 ± 29.85) (Figure 4b).

Figure 4. Effect of the different land use types on fungal alpha diversity, (a) Chao1, (b) Shanon in
0–20 cm and 20–40 cm soil depth. * and ** above red line and green line indicate there are significant
difference at p < 0.05 and p < 0.01 level between the five different land use types in 0–20 cm and
20–40 cm soil depths, respectively; n indicates that there is no statistically significantly different
among the five different land use types. * after g/f/z/h/zm (1–2) indicates significant difference at
p < 0.05 level between 0–20 cm and 20–40 cm depths at the five different land use types, respectively,
n indicates not statistically significantly different between 0–20 cm and 20–40 cm soil depths at the
five different land use types, respectively. The abbreviations are described in Figure 1a.

3.5. Relative Abundance of Soil Fungal Community

Figure 5a,b showed the relative abundances of major fungal phyla and genera in
0–20 cm and 20–40 cm soil depth in five different land use types, respectively. The As-
comycota, Basidiomycota, and Mortierellomycota were all the dominant phyla at 0–20 cm
and 20–40 cm soil depths in the five different land use types (Figure 5a). Interestingly, in
20–40 cm depth soil of grassland, the relative abundance of Basidiomycota was the highest
(Figure 5a). From the level of genus, the Fusarium, Mortierella and Tetracladium were the
dominant genus in 0–20 cm and 20–40 cm soil depths in forest and grassland (Figure 5b).
Fusarium and Mortierella were the dominant genus in 0–20 cm and 20–40 cm soil depths in
Hylocereus spp., Zanthoxylum planispinum and Zea mays (Figure 5b). Furthermore, Preussia
was also the dominant genus at two soil depths of Zea mays (Figure 5b).

At the genus level, the heat map produced by R also showed the differences of soil
fungal community aggregation patterns at 0–20 cm and 20–40 cm depths in different land
use types (Figure 6). Compared with the other four land use types, the vast majority of
the top 30 soil fungal genera in 0–20 cm and 20–40 cm depths soil in Zea mays land have
higher absolute abundance (Figure 6). In contrast, the absolute abundance of most fungal
genera in forest and grassland at 0–20 cm and 20–40 cm soil depths was significantly lower
than that of the other three different land use types (Figure 6). Besides, we determined
the beta diversity to study the effects of different land use types and soil depth on soil
fungal communities (Figure 7). The first principal component explained 21.83% of the
total variance, and the second principal component explained 10.79% of the variance. The
points of five different land types were significantly dispersed, indicating that land use type
caused the significant change of soil fungal community structure. However, except for Zea
mays, the points of 0–20 cm depths soil and 20–40 cm depths soil were very concentrated,
indicating the similarity of fungal community composition at the two soil depths, and the
effect of soil depth on soil fungal structure was not significant.
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Figure 5. The relative abundance of major fungal phyla in all soil samples ((a,b) represent phylum
level and genus level %, respectively). The abbreviations are described in Figure 1a.

Figure 6. Heat maps of the 30 most abundant fungal genera in different land use types at 0–20 cm
and 20–40 cm soil depths, the absolute abundance of fungi is expressed by color intensity. The
abbreviations are described in Figure 1a.
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Figure 7. Effect of the different land use types on fungal beta diversity at 0–20 cm and 20–40 cm soil
depths. Principal coordinate analysis (PCoA) based on Bray-Curtis of all soil fungal communities.
The abbreviations are described in Figure 1a.

3.6. Comparison of Different Fungal Species at 0–20 cm and 20–40 cm Soil Depth in Different
Land Use Types

Histogram of LDA value distribution of soil fungi at different depths in different land
use types. Figure S1 showed the significantly different species with LDA score greater than
the preset value (the default preset value was 3.0). In the 20–40 cm depth soil of grassland,
the abundance of fungi of only one genus was significantly higher than that of 0–20 cm
depth which was Ochroconis (Figure S1a). In the topsoil layers of Zanthoxylum planispinum,
the relative abundance of Glomeromycota and Glomus was significantly higher than that
at the soil depths of 20–40 cm (Figure S1b). In Hylocereus spp. land, the relative abundance
of Tecladium in 0–20 cm soil was significantly higher than that in 20–40 cm soil (Figure S1c).
In Zea mays soil, the relative abundance of Humicola in 0–20 cm soil layer was significantly
higher than that in 20–40 cm soil layer, while the relative abundance of Gibberella in
20–40 cm soil layer was significantly higher than that in 0–20 cm soil layer (Figure S1d).
We also found that there were no fungal groups with significant differences in relative
abundance in different soil depths of forest.

3.7. Correlation of Soil Fungal Communities Composition and Diversity with Content of Soil
Mineral Elements

At soil depths of 0–20 cm and 20–40 cm, there was significant relevance between
soil fungal diversity and soil mineral contents of different land use types (Figure S2). We
found that at depth of 0–20 cm soil, the contents of Cr, Ni, Cu (p < 0.05) and Zn, Cd and
Pb (p < 0.001) in grassland were significantly correlated with Shannon index (Figure S2a);
the content of Mg (p < 0.05) in forest was significantly related to Chao1 index (Figure
S2c). Similarly, the contents of soil Ni, Cu, Cd and Pb (p < 0.05) were closely related to
PCoA in Zanthoxylum planispinum (Figure S2e), and in Hylocereus spp., PCoA was closely
related to Mg content (p < 0.05 Figure 8g). At soil depths of 20–40 cm, PCoA was closely
related to K content in forest (p < 0.05 Figure S2d); in Hylocereus spp. soil, Chao1 was
significantly correlated with K content, but PCoA was significantly correlated with contents
of Cr (p < 0.05), Ni (p < 0.01), Zn (p < 0.05), Cd (p < 0.05) and Pb (p < 0.01 Figure S2f). We
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also found that Shannon and Chao 1 index was clearly related to K content (p < 0.01) and
Ni content (p < 0.05) in Hylocereus spp. soil (Figure S2h). Morever, in Zea mayssoil, PCoA
was significantly correlated with contents of Cd and Pb (p < 0.05 Figure S2j).

Figure 8. Spearman’s Rank correlation coefficients between soil mineral elements content and soil
fungal abundance at (a) 0–20 cm in grassland, (b) 20–40 cm in grassland, (c) 0–20 cm in forest,
(d) 20–40 cm in forest, (e) 0–20 cm in Zanthoxylum planispinum soil, (f) 20–40 cm in Zanthoxylum
planispinum soil, (g) 0–20 cm in Hylocereus spp. soil, (h) 20–40 cm in Hylocereus spp. soil, (i) 0–20 cm in
Zea mays soil and (j) 20–40 cm in Zea mays soil. * and ** indicate obvious difference at p < 0.05 and
p < 0.01 between soil mineral elements content and the abundance of soil fungal phyla.

At soil depths of 0–20 cm, there was a significant positive correlation between K content
and Blastocladiomycota; Na content also had a positive effect on Blastocladiomycota and
negative effect on Chytridiomycota; Ca content had a positive impact on Zoopagomycota;
Fe content had a positive effect on Glomeromycota and negative effect on Basidiomycota;
Content of Cd and Pb had a positive effect on Mortierellomycota and Rozellomycota;
interestingly, the content of Cr, Ni, Cu and Zn had no significant effect on the types of
fungi (Figure 8a,c,e,g,i). RDA also showed that in topsoil layers, contents of Ca, Fe and
Cu were the main factors affecting the change of soil fungal community in Hylocereus
spp. soil; K was an important factor to affect the changes of soil fungal community
in Zanthoxylum planispinum soil; Cd and Na were primary factors to affect soil fungal
community in Zea mays soil, and Mg and Ca were principal considerations affecting
the changes of fungal community in grassland and Hylocereus spp. soil (Figure 9a). At
20–40 cm soil depths, K content had a strong negative effect on Ascomycota and a positive
effect on Calcarisporiellomycota; Ca content had a negative effect on Blastocladiomycota
and Basidiomycota; the content of other heavy metals had a strong negative effect on
Basidiomycota and Rozellomycota (Figure 8b,d,f,h,j). In addition, in deeper soil, K was the
important factor to affect the changes of soil fungal community in Zea mays soil; content
of Ca, Fe, and Mg were the main factors affecting the change of soil fungal community in
grassland and forest; and heavy metal content were important factors to affect soil fungal
community in Zanthoxylum planispinum soil (Figure 9b).
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Figure 9. Redundancy analysis (RDA) of relationship between soil mineral elements content (red

arrows) and the relative abundance of soil microbial phyla (black points) at (a) 0–20 cm soil depth
and (b) 20–40 cm soil depth, respectively. The abbreviations are described in Figure 1a.

