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Preface

This Special Issue features research and review articles focused on the characterization of soil,

which provides the essential nutrients, water, and root support that food-producing plants need

to grow and thrive. Through this collection, we aim to provide soil scientists with up-to-date

information on the influence of various soil fertilizers (including mineral and natural fertilizers,

e.g., straw and manure) using novel approaches. The featured studies will focus on the analysis

dynamics of organic carbon and stable humic compounds in long-term experiments, as well as

different land uses. This Special Issue encompasses the impact of irrigation and fertilization

on soil enzyme activities. Recent studies on the effects of tillage and sowing methods on the

physical and chemical properties of soils are also within the scope of this Special Issue. In this

reprint, soil resistance to root penetration and water infiltration are expanded upon. Soil conditions

determine the effectiveness of any crop. This Special Issue evaluates the effect of fumigation on

soil properties, soil-borne pathogens, and microbiological and chemical properties of soils as a

result of anthropogenic denudation. We hope that the publication of this Special Issue will support

sustainable agriculture efforts to meet society’s food needs without compromising the ability of future

generations to meet their own needs.

Anetta Siwik-Ziomek and Anna Figas

Guest Editors
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Editorial

Soil Management for Sustainable Agriculture

Anetta Siwik-Ziomek 1,* and Anna Figas 2

1 Department of Biogeochemistry, Soil Science, Irrigation and Drainage, Faculty of Agriculture and
Biotechnology, Bydgoszcz University of Science and Technology, Bernardyńska 6, 85-029 Bydgoszcz, Poland

2 Department of Biotechnology, Faculty of Agriculture and Biotechnology, Bydgoszcz University of Science
and Technology, Bernardyńska 6, 85-029 Bydgoszcz, Poland; figasanna@pbs.edu.pl

* Correspondence: ziomek@pbs.edu.pl

Soil provides the essential nutrients, water, and root support that food-producing
plants need to grow and thrive. The quality of soil can be changed by factors such as climatic
conditions, time, and the impact of living organisms, and especially human management
of soil [1–3]. The condition of the soil determines the effectiveness of any crop. In the last
century, the use of mineral fertilizers and plant protection products has steadily increased,
negatively affecting the condition of soils and the environment. The ineffective use of
nutrients applied with fertilizers has resulted in the migration of harmful compounds.
The use of mineral fertilizers and intensive cultivation has had a negative impact on
biodiversity, significantly worsening the physical and chemical properties of soils [4,5].
Sustainable soil management not only reverses this trend but also improves soil fertility.
With this Special Issue, “Soil Management for Sustainable Agriculture”, we aimed to curate
a collection of articles focusing on landscape ecology, applications in conservation ecology
and the preservation of biodiversity in agriculture, soil as a key component in carbon
sequestration, the use of irrigation and fertigation to relieve water stress, the transformation
of nutrients and their interaction with soil enzymes, methods for the effective management
of ingredients, the use of intelligent soil monitoring tools, the sustainable use of useful
microorganisms in the rhizosphere, and the reclamation of soils contaminated with metals
and pesticides. This Special Issue includes twelve research articles and one review. They
have already attracted great interest, with approximately 26,472 reads and more than
50 citations recorded. The paper exploring nitrogen (N) fertilizer application as one of the
causes of soil acidification at tea plantations [6] has attracted particular interest.

Most of the articles focus on the Earth’s system; soil organic carbon (SOC) constitutes
up to 75% of the terrestrial carbon pool, representing the largest carbon pool, which is
approximately three times greater than the amount of carbon stored in the atmosphere
or vegetation [7]. Straw and manure play a critical role in soil organic carbon (SOC)
sequestration and crop yield in China. Zhao et al. [8], in their meta-analysis, evaluated the
impact of straw and manure amendments, both individually and combined, on crop yield,
SOC, and soil nutrients in China by collecting 173 studies. Their findings reveal that straw
return and manure application increased crop yields by 14.4% and 70.4%, respectively,
overall. Combined straw and manure application achieved a better improvement effect
than straw alone but was less effective than manure alone. In productive practice, the
research presented in this study can guide farmers in applying straw or manure precisely
and reduce waste. Šimon et al. [9] analyze the trends in soil organic carbon (SOC) observed
in soils from the oldest long-term Czech field experiment, the Prague–Ruzyně Long-Term
Fertilizer Experiment, which has been conducted in Haplic Luvisol since 1955. Through
the evaluation of SOC dynamics in the topsoil in this field experiment, the authors identify
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multi-crop rotation with fodder as the key management strategy for increasing or at least
maintaining SOC stocks in the long term. On the contrary, a simple crop rotation with
only two crops appears more sensitive to rising temperatures and shows higher SOC
losses. These losses can be partially mitigated via FYM fertilization. The results of this
year-long research study show that a combination of appropriate management strategies,
i.e., diversified crop rotation and FYM fertilization, can attenuate the negative impacts of
environmental conditions on SOC stock or amplify their positive effects. At present, the
theory of green development is being incorporated around the world; the studies in this
Special Issue not only offer benefits for sustainable agriculture with this trend in global
development. Amaleviciute-Volunge et al. [10] share the results of a long-term (1995–2022)
study designed to determine differences in the formation of humic compounds in natural
and agricultural arenosols ecosystems. After 27 years, afforestation had significantly
increased the soil organic carbon (SOC) and influenced the qualitative composition of
humic substances into the SOC. Grassland cultivation showed faster SOC sequestration,
a higher humic acid/fulvic acid (HA/FA) ratio, and an increased HD. To maintain a
stable humus balance, arenosols should be used in crop rotation with approximately
40% leguminous plants.

On the other hand, Li et al. [11] observed that the effect of fumigation combined with
soil amendments was better than that of fumigation alone, and silicon fertilizer had the
best effect. Their results suggest that dazomet fumigation combined with soil amendments
can improve soil nutrient supply, activate soil enzyme activities, enhance the control effect
of soil-borne pathogens, and thus promote strawberry growth. The work of Siwik-Ziomek
and Kuśmierek-Tomaszewska [12] discusses the enzymes activity in Alfisol soil. The work
shows the effect of sprinkler irrigation on the activity of selected soil enzymes in terms
of nitrogen metabolism and oxidation–reduction processes in soil with different doses of
inorganic nitrogen fertilizers. The enzymatic activities changed throughout the research
years. During the maturity stage, the lower ammonium nitrogen content in the soil was
the result of a higher spring barley uptake due to drought stress. Irrigation probably
contributed to the increased leaching of nitrate in the soil.

Ma et al. [13] assessed the impact of soil quality in mesofauna communities, the
abundance and functional traits of which could be used to assess soil quality. Greater
richness was observed in areas with relatively weaker soil quality, suggesting that the
consequences of soil quality decline in soil-dwelling mesofauna were not exclusively
negative. Various taxa of soil-dwelling mesofauna exhibited varying degrees of response to
the decline in soil quality. Oribatida were overwhelmingly dominant in the sampling fields
with medium soil quality, and most Entomobryidae were found in agricultural lands with
very weak soil quality.

During soil quality decline, soil nutrients were observed to correlate positively with the
density of soil-dwelling mesofauna. Soil acidification is a serious aspect of soil degradation
worldwide and has been reported in various ecosystems and regions [13]. Liu et al. [14]
studied the characteristics of soil acidification after nitrogen fertilizer treatment in a tea
plantation. The loss of exchangeable base cations owing to N application is the main
mechanism behind soil acidification at tea plantations. In agricultural production, the
amount of nitrogen fertilizer should be strictly controlled for tea plantations that are not
seriously acidified, and measures such as applying nitrogen fertilizer synergists and organic
fertilizers should be taken to prevent further acidification of the soil. For severely acidified
tea plantations, alkaline biomass materials should be appropriately applied to improve
soil acidification.

Kanarek et al. [15] studied and evaluated the microbiological and chemical prop-
erties of soils as a result of anthropogenic denudation. The study found that the over-
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intensification of agriculture negatively affected soil in moraine areas, leading to erosion.
Cultivation operations move soil components from the tops of hills to the foothills. These
findings underscore the need to adapt agricultural practices to the terrain, especially in
hilly areas, and to use sustainable agriculture for long-term soil and environmental pro-
tection. This research indicates that there is a clear tendency toward the accumulation
of higher levels of organic carbon, total nitrogen, and plant-available forms of P and K
at the foot of the slope, likely resulting from the transfer of soil material due to tillage
and water erosion. Moreover, for most of the microbial groups studied, more stimulating
conditions for their development were observed at the foot than at the summit, associated
with the accumulation of larger quantities of, and easier access to, nutritional substrates in
these areas. Kanarek et al. [15] highlighted that monitoring microbiological and chemical
changes in soil quality can be utilized as a significant prognostic tool in assessing further
erosive changes.

In their article, Cui et al. [16] review research on the quantity and quality of humic
substances following different land uses in karst peak cluster depressions in Guangxi, China.
The authors studied soil under five major land uses (grassland, afforestation, sugarcane
field, corn field, and pitaya field). The results show that the soil organic carbon contents
in both afforestation and naturally restored grassland are significantly higher than in the
sugarcane field, corn field, and pitaya field. Different land uses in the same area also have
a certain impact on the amounts of soil humic fractions. The structural characteristics of
the humic fractions of five different land uses show that different land uses directly affect
the structure of humic fractions. The article by Dias et al. [17] reviewed soil attributes and
their inter-relationships with resistance to root penetration and water infiltration in areas
with different land uses in the Apodi Plateau, a semiarid region of Brazil. Different soils
were analyzed for their resistance to root penetration, water infiltration, inorganic fractions,
soil density, total porosity, the potential of hydrogen, electrical conductivity, total organic
carbon, potential acidity, and the sum of bases. Textural classification was an important
factor in the analysis of soil resistance to root penetration (Q) and the infiltration rate, as
evidenced in the cluster analysis, allowing the formation of two groups, one for the surface
layers of the areas and another for the subsurface layers, with the inorganic sand and clay
fractions standing out with the greatest dissimilarity.

Dias et al. [17] suggest implementing conservation practices in soil management to
correct pore space problems and the degradation of agroecosystems in areas with semiarid
soils. Wang et al. [18] studied the effects of tillage and sowing methods on soil physical
properties and corn plant characteristics. This study consisted of four tillage and sowing
methods: plow tillage and precision seeder sowing (PTS), rotary tillage and precision
seeder sowing (RTS), no tillage and no tillage seeder sowing (NTS), and no tillage and
precise sowing in a stubble field (STS) (all four treatments involved total straw return). The
results of this study indicate that the short-term application of different tillage and sowing
methods has a significant impact on soil physical properties and plant growth.

Li et al. [11] studied the effects of soil amendments on soil properties, soil-borne
pathogens, and strawberry growth after dazomet fumigation. In this study, silicon fertilizer,
potassium humate, Bacillus biofertilizer, and a combination of the latter two were added
to soil after DZ fumigation. The results showed that DZ fumigation combined with soil
amendments significantly increased the activities of catalase, sucrase, and urease in the
soil by varying degrees. In particular, silicon fertilizer significantly increased soil nutrients,
as well as the contents of nitrogen, phosphorus, potassium, and organic matter. At the
same time, the soil amendments further improved the control effect of soil-borne pathogens
and significantly promoted the growth of strawberries, and the effect was better than
that of DZ fumigation alone. The improvement in enzyme activities in the soil indicated
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an increase in soil biological activity, which directly or indirectly promoted strawberry
growth. The results show that DZ fumigation combined with silicon fertilizer had the best
effect, not only improving the soil environment but also reducing the number of soil-borne
pathogens and promoting the growth of strawberry plants. Furthermore, soil amendments
could replace some fertilizers and promote green, efficient, and sustainable development.
Li et al. [11] note that the experiments were conducted in a controlled environment; when
these amendments are applied to the field, a small-scale test should be carried out first to
avoid economic losses due to the complexity of the field environment.

Dobrzynski at all [19] share a review paper exploring bacteria of the genus Bacillus and
related genera (e.g., Paenibacillus, Alicyclobacillus, or Brevibacillus) belonging to the phylum
Firmicutes. The group consists of aerobic and relatively anaerobic bacteria capable of spore-
forming. Bacillus spp. and related genera are widely distributed in the environment, with a
particular role in soil. Their abundance in agricultural environments mainly depends on
fertilization but can also depend on soil cultivation methods, i.e., whether plants are grown
in monoculture or rotation systems. The highest abundance of the phylum Firmicutes is
usually recorded in soil fertilized with manure. Due to the great abundance of cellulose
in the environment, one of the most important physiological groups among these spore-
forming bacteria is that of cellulolytic bacteria. Three key cellulases produced by Bacillus
spp. and related genera are required for complete cellulose degradation: endoglucanases,
exoglucanases, and β-glucosidases.

We hope that the reader will find this Special Issue a helpful reference in further
understanding soil management techniques for sustainable agriculture.