3.8. Correlation of Soil Fungal Communities Composition and Diversity with Soil
Enzyme Activity

Similarly, our result showed that under the two soil depths, there was significant
relevance between soil fungal diversity and soil enzyme activity of different land use types
(Figure S3). At 0–20 cm soil depths, Shannon index was related to Inv activity in grassland
(p < 0.05 Figure S3a) and Cat activity in Zea mays soil (p < 0.05 Figure S3i), and in Zea mays
soil, Chao1 was also closely related to Cat activity (p < 0.01 Figure S3i). At soil depths of
20–40 cm, the activity of Cat was apparently correlated with Shannon index and PCoA
(p < 0.05 Figure S3b); in Zanthoxylum planispinum, Shannon index was markedly correlated
with Alp activity (p < 0.01 Figure S3d), and in Hylocereus spp. soil, Chao1 was significantly
correlated with Inv activity (p < 0.05 Figure S3h).

In different soil depths, the response of fungal phylum level categories of different
land use types to the change of soil enzyme activity was also different (Figure 10). In
topsoil layers, we found that there was a clear positive correlation between Ure activ-
ity and Calcarisporiellomycota and Chytridiomycota; Cat activity had a strong positive
effect on Mortierellomycota; interestingly, in forest Ure activity had a positive effect on
Ascomycota and Chytridiomycota, but in Hylocereus spp. soil, Ure activity had a strong
negative effect on Ascomycota; and Inv activity had no distinct effect on all the phyla levels
(Figure 10a,c,e,g,i). In deep soil layers, Inv activity had a strong positive effect on Chytrid-
iomycota; Ure activity had a positive effect on Calcarisporiellomycota and a negative effect
on Ascomycota; Alp activity had a positive effect on Ascomycota and a passive effect on
Chytridiomycota, Glomeromycota and Kickxellocymota; and Cat activity had a strong
effect on Basidiomycota (Figure 10b,d,f,h,j). RDA analysis also showed that in 0–20 cm soil
depth layer, the activities of Inv and Alp were the main factors affecting soil fungal commu-
nities in forest, Zanthoxylum planispinum and Zea mays soil; Cat activity was an important
factor affecting soil fungal community in Hylocereus spp. soil, such as Zoopagomycota
and Ascomycota; Ure mainly affected grassland soil Blastocladiomycota (Figure 11a). At
20–40 cm soil depths, the activities of Inv and Alp were the main factors affecting the fungal
community in forest and Zanthoxylum planispinum soil; Cat was the main factor affecting
soil fungal communities in grassland, forest, and Zanthoxylum planispinum land; Ure had a
strong positive effect on Zea mays land soil, such as Rozelomycota, Mortierellomycota, and
Kickxelomycota (Figure 11b).
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Figure 10. Spearman’s Rank correlation coefficients between soil enzyme activity and soil fungal
abundance at (a) 0–20 cm in grassland, (b) 20–40 cm in grassland, (c) 0–20 cm in forest, (d) 20–40 cm
in forest, (e) 0–20 cm in Zanthoxylum planispinum soil, (f) 20–40 cm in Zanthoxylum planispinum soil,
(g) 0–20 cm in Hylocereus spp. soil, (h) 20–40 cm in Hylocereus spp. soil, (i) 0–20 cm in Zea mays soil
and (j) 20–40 cm in Zea mays soil. *,** and *** indicate obvious difference at p < 0.05, p < 0.01 and
p < 0.001 between soil enzyme activity and the abundance of soil fungal phyla.

Figure 11. Redundancy analysis (RDA) of relationship between soil enzyme activity (red arrows)
and the richness of soil microbial phyla (black points) at (a) 0–20 cm soil depth and (b) 20–40 cm soil
depth, respectively. The abbreviations are described in Figure 1a.

The composition and diversity of soil fungal community in different types of land
use and soil depth changed, and the change depended on soil mineral elements contents
and soil enzyme activity. However, the contribution of these factors to the soil fungal
community is still unclear. Therefore, the bonding contributions of soil mineral elements
and soil enzyme activities in the fungal communities were also investigated by VPA analysis.
The result revealed that land use types, soil depth, soil mineral elements content, and soil
enzyme activity explained 12%, 0.9%, 1.2%, and 0.4% on the total variations of the fungal
community, respectively (Figure 12).
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Figure 12. Variance distribution analysis (VPA) to determine the relative contributions of land use
type, soil depth, soil metal element content and soil enzyme activity to soil fungal community
structure and diversity. X1 = LUT, X2 = SD, X3 = soil metal element content, X4 = soil enzyme activity.
Value represents the significance level when p < 0.0 not shown.

4. Discussion

Different land use types can lead to different ecosystem functions by influencing
underground processes, and soil mineral elements can be affected by soil properties and
land management and utilization [35,36]. It has been reported that grassland reclamation in
the karst area reduced soil trace elements (Cu, Fe, Mo, B) and enriched in surface soil [37].
Li et al., found that the land use history changed the central trend and heterogeneity of
soil properties, including C, N, C:N, Ca, and K [38]. Similarly, land use patterns affect
plant litter, thus changing the microbial activities, leading to changes in soil nutrients, and
informing a typical correlation among soil microorganisms, vegetation, soil nutrient, and
mineral [39]. In the current study, in two different depths of soil K content of different
land use types from high to low was followed Zanthoxylum planispinum land > Hylocereus
spp. land > Zea mays land > forest land > grassland at two different depths of soil. Similar
studies also observed that the K content in cultivated soil was higher than the other types
of land [40]. Zanthoxylum planispinum and Hylocereus spp. are economic crops with a large
amount of fertilizer, which may accelerate nutrient turnover, promote K accumulation, or
increase availability [41]. Yu et al., also confirmed that chemical fertilizers can effectively
increase the total K and P content in soil [42]. The natural karst environment is rich in
Ca, which has a remarkable effect on the soil physical and chemical properties [43]. We
found that the Ca content was the highest in grass land at soil depths of 20–40 cm, followed
by secondary forest. Studies showed that the organic matter and humic acid of karst
soil have strong adsorption and complexation to Ca [44,45]. A large amount of litter in
grassland and secondary forest returned to the soil and provided a C source. The input
of litter is related to the richness of the forest. The plant tissue falling from tulip poplar
constituted a large amount of organic matter input into the soil, which contributes to the
low variability of C and N concentration on a small scale, while the Ca accumulated in
plant tissues enables the trees to absorb it from deep soil layers to maintain the effective
calcium concentration in topsoil layers, which eventually cause the reduction in local soil
Ca variability [46]. Similarly, the contents of Mg and Fe was highest in the grassland at
two different soil depths, while they were reduced in different tillage systems and planting
patterns. The possible reason for the decline may include: (1) the coarsening of soil particle
composition resulted in the decrease in element adsorption, resulting in the leaching of
mineral nutrients, (2) the decomposition of organic matter accelerated, and pH changed,
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which affected the deposition of elements, (3) Fe was mainly controlled by soil formation
and weathering, and the degree of weathering was high in the farming area [41,47]. Our
results showed that the five different land management types had no significant effect on
Na content, similar to Yu et al. [41]. The differences in field management methods, such as
fertilizer application quantity and mode can lead to variations in soil physical and chemical
properties and nutrient availability under different tillage systems and planting modes [48].
Interestingly, we found that soil depth had no significant effect on mineral nutrient contents.
However, the content of Ca and Fe in 0–20 cm soil layer was significantly higher than that
in the 20–40 cm soil layer probably because the soil biological activities were frequent in
the thick maize roots that contributed to deep absorption. Ca content in the deep soil layer
was higher than the shallow layer of grassland, which may be related to the return of grass
root biomass and the decrease in surface runoff [49].

Land use types correspond to the changes in soil management, vegetation types and
microbial activity. These changes have an important impact on the migration, transfor-
mation, and enrichment of soil heavy metals [50,51]. Wilck et al. [52] investigated the soil
contents of heavy metals in three land use patterns (cultivated land, forest, and grassland)
in Slovakia, and found that the concentrations of heavy metals in forest soil was lowest
due to complexity of the organic matter. Moreover, the concentrations of Cr, Cu, and nickel
(Ni) were highest in cultivated soil, while Cd and Zn were highest in grassland soil [52]. In
addition, it was reported that heavy metals under different land use types affect the soil
microbial and enzyme mediated soil C/N cycle in karst areas [53]. Our results suggested
that the interaction of LUT × SD only had a significant effect on Cu content, and Cd and
Cu in different types of land and soil layers had significant statistical differences, indicating
that Cd and Cu were the dominant factors controlling soil quality. The contents of Cu
and Cd were highest in the top and lower soil layers of Hylocereus spp. and Zanthoxylum
planispinum land while lowest in grassland, implying that agricultural activities including
the use of chemical fertilizers, exacerbated the accumulation of heavy metals, which was
similar to previous studies [54,55].

There was no significant difference in Cr, Ni, Zn, and Pb contents in 0–20 cm soil
layer among the five different types of land use, but the content of these heavy metals was
highest in forest in 20–40 cm soil layers, followed by Zanthoxylum planispinum, contrary
to the reported studies. The studies showed that a large amount of humus in forest has
functional groups and chelating quality, which reduces the bioavailability of heavy metals
and increases their content. Since woody plants have more roots, the canopy intercepts and
absorbs the deposited heavy metals [56]. Therefore, in the process of land use conversion,
the environmental effects and the absorption differences of various plants at different
spatial and temporal scales produce different results. In general, the contents of heavy
metals in grassland, Hylocereus spp. and Zea mays soil decreased gradually with the
increase in soil depth, showing obvious surface enrichment [42], but increased in forest
and Zanthoxylum planispinum soil. It was reported that Cr content was the highest in deep
soil of forest land and grassland, possibly due to the poor migration ability of Cr [57]. The
sources and migration characteristics of different heavy metals depend on the type of land
use. In a specific ecosystem like karst, the growth of soil microorganisms is affected by
vegetation and human activities, and then eventually affects the expression and activity of
enzymes [58]. Microorganisms are mostly distributed in the surface soil to decompose the
surface litter and root exudates and get more organic matter input [59]. It was reported that
soil enzyme activities in temperate grassland and tropical forest, decreased exponentially
with depth [60]. The current study found that with the increase in soil depth, the enzyme
activity in different types of land gradually decreased. These results were consistent
with the findings of Stone et al. [60] and Gelsomino and Azzellino. [61], who believed
that increment in the depth resulted in the decreased availability of active substrate and
oxygen supply. However, the activities of invertase and urease in the topsoil of grassland
and maize were lower than in the deep soil. Grassland as the initial stage of vegetation
succession grows rapidly and develops roots. It absorbs a lot of nutrients and improves
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the decomposition of carbohydrates to stimulate the secretion of sucrase in deep soil [62].
Generally, land use can change soil enzyme activities through plants and microorganisms,
or indirectly affect soil enzymes through soil characteristics [63]. In the shallow soil, the
activities of Inv, Ure, and Alp were the highest in forest or Zanthoxylum planispinum soil,
and similar phenomena were also observed in deep soil where activities of Inv, Alp, and
Cat were the highest in forest or Zanthoxylum planispinum soiland the lowest in Hylocereus
spp. soil. It was proved that nitrogen fixation of trees again, concurrently, the forest is rich
in the litter and the more SOM content, the higher the water holding capacity and effective
C, which is more conducive to the activities of microorganisms [64]. A study reported
that activities of C and P-related acquisition enzymes increased with the improvement in
N utilization, which might explain the increase in Alp and Inv activities in Zanthoxylum
planispinum soil [64]. In addition, Hylocereus spp. was weak in promoting the conversion of
invalid P, and effective P nutrition was appropriately supplemented during the cultivation
process. However, Cat activity was not significantly different in the surface soil of each land
type. Liu et al. [65] said that surface soil SOC and Ca form insoluble substances, resulting
in the same inert c pool decomposition of the soil, which is not conducive to the production
of oxidase by microorganisms.

In the present study, with the increase in soil depth, the fungal α diversity index
(Shannon and Chao 1) showed a downward trend, and the difference was the most significant
in the maize field which was consistent with previous studies [66,67]. We also found that
except for Zea mays soil, the contribution rate of soil depth of the other four land use types
to the change of soil fungal community was low. Although some studies showed that there
was a little difference between fungal community composition/diversity and soil depth,
in the Zea mays soil system in karst area, soil depth was the main driving factor of fungal
community composition and diversity [68]. The factors affecting fungal diversity are soil
management and nutrient level [69]. Our results showed that the Chao1 and Shannon indexes
at five different land use types of soil fungal communities were significantly different at
0–20 cm and 20–40 cm soil depths, and the α diversity index was the highest in Zanthoxylum
planispinum soil and lowest in Hylocereus spp. soil. Studies discussed that the ACE, Chao
1 and Shannon indexes of soil fungi in natural shrubs were greater than those in artificial
forest and grassland which indicated the importance of vegetation restoration to microbial
diversity [70]. The distance of PCoA also showed that land use type mainly had a significant
impact on soil fungal community. Different land use types have obvious effects on the
structure and diversity of soil fungal community in Karst and non-karst areas which were
consistent with our results [71,72]. It was reported that under high-intensity management,
soil permeability and nutrient content were increased, which provided a suitable growth
environment for soil fungi and improved fungal diversity [73]. However, excessive C and
N input caused by high-intensity fertilization could reduce soil microbial diversity, which
might explain the lowest fungal diversity in Hylocereus spp. and Zea mays soil [74].

In different land use patterns, the characteristics of soil fungal communities changed in
the karst area. The findings of Cheng et al., were consistent with our results that Ascomycota
and Basidiomycota were the dominant phyla in different wetlands and cultivated land,
and Fusarium was the most dominant genus in the corn field and paddy field in karst [71].
Most of the differences in soil fungal composition are related to soil properties. From
grassland and forest to agricultural management land, the abundance of Basidiomycetes
decreased, while the abundance of Ascomycota was increased. Ascomycota was mainly
involved in the degradation of organic matter and the assimilation of root exudates [75].
Previous studies had investigated that the increase in litter was conducive to the transfer
of Basidiomycota to Ascomycota [76]. As an important source of soil microbial nutrients,
litter plays an important role in the composition and structure of the microbial community.
In addition, the abundance of coccidiota in Zanthoxylum planispinum soiland other three
types of soil increased significantly. Glomeromycota can form arbuscular mycorrhiza
with plants and promote the host to absorb nutrients which indicated that crops need
more nutrients [77]. Therefore, the relative abundance of different types of soil fungi was
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different, indicating the differences in root residues, secretions, and crop management of
different plants, which will affect soil physical and chemical properties and then change
the species composition and structure of microorganisms.

In the current study, heavy metal content and α and β Diversity of soil fungi were
significantly negatively correlated at the soil depths of 0–20 cm in grassland and pepper
field, and the results were the same at depths of 20–40 cm soil of Zanthoxylum planispinum.
Some studies have shown that soil heavy metals can reduce the soil fungal diversity [78].
Mg and K contents had a clear positive effect on soil fungal diversity in forest and Hylocereus
spp. soil, which may be related to the lack of related elements in these two land types in
karst areas. Plenty of studies had confirmed that soil carbon, nitrogen, phosphorus, and pH
were the main driving factors to change soil fungal community, it was not clear whether
soil mineral nutrients would affect the soil fungal community structure [79]. The results
of RDA analysis demonstrated that the relationship between fungal phylum communities
and soil mineral content in different land use types was different. In different soil depths of
Zea mays and Hylocereus spp. soil, the dominant fungi were significantly correlated with
K and Na. Pan et al., found that total K was positively correlated with Ascomycota and
Basidiomycota, and soil K could provide nutrients for soil microorganisms [80]. There was
a significant positive correlation between Basidiomycetes and content of Mg, Ca and Fe at
the depths of 20–40 cm soil in grassland, which was consistent with previous studies on
the relationship between soil fungal community composition and soil Fe content [81]. The
correlation between soil mineral nutrients and fungal community structure in karst areas
was different in five land types, which may be caused by different soil environments in the
karst region.