Author Contributions: Conceptualization, A.S.-Z. and A.F.; writing—original draft preparation,
A.S.-Z. and A.F.; writing—review and editing, A.S.-Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
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Responses of Soil Enzymes Activities to Sprinkler Irrigation
and Differentiated Nitrogen Fertilization in Barley Cultivation

Anetta Siwik-Ziomek 1,* and Renata Kuśmierek-Tomaszewska 2

1 Laboratory of Soil Science and Biochemistry, Department of Biogeochemistry and Soil Science, Faculty of
Agriculture and Biotechnology, Bydgoszcz University of Sciences and Technology, 6 Bernardyńska Street,
85-029 Bydgoszcz, Poland

2 Laboratory of Agrometeorology, Plant Irrigation and Drainage, Faculty of Agriculture and Biotechnology,
Bydgoszcz University of Sciences and Technology, 7 Profesora Sylwestra Kaliskiego Av.,
85-796 Bydgoszcz, Poland; renata.kusmierek-tomaszewska@pbs.edu.pl

* Correspondence: ziomek@pbs.edu.pl

Abstract: Our study aimed to assess the impact of sprinkler irrigation on the activity of selected soil
enzymes in terms of nitrogen metabolism and oxidation–reduction processes in soil with different
doses of inorganic nitrogen fertilizers. An Alfisol was sampled from an experimental field of spring
barley within the University Research Center in the central part of Poland, namely the village of
Mochełek with a moderate transitory climate, during the growing seasons of 2015–2017. The soil
resistance (RS) was derived to recognize the resistance enzymes during drought. In the maturity
phase, nitrate reductase activity was 18% higher in irrigated soil and the activities of other enzymes
were higher than in the non-irrigated plots by 25% for dehydrogenase, 22% for peroxidase, 33%
for catalase, and 17% for urease. The development phase in the barley influenced nitrate reductase
activity. Enzymatic activities changed throughout the research years. During the maturity stage, a
lower ammonium nitrogen content in the soil resulted from a higher spring barley uptake due to
drought stress. Irrigation probably contributed to increased leaching of nitrate in the soil. The highest
index of resilience was found in the soil catalase activity.

Keywords: urease; nitrate reductase; dehydrogenase; peroxidase; catalase; moderate transitory
climate; soil; index of resilience; soil activity monitoring

1. Introduction

The forms of mineral and organic nitrogen (N) undergo several transformations
throughout the N cycle. This element is easily transformed from a reduced form to an
oxidized form, which results in a free migration of nitrogen in hydrological and atmo-
spheric processes. The amount of nitrogen available to plants is positively correlated
with the mineralization of organic matter in the soil, biological nitrogen fixation, fertil-
ization, and the total and distribution of atmospheric precipitation [1]. However, due to
such processes as immobilization, harvesting and removal, denitrification, volatilization,
leaching, runoff, and erosion, nitrogen loss from the soil occurs. The intensity of these
processes is influenced by environmental factors such as the soil’s pH, the soil’s texture,
its density, aeration, the water content, and thermal conditions, but also the management
of crop residue, the method and timing of fertilization, agricultural treatments such as
irrigation, and changes in land use. It is assumed that in most cases, less than five percent
of nitrogen in the soil is directly available to plants from the total nitrogen content. This
nitrogen is mainly in the form of nitrates NO3

−-N and ammonium NH4
+-N, with organic

N being the residue, which gradually becomes available due to mineralization [2,3]. What
is characteristic of arable soils is exceptionally high dynamics of mineral nitrogen forms
in the growing season, which results from the microbiological nature of nitrogen transfor-
mations in the soil. Nitrogen occurs in many forms, covering the range of valence states
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from –3 (in NH4
+) to +5 (in NO3

−-) in both agricultural and natural ecosystems. The change
of one valence state into another is mainly biologically mediated and depends primarily
on environmental conditions [4]. Soil oxidoreductase enzymes take part in oxidoreductive
processes. Dehydrogenases (E.C.1.1.) are extracellular enzymes that can be considered
a helpful indicator of microbial activity and oxidative metabolism in soil [5]. Another
intracellular enzyme from the oxidoreductase class is catalase (EC 1.11.1.6), which manages
oxidative stress in the soil by catalyzing the decomposition of hydrogen peroxide into
water and oxygen [6]. Peroxidases (EC 1.11.1) use H2O2 as an electron acceptor, and their
activity in soil results in the depolymerization of lignin [7]. Urease activity (EC 3.5.1.5)
can result in an increase in soil pH and loss of nitrogen to the atmosphere due to the
release of NH3 as a result of the hydrolysis of urea to CO2 and NH3 [8]. The activity of this
enzyme can be viewed as a desirable indicator of soil quality due to its role in regulating
plant nitrogen supply. In turn, the enzyme responsible for catalyzing the reduction of
NO3

− to NO2
− in anaerobic conditions in soil is nitroreductase (EC 1.7.99.4) [9]. It has

been proven that changes in soil use and management affect soil enzymes that actively
participate in metabolic processes [10,11]. Enzymes indicate the metabolic level of the
microbial community in soil and catalyze specific reactions in the carbon and nutrient
metabolism cycle [12,13]. Free enzymes excreted by plants and animals and associated
mainly with or within cellular structures are called exoenzymes. Later, they are released
into soil after cell lysis and death [14]. Therefore, if soil use and management influence
the soil’s microbial environment, changes in the activity of soil enzymes can also be ob-
served [15]. The biochemical properties of soil, which are indicators of its quality, are
highly variable depending on climatic, weather, and geographical conditions; pedogenic
factors; fertilization; and irrigation. Microorganisms living in soil are important factors that
determine the nutrient metabolism cycle. They also interact intricately with plant organisms.
Land-use systems that improve soil microbiological properties can result in higher yields
with better raw material quality while reducing production costs. Similarly, by limiting the
use of mineral fertilizers and plant protection agents, these systems support the sustainable
development of agricultural areas. Therefore, to improve the condition of soil, it is necessary
to constantly monitor and evaluate the physicochemical and biological processes in the soil
and to examine changes in its physicochemical properties. Diverse soil use in agricultural
systems in terms of crop rotation and plant protection treatments results in changes in soil
properties, both physical and chemical, but mostly affects biological activity. This, in turn,
affects both productivity and environmental quality, and hence affects human and animal
health. Multi-year studies on the impact of agriculture on the biological and biochemical
properties of soil bring valuable information on the transformation of nutrients in soils [16,17].
The definition of soil quality indicates the ability of soil to operate within an ecosystem, as well
as its ability to support biological productivity, to maintain the quality of the environment,
and to encourage the sanitary conditions of plants and animals [16].

The stability (resistance and action) of a soil system is a consequence of the influence
of microorganisms on the properties and processes in the ecosystem. To define different
systems, it is important to select appropriate indicators that will quantify the relative value
of how the system will respond to specific soil-use scenarios. In our paper, we compare
our indices with previously published stability indices and test their performance against a
real dataset. One of the indicators that quantifies the relative value of the microbiological
response is the resistance index, according to Orwin and Wardle [18].

In this study, we aimed to evaluate the following: (1) the responses of N-related
properties of an Alfisol, such as the forms of N in the soil and the activity of enzymes
involved in the metabolism of nitrogen in the soil; (2) the reaction of enzymatic activity
related to the transformation of soil nitrogen depending on soil moisture under sprinkler
irrigation during a growing season in spring barley in a warm temperate climate zone;
(3) the impact of irrigation on the activities of enzymes related to nitrogen metabolism and
oxidation–reduction processes in soil during varied growth stages with various doses of
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inorganic nitrogen fertilizers; and (4) whether the calculated resistance ratio (RS) can be
used to find an effective solution to enzymatic stress.

2. Materials and Methods

2.1. Study Area and Soil Sampling

A carefully controlled field experiment was conducted at the Research Center of the
Bydgoszcz University of Science and Technology in the village of Mochełek (53◦130 N,
17◦510 E). The experiment site was located in the Kujawsko–Pomorskie province, in central
Poland. The plant that was investigated in this experiment was spring barley cv. ‘Signora’,
cultivated in three consecutive growing seasons, 2015–2017.

The soil, according to the USDA soil taxonomy, was defined as a typical Alfisol made
of sandy loam (clay 6%, sand 79%, loam 15%) [19]. It was found that the reaction of the
topsoil was slightly acidic: the pH in 1 M KCl was 5.7–6.1. The topsoil showed relatively
low contents of total organic carbon (TOC) (7.60–7.70 g·kg−1) and total nitrogen (TN)
(0.70–0.76 g·kg−1). The contents of other available nutrients were as follows: the phos-
phorus (P) (64.0 mg kg−1) and sulfur (S) (13 mg S kg−1) contents were average, and the
potassium (K) content was high (126.0 mg−1). The subsoil comprised light loamy sand on
shallow medium loam. The soil properties were determined before the experiment and
they are presented below (in Table 1). The water content in the soil, corresponding to the
water content in 1 m of the soil layer for field capacity, was 215 mm.

Table 1. Properties of soil in the experimental plot.

Soil Property Content

TOC 7.60–7.70 g·kg−1

TN 0.70–0.76 g·kg−1

pH KCl 5.8–6.2
Available P 64.0 mg·kg−1

Available K 125.0 mg·kg−1

SO4
2− 12 mg·kg−1

2.2. Experimental Design and Weather Conditions

This study had a two-factor split-plot design with four replications. The first factor (i)
was sprinkler irrigation (where W0 meant no irrigation, and W1 meant optimal irrigation
with 100% coverage of the water requirements of plants in the period of high water needs).
The second factor (ii) was a differentiated level of nitrogen fertilizer application in the
crystalline form of ammonium nitrate (three doses: N1, N2, and N3; see Table 2). This
fertilizer was applied before sowing at different doses for all groups except N0 (control)
(Table 2). For N4, an additional dose of fertilizer was top-dressed during the barley’s
shooting stage. The second factor was static and remained constant throughout the whole
experiment. However, the first factor, irrigation, was dynamic and was scheduled according
to weather conditions. The spring barley was provided with optimal irrigation. Throughout
the period of high water requirements in plants in the rhizosphere, there was a constant
reserve of readily available water (RAW). The number of single irrigation doses and the total
number of seasonal doses (Table 3) were established based on the amount and distribution
of atmospheric precipitation, according to Żarski et al. [20].

Table 2. Description of experimental factors.

Irrigation Factor Fertigation Factor Nitrogen Fertigation Level

W0—no irrigation
W1—optimal irrigation

N0 Control
N1 30 kg·ha−1 pre sowing
N2 60 kg·ha−1 pre sowing

N3
90 kg·ha−1 (60 kg·ha−1 pre sowing and 30 kg·ha−1 top-dressed during

the shooting stage)
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Table 3. Weather conditions and irrigation doses applied in the growing seasons of 2015–2017.

Growing Season t (◦C) P (mm)
Irrigation Application

Dates
Irrigation Doses (mm)

2015 13.8 193.3

26 May 30
3 June 30

10 June 25
1 July 30
6 July 20

total applications: 135

2016 14.3 386.7

24 May 35
8 June 32

total applications: 77

2017 13.1 474.8

29 May 20
9 June 20

28 June 15

total applications: 55

Average for 1991–2020 14.8 324.5 – –

The climate conditions of this study area represent a temperate transitory zone in
Central Europe. The mean annual temperature and rainfall conditions for the growing
season from April to September are 14.8 ◦C and 324.5 mm, respectively. In the growing
season of 2015, classified as dry, as much as 135 mm of water was applied in 4 single doses.
For the other two seasons, classified as moist, a total of 77 mm was applied in two doses in
2016 and only 55 mm was applied in three doses in 2017. For the whole experimental period
of 2015–2017, the temperature conditions in the area were similar to the climate norm for
1991–2020 (Table 3) (Figure 1). However, the atmospheric precipitation totals from April to
September were considerably higher in 2016 and 2017 when compared to the many-year
average (Table 3) (Figure 1). The dates of barley sowing were as follows: 23 March 2015, 1
April 2016, and 31 March 2017. Barley was grown according to the recommendations of the
State Plant Health and Seed Inspection Service regarding the optimization of phosphorus
and potassium fertilization and chemical plant protection. The doses of macroelements for
the barley were 60 kg P2O5·ha−1 for phosphorus and 75 K2O·ha−1 for potassium, and these
were applied before sowing. In all of the study years, due to the use of properly selected
herbicide mixtures, weed infestation was minimal. The herbicides used from the 3-leaf
stage until the end of tillering (BBCH 1–29) were Pike 20 WG at a dose of 30 g/dm3·ha−1

(metsulfuron-methyl) and Aurora 40 WG at a dose of 50 g/dm3·ha−1 (carfentrazone-ethyl).
To combat fungal diseases in the T1 and T2 periods, a factory mixture of fenpropimorph and
epoxiconazole in the Duett Star 334 SE preparation was used in the amount of 1 l·ha−1, and
on the ears, we used epoxiconazole with kresoxim-methyl of the Tocata Duo preparation in
the amount of 0.8 l·ha−1. In all of the study years, grain moths (Oulema melanopus L.) were
observed on the barley, which was controlled with Bi 58 Nowy (dimethoate) at a dose of
0.5 l·ha−1. The harvesting area covered 10 m2. Grain was harvested on 3 August 2015, on
23 July 2016, and on 8 July 2017.

2.3. Irrigation System and Schedule

For the irrigation, a portable sprinkler irrigation system equipped with low-pressure
Nelson-type sector sprinkler heads was used. The unit efficiency was 200 dm3·h−1. The
irrigation system was connected to the municipal waterworks network.

We scheduled the dates of irrigation treatments based on weather monitoring from an
automatic weather station set in the vicinity of the experimental plot. Daily precipitation
and the content of readily available water (RAW) in the soil were established. The soil water
storage from the topsoil to a one-meter depth of the soil profile was 215 mm according to
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the field capacity. To conduct constant rhizosphere moisture monitoring, we applied the
method of readily available water balance, commonly used for irrigation scheduling [20].
Moreover, direct measurements of the soil water content at the depth of 20 cm were conducted
with the TDR method using the portable Fieldscout TDR 300 Soil Moisture Meter (Spectrum
Technologies, Inc. 3600 Thayer Court, Aurora, IL 60504, USA) for each plot every day. Barley
water requirements were met by maintaining soil moisture in the range of RAW in the plant
rhizosphere. For the barley grown on irrigated plots, soil moisture in the rhizosphere was
maintained in the RAW range from 0 to 30 mm according to field capacity.