Fungi are considered to be the main producers of soil enzymes. It was reported that the
relationship between soil fungal community diversity and soil enzyme activity [82,83]. In
our study, soil fungi with different use types and depths were correlated with different kinds
of enzymes. Inv and Alp mainly affect the fungal community in forest and Zanthoxylum
planispinum soil. Studies have shown that alkaline phosphatase was mainly related to
the fungal composition of grassland topsoil and mature forest subsoil [83]. Rotation and
fertilization will increase the enzymes involved in organic carbon, nitrogen mineralization
and decomposition. Our results showed that Ure and Inv activity mainly affected the
composition and diversity of fungi in Zanthoxylum planispinum and Zea mays soil [84].
Therefore, farmland management can regulate the effect of soil fungal communities on
soil enzyme activity. Similarly, we also found that Inv was positively correlated with
Glomeromycota and Kickxellomycota. Therefore, these two fungi might be the main fungal
species for the decomposition of soil organic matter in forest and grassland. However, some
studies have shown that the relativity between soil enzyme activity and abiotic factors is
greater than that with fungal community, so it is necessary to further study the relationship
between soil enzyme and abiotic factors such as soil physical and chemical properties [85].

5. Conclusions

Rational land use is conducive to improving soil nutrients and soil fungal communities
in karst areas. In this study, land use type and soil depth significantly affected soil mineral
elements contents, soil enzyme activity, and fungal community. Specifically, land use types
had significant effects on the contents of soil K, Mg, Fe, Cu and Cr; however, soil depth
had no significant effect on soil mineral elements contents. Both land use type and depth
significantly affected the invertase, urease, alkaline phosphatase, and catalase activity. In
addition, Shannon and Chao1 index of soil fungal community was affected by different
land use types and depths. Ascomycota, Basidiomycota, and Mortierellomycota were the
dominant phyla at 0–20 cm and 20–40 cm soil depths on five different land types. However,
soil depth had no significant effect on the soil fungal structure. This might be because small-
scale environmental variation in the karst areas was not the dominant factor in changing
the fungal community structure. Soil mineral elements content, enzyme activity, and soil
fungal community in the karst area were strongly affected by land use type and soil depth.
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Our findings provided a theoretical basis for the rational use of limited land in Karst’s
fragile ecological environment. More importantly, in recent years, the local government has
encouraged farmers to grow different cash crops, which has led to changes in land types
and management. The current research can help to guide the selection of appropriate land
use types for crop planting and nutrient management in karst areas based on soil fungal
community structure.
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Abstract: The restoration of soil fertility and microbial communities is the key to the soil reclamation
and ecological reconstruction in coal mine subsidence areas. However, the response of soil bacterial
communities to reclamation is still not well understood. Here, we studied the bacterial communities
in fertilizer-reclaimed soil (CK, without fertilizer; CF, chemical fertilizer; M, manure) in the Lu’an
reclamation mining region and compared them with those in adjacent subsidence soil (SU) and
farmland soil (FA). We found that the compositions of dominant phyla in the reclaimed soil differed
greatly from those in the subsidence soil and farmland soil (p < 0.05). The related sequences of
Acidobacteria, Chloroflexi, and Nitrospirae were mainly from the subsided soil, whereas those of
Alphaproteobacteria, Planctomycetes, and Deltaproteobacteria were mainly derived from the farmland
soil. Fertilization affected the bacterial community composition in the reclaimed soil, and bacteria
richness and diversity increased significantly with the accumulation of soil nutrients after 7 years of
reclamation (p < 0.05). Moreover, soil properties, especially SOM and pH, were found to play a key
role in the restoration of the bacterial community in the reclaimed soil. The results are helpful to the
study of soil fertility improvement and ecological restoration in mining areas.

Keywords: coal mining; soil reclamation; bacterial community; bacterial diversity; high-throughput
sequencing

1. Introduction

China is one of the largest coal-producing countries in the world [1]. However, the
large-scale and high-intensity exploitation of coal resources has caused a series of ecological
and environmental problems, such as soil erosion, declines in soil quality, aggravation of
land degradation, and imbalance of the soil ecosystem [2–4]. In particular, land subsidence
caused by underground coal mining can lead to drastic disturbances of soil structure and
remarkable variation in soil microbial communities [5,6], which greatly reduce soil fertility,
crop productivity, and the stability of the soil ecosystem [4,7,8]. These have serious impacts
on the sustainable development of agriculture in mining areas. Land reclamation is an
effective method to solve the conflict between coal mining and land resource protection
and to alleviate the contradiction between humans and land in the coal mining area.

Restoring soil fertility is the emphasis for land reclamation and ecological restoration
in coal mining subsidence areas. Soil microorganisms, one of the most important parts of
the soil ecosystem, are essential in soil formation, nutrient cycling (such as carbon, nitrogen,
and phosphorus), and ecological balance [9–11]. The abundance, diversity, and activity of
soil bacteria can be used as effective indicators of soil quality due to their high sensitivity to
environmental changes and soil nutrient status [12–14]. It has been reported that bacterial
community stability in subsidence soil was dramatically disrupted by coal mining activities,
resulting in reductions in total bacterial biomass and diversity [15–18]. To some extent,
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it is not only necessary to increase soil nutrients but also more important to restore soil
microbial activities and communities for the sustainability of reclaimed soil ecosystems [19].
For a long time, research on reclaimed soil has mainly focused on the improvement of
soil physicochemical status and vegetation characteristics [20,21]. However, there are few
studies on microbial population, diversity, and function in reclaimed soil.

The sustainability of terrestrial agroecosystems depends to a great extent on soil
bacterial diversity for sustaining soil biological activity and crop productivity [22,23].
Fertilization can effectively improve soil nutrient conditions and affect soil microbial
communities [24,25]. Generally, the application of organic fertilizer is beneficial to soil
microbial communities [26–28], while the long-term application of chemical fertilizer can
decrease soil microbial diversity in farmland [24,29,30]. At present, fertilization is the
most effective way to restore cultivated land and improve soil in mining subsidence
areas. Different fertilization methods have different effects on soil physical and chemical
properties and microbial community. Therefore, an in-depth study on the changes in
microbial community composition in reclaimed soil caused by fertilization will help to
further understand how soil fertility affects the changes in microbial communities during
the restoration of disturbed land to farmland.

The present study was carried out to investigate the response of bacterial communi-
ties to land reclamation with different fertilizers. Illumina high-throughput sequencing
technology was used to compare the bacterial community structure and diversity in re-
claimed soil with those in adjacent unreclaimed soil (from adjacent farmland and subsided
land) from a mining area (in the same edaphic-climatic area) in Shanxi Province, China.
We hypothesized that fertilization activity in the process of reclamation could improve
soil nutrients and increase bacterial community diversity, and the variation of bacterial
community structure may be related to changes in physicochemical properties, such as
pH, soil organic matter, available nitrogen, phosphorus, and potassium. This study could
identify an effective and appropriate method for the rapid restoration of soil fertility and
provide a valuable reference for the soil restoration of coal mining subsidence areas with
similar climatic and soil conditions.

2. Materials and Methods

2.1. Experimental Site Description

The field experimental area is located in the Lu’an coal mine (36◦28′12′ ′ N, 113◦00′53′ ′
E), Xiangyuan county in Shanxi, China. This region has a warm and semi-humid continental
monsoon climate with a frost-free period of 160 d. The average annual temperature is about
9.5 ◦C, with monthly mean minimum temperatures occurring in January (−8.1 ◦C) and
monthly mean maximum temperatures in July (23.4 ◦C). The mean annual precipitation is
approximately 532.8 mm and mainly occurs from July to September. The soil type of the
research area is calcareous cinnamon soil with silty loam, which is classified as Luvisols
according to the World Reference Base (FAO) system [31]. In this region, coal mining has
triggered the goaf in underground mines and formed land subsidence since the 1970s.
Land consolidation, including topsoil stripping, land leveling, and backfilling, was carried
out using large loaders before the reclamation in the autumn of 2008. The leveled land was
divided into separate plots for fertilizer reclamation.

2.2. Experimental Treatments and Soil Sampling

The field experiment in this reclaimed site included three fertilization amended treat-
ments: without fertilizer (CK), chemical fertilizer (CF), and manure (M) treatment. The
chemical fertilizer was applied as urea, calcium superphosphate, and potassium chloride
in CF. Decomposed chicken manure (27.8% organic matter, 1.68% N, 1.54% P2O5, and
0.82% K2O) was provided as an organic amendment at a rate of 12,000 kg·ha−1 in the M
treatment. An equal amount of 201 kg N·ha−1, 185 kg P2O5·ha−1, and 98.5 kg K2O·ha−1

was applied before corn sowing in the fertilizer treatments. The treatments were arranged
in a randomized complete block design with three replicates, and the size of each plot
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was 100 m2. Maize (Zea mays L.) was continuously planted in each plot from 2009 to 2015.
According to local farming practices, crops are sown on or about May 1 and harvested on
October 1. In addition, two unreclaimed treatments (SU and FA) were selected as controls
for the reclaimed site. SU is a neighboring unclaimed subsidence site, and its surface
vegetation is sparse and naturally growing weed. FA is another adjacent farmland that
has been disturbed by coal mining and has been planting maize using local traditional
fertilizing practices for many years.

Soil samples were collected after the maize harvest in October 2015. A total of fifteen
individual soil samples (5 treatments × 3 replicates) represent three reclaimed treatments
(CK, CF, and M) and two controls (SU and FA). All the soil samples were taken using a
hand auger (5 cm diameter) at a depth of 0–20 cm after the superficial vegetation was
removed, and each sample was a composite of six subsamples randomly collected from
the five treatments. After mixing thoroughly, the homogeneous composite soil samples
were enclosed in sterile plastic bags and transferred to the laboratory on ice. The samples
were sieved through a 2.0 mm mesh and immediately divided into two parts: one part
was stored at −80 ◦C for further molecular analysis, and the other was air-dried for
chemical determination.

2.3. Selected Soil Properties Analysis

Soil pH was measured with a soil–water mixture (1:1) using a glass combination
electrode [32]. Soil organic matter (SOM) was measured according to the method described
by Strickland and Sollins [33]. The Mason-jar diffusion method by Bremner [34] was used
to determine the soil alkali-hydrolyzable nitrogen (AN). Available phosphorus (AP) was
analyzed by resin extraction following a protocol modified from Hedley and Stewart [35].
Available potassium (AK) was extracted with ammonium acetate and determined by flame
photometry [36].

2.4. DNA Extraction, PCR Amplification, Illumina MiSeq Sequencing, and Sequencing
Data Processing

Soil microbial DNA was extracted from approximately 1 g of soil samples using the
TIANamp Genomic DNA Kit (TIANGEN Biotech, Beijing, China, Cat. No.: DP304) accord-
ing to the manufacturer’s instructions. The integrity of the extracted DNA was assessed
by agarose gel electrophoresis (1%), and the concentration and purification of the DNA
(2 μL) were determined using NanoDrop ND-1000 microspectrophotometry (NanoDrop
Technologies, Wilmington, DE, USA). The bacterial primer set of forward primer 341F (5′-
CCTACGGGNBGCASCAG-3′) and reverse primer 806R (5′-GACTACNVGGGTATCTAATCC-
3′) was used to amplify the 16S rDNA gene sequence in the V3–V4 hypervariable region
(465 bp). PCRs were carried out in triplicate, 25 μL reactions with 2.5 μL of Ex Taq buffer
(Takara Bio Inc., Kusatsu, Japan, Takara code: RR001B), 1.5 μL of 2.5 mM Mg2+, 2 μL
of 2.5 mM dNTPs, 0.25 μL Ex Taq DNA Polymerase (Takara Bio Inc., Kusatsu, Japan,
Takara Code: RR001B), 16.75 μL of double-distilled water, 10 μM of each primer, and
approximately 20 ng of DNA template. The amplification program consisted of an initial
denaturation step of 94 for 2 min, followed by 30 cycles of denaturation at 94 for 30 s,
annealing at 50 for 30 s, and elongation at 72 for 30 s, with a final extension at 72 for
5 min. Replicate reaction mixtures of the same sample were assembled within a PCR
tube. After visualization on agarose gels (1% in TBE buffer) containing ethidium bromide,
PCR products were purified using the QIAquick PCR Purification Kit (QIAGEN, Hilden,
Germany, Cat. No.: 28106) and quantified with a NanoDrop ND-1000 spectrophotome-
ter (NanoDrop Technologies, Wilmington, DE, USA). Purified amplicons were pooled in
equimolar concentrations and paired-end sequenced on the Illumina MiSeq TM System
platform according to the manufacturer’s protocols.

Sequence analysis was conducted using quantitative insights into the microbial ecol-
ogy (QIIME) pipeline (version 1.7.0), as previously described by Fadrosh et al. [37]. After
the barcodes and primers were trimmed, and low-quality sequences were removed (<Q20),
the remaining high-quality reads were clustered into operational taxonomic units (OTUs)

177



Int. J. Environ. Res. Public Health 2021, 18, 12504

based on their sequence similarity at 97%. Community richness and diversity indices based
on the number of OTUs and rarefaction curves were obtained using the Mothur software
(version 1.34.0, Pat Schloss, Michigan, USA). Prior to the data analysis, the alpha-diversity
indices of the bacterial community, including Good’s coverage, Chao1, ACE, and the
Shannon index, were calculated based on an appropriate subsample depth.

2.5. Statistical Analysis

Statistical analyses were performed by one-way analysis of variance (ANOVA) using
the PASW Statistics program (version 18.0 for windows). The means were segregated using
Duncan’s multiple comparison test with a significance level of p < 0.05. Pearson’s correla-
tion analysis was conducted to evaluate the correlations between soil physicochemical and
microbiological characteristics. To compare bacterial community structures across all soil
samples, principal coordinate analysis (PCoA) and cluster analysis were performed based
on the unweighted UniFrac distance matrix [38]. Redundancy analysis (RDA) was carried
out to examine the relationship between abundant phyla (proteobacterial classes) and soil
physicochemical characteristics [39].

3. Results

3.1. Soil Properties

The result showed that fertilizer reclamation clearly affected the soil nutrient amounts.
As shown in Table 1, the subsidence soil showed the lowest nutrient amounts. The amounts
of SOM in the SU treatment were 36.56% of that in the FA treatment, and AN, AP, and
AK in the SU treatment accounted for 33.97%, 16.37%, and 61.14%, respectively. After
the 7-year fertilizer reclamation, the amounts of SOM, AN, AP, and AK were consistently
increased in the reclamation-treated soil compared with the subsidence soil. The SOM and
AN amounts in the CF and M treatments were significantly higher than those in the CK
treatment (p < 0.05). Significantly higher SOM and AN amounts (p < 0.05) were obtained
in the M treatment compared with the CF treatment. The highest pH was observed in the
subsidence soil, and fertilizer reclamation decreased the soil pH (Table 1). However, there
was no significant difference in soil pH between CF treatment and M treatment.

Table 1. Soil chemical characteristics in different treatments.

Treatments pH SOM (g·kg−1) AN (mg·kg−1) AP (mg·kg−1) AK (mg·kg−1)

SU 8.06 ± 0.06 a 9.74 ± 0.28 e 16.51 ± 0.58 e 3.18 ± 0.12 c 123.30 ± 4.61 b

CK 7.91 ± 0.03 b 11.37 ± 0.59 d 24.68 ± 1.01 d 4.65 ± 0.31 c 135.30 ± 2.31 b

CF 7.84 ± 0.02 bc 14.06 ± 0.46 c 27.13 ± 1.46 c 17.75 ± 1.54 b 233.57 ± 15.32 a

M 7.76 ± 0.02 c 18.15 ± 0.51 b 35.60 ± 0.68 b 19.46 ± 1.47 b 236.36 ± 19.58 a

FA 7.85 ± 0.03 bc 26.64 ± 0.40 a 48.59 ± 2.33 a 35.60 ± 0.68 a 201.7 ± 15.78 a

Values followed by different lowercase letters (a–e) are significantly different (p < 0.05) according to Duncan’s
multiple comparison test; SOM: organic matter; AN: alkali-hydrolyzable nitrogen; AP: available phosphorus;
AK: available potassium; CK: reclaimed soil sampled in no-fertilizer treatment; CF: reclaimed soil sampled in
chemical fertilizer treatment; M: reclaimed soil sampled in manure treatment. SU: subsided soil sampled in an
adjacent site; FA: soil sampled in another adjacent farmland.