  

Figure 1. Monthly air temperature (a) and the distribution of monthly atmospheric precipitation
totals (b) in the growing seasons of 2015–2017 compared to the climate norms for 1991–2020.

The method for establishing irrigation deadlines was based on simple weather mea-
surements. It involved balancing the income and expenditure of water from the soil layer
with controlled moisture (rhizosphere) during the period of high water requirements in
plants that covers May–July. The income side of the balance sheet included the follow-
ing elements: effective water retention of soil for crops (for barley grown on light soil in
compact substrate, this is 30 mm); precipitation; and net water doses from irrigation. On
the expenditure side, there was the amount of daily water consumption, which depended
on the average daily air temperature; the type of crop; and the type of soil. This balance
method is beneficial for controlling irrigation at the point scale. It was tested many times
in carefully controlled field experiments, in which it almost perfectly signaled the need to
start irrigation, and it was consistent with the methods directly determining soil moisture.
A balance was struck during the barley’s phase of high water requirements by assuming a
value of initial effective water retention of the soil equal to the value of total atmospheric
precipitation in the 10 days preceding the beginning of the critical crop period, which was
established as 20 May.

2.4. Chemical and Biochemical Analyses

Soil was sampled from 0 to 20 cm of the topsoil three times at the following develop-
ment phases: I—during spring germination (BBCH 9–19); II—after fertilization/ripening
(BBCH 71–78); and III—before harvest/maturity (BBCH 86–87). At each development
phase, soil was sampled in four replications for all of the treatments. Material from the
field-sampled soil was sieved (2 mm mesh) and kept in a plastic box at 4 ◦C. After two
days, the microbial activity stabilized in the soil and the enzymatic activity was studied.

N-NO3
− and N-NH4

+ contents were extracted from moist field soil samples using KCl
and K2SO4, respectively. The nitrate nitrogen content was determined using the phenol
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disulfonic acid method and the ammonium nitrogen content was determined with the
indophenol method [21].

Urease activity (UR activity; EC 3.5.1.5) in the soil was assayed according to Kandeler
and Gerber [22]: An amount of 1 g of soil was incubated with 4 mL of borate buffer (pH
10.0) and a 0.5 mL solution of urea at 37 ◦C for 2 h. Later, it was filtered after adding 6 mL
of 1 M KCl and the solution and then diluted with water. With the spectrophotometric
method, the urease activity was evaluated 30 min after adding NaOH salicylate and acid
dichloroisocyanide at 690 nm. The UR activity is presented in mg N-NH4

+ kg−1·h−1.
Nitrate reductase activity (NR activity; EC. 1.7.99.4) was assayed as described by

Kandeler [23]: Soil samples were incubated with KNO3 (substrate) and a solution of 2,4-
DNP at 25◦ C for 24 h. These samples were provided with KCl solution and filtered, and
5 mL of solution was provided with 3 mL of ammonium chloride buffer and reagent for
staining; then, the samples were mixed and measured at 520 nm. The unit of NR activity
was mg N-NO2

− kg−1·24 h−1.
The activity of dehydrogenase (DH; EC 1.1.) is presented in mg TPFg·−1 h·−1, and

was determined according to Thalmann [24]. Soil samples were mixed with buffered
tetrazolium salts (TTC) and glucose and incubated at 30◦C for 24 h, and the activity of the
DH oxidoreductase was assayed with the spectrophotometric method at 546 nm.

The catalase activity (CAT activity; EC 1.11.1.6) was determined using the method
by Johnson and Temple [25]. The soil was incubated for 20 min with hydrogen peroxide
and then, in an acidic environment, titrated with potassium permanganate. The catalase
activity was calculated against the control samples in μmol H2O2·g·−1·min−1.

Peroxidase activity (PER activity; EC 1.11.1.7) was quantified in accordance with
Ladd [26]. The substrates consisted of pyrogallol and hydrogen peroxide, and the peroxi-
dase is presented in mmol of purpurogallin g−1·h −1.

2.5. Data Analyses

The resistance of the soil (RS) was derived from the formulas suggested by Orwin and
Wardle [18]:

RS(t 0) = 1 − 2D0

(C 0+|D0|) (1)

where |D0| is the difference between the control soil (C0) and performing soil (P0) at the
end of irrigation (t0).

The enzymatic activity results and chemical analysis results were subjected to analyses
of variance via Tukey’s test with a 5% level of significance using statistics software analysis
of variance for orthogonal experiments of the Bydgoszcz University of Science and Tech-
nology: ANALWAR–5.1. FR software package,. Pearson’s linear correlation coefficients of
the biometric feature were calculated using Statistica 13.1 for Windows 10 software.

3. Results

The NO3
−-N and NH4

+-N contents in the Alfisol and their dynamics during the
growing season significantly depended on the conditions of the experiment from irrigation
to nitrogen fertilization (Table 4). The content of NH4

+ depended on the interaction of
irrigation during the development phases (Table 4). At the second date (after fertilization),
during ripening, the content of ammonium ions was higher; in no-irrigation plots, it was on
average 13% less than in the irrigated plots. Before harvest, a higher content of the ions was
observed in irrigated plots, especially with the N1 and N3 doses. In the plots fertilized with
nitrogen, the lowest content of NO3

−-N- occurred in spring (germination). After applying
mineral fertilization, the content of those ions increased considerably, and then slightly
decreased at the end of vegetation. The content of mineral nitrogen Nmin depended also
on nitrogen fertilization. Differences in contents were found depending on the irrigation
before the harvesting of the spring barley. In the plots without irrigation, on average, 34%
more mineral nitrogen was recorded than in the plots with irrigation.
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Table 4. Contents of nitrate, ammonium, and mineral nitrogen in soil under barley (mean values for
2015–2017).

NH4
+ NO3

− Nmin

Date N dose IRR NIRR Mean IRR NIRR Mean IRR NIRR Mean

Germination N0 6.107b 6.107b 6.107 2.657 2.657 2.657a 39.437 39.437 39.437a

Ripening

N0 4.310a 3.95a7 4.133 10.023 6.497 8.260a 64.502 47.040 55.771a

N1 4.513a 4.383a 4.448 7.703 13.147 10.425a 54.977 78.885 66.931a

N2 5.217b 8.040b 6.628 21.930 29.850 25.890b 122.16 125.51 123.83b

N3 6.060b 6.357b 6.208 23.777 19.637 21.707ab 134.27 116.97 125.62b

Average 5.025 5.684 5.355 15.858 17.283 16.570 93.976 92.100 93.038

Maturity

N0 4.413a 3.777a 4.095 6.553 6.937 6.745a 32.683 31.545 32.114a

N1 4.667a 2.960a 3.813 3.150 20.260 11.705a 35.175 104.49 69.833a

N2 3.030a 4.397a 3.713 10.763 20.953 15.525ab 67.235 106.10 86.670b

N3 5.603b 3.573a 4.588 25.330 19.753 22.542b 101.87 118.31 110.09b

Average 4.428 3.677 4.053 11.449 16.976 14.213 59.240 90.111 74.676

IRR—irrigation, NIRR—no irrigation, different letters following the mean values indicate significant differences
with the Tukey test at p ≤ 0.05.

The contents of NH4
+-N and NO3

−-N- during the experimental years depending on
nitrogen fertilization and irrigation are shown in Figure 1. The content of NH4

+-N ranged
from 1.187 to 6.867 mg·kg−1 of soil and it did not depend on irrigation; it increased only
slightly with increasing doses of the nitrogen fertilizer. However, the content of NO3

−-N– fell
within a wider range from 1.50 to 33.23 mg·kg−1 of soil (Figure 2). In all of the experimental
years, a higher content of this nitrogen fraction was found in samples from non-irrigated
plots when compared to samples from the irrigated ones, and this difference in each year
chronologically was 50%, 30%, and 12%.

Figure 2. Contents of (a) ammonium and (b) nitrate nitrogen in soil under barley depending on
fertilization in 2015–2017.

However, at maturity, only NR activity was 18% higher in irrigated soil (Table 5). The
activities of the other enzymes were higher in no-irrigation treatments by 25% for DH, 22%
for PER, 33% for CAT, and 17% for UR compared to the irrigated soil. The statistical analysis
showed the effect of irrigation on the PER, CAT, and NR activity. As for NR, the activity
was influenced, apart from the influence of irrigation, by the barley’s development phase.
A significantly higher NR activity was found in the soil sampled in 2016—on average about
four times higher compared to the average activity determined for the samples taken in
2016 and three times higher compared to the average soil activity in 2017. However, the
activities of the other oxidoreductases developed differently over the experimental years.
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The highest catalase activity was found in the samples from 2015, where it was 29% higher
compared to the average from 2017.

Table 5. Enzymatic activity at ripening and maturity in barley in 2015, 2016, and 2017.

Treatment
Ripening Maturity

DH ‡ PER CAT NR UR DH PER CAT NR UR

Ir
ri

ga
ti

on

N0 13.55 7.717 3.192 4.800 5.032 18.21 4.819 2.887 6.260 8.144

N1 33.38 9.394 3.641 4.884 4.030 18.03 4.606 2.825 5.248 6.370

N2 29.51 8.205 3.783 3.174 3.646 24.35 5.643 3.103 4.077 4.551

N3 23.60 8.266 4.799 5.471 4.980 57.86 3.843 4.261 6.067 7.758

Mean 25.01 8.395 3.853 4.582 4.422 29.61 4.728 3.269 5.413 6.706

N
o

ir
ri

ga
ti

on

N0 27.25 7.198 3.574 7.134 4.364 16.92 6.710 2.284 2.486 6.623

N1 27.58 9.242 3.368 2.970 5.959 37.26 4.209 1.897 5.211 7.808

N2 27.33 8.601 4.310 7.901 3.195 55.62 8.235 3.069 3.888 8.040

N3 53.08 7.473 3.843 7.927 3.242 45.51 5.185 2.595 4.568 9.758

Mean 33.79 8.128 3.774 6.483 4.190 38.83 6.085 2.462 4.038 8.057

Development phase ns ns ns ns ns ns ns ns 1.013 ns

Irrigation ns ns ns ns ns ns 1.813 0.970 0.132 ns

N fertilization ns ns ns ns ns ns ns ns ns ns

Development phase× irrigation ns ns ns 1.559 ns ns ns ns 1.724 ns
‡ DH—dehydrogenase activity per mg TPFg −1 h −1. PER—peroxidase activity per mmol of purpurogallin g−1·h−1.
CAT—catalase activity per μmol H2O2·g−1·min−1. NR—nitroreductase activity per mg N-NO2

− kg−1·24 h−1.
UR—urease activity per mg N-NH4

+ kg−1·h−1, ns—not significant.

Peroxidase, on the other hand, showed 70% higher activity in samples taken in 2017
when compared to that in the 2015 samples. Regarding the influence of fertilization on the
enzymatic activity, DH and CAT activity increased with increasing fertilizer doses. As for
PER, the highest dose of fertilizer resulted in a 14% reduction in its activity when compared
to N2. The activities of enzymes involved in nitrogen metabolism in the soil were different
compared to the oxidoreductases (Figure 3). The activities of both enzymes were highest
at the third date of soil sampling. As for UR, the activity in this period was on average
43% higher than at the beginning of the season (germination), and nitrogenase showed 27%
higher activity when compared to the lowest activity at the second sampling date (Table 6).
The influence of nitrogen fertilization on the activities of these enzymes was also recorded,
and on average, the activity of UR was reduced by 13% when fertilized with a dose of N2
and that of NR was reduced by 7% when fertilized with a dose of N1, as compared to the
control.

Table 6. Enzymatic activity during germination in barley in 2015, 2016, and 2017.

Year
Germination

DH ‡ PER CAT NR UR

2015 6.930 4.340 5.120 0.311 4.780
2016 25.30 4.490 2.420 3.452 6.890
2017 18.40 8.970 2.021 7.890 6.590

Mean 16.88 5.930 3.187 3.884 6.087
‡ designations the same as in Table 5.
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Figure 3. Enzymatic activities in barley depending on nitrogen doses in 2015, 2016, and 2017.

Sprinkler irrigation applied in the barley experiment did not have a significant impact
on soil enzymatic activity. This was proven by the non-significant coefficients of correlation
between the content of RAW and the enzymatic activity both for the irrigated and non-
irrigated plots (Table 7). The most sensitive enzyme to soil water content was peroxidase
(r = −0.1652), while the other ones demonstrated a similar level of response (r between
−0.0712 and 0.0735). As for the second factor, there was no response of urease to the
nitrogen fertilizer level, while catalase and dehydrogenase responded with positive, yet
non-significant, values (r = 0.2001 and r = 0.2576, respectively). Importantly, the values of
coefficients were bidirectional, depending on the type of enzyme, which confirms that the
reactions of these enzymes to irrigation and N fertilizer dose were ambiguous.
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Table 7. Coefficients of correlation (r) between soil enzymatic activity and the content of readily
available water (RAW) and differentiated N fertilization level.

Type of Soil Enzyme RAW N Fertilization

Catalase −0.0712 0.2001
Dehydrogenase 0.0735 0.2576

Peroxidase −0.1652 −0.0087
Urease 0.0532 0.0000

Nitroreductase 0.0676 0.0711
RAW—readily available water in soil, N fertilization—nitrogen fertilization.

Regarding the contents and enzymatic activities determined in this study (Table 8),
catalase, peroxidase, and urease activities were significantly correlated with the NH4

+-N
content (r = 0.299, r = 0.331, and r = −0.297, respectively). However, dehydrogenase and
peroxidase were positively correlated with the NO3

−-N content in the soil. The urease activity
was significantly negatively correlated with the soil enzymatic activities of nitroreductase
(r = −0.340) and peroxidase (r = −0.245).