3.2. Soil Bacterial Abundance and Diversity

A total of 138,894 high-quality sequences (average read length of 440 bp) were obtained
from all the soil samples. These optimized sequences were clustered into OTUs by Mothur
software. As shown in Table 2, the Sobs values in all treatments were in the range of
3672–11,030, and the lowest Sobs was found in the SU treatment. There was no significant
difference in Sobs between the reclaimed soil (CK, CF, and M) and farmland soil (FA), but
they were significantly higher than those in the subsided soil (SU). Venn analysis (Figure 1)
showed that 805 Sobs were found in all five treatments, accounting for 7.2–21.92% of each
treatment, respectively. A total of 3478 Sobs were detected in the CK, CF, and M treatments,
which were 31.53–35.59% of their total number. In addition, 5131 Sobs were detected in the
CF and M treatments, accounting for 46.52% and 46.56% of their total Sobs, respectively.
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The unique Sobs out of all the treatments accounted for 21.52–88.82%, indicating that there
were differences in the composition of the soil bacterial community among the treatments.

Table 2. Estimated number of observed Sobs, coverage, richness, and diversity in different treatments.

Treatments Sobs Coverage
Richness and Diversity Indices

Chao1 ACE Shannon

SU 3672 ± 195 b 0.97 ± 0.01 a 4455 ± 323 c 4358 ± 319 c 10.02 ± 0.24 d

CK 10803 ± 106 a 0.96 ± 0.02 a 13864 ± 174 b 14078 ± 242 b 11.37 ± 0.05 c

CF 11021 ± 731 a 0.94 ± 0.01 ab 15190 ± 463 a 15621 ± 413 a 11.60 ± 0.05 b

M 11030 ± 337 a 0.95 ± 0.00 a 15330 ± 216 a 15845 ± 170 a 11.39 ± 0.12 c

FA 9772 ± 288 a 0.91 ± 0.02 b 14430 ± 313 a 14988 ± 302 a 11.77 ± 0.04 a

Values followed by different lowercase letters (a–d) are significantly different (p < 0.05) according to Duncan’s
multiple comparison test; Sobs: the species of OTU that can be detected; Coverage: Good’s nonparametric
coverage estimator; ACE: abundance-based coverage estimator; Shannon: nonparametric Shannon diversity
index. CK: reclaimed soil sampled in no-fertilizer treatment; CF: reclaimed soil sampled in chemical fertilizer
treatment; M: reclaimed soil sampled in manure treatment. SU: subsided soil sampled in an adjacent site; FA: soil
sampled in another adjacent farmland.

Figure 1. OTU Venn analysis of different treatments. OTU: Operational Taxonomic Units; CK:
reclaimed soil sampled in no-fertilizer treatment; CF: reclaimed soil sampled in chemical fertilizer
treatment; M: reclaimed soil sampled in manure treatment. SU: subsided soil sampled in an adjacent
site; FA: soil sampled in another adjacent farmland.

The result of bacterial community diversity is presented in Table 2. The SU treatment
showed the lowest Chao1, ACE, and Shannon index (alpha-diversity indices), which were
significantly different from those in the reclaimed soil. After reclamation, soil bacterial
diversity and abundance in the reclaimed soil were significantly higher than those in the
subsidence soil (p < 0.05). However, Chao1 and ACE showed no significant difference
among the CF, M, and FA treatments, which were significantly higher (p < 0.05) than those
in the CK treatment. The Shannon index of the FA treatment was the highest (11.77) and
significantly higher than those of the reclamation treatments (CK, CF, and M). In addition,
the Shannon–Weiner curve showed similar trends (FA > CF > M > CK > SU) in terms of
high species richness at 97% similarity (Figure S1). Good’s coverage values in all samples
ranged from 91% to 97% at a similarity cutoff of 97%, indicating that the current numbers
of sequence reads were sufficient to capture the bacterial diversity in these soils.
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3.3. Soil Bacterial Taxa Community Composition

Based on the Illumina platform analysis, sequences from all soil samples were classi-
fied into 54 different phyla, 138 classes, 213 orders, 244 families, 423 genera, and 218 species
(Figure S2). Proteobacteria were the most abundant phyla, accounting for 20.15%–31.66%
in these five treatments (Figure 2a). Furthermore, classes of Alphaproteobacteria, Betapro-
teobacteria, Deltaproteobacteria, and Gammaproteobacteria were detected in this study, and
Alphaproteobacteria was the most abundant phylum, accounting for 41.48% of total Pro-
teobacteria sequences. Other predominant phyla were Actinobacteria (27.80%), Acidobacteria
(7.96%), Bacteroidetes (7.42%), Chloroflexi (7.21%), and Gemmatimonadetes (6.62%), accounting
for 81.30% of the bacterial sequences. Additionally, Firmicutes (2.81%), Planctomycetes
(2.01%), Cyanobacteria (1.50%), Nitrospirae (1.25%), TM7 (1.07%), and Verrucomicrobia (1.01%)
were present in soil samples with lower relative abundances, which occupied 9.65% of
bacterial sequences (Figure S2 and Figure 2a).

The distribution of predominant bacterial phyla (classes) between the different treat-
ments is illustrated in Figure 2a. Although similar main phyla (classes) existed in the
selected treatments, the relative abundance of taxa in these treatments was different. No
significant differences in the abundance of Gemmatimonadetes and Verrucomicrobia were
observed in all treatments (Table S1). The highest relative abundance of Acidobacteria
(9.37%), Chloroflexi (9.85%), and Nitrospirae (5.88%), as well as the lowest abundance of
Alphaproteobacteria (4.16%), Gammaproteobacteria (3.85%), and Actinobacteria (16.12%), was
detected in the SU treatment. Alphaproteobacteria (15.32%), Planctomycetes (2.44%), and
Deltaproteobacteria (6.34%) showed the highest relative abundance in the FA treatment,
while Firmicutes showed the lowest abundance. In the reclaimed soil, Bacteroidetes and
Firmicutes were remarkably distinct (p < 0.05) in the CK treatment as compared with those
in the CF and M treatments. Moreover, the respective abundances of the top 10 genera
were examined to compare the distribution of bacterial genera in the different treatments
(Figure 2b). It was found that the most bacterial taxa at the phylogenetic of genera dif-
fered greatly among the selected treatments, except for Streptomyces and Bacillus (Table S1).
The lowest (p < 0.05) relative abundance of Sphingomonas (0.12%), Rhodoplanes (0.24%),
Skermanella (0.09%), Steroidobacter (0.24%), and Lentzea (0.14%) was obtained in the SU
treatment. The abundance of Kaistobacter in the M treatment (2.42%) was significantly
(p < 0.05) higher than that in the FA treatment (1.62%). The highest (p < 0.05) abundance
of Lentzea (1.16%) and Balneimonas (0.94%) was observed in the CF and FA treatments,
respectively. Furthermore, the abundance of Balneimonas and Lentzea were significantly
distinct (p < 0.05) between the CF and M treatments.

PCoA analysis based on the unweighted UniFrac distance metric was conducted to
estimate β-diversity, which clearly revealed the variation of bacterial community among
the treatments (Figure 3a). The first and second principal components explained 47.96%
(PC1) and 11.25% (PC2) of the variance, respectively. As illustrated in the results of PCoA,
the soil bacterial community in the SU treatment (with lower soil nutrient content) was
separated from that in the CK, CF, M, and FA treatments (with higher soil nutrient content)
along the PC1 axis. The soil bacterial community in the farmland soil (with higher soil OM,
AN, and AP) was separated from that in the reclamation soil (CK, CF, and M treatments)
along the PC2 axis. In addition, the CF and M treatments were clustered together and
located in the first quadrant. It meant that the soil from the CF and M treatments had some
of the same Sobs but at different levels. Moreover, Bray–Curtis analysis of dissimilarity
(ANOSIM, R = 0.778, p = 0.001) showed that the differences between groups were larger
than within groups, thus there was dissimilarity between the groups.
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(a) 

 
(b) 

Figure 2. (a) Relative abundance of the dominant bacteria phyla (top 10) in all different treatments; (b) relative abundance of
the dominant bacteria genera (top 10) in all different treatments. Relative abundances (>1%) are based on the proportional
frequencies of those DNA sequences that could be classified at the phylum (proteobacterial class) level. Sequences not
classified to any known phylum and phylogenetic groups accounting for ≤1% of all classified sequences are summarized
in the artificial group “others and unclassified”. CK: reclaimed soil sampled in no-fertilizer treatment; CF: reclaimed soil
sampled in chemical fertilizer treatment; M: reclaimed soil sampled in manure treatment. SU: subsided soil sampled in an
adjacent site; FA: soil sampled in another adjacent farmland. TM7: the phylum candidatus Saccharibacteria.
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(b) 

Figure 3. (a) Principal coordinate analysis (PCoA) based on unweighted UniFrac distances of soil
bacterial communities sampled from different treatments; (b) similarity trees based on Bray–Curtis
distance indices were calculated by OTUs at a distance of 3% using the hierarchical clustering
analysis of bacterial communities for soil samples. CK: reclaimed soil sampled in no-fertilizer
treatment; CF: reclaimed soil sampled in chemical fertilizer treatment; M: reclaimed soil sampled
in manure treatment. SU: subsided soil sampled in an adjacent site; FA: soil sampled in another
adjacent farmland.

A hierarchical cluster analysis based on the beta distance matrix was conducted to
compare the similarity of the soil bacterial community in the different treatments. The
results showed that soil samples (three replicates) from the subsidence site were grouped
together and differed from other samples (Figure 3b). The other samples were clustered
into two main groups: one group consisting of reclaimed soil samples from the CK, CF,
and M treatments and the other consisting of samples from the FA treatment. In addition,
the cluster tree revealed that the bacterial communities in the soil of the CF treatment
were similar to that of the M treatment, which was different from that of the CK treatment.
Overall, the results of cluster analysis were in line with PCoA.
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3.4. Relationship between Soil Properties and Bacterial Community Composition

The results of Pearson’s correlation analysis showed that soil properties were highly
related to bacterial abundance and diversity. As shown in Table 3, soil pH showed signifi-
cant negative correlations with Chao1 (r = −0.826, p < 0.01), ACE (r = −0.824, p < 0.01), and
Shannon index (r = −0.745, p < 0.01). In contrast, SOM, AN, and AP showed significant
positive correlations with Chao1 (r = 0.545–0.606, p < 0.05), ACE (r = 0.564–0.659, p < 0.05,
p < 0.01), and Shannon index (r = 0.559–0.623, p < 0.05). AK was positively correlated with
Chao1 (r = 0.644, p < 0.01) and ACE (r = 0.656, p < 0.01).

Table 3. Pearson’s correlation coefficients between soil physicochemical characteristics and Sobs, and
diversity indices.

Pearson Sobs Chao1 ACE Shannon

pH −0.768 ** −0.826 ** −0.824 ** −0.745 **
SOM 0.399 0.545 * 0.564 * 0.616 *
AN 0.463 0.572 * 0.647 ** 0.559 *
AP 0.377 0.606 * 0.659 ** 0. 623 *
AK 0.508 0.644 ** 0.656 ** 0.409

** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level. pH: potential of hydrogen;
SOM: organic matter; AN: alkali-hydrolyzable nitrogen; AP: available phosphorus; AK: available potassium.

Results of the RDA analysis are shown in Figure 4. Selected soil property factors
could explain 78.96% of the variation. The first and second axes of RDA explained 64.4%
and 9.6% of total variation in our data, respectively. The bacterial community of the FA
treatment was related to higher SOM, AN, and AP contents and lower pH, as shown
by the vectors, while that of the SU treatment was associated with higher pH and lower
soil nutrients (SOM, AN, and AP). As shown in Figure 4, the main group of phyla in the
CK, M, and CF treatments was closer to that in the FA treatment along the first axis with
decreasing pH and increasing soil nutrient contents. Furthermore, abundant phyla of
the M and CF treatments were more alike their closer distance than the other treatments.
The contributions of the selected physicochemical factors followed this trend: pH > SOM
> AP > AN > AK, and their contributions were 39.34%, 27.59%, 18.27%, 13.80% and
11.27%. It is indicated that the structure of the bacterial community was closely correlated
with soil properties and mainly shaped by soil pH and SOM. Pearson’s correlation was
calculated between the most abundant bacterial phyla (Proteobacteria classes) and soil
environmental factors (Table S2). We found that the relative abundance of dominant
phyla (Proteobacteria classes), such as Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes,
and Planctomycetes, showed significantly negative correlations with soil pH and positive
correlations with AK (p < 0.05; p < 0.01). Chloroflexi, Firmicutes, and Nitrospirae showed
significantly positive correlations with pH and negative correlations with SOM, AN, and
AK (p < 0.05; p < 0.01). Alphaproteobacteria and Planctomycetes were positively correlated
with SOM and AN (p < 0.05; p < 0.01), and Actinobacteria was positively correlated with AN
(p < 0.05). Additionally, Acidobacteria, Gemmatimonadetes, Verrucomicrobia, and TM7 had no
significant correlation with the selected soil factors.
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Figure 4. Redundancy analysis (RDA) of abundant phyla (proteobacterial classes) and selected soil
edaphic properties such as pH, SOM, AN, AP, and AK for individual samples from three sites.
SOM: organic matter; AN: alkali-hydrolyzable nitrogen; AP: available phosphorus; AK: available
potassium; CK: reclaimed soil sampled in no-fertilizer treatment; CF: reclaimed soil sampled in
chemical fertilizer treatment; M: reclaimed soil sampled in manure treatment. SU: subsided soil
sampled in an adjacent site; FA: soil sampled in another adjacent farmland. TM7: the phylum
candidatus Saccharibacteria. The red arrow: soil property factors; The blue arrow: the main group of
bacteria phyla.

4. Discussion

4.1. Effects of Reclamation on Soil Properties and Bacterial Community

Coal mining disturbance and reclamation can change original soil physical and chemi-
cal characteristics, consequently affecting soil microbial community structure and diver-
sity [16,40,41]. In general, coal mining activity and preliminary engineering reclamation,
including stripping, reconstruction, and tillage, lead to the disturbance of vegetation and
original surface soil structure, resulting in the degradation of soil bacterial diversity. In our
study, the lower soil nutrients and bacterial community diversity shown in the subsided
soil were mainly attributable to the deficient management and high erosion rates in the
post-mined soil. After 7-year consecutive fertilizer reclamation, Proteobacteria, Actinobacteria,
Acidobacteria, Bacteroidetes, Chloroflexi, and Gemmatimonadetes were the main bacterial phyla
(Figure S2). In particular, Proteobacteria and Actinobacteria, as the copiotrophic groups living
in nutrient-rich conditions, were the most dominant phyla in the reclaimed soil (Figure 2a),
which is in agreement with previous studies [42–44]. This consistency of dominant phyla
in different mining areas indicates that these bacteria play an important role in soil im-
provement in mining areas and have a wide range of adaptability to the soil environment
of the mining area.

In this study, we found Alphaproteobacteria was the largest subgroup of Proteobacteria
in the reclaimed soil. Moreover, the populations of Rhizobiales, Rhodospirillales, and Sphin-
gomonadales affiliated with the alpha-subclass were also observed in significant proportions
in the reclaimed soil (Table S1). The bacterial community of those functional species played
an important role in C, N cycles and in maintaining the integrity of the coal mine ecosys-
tem [45]. This is consistent with our findings of higher SOM and AN in the reclaimed soil.
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In contrast, we found Chloroflexi (9.85%) was the advantageous population in the subsi-
dence soil (Table S1) and showed lower abundance in the reclaimed soil with improvement
in soil nutrients. This is mainly because this bacterium is a kind of autotrophic bacterium
that does not depend on the nutrient supply in the environment and has a survival ad-
vantage in barren soil [32]. We also found a higher abundance of Acidobacteria (9.37%)
in the subsidence soil (Table S1). As a type of slow-growing oligotroph [46] with a rich
diversity of metabolism and function, they prefer oligotrophic living environments with
poor available carbon sources [47]. Our results demonstrated that the accumulation of soil
available nutrients promoted copiotrophic bacteria but negatively affected the oligotrophic
groups [8].