Table 8. Relationship between selected soil properties.

Dependent Variable (y) Independent Variable (x) Equation Correlation Coefficient (r)

Catalase activity NH4
+ y = 2.8422 + 0.64010x 0.299

Dehydrogenase activity NO3
− y = 3.8906 + 0.28549x 0.523

Peroxidase activity NH4
+ y = 3.6836 + 0.54160x 0.331

Urease activity NH4 y = 7.6386 – 0.3937x −0.297
Nitroreductase activity Urease activity y = 6.2506 − 0.2875x −0.340

Peroxidase activity NO3
− y = 3.6337 + 1.2621x 0.336

Urease activity Peroxidase y = 6.9388 − 0.1986x −0.245

The resistance of soil (RS) data are presented in Table 9. Differences in resistance to
irrigation across the enzymes were observed for nitrogen doses. Oxidoreductases (PER,
CAT, DH) with the highest RS value were observed for N0 and N1. The highest RS values
(0.991 and 0.934) were calculated for CAT activity and for N0 and N1. For these N doses,
high values of RS for DH activity (0.859 for N0) and PX activity (0.828 for N1) were recorded.
For UR, the highest RS values were found for N1 (0.986) and N3 (0.907). The RS values for
the activities of UR and NR were negative: N1 (−0.597) and N0 (−0.206).

Table 9. Resistance of soil (RS) for enzymatic activities depending on nitrogen doses during vegetation
in spring barley.

N Doses
Resistance of Soil (RS)

NR UR CT PX DH

N0 −0.206 0.627 0.934 0.560 0.859
N1 0.986 −0.597 0.991 0.828 0.319
N2 0.907 0.395 0.580 0.521 0.425
N3 0.506 0.660 0.444 0.589 0.573

4. Discussion

Water and nitrogen are in charge of limiting rural production in most parts of the
world [27]. Transforming nitrogen in soil is essential for nitrogen metabolism and crop
tolerance to drought stress, and it is engaged in nearly all of the physiological transforma-
tions in plants and microorganisms [28]. According to Wang et al. [29], NH4

+-N uptake is
universally enhanced in the majority of plants during drought stress, and superior nitrogen
uptake may increase plant drought hardiness. The outcome of the present experiment
identified the impact of irrigation on the development phases in spring barley. During
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barley vegetation, it was found that with the development of plants, the NH4
+-N content in

lessive soil showed a decreasing trend, especially in non-irrigated soil; the ammonium con-
tent decreased significantly, which could have been due to the fact that at maturity, spring
barley has a higher NH4

+-NNH4
+-N uptake due to drought stress. This result is consistent

with the work of Lawlor et al. [30], who recorded an increasing effective NH4
+ nitrogen

uptake and increasing activity of NR in plants during drought stress. As compared to the
non-irrigated soil, the content of NO3

− and Nmin in soil exposed to irrigation decreased
during spring barley vegetation. The lowest contents of NO3

−-N and Nmin at the third
sampling date suggest NO3

−—N leaching. Similar results were obtained by Wu et al. [31],
who reported that the mineral nutrient content in soil changed depending on irrigation and
nitrogen fertilization and that a high irrigation water content can increase nutrient leaching
and reduce the soil nutrient content. Muhammad et al. [32] show that the mechanisms of
NO3

−-N leaching depend on the physical properties of soil, especially its water capacity.
A higher amount of N (300 kg N ha−1) resulted in a higher soil SOC and higher total and
mineral N under low (60%) irrigation. Nitrogen in the form of nitrate is highly mobile in
soil and its content depends on soil water conditions [33]. Irrigation probably contributes to
increased leaching of nitrate in soil. The results of the present experiment show that doses
of nitrogen fertilizers have an impact on the contents of NO3

−-N and Nmin. These findings
are consistent with those of Jia [34], who report that NO3

−-N leaching increases even with
the same N fertilizer rate due to a vast amount of total irrigation. The effects of temperature
and moisture on enzyme diffusion and substrate availability are all critical factors influenc-
ing soil enzymes’ activities [35]. Drought greatly influences almost all of the physiological
and biochemical transformations of plants: growth, development, and productivity. The
nitrogen content and transformation in soil are decisive during drought stress for plant
and microorganism metabolism. The present study demonstrates that enzymes are soil
components that are strictly connected with the physicochemical and biological properties
of soil. The reactions of enzymes depend on their origin and features [36]. In this study,
we demonstrated a lack of responses of all five types of soil enzymes to different levels of
nitrogen fertilization in barley. Cui et al. [37] suggest that monoculture and fertilization
processes can increase enzyme activity by improving soil nutrients and microbial richness.
In 2020, Zhang et al. [38] determined that nitrogen fertilizer lowered both β-1,4-glucosidase
and acid phosphatase, while water from irrigation inhibited acid phosphatase only. Addi-
tional nitrogen and irrigated water affected enzyme activity mainly by affecting the soil
microbial biomass carbon and NH4

+-N. In general, the addition of nitrogen or water over
a long time did not affect β-1,4-glucosidase, which implies that this enzyme is resilient
and stays unaffected by modifications in the environment. In contrast, acid phosphatase
showed sensitivity to nitrogen and irrigation and responded to seasonal fluctuations in
precipitation. This suggests that this enzyme could be an indicator of transformations in
soil nutrient cycling. Many field studies have examined the effects of added nitrogen on
the activity of enzymes in soil. The results of those studies were inconclusive. Some results
suggested that the addition of a nitrogen fertilizer caused soil acidification and inhibited
soil enzymatic activity [39]. Other studies indicated a stimulating effect of nitrogen on
enzyme activity, or no such effect at all [40–44].

Urease hydrolysis of small organic substrates containing nitrogen into inorganic com-
pounds (ammonia) is used to supply nitrogen for the normal growth and development
of plants [45]. In our study, the development phase, irrigation, and N mineral fertil-
ization showed no statistical impact on urease activity. Similar results were obtained
by Zhao et al. [46] in their research: single-nitrogen nor mixed-nitrogen applications did
not affect urease activity significantly. However, the present study reveals that the activity
of hydrolase in the soil increased and later decreased the urease activity, and it hit its
maximum at the maturity phase and increased with the increasing doses of N fertilizer,
especially in non-irrigated plots. Weng et al. [47] and Gong et al. [44] note that mineral
nitrogen fertilizer often increases urease activity. Fortification of urease activity due to nat-
ural or organic nitrogen addition was observed by Nayak et al. [15] and Iovieno et al. [48].
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Higher hydrolase activities may be due to an increase in carbon and nitrogen in the soil
and improvements in the soil physicochemical properties, as well as a more appropriate
soil environment for microbial growth and proliferation, which stimulates microbial and
enzymatic activity. Negative effects resulting from lower pH have also been observed with
the long-term use of nitrogen fertilizers [49].

The activity of enzymes depends on several factors, especially on the presence of a
substrate; as for NR, the substrate is nitrate in soil. Nitrate reductase is an enzyme that
controls and reduces nitrate assimilation in plants, which is not only responsive to external
nitrogen but also indirectly creates a difference in the uptake and utilization of nitrogen
by plants [50]. Waraich et al. [51] and Sardans and Peñuelas [52] report on drought stress
reducing plant N uptake and assimilation by reducing both nutrient diffusion and N supply
via mineralization [53]. In our study, the lower NR activity at maturity in the plots with
no irrigation may have resulted from a reaction of the plants and microorganisms to long
drought stress. The NR activity increased at ripening and then decreased at maturity when
not exposed to irrigation. At maturity in the spring barley, the CAT activity increased
in irrigated soil. However, PER activity presented a different reaction and reached its
highest in non-irrigated soil and depended significantly on the rates of water. Peroxidase
is an enzyme that is expressed for a variety of reasons, including carbon and nitrogen
and protection. This enzyme moves into soil via excretion or lysis, where it mediates
the ecosystem functions of lignin degradation, humification, carbon mineralization, and
dissolved organic carbon release [7]. A higher PER activity in non-irrigated soil indicates
high oxygen availability, optimal pH conditions, and optimal mineral activity, and hence a
high oxidative activity and limited accumulation of organic matter in the soil [7].

We present interesting observations regarding dehydrogenases, which are one of
the most important oxidoreductases, and which are used as an indicator of the total soil
microbial activity since they are closely linked with microbial oxidoreduction processes,
as they occur in all living microbial cells and as such can indicate the microorganism
activity in soil [54]. Our research has shown that soil moisture influences dehydrogenase
activity. The high DHA activity observed in the soil during spring barley vegetation in
2016, which was the highest-rainfall year throughout our experiment, coincides with the
results reported by Gu et al. [55], who observed an increase in DH in high-moisture soil.
A high dehydrogenase activity can be due to two factors: flooding, with the release and
spread of soluble organic compounds in the soil, which contributes to the development
of a larger number of bacteria that secrete dehydrogenases; and/or the change of oxygen
conditions to anaerobic conditions and the proliferation of anaerobic microorganisms [56].
Also, Dora [57] indicates that dehydrogenase and catalase activities are higher in irrigated
soil. Tan et al. [58] found that long-term mulched drip irrigation (8, 12, 16, and 22 years)
tends to accumulate soil nutrients and rebuild enzyme conditions. Soil enzymes such as
catalase and urease were more active in the subsoil than in the topsoil. Also, Liang et al. [59]
confirmed that long-term irrigation strongly increased the activity of dehydrogenase as
well as urease in soil. Núñez et al. [60] indicated that a reduction in enzyme activity
after irrigation termination in corn may point to changes in biogeochemical cycling and
even a potential reduction in the decomposition of leftovers [11,61]. However, enzyme
activity can also be affected by changes in soil environmental circumstances [61,62], such
as reduced water availability, which can increase enzyme immobilization and decrease
the diffusion rates, decreasing enzyme efficiency and affecting residue decomposition
independent of changes in potential enzyme activity [63]. A negligible effect of irrigation
on the activity of soil enzymes was also reported in grassland ecosystems [64]. Also,
it has been shown that additional water application can mitigate the effects of nitrogen
enrichment on microorganisms by leaching or reducing the accumulation of inorganic
nitrogen [65,66], and it can also have a significant effect on soil enzyme activity.

The present study identifies that catalase, peroxidase, and urease were correlated signif-
icantly with NH4

+-N content (appropriately, r = 0.299, r = 0.331, and r = 0.297;
p = 0.05), and dehydrogenase and peroxidase activity were correlated significantly with
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NO3
−-N content (r = 0.523 and r = 0.336; p = 0.05). Nitroreductase was negatively correlated

significantly with the activities of urease (r = −0.340; p = 0.05) and peroxidase (r = −0.254;
p = 0.05), indicating that some enzyme activities may affect and induce other enzyme
activities in the soil considerably.

The resistance of the enzymes to drought was different depending on the doses of
nitrogen fertilization. Catalase showed the highest resistance to drought stress, followed
by NR and PER. Urease and the dehydrogenases demonstrated a lower resistance to soil
drought. The resistance of the enzymes to drought was different depending on the doses of
nitrogen fertilization. Catalase showed the highest resistance to drought stress, followed by
NR and PER; urease and the dehydrogenases showed a lower resistance to soil drought.
The results reported by Lemanowicz [67] point to catalase activity having a strong resistance
also to salinity stress.

5. Conclusions

In conclusion, our results suggest that no irrigation influences the NH4
+-N content

in Alfisols with spring barley at maturity due to its low uptake being the consequence of
drought stress. Irrigation may contribute to increased nitrate leaching in the soil profile.
The results of our experiment show that different doses of nitrogen fertilizer influence
the contents of NO3

−-N and Nmin. The nitrogen fertilization of 60 t ha−1 was optimal for
achieving the ideal contents of NO3

-−-N and NH4
+-N available to plants. The present

study indicates that enzymes are sensitive to soil properties, which are closely related to
the contents of NH4

+-N and NO3
−-N in the soil. The enzymatic activity changed over the

studied years, depending on the weather conditions. The resistance of soil could be used
for an enzymatic water stress solution. The highest index of resilience was presented by
catalase. These results suggest a need for further research on selected physicochemical and
biochemical parameters, as well as on other types of soil and under other crops, especially
in areas that have a moderate transitional climate with varied weather conditions.
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Abstract: Trends in soil organic carbon (SOC) were analyzed in the soils from the oldest Czech long-
term field experiment, the Prague-Ruzyně Long-Term Fertilizer Experiment, conducted on Haplic
Luvisol since 1955. The aim of the work was to compare the long-term dynamics of SOC in contrasting
crop rotations and different fertilization regimes. The trial design includes two crop rotations (CR):
simple CR with two-year rotation of sugar beet and spring wheat, and multi-crop rotation (MCR)
with nine crops. Four fertilization treatments were chosen for SOC analysis: unfertilized control,
only mineral fertilization (NPK), farmyard manure application (FYM), as well as FYM and NPK
application. SOC content was significantly affected by both fertilization and crop rotation practices.
In the simple CR, both the unfertilized control and the NPK treatment exhibited a consistent decline
in SOC content over the study period, with percentages decreasing from an initial 1.33% in 1955 to
1.15% and 1.14%, respectively. Although the FYM and FYM + NPK treatments showed an increase
in SOC content in the 1990s, a gradual decline was recorded in the last two decades. This decrease
was not observed in MCR: positive C balances were recorded in all treatments within MCR, with
the largest increase in SOC stock occurring when NPK was combined with FYM. In contrast, over
the last decade, C balances have decreased in simple CR for all treatments except FYM. This trend
coincides with changes in the local climate, particularly rising temperatures. The results indicate that
diversified crop rotations and FYM fertilization are effective in mitigating the negative impacts of
changing environmental conditions on SOC stocks.