Reclamation significantly increased the nutrient contents (SOM, AN, AP, and AK)
of reclaimed soil, improved the abundance and diversity of bacteria, and promoted the
restoration of the soil microbial community in the mining area [2,16,18,48]. In the present
study, bacterial communities were restored after 7 years of reclamation with the increase
in soil fertility, but it still differed from the adjacent farmland soil. In the reclaimed soil,
the bacterial community composition of the organic fertilizer and chemical fertilizer treat-
ments showed higher similarity (PCoA and cluster analysis). We found that Actinomycetes
in manure treatment were slightly more abundant than those in the chemical fertilizer
treatment (Table S1). Furthermore, Lentzea (affiliated to Actinomycetales) in the manure
treatment were also significantly higher than those in the chemical fertilizer treatment
(Table S1). This may be because manure contains more carbon and nitrogen sources for the
growth of Actinomycetes than chemical fertilizers. In addition, the organic matter in manure
can improve the aggregation and water-holding capacity of the soil, which is beneficial
to the growth of Actinomycetes. We also observed that soil treated with manure had a
higher abundance of Balneimonas (affiliated with Rhizobiales) than soil treated with chemical
fertilizer (Table S1), probably because the dramatic increase in organic matter in manure
could promote the intensive reproduction of this microbial taxon [49].

The results of PCoA and cluster analysis confirmed the distinct difference in bacterial
community composition existed between the reclaimed and subsided soil (Figure 3a,b). It
should be noted that the CK treatment (planting maize without fertilization for 7 years)
significantly increased SOM and AN compared with the SU treatment, which resulted in el-
evated bacterial richness and diversity indices. This is mainly because the input of previous
maize residues and the exudates released by maize roots through consolidation directly
provided the energy source for microorganisms [50]. Additionally, aboveground maize can
also alter the soil bacterial community by affecting the quality and quantity of microbial
metabolic substrates [51]. These results indicated that surface vegetation restoration was
also an important factor affecting bacterial communities in the reclaimed soil. However, the
influences of various plants on soil microorganisms and soil physicochemical properties
are different [52,53]. Different results could be obtained if other plants were selected in the
soil reclamation of the mining area in this study.

Fertilization can improve soil quality and accelerate soil maturation, which further
affects the diversity and richness of bacteria [25]. The application of organic fertilizer can im-
prove soil structure and function and promote microbial richness and abundance [26–28,45],
which is consistent with our results. In our study, nutrient contents and bacterial richness
(Chao1 and ACE) in soil treated with manure were higher than those treated with chemical
fertilizer (Tables 1 and 2), which may be related to the input of organic matter. In addition,
it is probably because the original bacteria from manure contributed to the increase in
bacterial species. Conversely, the CF treatment had remarkably higher bacterial diversity
(Shannon index) than the M treatment (Table 2), mainly due to the mineral nutrient supplied
by chemical fertilizer being sufficient to induce the corresponding bacterial population in
the root system and increase the soil bacterial diversity. In addition, a dramatic increase
in organic matter contained in mature crops could promote the intensive reproduction
of some microbial groups (Proteobacteria, Actinobacteria, and Bacteroidetes), resulting in the
decrease in soil bacterial diversity [49]. It has been reported that the long-term application
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of chemical fertilizer can destroy soil structure, cause soil acidification, reduce soil enzyme
activity, and decrease microbial biomass and diversity [24,29,30]. In this study, fertilizers
also significantly increased the abundance and diversity of soil bacteria, which may be
related to the lower nutrient levels in the soil before fertilization treatment. It should be
pointed out that, under equal nutrient conditions, much more manure will be applied
than chemical fertilizer because of its fewer available nutrients. Therefore, the detrimental
effects of heavy metal accumulation and antibiotic residues on soil bacteria caused by the
extensive application of manure [54–56] cannot be ignored.

4.2. Effects of Soil Properties on Bacterial Community Composition

Soil microorganisms are closely related to soil properties [13,16,25,57]. Many studies
have reported that improved soil fertility resulted in higher bacterial abundance and
diversity [45,58,59]. In this experiment, we found that Chao1, ACE, and Shannon index
were positively correlated with SOM, AN, AP, and AK (p < 0.01 or p < 0.05). It is indicated
that the accumulation of soil organic matter and nutrients could be a good explanation for
the higher bacterial richness and diversity indices in the reclaimed soil (Table 3). We also
found that most of the abundant phyla or classes were significantly correlated with one
or more selected soil properties, emphasizing the critical role of soil organic matter and
nutrients in shaping the abundance and diversity of the soil bacterial community.

Previous studies have indicated that pH, SOM, and AN are the main factors affecting
the composition of bacterial communities in soil [60–63], which is consistent with our study.
In this study, pH was the major factor affecting the bacterial community structure in the
reclaimed soil. After 7 years of reclamation, soil pH was significantly reduced. Moreover,
the application of chemical fertilizer and manure decreased the soil pH, but there was no
significant difference with no fertilizer (CK). This may be due to the short reclamation
time (≤7 years) resulting in the insufficient effect of fertilization on soil pH (Table 1).
Furthermore, it may relate to our experimental calcareous soil [8]. In this experiment,
bacterial diversity increased with the decrease in soil pH (Table 2). It was found that
there was a positive correlation between soil pH and Nitrospirae because Nitrospirae are
sensitive to soil acidity and usually have a high abundance in alkaline soil [8,64]. Moreover,
the abundance of Actinobacteria and Bacteroidetes had a negative correlation with the soil
pH (Table S2), indicating that the bacteria were most abundant in agricultural soil near
neutral pH [63,64]. It was also found that pH had a closer relationship with Chao1, ACE,
and Shannon index (Table 3) than soil nutrients (SOM, AN, and AP) did. It is indicated
that the soil bacterial diversity and community structure are shaped more by changes in
soil pH than by direct nutrient addition (Zhang et al. 2017). In addition, soil pH could
affect the structure of soil bacterial communities by altering many other environmental
factors [42,65].

SOM is another major factor that was found to influence the soil bacterial community.
It was observed that there were significant positive correlations with SOM, Chao1, ACE, and
Shannon index (p < 0.05, Table 3). These results suggested that the restoration of bacterial
diversity occurred gradually with the accumulation of soil organic carbon. Soil organic
matter is considered to be one of the most common indicators of soil quality. The increase
in soil organic matter can promote soil aggregation and improve soil physical properties
(e.g., soil structure, bulk density, and water storage) and nutrients, which contributed to
the growth and restoration of bacteria in the reclaimed soil. In addition, as a reservoir of
carbon and nitrogen sources, the successive decomposition of SOM can produce diverse
substrates for microbiota, thus contributing to the improvement of bacterial community
diversity [45]. It was also pointed out that SOM had a significant positive correlation with
the abundance of Proteobacteria, Actinobacteria, and Bacteroidetes (p < 0.05, RDA). These
copiotrophic bacteria have a higher abundance in reclaimed soil for their fast growth rates
in nutrient-rich conditions [46].

The aim of reclamation in the mining land is to re-establish a productive, healthy, and
sustainable ecosystem suitable for post-mining land use. The restoration of soil fertility
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by increasing soil nutrients and enriching microbial populations is an effective method
for ecological restoration in mining areas [66]. However, the reestablishment of the soil
microbial community in mining subsidence areas not only depends on the reclamation
practices but also the reclamation time. In general, soil nutrients are gradually accumulated
with the increase in reclamation time, and soil fertility can approach a relatively stable
or predisturbance level after almost 20 years of reclamation [2,48,59]. Studies on mining
reclamation suggest that the most important recovery phase of microbial community occurs
between 5 and 20 years after reclamation, and the difference is mainly associated with
several critical factors, including reclamation practice, soil properties, climatic conditions,
and vegetation [16,18,51]. In our study, soil nutrient and bacterial community diversity
were significantly improved after 7 years of reclamation but did not reach the level of
adjacent farmland soil. Continuous monitoring of soil nutrients and microbial communities
in selected sites will be still needed in the future.

5. Conclusions

In summary, coal mining subsidence greatly reduced soil fertility and changed the bac-
terial community. Reclamation could promote the soil bacterial diversity and community
composition in coal mining areas by improving soil physical and chemical characteristics.
According to our hypothesis, the soil bacterial richness and diversity were elevated with
the improvement of soil nutrients after 7 years of reclamation, but it still did not reach the
level of the adjacent farmland soil. Moreover, fertilization (organic fertilizer and chemical
fertilizer) could significantly increase the soil bacterial abundance, while inorganic fertilizer
had a more obvious impact on bacterial diversity. In addition, soil physicochemical factors
affected by the soil fertilizer remediation, especially SOM and pH, are critical in shaping
the main bacterial populations.
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all soil samples. Table S1: Relative abundance of dominant bacterial community taxa in different
treatment, Table S2: Pearson’s correlation coefficients between soil properties and dominant bacterial
community taxa.
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