Keywords: soil organic carbon; monitoring; temperature; fertilization; crop rotation

1. Introduction

Soil organic matter (SOM) determines soil fertility, regulates most soil functions, and
controls the productivity of agricultural soils. Under stable environmental conditions and
agronomy practices, soil organic carbon (SOC) stocks are in a dynamic balance between
carbon (C) inputs, mainly in the form of crop residues and organic fertilizers, and C loss
due to decomposition of SOM [1]. Long-term field experiments conducted at Rothamsted
Experimental Station showed that SOM does not increase above the certain equilibrium
level specific to the local conditions of soil type, cropping, and fertilization. These changes
often occur slowly in temperate climates [2]. However, with ongoing climate change
accompanied by rising temperatures and changes in precipitation and the soil moisture
regime, the balance between organic inputs and their decomposition may change.

Some recent studies suggested that the content of SOC in European agricultural soils
was declining [3]. The rate of change appears to be proportional to the initial SOC content.
SOC changes in the topsoil of Swiss cropland at well-defined monitoring sites every five
years from 1990 to 2014 were studied in [4]. SOC remained stable for the set of monitoring
sites, although increasing and decreasing trends ranging from −11 to +16% relative change
per decade were observed for individual sites. An average −0.29 t C ha−1 year−1 loss of
SOC stocks was found in Swiss long-term field experiments, where permanent grasslands

Agriculture 2024, 14, 818. https://doi.org/10.3390/agriculture14060818 https://www.mdpi.com/journal/agriculture22



Agriculture 2024, 14, 818

tended to lose less or even gain SOC (0.09 t C ha−1 year−1 in average) compared to
croplands, with an average loss of −0.34 t C ha−1 year−1 [5].

Bogusz et al. [6] studied SOC content in Polish soils from 2015 to 2021, examining its
relationship with agronomic categories and drought intensity. The analysis concentrated
on mineral soils, encompassing a wide range of soil textures. Soil samples were collected
from 1011 farms, with C content ranging from 0.85% to 2.35%. The analysis revealed that
fluctuations in C content were largely influenced by soil management practices and the
occurrence of drought during the study period. It was noted that soil moisture conditions
significantly impacted the C accumulation. In areas affected by drought, a decrease in
SOC content was observed. Szatmári et al. [7] predicted the SOC stock change between
1992 and 2010 in Hungarian soils at various aggregation levels. The total SOC stock in the
topsoil was reported at 424.41 Tg in 1992 and 451.59 Tg in 2010. In areas where land use
types remained unchanged, it was observed that the SOC stock increased under forests by
16.29 Tg and under pastures by 2.48 Tg, while it decreased under wetlands by 0.49 Tg. No
change in SOC stock was noted under agricultural areas.

Management practices, including various tillage systems, significantly influence the
quantity of SOC and composition of SOM. Traditionally, tillage has been used to mechani-
cally prepare soils for seeding and to minimize the negative effects of weeds. The impact
of tillage on SOC has been extensively reviewed by several authors. These reviews and
meta-analyses have demonstrated both beneficial effects on SOC from no-tillage practices
compared to conventional tillage [8,9], as well as null effects, indicating no significant
difference between the two methods [10,11]. Shen et al. [12] demonstrated that no tillage
and deep plowing have positive effects on soil aggregate stability and labile C fractions,
enhancing SOC and dissolved and particulate organic C contents. In recent years, less
intensive tillage practices and no tillage agricultural management have been promoted to
mitigate negative impacts on soil quality and to preserve SOC [13].

To assess the impact of climate change on SOC, it is crucial to have access to long-term
series of C measurements, as well as precise data on weather conditions and management
practices, such as fertilization at specific sites. On the basis of these data, trends in soil C
dynamics are being intensively modeled, both at local and global levels. Using global-scale
modeling, Hertzfeld et al. [14] found that global cropland SOC stocks decline until the end
of the century by only 1.0% to 1.4% if residue retention management systems are generally
applied and by 26.7% to 27.3% in the case of residue harvest. Bruni et al. [15] analyzed
data from 11 long-term experiments involving the addition of exogenous organic matter to
estimate the amount of C input needed to reach the 0.1 and 0.4% SOC stock increase. They
found that to reach this increased target relative to the onset of the experiment, 2.51 and
2.61 t C ha−1 year−1 of additional C input was necessary, respectively.

Long-term field experiments are used to evaluate the long-term dynamics of SOC in
the Czech Republic, as well as in Europe. For example, Balík et al. [16] showed an increase
in SOC content of 19% on Luvisol and 15.9% on Chernozem due to the application of
farmyard manure in field experiments lasting more than 20 years. Similarly, the authors
of [17] demonstrated an increase in SOC due to farmyard manure or farmyard manure with
mineral fertilizers compared to the unfertilized control based on 13 long-term experiments.
In addition to the effect of organic fertilization, crop rotation (CR) influences SOC stock.
Higher crop species diversity in CR than continuous crop monoculture changed the quantity
and quality of residue-derived C input into soil systems [18]. The global synthesis revealed
that CR overall enhanced SOC content by 6.6% compared to monocultures. SOC content
under CR increased more in regions with intermediate mean annual temperature (8–15 ◦C)
and precipitation (600–1000 mm) than in regions with other climate types [19].

The aim of this study is to assess and discuss the dynamics of the SOC content in the
soils of the oldest Czech long-term field experiment on Luvisol—the Prague-Ruzyně Long-
Term Fertilizer Experiment (RFE). Contrasting fertilization treatments and crop rotations
were selected. Consistent with results of numerous studies, we hypothesize that the rate
and dynamics of SOC content and resulting C sequestration are predominantly shaped by
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crop structure and fertilization practices, with notable modulation attributed to evolving
climatic factors. Our research focus lies in investigating the extent of this modulation,
particularly discerning the direction and rate of SOC changes under combinations of
fertilization and crop rotation.

2. Materials and Methods

The study site is located in Prague-Ruzyně, the Czech Republic (latitude 50◦05′15′′ N,
longitude 14◦17′27′′ E). Altitude of the site is 370 m a.s.l. The long-term temperature norm
for the period 1961–1990 is 8 ◦C, and for 1991–2020 is 9.6 ◦C. The long-term precipitation
norm for the period 1961–1990 is 427 mm, and for 1991–2020 it is 497.5 mm.

The taxonomical soil unit is Haplic Luvisol, clay loam, developed on diluvial sedi-
ments mixed with loess (plough layer properties—sand content: 14%, silt: 59%, clay: 27%,
pH/KCl = 5.8–7.1, plant available P: 12–100 mg kg−1, and plant available K: 160–250 mg kg−1).

The RFE was established in 1955 with the objective of studying the effects of various
fertilization systems on crop yields, nutrient uptake, and soil quality. The experiment
comprises several blocks that differ in crop rotation systems and employ a combination
of mineral and organic fertilization. A detailed description of the trial design is presented
in [20,21]. Two blocks with different crop rotations were chosen for the study.

Field B—simple crop rotation (SCR) with only two crops: sugar beet and spring wheat. It
includes 19 treatments in 4 replications (96 individual plots), and the plot size is 12 × 12 m. Four
fertilization treatments were selected for the study: control—unfertilized since 1955, NPK—only
mineral fertilization, FYM—farmyard manure (25% dry matter and 0.5% N content), 21 t ha−1

each second year before sugar beet, and NPK + FYM.
Field IV—multi-crop rotation (MCR) with nine-year crop rotation: alfalfa/alfalfa/winter

wheat/sugar beet/spring barley/potato/winter wheat/sugar beet/spring barley under sown
with alfalfa. It was designed the same as SCR. Four fertilization treatments were selected:
control—unfertilized since 1955, NPK—only mineral fertilization, FYM—farmyard manure,
21 t ha−1 before sugar beet and 15 t ha−1 before potato, and NPK + FYM (Table 1).

Table 1. Fertilization in the long-term field experiments (mean application rates for crop rotation).

Block/Crop Rotation N P K Farmyard Manure

kg ha−1 year−1 t ha−1 year−1

Field B—simple crop rotation (SCR) 100 26 75 10.5

Field IV—multi-crop rotation (MCR) 63 24 109 6.5

In both blocks of the trial, most crop residues were removed after harvest. Field trial
management involved mold-board ploughing to a depth of 20–25 cm, followed by standard
seedbed preparation and sowing procedures.

From each treatment, one of four experimental plots was sampled annually, except
some years when sampling was omitted. Soil sampling was carried out before mineral
fertilization at the beginning of April in the periods 1970–2022 (SCR) and 1990–2022 (MCR)
from topsoil at depths of 0–20 cm at four points of each individual plot. Partial soil samples
were combined in 2 kg lots, homogenized, air-dried at room temperature, and run through
a 2 mm sieve. SOC content in current and archived soil samples was measured by dry
combustion using a Vario MAX CNS/CN analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany).

The SOC stock in the soil plough layer (0–20 cm) was calculated using the equivalent
soil mass (ESM) method [22]. For calculations, a uniform bulk density of 1.35 g cm−1

(typical for studied soils) was considered, as multiple occasional measurements at the time
of soil sampling did not confirm statistically significant differences in bulk density between
the treatments (unpublished data). C sequestration was calculated as the difference between
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the actual SOC stock of individual treatments and the (calculated) original SOC stock at the
beginning of the experiment.

Although the experiment started in 1955, SOC data collection began much later.
Therefore, comprehensive analysis was performed to estimate the initial soil C content
at the experimental site based on the observed patterns [23]. This task required trend
modeling and the estimation of experimental effects of the block (field), plot of the block,
and standardized year, corresponding to the position in the crop rotation of the block. The
model assumed that the effects were additive with respect to the soil C content. Baseline
soil C contents of 1.33% for SCR (95% probability within the interval 1.29–1.36%) and 1.29%
for MCR (1.23–1.37%) were estimated by substituting the standardized year 1955 to the
obtained models, with the terms relating to the experimental factors removed [23].

Annual temperature and precipitation data were obtained from a meteorological
station located at the Crop Research Institute in Prague-Ruzyně (Figures 1 and 2). A
detailed analysis of the course of the weather at the investigated site from 1954 to 2022 is
described in [24].

 

Figure 1. The course of temperatures at the Prague-Ruzyně site for the period 1953–2022. Average
values for individual years and moving average.

 

Figure 2. The course of precipitation at the Prague-Ruzyně site for the period 1953–2022. Average
values for individual years and moving average.
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The basic statistical values were calculated by Microsoft Excel (Microsoft Corporation,
Redmund, WA, USA) and STATISTICA 14.0.0.14 software (TIBCO Software Inc., Santa Clara,
CA, USA). Samples for SOC measurements from the SCR were available from 1970 and from
the MCR from 1990. Therefore, trend evaluation was performed in two ways: for the whole
monitoring period in the case of SCR and separately for the periods 1970–1990 and 1990–2022
to compare trends of both fields in the second time period.

3. Results and Discussion

3.1. Simple Crop Rotation

The unfertilized control of the SCR, where a rotation of two crops was operated,
showed a consistent decrease in SOC content during the entire monitored period. The SOC
contents dropped from 1.33% in 1955 to 1.15% in 2022. The treatment fertilized with mineral
NPK had a similar tendency of decrease to SOC = 1.14%. Trends of both treatments were
not significantly different (p > 0.05). On the contrary, the FYM treatment showed a constant
gradual increase of SOC during the entire monitored period, resulting in SOC = 1.43%
in 2022. The difference between FYM and unfertilized/NPK treatments was statistically
significant (Figures 3 and S1A,B; Table 2).

Figure 3. Dynamics of soil organic C (SOC) content in topsoil of SCR for the period of 1970–2022.

Table 2. Summary of statistical analysis of soil organic C (SOC) content dynamics in topsoil of SCR
for the period of 1970–2022.

Treatment r2 r m p-Value CI − 95% CI + 95%

Control 0.314 −0.561 ** −0.003 0.001 1.15 1.207

NPK 0.108 −0.329 * −0.002 0.032 1.215 1.27

FYM 0.0116 0.341 * 0.002 0.027 1.384 1.451

FYM + NPK 0.001 −0.021 ns −0.000 0.893 1.345 1.421

r2 = Coefficient of determination; r = Pearson’s correlation coefficient; CI = confidence intervals; m = regression
slope from regression equation; * p < 0.05, ** p < 0.01, ns = not significant.
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The trend of the NPK + FYM treatment is worth a closer look. Regarding the
trend since the beginning of the trial, SOC showed stagnation (Figure 3). However, the
NPK + FYM treatment showed a gradual significant increase in SOC contents to approx-
imately 1.40–1.50% in 1990. The rate of increase was even higher than that for the FYM
treatment (Figures 4 and S2A,B; Table 3). Modeling SOC at the SCR also suggested that C
turnover favored accumulation of SOC between 1972 and 1994, where seven out of eight
simulation models predicted increasing SOC for the NPK + FYM treatment [25].

Figure 4. Dynamics of soil organic C (SOC) content in topsoil of SCR, and treatments FYM and
FYM+NPK for the periods of 1970–1997 and 1997–2022.

Table 3. Summary of statistical analysis of soil organic C (SOC) content dynamics in topsoil of SCR
for the periods of 1970–1997 (I.) and 1997–2022 (II.).

Statistic Control NPK FYM FYM + NPK

I. II. I. II. I. II. I. II.

r2 0.108 0.152 0.004 0.471 0.069 0.002 0.231 0.236

r −0.328 ns −0.39 * −0.06 ns −0.686 ** 0.262 ns −0.043 ns 0.481 * −0.486 *

m −0.003 −0.004 −0.001 −0.006 0.0032 −0.001 0.008 −0.006

p-value 0.184 0.049 0.813 0.000 0.293 0.84 0.043 0.014

CI − 95% 1.183 1.114 1.209 1.201 1.319 1.407 1.319 1.339

CI + 95% 1.274 1.174 1.314 1.261 1.429 1.487 1.463 1.426

r2 = Coefficient of determination; r = Pearson’s correlation coefficient; CI = confidence intervals; m = regression
slope from regression equation; * p < 0.05, ** p < 0.01, ns = not significant.

In the last two decades, a turn in the SOC content in the organically fertilized treat-
ments has been obvious (Figures 4 and S2A,B), demonstrated by a slight insignificant
decrease in SOC content for the FYM treatment and a sharp (and statistically significant)
decrease for the NPK + FYM treatment. These changes were also reflected in the total SOC
stock in the plough layer. Within 1970–1997, the annual SOC stock increased by 97.3 kg
C ha−1 and 253.1 kg C ha−1 for FYM and FYM + NPK, respectively. On the contrary, the
annual increment of SOC stock for the FYM treatment reduced to 36.8 kg C ha−1 in the
period 1997–2022. There was even a significant annual decrease in SOC stocks, on average
by 177 kg C ha−1 for FYM + NPK. However, it must be considered that documented trends
depend on the choice of the starting year, as observed, e.g., in [26].

The changes in the SOC dynamics can be linked to the gradual increase in average
annual temperatures (Figure 1), which in the decade 2011–2020 was +2.3 ◦C compared
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to the decade 1970–1980. Trends demonstrated a decrease in soil organic C reserves,
which were built up on organically fertilized treatments in the first cooler decades after
the establishment of RFE. Contrary to our findings, Keel et al. [5] reported SOC losses at
cooler sites in Swiss long-term experiments, with mean annual temperatures below 9 ◦C.
However, they found that changes in air temperature did not prove to be a significant factor
in SOC losses. Ross et al. [27] found the opposite trend of SOC content in a 12-year field
experiment with rye monoculture. Although the mean temperature between September
and July increased significantly in the second half of the experiment, SOC content evinced a
sharp increase in the case of FYM + NPK and FYM + PK fertilization. However, control and
NPK fertilization showed a slight increase in SOC content compared to the first six years,
when the trend of SOC content was stagnant or decreasing. The authors also attributed the
increasing SOC trend in the second half of the experiment to the change in rye cultivar.

The combination of high temperatures with higher precipitation could negatively
affect SOC content [28]. Simulation models also showed that increasing temperatures
negatively affect C storage in the soil. For example, a regional model simulating the future
SOC dynamics in cropland and grassland soils of Bavaria in the 21st century showed a
significant SOC decrease of 11–16% at an expected mean temperature increase of 3.3 ◦C,
assuming unchanged C inputs [1]. Results indicated that C inputs must increase by 29% to
maintain current SOC stocks in agricultural soils. On the other hand, the review simulating
the likely changes in SOC with warming concluded that warming would have the effect of
reducing SOC by stimulating decomposition rates [29]. In contrast, the effect of increasing
CO2 may simultaneously imply an increase in SOC through higher net primary production.
However, any changes in SOC are also likely to be very slow.

3.2. Multi-Crop Rotation

Compared to the calculated SOC = 1.29% in 1955, no significant decrease in SOC was
recorded on any of the treatments of multi-crop rotation, including forage crops (Figure 5;
Table 4). Unlike SCR, even for the control treatment the SOC contents showed stagnation
and reached 1.28% on average for the last nine-year rotation (Figure S3A). SOC contents
of all fertilized treatments were higher in the last crop rotation than in 1955 (1.35% for
NPK, 1.42% for FYM, and 1.54% for FYM + NPK). Annual increases in SOC stock ranged
from 31 kg C ha−1 for NPK to 80 kg C ha−1 for FYM + NPK. SOC contents for treatments
with manure application were significantly higher compared to those without manure
application (Figure S3B–D). It was demonstrated that the long-term manure application
significantly improved SOC compared to the unfertilized control and mineral N application,
despite the increase in temperature [30]. Application of organic fertilizers was found to
achieve long-term stable yields while maintaining soil at optimal quality, including higher
quality of humus compared to mineral-only fertilization [21].

While SOC content was more-or-less stagnant under the NPK treatment in the period
1990–2022, a slight insignificant increase in SOC in control and FYM treatments was recorded
(Figure S3B–D). The increase was significant for the FYM + NPK treatment. Trends of SOC
contents appeared consistent throughout the monitoring period. Trend modeling showed
periodic interannual changes according to the crop sequence, with SOC minima in the year
of spring barley under sown by alfalfa and two maxima in the second year of alfalfa and
the year of sugar beet cultivation [23]. Balík et al. [31] studied SOC stock in long-term field
experiments (22–50 years in duration) on a Cambisol at four sites in the Czech Republic. Seven
crops (clover, winter wheat, early potato, winter wheat, spring barley, potato, and spring
barley with inter-seeded clover) were successively rotated in the sequence and organic and
mineral fertilization was applied. The application of balanced mineral fertilizer in conjunction
with farmyard manure resulted in an increased soil C sequestration, specifically by 22.9% in
the FYM treatment and 45.6% in the FYM + NPK treatment.
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Figure 5. Dynamics of soil organic C (SOC) content in the topsoil of MCR for the period of 1990–2022.

Table 4. Summary of statistical analysis of soil organic C (SOC) content dynamics in topsoil of MCR
for the period of 1990–2022.

Treatment r2 r m p-Value CI − 95% CI + 95%

Control 0.077 0.277 ns 0.002 0.131 1.213 1.271

NPK 0.022 0.147 ns 0.001 0.431 1.299 1.348

FYM 0.035 0.187 ns 0.002 0.315 1.364 1.424

FYM + NPK 0.11 0.332 ns 0.003 0.068 1.473 1.526

r2 = Coefficient of determination; r = Pearson’s correlation coefficient; CI = confidence intervals; m = regression
slope from regression equation; ns = not significant.

3.3. Effect of Crop Rotation Complexity

Data from 1989 to 2022 were used to compare SOC contents at fields differing in crop
rotations (Figures 5 and S3A–D). Intensive soil cultivation and unbalanced crop rotation
on the SCR negatively affected SOC content compared to MCR. Significant differences
between crop rotations were evident for all treatments, except for FYM. While SOC contents
stagnated or slightly increased over time on the MCR in the case of the control, on NPK
and FYM + NPK treatments, there was a significant decrease in SOC on the SCR. According
to the result, the positive influence of the multi-crop rotation was evident for all treatments.
Multi-crop rotation appears to be sustainable long term for stabilizing the level of soil
organic C in a wide scale of fertilization scenarios thanks to the varied composition of
cultivated crops, including forage crops. However, this conclusion might not hold for all
combinations of soil, climate, and agronomy conditions. A positive effect of the diversified
crop rotation with six different crops (including cover crops) on SOC stock, compared
to a two-crop rotation with sugar beet and winter wheat, was not confirmed [32]. In
contrast to our experiment, the remaining post-harvest sugar beet and wheat residues on
the field played a positive role in SOC dynamics. Buysse et al. [33] did not attach as much
importance to crop residues for C storage as to manure. While FYM caused significant SOC
increases (10 g C year−1 over 50 years), treatment with residue restitution did not influence
a significant SOC trend over the 50 years of the experiment. The authors justified this by
noting the better C stabilization in manure than in crop residues, which is in agreement
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with the study from another Czech long-term field trial [34]. On the other hand, Koga
et al. [35] concluded that not only manure application but also continuous C input to the
soil through crop residue return is an essential practice for increasing C sequestration on an
Andisol in northern Japan. Prudil et al. [36] simulated changes in SOC in the monoculture
of spring barley and the Norfolk crop rotation during 1972–2100 using the RothC-263.3
model. Results showed that SOC stocks of Gleyic Fluvisol were mainly influenced by plant
residue inputs and exogenous organic materials’ application.

The negative impact of crop rotation on SCR was partly compensated by the farmyard
manure application without mineral fertilizers. The expected positive effect of manure
application on the soil C content was thus confirmed in both fields, which is in accordance
with our previous results [17] or similar studies by other authors [16]. Similarly, the authors
of [37] showed the greatest potential of nine-year crop rotation to increase the stable C
content in the soil. Cultivation of crops with high C/N residues and the re-introduction of
leguminous meadows can both represent successful agronomic management to maintain a
good fertility level and to lower the carbon dioxide concentration in the atmosphere.

3.4. Carbon Sequestration

To demonstrate the impact of changes in SOC dynamics on the SOC stock balance in the
plough layer, we calculated 10-year averages and rates of C sequestration (Tables 5 and 6).
SOC stock in the plough layer was gradually depleted from the unfertilized plots on the SCR
from −2.1 to −5.1 t C ha−1. A negative balance was also observed in treatments with NPK
application, where the C sequestration was negative, from −1.6 to −3.7 t C ha−1. On the other
hand, treatment with farmyard manure application showed a positive C balance, despite that
the sequestration rate was negative in the last monitored period (as well as for other SCR
treatments; Table 6). Organic amendments, particularly FYM application, played a pivotal role
in promoting soil organic carbon (SOC) gain, as was shown in a synthesis study of German
long-term field experiments [38]. These findings were also confirmed by research from Swiss
long-term experiments [5], which indicated that fertilization with manure combined with
higher doses of NPK fertilization had a positive effect on reducing SOC losses. Additionally,
Ross et al. [27] observed the highest C sequestration rates of up to 0.5 t h−1 year−1 with a
combination of mineral and FYM fertilization in a long-term field experiment with a winter
rye monoculture.

On the contrary, in the present study, C sequestration decreased from 2.1 to 0.9 t C ha−1

in the case of NPK together with manure. This may be related to a higher decomposition
of organic matter because of additional mineral N fertilization in the warmer period of
2000–2021. However, it should be considered that the SOC content in 1955 was used as a
reference value.

Sequestration trends in treatments of MCR differed from those of SCR (Table 5). C
sequestration on the unfertilized control was negative; however, it seems that over the course
of the experiment, it tended toward neutral values (shifted from −1.8 to −0.3 t C ha−1). A
positive C balance was observed in fertilized treatments; however, significant differences
existed between these treatments. While mineral NPK fertilization resulted in only a slight
increase in C sequestration, from 1.0 to 1.5 t C ha−1 over three decades, both FYM and
FYM + NPK applications increased C sequestration more intensively. Even in the case
of manure-fertilized variants, it appears that the C sequestration trend has halted and
stabilized in the last decade. In summary, C sequestration was significantly higher in crop
rotations with a more diverse crop composition, with organically fertilized treatments
increasing SOC stocks by an additional 88%.

The average SOC stock in Europe varies from 40 to 600 t ha−1, depending on the soil
type, texture, and land use [39]. However, in intensively managed soils, SOC stock tends
to be in the tens of t/ha. Specifically, in Switzerland, SOC stock in arable soil exceeds
50 t ha−1 [40], in Belgium it is approximately 55 t ha−1 [41], and in Germany it is around
60 t ha−1 [39]. SOC stock is indeed highly influenced by management practices, which can
result in significant differences, sometimes even doubling the SOC stock under different
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management regimes. For example, Prudil et al. [36] demonstrated that C sequestration
for the monoculture of spring barley ranged from 40 to 66 t ha−1. In contrast, the Norfolk
crop rotation, which includes cereals, root crops, and forage crops, exhibited higher C
sequestration levels, averaging approximately 70 to 100 t ha−1. Therefore, even continuous
changes on the order of a few t C ha−1 per decade are not insignificant or negligible.

Table 5. Carbon sequestration for individual treatments of the experiment for the period 1971–2020.

Crop Rotation Period

C Sequestration Since 1955
(t C ha−1, Average for the Decade)

Control NPK FYM NPK + FYM

SCR

1971–1980 −2.10 −1.56 0.79 2.07

1991–2000 −4.37 −1.57 3.14 4.71

2011–2020 −5.11 −3.70 4.86 0.92

MCR
1991–2000 −1.82 1.01 2.84 5.58

2011–2020 −0.33 1.55 4.67 7.55

Table 6. Carbon sequestration rates over decades, from 1971 to 2020.

Crop Rotation

C Sequestration Rate
(t C ha−1 Year−1)

1971–1980 1991–2000 2011–2020

m r2 m r2 m r2

SCR

Control 0.079 0.010 −0.014 0.001 −0.257 0.289

NPK −0.277 0.046 0.371 0.341 −0.141 0.320

FYM −0.086 0.006 0.465 0.161 −0.261 0.161

FYM + NPK 0.611 0.317 0.244 0.054 −0.191 0.174

MCR

Control 0.249 0.117 −0.068 0.004

NPK 0.498 0.376 0.157 0.048

FYM 0.179 0.061 0.025 0.001

FYM + NPK 0.416 0.290 −0.032 0.002

m = Regression slope from regression equation; r2 = coefficient of determination.

These results correspond to previously published data showing that diversified crop
rotations contribute to higher C contents in the soil and thus to higher C sequestration.
McDaniel et al. [42] found that adding one or more crops in rotation to a monoculture
increased total soil C by 3.6% and total N by 5.3%. Grunwald et al. [32] documented
significantly higher SOC stocks at a 0–20 cm soil depth in the sugar beet–winter wheat–
winter wheat crop rotation compared to the sugar beet–winter wheat–silage maize one.
Differences in SOC stocks were likely due to the different amounts and possibly the quality
of crop residue C input. Management of post-harvest residues determines SOC stocks in
the soil. Incorporation of aboveground sugar beet residues by tillage resulted in a SOC
stock increase of 1.9 t C ha−1 for the regular amounts of residues compared to the removed
residue treatment, while stocks increased a further 0.5 t C ha−1 for the doubled residue
treatment compared to the regular residue amount [33]. In general, crop rotations providing
more soil organic matter, e.g., through green manure or grass-clover cultivation, has many
beneficial effects on soil properties and productivity, including C accumulation [43].
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4. Conclusions

Evaluation of SOC dynamics in topsoil of the oldest Czech long-term field experiment
identified multi-crop rotation with fodder as the key management strategy for increasing
or at least maintaining SOC stocks long term. On the contrary, a simple crop rotation with
only two crops appeared more sensitive to rising temperatures and showed higher SOC
losses. These losses can be partially mitigated by FYM fertilization. Our results showed
that a combination of appropriate management strategies, i.e., diversified crop rotation and
FYM fertilization, can attenuate the negative impacts of environmental conditions on SOC
stock or amplify the positive effects. These results are consistent with findings from other
European long-term field experiments and need to be implemented into Good Agricultural
Practices policy to prevent significant losses of SOC stocks in European agricultural soils.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture14060818/s1, Figure S1 (A). Dynamics of soil organic C
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for the period of 1970–2022 for FYM and FYM + NPK. Average values of SOC ± 95% confidence
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± 95% confidence bands; Figure S3C. Dynamics of soil organic C content (SOC) in the topsoil of
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Abstract: Soil quality decline can adversely affect ecosystem health and land productivity, with
soil-dwelling mesofauna considered to potentially fulfill vital functions in accurately predicting
these outcomes. However, the current state of research reveals a gap concerning the relationships
between soil quality decline and soil-dwelling mesofauna in the Mollisols Region. For a more
profound understanding of this issue, we conducted a comprehensive investigation of soil-dwelling
mesofaunal communities in the different agricultural lands of the Mollisols Region. In this study,
soil-dwelling mesofauna were collected, and 11 soil properties were determined following standard
procedures, with soil quality levels quantified by utilizing soil quality index (SQI). Our results
revealed that there was a gradient of soil quality across the different agricultural lands, which were
divided into five levels, including very strong, strong, medium, weak, and very weak. Subsequently,
this investigation provided empirical evidence that the decline in soil quality had implications for
soil-dwelling mesofaunal communities in agricultural lands of the Mollisols region. A consistent
decrease in the density of soil-dwelling mesofauna was observed with the decline of soil quality. In
contrast, a greater richness was observed in areas with relatively weaker soil quality, suggesting that
the consequences of soil quality decline on soil-dwelling mesofauna were not exclusively negative.
Various taxa of soil-dwelling mesofauna exhibited varying degrees of response to the decline in soil
quality. Oribatida was overwhelmingly dominant in the sampling fields with medium soil quality,
and most Entomobryidae were found in agricultural lands with very weak soil quality. During soil
quality decline, soil nutrients were observed to correlate positively with the density of soil-dwelling
mesofauna. Overall, the outcomes of this investigation carry significance for comprehending how
soil quality decline relates to soil-dwelling mesofauna, and can provide valuable ecological insights
for formulating biodiversity guidelines targeted at preserving soil resources in the Mollisols region.

Keywords: soil quality index; soil-dwelling mesofauna; community characteristics; belowground
ecosystems; Mollisols resources

1. Introduction

Soil quality decline is attributed to a synergistic effect of both natural forces and human
activities [1]. It can cause reductions in agricultural productivity, decreases in land use
efficiency, and the deterioration of belowground ecosystems [2]. Mollisols, a soil order in
the United States Soil Taxonomy, forms beneath temperate and cold–temperate grassland or
steppe vegetation and is characterized by a surface layer containing dark humified organic
material [3]. Although Mollisols cover only 7% of the global land area, their richness
in organic content and exceptional fertility contribute significantly to global agricultural
production [4]. Nevertheless, Mollisols worldwide have been experiencing different levels
of quality decline after cultivation [5]. Soil quality decline in Mollisols regions seems certain
to drive changes in belowground ecosystems, ultimately altering soil environments [6].

Agriculture 2024, 14, 766. https://doi.org/10.3390/agriculture14050766 https://www.mdpi.com/journal/agriculture35



Agriculture 2024, 14, 766

As a result, these declines have been recognized as a serious issue closely correlated with
sustainable agriculture worldwide and the balance of belowground ecosystems [7].

The adverse effects of soil quality decline on ecosystem health and land productivity
are considered to be pervasive and systemic. Accordingly, numerous research endeavors
have focused on how soil quality decline impacts belowground systems, especially regard-
ing the relationships between soil physical properties, nutrients, or microbial communities,
and the decline in soil quality, yielding definitive findings [8–10]. All things considered, soil
quality decline results in soil becoming thinner, less fertile, and more compacted, thereby
restricting ecological functions in belowground systems [11]. Consequently, the impacts
of soil quality decline on belowground systems have recently gained increased attention.
Among these, the links between soil quality decline and soil faunal communities have been
increasingly explored. For instance, Yan et al. illustrated that the abundance and functional
traits of soil fauna, based on the mixed taxonomic resolution, could be used to assess soil
quality [12]. Analysis of Megascolecidae and Lumbricidae could exhaustively describe the
physical and chemical features as well as the biological properties associated with changes
in soil quality [13,14]. Following decline in soil quality, communities of spiders, beetles and
ants underwent significant simplification, but they demonstrated potential for recovery
within only four years of land restoration in Northeast Brazil [15]. In addition to the studies
on soil macrofauna communities mentioned above, Martin et al. employed factor analysis
strategies to integrate the community structure and function of soil nematodes into the
current framework of soil health indicators [16]. Du Preez et al. demonstrated that the
metabolic footprints of soil nematodes could serve as indirect measures of soil quality [15].
Thus, these studies have provided valuable insights into the intricate connections between
soil faunal communities and soil quality decline, building upon earlier observations. Soil-
dwelling mesofauna constitute integral components of soil biological communities, and
thus the implications of declining soil quality for them cannot be underestimated.

Soil-dwelling mesofauna are invertebrates with body sizes ranging from 0.1 mm to
2 mm, typically extracted by the Tullgren funnel extraction method [17]. Soil-dwelling
mesofauna, constituting the bulk of soil organisms, are instrumental in various processes
essential for soil formation, development, and improvement [16]. Most soil-dwelling meso-
fauna, such as mites and springtails, possess minuscule body sizes, fragile body structures,
and limited migratory abilities, making them extremely sensitive to changes in environ-
mental conditions [18]. In environmental gradient processes in particular, soil-dwelling
mesofauna appear to directly indicate variations in ecosystem deterioration [19]. In this
regard, soil-dwelling mesofauna are considered to potentially fulfill vital functions in the
accurate prediction of soil health, and some previous studies have focused on this issue.
From the perspective of mesofaunal community statistical analysis, simple counting of
soil-dwelling mesofauna could effectively reflect changes in soil environment, surpassing
the analysis of soil microbial properties [20]; mesofaunal community characteristics (abun-
dance, richness, diversity) were closely associated with soil properties, but the additional
nitrogen might have a general negative impact on the community [21]. Considering various
taxonomic groups of mesofauna, epedaphic and euedaphic Collembolans played relatively
important roles in assessment of land degradation [22]; abundance, richness and diversity
of mesostigmatid mite communities could increase with declining nitrate-nitrogen levels
in European ash stands [23]. Nevertheless, studies examining the relationships between
soil-dwelling mesofauna and soil quality, particularly compared to physical, chemical, and
other biological features, have been relatively lacking [24].

Considering this background, soil quality levels were quantified by utilizing soil
quality index (SQI). Soil-dwelling mesofauna were collected from the agricultural lands
under investigation. Here, we hypothesize (H1) that the community characteristics of
medium-sized soil invertebrates are negatively affected by soil quality decline in the
Mollisols region and (H2) that soil quality decline impacts different taxa of soil-dwelling
mesofauna to varying extents.
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2. Materials and Methods

2.1. Study Area and Sampling Design

To gain deeper insights into this knowledge gap, we set up an investigation in agri-
cultural lands of the Mollisols Region, which is located on the Songnen Plain of Northeast
China. This investigation was carried out in the southeast region of the Songnen Plain,
Harbin, Heilongjiang Province, China (45◦43′–45◦46′ N, 126◦53′–126◦58′ S), and this region
is situated on the south bank of the Songhua River, at the intersection of an alluvial plain
and low hills (Figure 1). It features a temperate continental monsoonal climate and experi-
ences an average annual temperature of 5.6 ◦C and an average annual rainfall of 550 mm.
Mollisols are the dominant soil type in the study area, with pH levels that are slightly acidic
to neutral and a rich organic material content. The predominant crop cultivated in the area
is maize (Zea mays).

Figure 1. Location of the sampling fields.

The most conspicuous sign of soil quality decline is decrease in crop yield [25]. Con-
sequently, we searched for continuously cropping fields with different levels of average
annual maize yields in this study area. The average annual maize yield over three years
in these fields was estimated by consulting local farmers after the final harvest in 2021,
and five levels of average annual yields were selected for this study (Table 1). Then, we
roughly estimated soil nutrients using an IN-HT300 rapid soil nutrient tester (Comecause,
China) to select fields within a gradient of soil quality decline. Finally, five sampling
fields were selected in this study (Figure 1). In this study, we requested that the field
administrators maintain agricultural management methods at the same level for maize
cultivation. The maize variety was Hongxu 78. Conventional fertilizer application and
tillage practices commonly used in Northeast China were applied. Encapsulated urea,
triple superphosphate and potassium sulphate were used as fertilizer, with application
rates of N 180 kg/hm2, P2O5 120 kg/hm2, K2SO4 100 kg/hm2, respectively. To avoid
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impacting soil-dwelling mesofauna, insecticides were not used in this study. Soil samples
were collected in August 2022 (R3 stage of maize), corresponding to the active period of
soil-dwelling mesofauna, while minimizing the disturbance from tillage. Three separate
sampling stands (200 m × 200 m) were selected from each sampling field in the study area.
Randomly, five replicate sampling plots (1 m × 1 m) were set up, one in each sampling
field. In each sampling plot, a soil sample (cross-section: 100 cm2; depth: 20 cm) was taken
to extract soil-dwelling mesofauna. In this investigation, we collected 75 fresh samples
(5 levels × 3 replicated stands × 5 replicated plots) from different fields. Concomitantly, we
obtained other soil samples from each plot (depth: 20 cm) using soil augers to determine
soil properties. The weather during the collection of these samples was sunny and rain-free.

Table 1. Maize yield levels and average annual yields in different sampling fields.

Sampling Fields Yield Levels
Average Annual Yields

(kg/hm2)

SF I Very high yields 12,000
SF II High yields 10,000
SF III Moderate yields 8000
SF IV Low yields 6000
SF V Very low yields 4000

2.2. Processing of Samples

The soil samples (used for extracting soil-dwelling mesofauna) were brought back
to the laboratory and then placed in Tullgren funnel extractors. Standard bulbs of 25 W
output provided both light and heat. The mesh size of Tullgren funnel extractors was
10 mesh sieves (2 mm). The soil samples were extracted for 48 h at 40 ◦C. After extraction,
soil-dwelling mesofaunal specimens were all stored in 75% ethanol. Counting of specimens
and identification of their taxonomic ranks up to the familial (subordinal) levels were
conducted under a Nikon SMZ745T stereoscopic microscope [26].

The soil samples (used for determining soil properties) were naturally air-dried, with
the removal of litter, roots, and gravels. Determination of soil properties was carried out
following standard procedures [27–30]. Briefly, the Walkley-Black method was employed
for measuring soil organic matter (SOM); a Seal AA3 continuous flow auto-analyzer was
applied to determine soil total nitrogen (TN), phosphorus (TP), available nitrogen (AN),
phosphorus (AP); a Thermo atomic absorption spectrophotometer was applied to deter-
mine soil total potassium (TK), available potassium (AK), exchangeable calcium (ExCa),
magnesium (ExMg), and manganese (ExMn); and a cylinder method was utilized for
quantifying soil bulk density (SBD).

2.3. Assessment of Soil Quality

Soil quality levels were quantified by utilizing soil quality index (SQI) in different
sampling fields. Firstly, the minimum dataset (MDS) was performed to select soil properties
indicators for calculating SQI [31]. The MDS was established by combining normalized
values based on the method of data reduction using principal component analysis (PCA).
All soil properties from the entire sample set were included in the PCA as descriptor
indicators. In PCA, the variability was examined by eigenvalues of different principal
components (PCs), and the PC with an eigenvalue of 1 or more was considered [32]. To
prevent some important indicators from being left out, the norm values of soil properties
indicators’ weight loadings were calculated [33]. Subsequently, the soil properties indicators
were chosen for the MDS if their norm values were at least 90% of the maximum value.
The following equations were utilized to calculate the norm value:

Nik =

√√√√ k

∑
1

(
u2

ikλk
)
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where Nik represents the norm value of soil properties indicators i on first k-th PCs, uik is
loading of soil properties indicators i on PC k, and λk is the eigenvalue of the PC k.

After that, soil properties indicators were normalized to combinable scores within
the range of 0 to 1 using the linear scoring (LS) and non-linear scoring (NLS) systems [34].
Two categories of indicators’ scoring functions were assigned to soil properties indicators
based on their impact on soil productivity [35]. Briefly, the SBD was classified as “the
lower, the better”, whereas other indicators were categorized as “the more, the better” [36].
The following two equations were utilized to calculate the combinable scores in the LS
system [37]:

LS =
X
H

(1)

LS =
L
X

(2)

where LS represents the score of a soil properties indicator based on linear scoring (LS)
systems, Equation (1) is the scoring function which follows “the lower, the better” category,
Equation (2) is the scoring function which follows “the more, the better” category, X
represents the original value of an indicator, and L and H represent the lowest and highest
values of an indicator among all the samples, respectively.

In the NLS system, a sigmoidal curve was applied using the following equation to
calculate the combinable scores [38]:

NLS =
1(

1 + X
X0

)b

where NLS represents the score of a soil properties indicator based on non-linear scoring
(NLS) systems, X represents the value of an indicator, X0 represents average value of an
indicator among all the samples, b indicates slopes assumed as 2.5 for the category of “the
lower, the better” and −2.5 for the category of “the more, the better” [38].

Next, the weight value of a soil properties indicator was calculated based on its
communality in PCA. The weight value (Wi) was calculated as the proportion of the
communality of a soil properties indicator to the summation of all indicators’ communalities
evaluated in the PCA [39]. Upon scoring and weighing the indicators, the soil quality index
(SQI) was carried out based on the following equation [40]. Finally, the SQIs were divided
into several levels based on statistical differences of SQI values between each sampling
field [41].

SQI =
n

∑
i=1

Wi Ni

where SQI represents the value of soil quality index, Ni represents the combinable score of
soil properties of the i-th indicator, Wi represents weight value of the i-th indicator, and n
represents the number of indicators chosen based on the MDS.

2.4. Statistical Analysis

Principal component analysis (PCA) was executed to choose the most appropriate
indicators for establishing MDS and calculating SQI. The normality of the soil-dwelling
mesofauna and soil property data were examined by a Shapiro–Wilk test in each sampling
field. Tukey’s HSD test was applied to compare the differences in soil-dwelling mesofaunal
density (individuals/m2), soil properties, and SQIs among each sampling field. The “stats”
R 4.3.2 package was used to perform the aforementioned statistical analyses [42].

For the identification of unique and shared taxa across the different levels of soil qual-
ity, endemic taxa underwent manual screening. Then, the “VennDiagram” R 4.3.2 package
was used to illustrate a Venn diagram [43]. To demonstrate the richness of the soil-dwelling
mesofaunal communities, rarefaction curves were created to compare the differences in
richness using the “vegan” R 4.3.2 package [44]. The richness of the soil-dwelling meso-
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faunal communities was quantitatively represented by the taxon number. An unweighted
pair group method with arithmetical averages (UPGMA) was implemented to demonstrate
community structure of soil-dwelling mesofauna within different levels of soil quality via
the “stats” R 4.3.2 package [42]. Then, the result of hierarchical clustering was visualized
via a heatmap using the “pheatmap” R 4.3.2 package [45].

Data matrices of the soil-dwelling mesofauna (density, richness), soil physical proper-
ties (SBD), total nutrients (SOM, TN, TP, and TK), available nutrients (AN, AP, and AK), and
mineral nutrients (ExCa, ExMg, and ExMn) were set up to explore the effects of soil quality
decline on soil-dwelling mesofaunal communities. Then, a Mantel test was conducted to
examine relationships between different taxa of soil-dwelling mesofauna and each soil
property via the “vegan” R 4.3.2 package [44]. Subsequently, to assess the correlations
within different data matrices and to estimate the links of soil-dwelling mesofauna to soil
quality decline, multiple-factor analysis (MFA) was implemented via the “FactoMineR” R
4.3.2 package [18,46].

3. Results

3.1. Soil Quality

In this investigation, 11 soil properties across the different sampling fields are pre-
sented in Table 2. Soil bulk density (SBD) ranged from 1.20 to 1.37 g/cm3, peaking in
Sampling Field V (SF V) and bottoming out in SF I. In contrast, all the remaining 10 soil
properties reached their minimum values in SF V. These soil properties in SF V, with the
exception of soil total nitrogen (TN), potassium (TK), and exchangeable magnesium (ExMg),
were significantly lower compared to other sampling fields (p < 0.05). At the same time, the
difference in TK among different sampling fields was not significant (p > 0.05).

Table 2. Summary of descriptive statistics of the 11 soil properties across the different sampling fields
(mean ± SE).

Soil Properties
Sampling Fields

SF I SF II SF III SF IV SF V

Soil bulk density (g/cm3) 1.20 ± 0.01 c 1.21 ± 0.02 c 1.26 ± 0.01 b 1.29 ± 0.01 b 1.37 ± 0.02 a
Soil organic matter (g/kg) 18.45 ± 0.01 a 13.60 ± 0.14 b 10.92 ± 0.08 c 8.29 ± 0.04 d 7.24 ± 0.07 e

TN (g/kg) 2.23 ± 0.01 a 2.11 ± 0.03 b 1.65 ± 0.01 c 1.35 ± 0.01 d 1.3 ± 0.01 d
TP (g/kg) 0.63 ± 0.01 a 0.54 ± 0.01 b 0.46 ± 0.01 cd 0.47 ± 0.01 c 0.44 ± 0.01 d
TK (g/kg) 14.54 ± 0.27 a 14.40 ± 0.27 a 14.26 ± 0.01 a 14.04 ± 0.08 a 14.00 ± 0.38 a

AN (mg/kg) 225.37 ± 1.12 a 223.84 ± 2.15 a 210.36 ± 1.44 b 181.90 ± 1.12 c 173.75 ± 1.09 d
AP (mg/kg) 17.03 ± 0.24 a 15.38 ± 0.32 b 12.69 ± 0.08 c 12.24 ± 0.04 c 11.1 ± 0.26 d
AK (mg/kg) 181.73 ± 2.35 a 143.97 ± 1.78 b 137.26 ± 1.47 c 133.79 ± 2.04 c 106.28 ± 1.94 d
ExCa (g/kg) 2.52 ± 0.03 a 2.08 ± 0.04 b 1.59 ± 0.01 c 1.53 ± 0.01 c 1.12 ± 0.01 d
ExMg (g/kg) 0.82 ± 0.01 a 0.59 ± 0.02 b 0.56 ± 0.01 b 0.57 ± 0.01 b 0.56 ± 0.01 b

ExMn (mg/kg) 63.29 ± 2.00 a 60.9 ± 1.03 ab 57.74 ± 0.36 b 51.77 ± 0.36 c 38.20 ± 0.25 d

Note: different letters indicate a significant difference between each sampling field at p < 0.05 based on the
statistical method of Tukey’s HSD test.

Soil quality levels were quantified based on a statistical method utilizing soil qual-
ity index (SQI), and a minimum dataset (MDS) was performed to select soil properties
indicators for calculation of SQI using principal component analysis (PCA). Results de-
rived from PCA indicated that only the eigenvalue of the first principal component (PC1)
was higher than 1, accounting for 81.74% of the cumulative percentage of total varia-
tion (Supplementary Table S1). Subsequently, the norm value was calculated to select soil
properties indicators if the value was at least 90% of the maximum value. The norm
values showed that TK (Norm: 1.52), ExMg (Norm: 2.43), and ExMn (Norm: 2.66) were
less than 90% of the maximum norm value, and thus they were excluded from the MDS
(Supplementary Table S1). Consequently, SBD, SOM, TN, TP, AN, AP, AK, and ExCa were
included in MDS to estimate the SQI.
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The SQIs from the different sampling fields were illustrated in Figure 2. Whether
the linear transformation (LS) or the non-linear transformation (NLS) was performed, the
SQIs exhibited the same trend in this investigation. Briefly, the SQIs from SF I were greater
than those from other sampling fields; it was obvious that SF V had the lowest value; the
rest of the sampling fields were in intermediate positions, respectively. Additionally, the
difference in SQI among different sampling fields was significant (p < 0.05), and these
SOIs were classified into five levels following Zeraatpisheh’s method [36], including very
strong, strong, medium, weak, and very weak. Therefore, to more clearly demonstrate
how soil quality decline affects soil-dwelling mesofaunal communities, we designated “SF
I” as “very strong soil quality” (VSSQ); “SF II” as “strong soil quality” (SSQ); “SF III” as
“medium soil quality” (MSQ); “SF IV” as “weak soil quality” (WSQ); and “SF V” as “very
weak soil quality” (VWSQ) in the following text.

Figure 2. Soil quality indexes (SQIs) in agricultural lands of the Mollisols region. (A) Soil proper-
ties indicators were normalized to combinable scores using linear scoring (LS). (B) Soil properties
indicators were normalized to combinable scores using non-linear scoring (NLS) systems. Different
letters indicate a significant difference between each sampling field at p < 0.05 based on the statistical
method of Tukey’s HSD test. VSSQ, very strong soil quality; SSQ, strong soil quality; MSQ, medium
soil quality; WSQ, weak soil quality; VWSQ, very weak soil quality.

3.2. Soil-Dwelling Mesofauna

We collected 4815 individuals from all sampling fields, and these soil-dwelling meso-
fauna belonged to 36 taxa (families/suborders), 20 orders, 6 classes, and 2 phyla. The
taxonomic composition of soil-dwelling mesofauna in the different levels of soil quality
are displayed in Figure 3. We found that soil quality declines resulted in variations in
the taxonomic compositions of the soil-dwelling mesofauna (Figure 3A). In the sampling
fields with very strong soil quality (VSSQ), Isotomidae (34.17%), Actinedida (34.17%),
and Elateridae (10.79%) were the dominant taxa. Actinedida (23.32%) and Isotomidae
(18.50%) occupied dominant positions in the sampling fields with strong soil quality (SSQ).
Oribatida (64.68%) was only absolutely dominant in the sampling fields with medium soil
quality (MSQ). Gamasida (31.94%) and Actinedida (13.09%) were the dominant taxa in the
sampling fields with weak soil quality (WSQ). Entomobryidae (59.63%) and Actinedida
(11.93%) were the dominant taxa in the sampling fields with very weak soil quality (VWSQ),
in which Entomobryidae accounted for more than half of the individuals.
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Figure 3. Soil-dwelling mesofaunal community structures in agricultural lands of the Mollisols region.
(A) Taxonomic composition (%) of soil-dwelling mesofauna in the different soil quality levels. (B) The
overlap and distinctiveness of soil-dwelling mesofaunal taxa in the different soil quality levels. VSSQ,
very strong soil quality; SSQ, strong soil quality; MSQ, medium soil quality; WSQ, weak soil quality;
VWSQ, very weak soil quality.

The unique and shared taxa of soil-dwelling mesofaunal communities are summa-
rized in Figure 3B. Oribatida, Isotomidae, Actinedida, Pseudachortidae, Cantharidae, and
Neanuridae were found in all of the sampling fields and contributed 27.27–60.00% of the
soil-dwelling mesofaunal taxa. Geophilidae, Zodariidae, and Cicadellidae were unique
taxa in the VSSQ fields; Enchytraeidae, Lumbricidae, Nematocera, and Phalangiidae were
unique taxa in the SSQ fields; Tomoceridae, Sminthuridae, Curcuionidae, and Philodromi-
dae were the only unique taxa in the MSQ fields; and Lycosidae, Psocidae, and Aphididae
were unique taxa in the WSQ fields. However, the VWSQ fields exhibited no unique taxa.

The density of soil-dwelling mesofauna varied across different levels of soil quality
(Figure 4A). Regarding the box and whisker plot, specifically, VSSQ fields exhibited signifi-
cantly higher density in these agricultural lands (p < 0.05); both SSQ and MSQ fields showed
significantly greater density than WSQ and VWSQ fields (p < 0.05), with no significant
distinction in this respect between SSQ and MSQ fields (p > 0.05); the density in WSQ fields
significantly surpassed that in VWSQ fields (p < 0.05); and the minimum value of density
was recorded in the VWSQ fields.

The rarefaction curves revealed variations in the richness among these plots (Figure 4B).
Plateau formations were observed in the curves for all locations, indicating the compre-
hensive detection of the majority of the soil-dwelling mesofaunal taxa in these agricultural
lands. Among these curves, the richness of soil-dwelling mesofauna was consistently at
the lowest level in the VWSQ fields, whereas it was consistently higher in WSQ fields than
those in other levels of soil quality. However, the richness in the VSSQ fields was relatively
low compared to the other levels of soil quality.

42



Agriculture 2024, 14, 766

Figure 4. Density and richness of soil-dwelling mesofauna in agricultural lands of the Mollisols
region. (A) Box and whisker plots depicting density (Ind/m2) of soil-dwelling mesofauna across
different soil quality levels, with line in the box indicating mean values of density. (B) Rarefaction
curves illustrating richness (taxon number) for density (Ind/m2) of soil-dwelling mesofauna across
different soil quality levels. Matching letters indicate no significant difference between each level of
soil quality level at p < 0.05. VSSQ, very strong soil quality; SSQ, strong soil quality; MSQ, medium
soil quality; WSQ, weak soil quality; VWSQ, very weak soil quality.

A heatmap demonstrated that the five sampling fields were clustered into four clusters
(Figure 5). It revealed that substantial similarity in the community structure of soil-dwelling
mesofauna could be found in the WSQ and VWSQ fields, and there were some differences
among the other sampling fields. At the same time, a high level of similarity could be
observed among the remaining sampling fields. The soil-dwelling mesofaunal commu-
nities were also clustered into three clusters. Briefly, Oribatida exclusively constituted
the first cluster; Isotomidae and Actinedida were the second cluster; and other species
constituted another cluster. The VSSQ fields exhibited a higher density of Isotomidae and
Actinedida, and a large count of Oribatida was also observed in the MSQ fields. Addition-
ally, a large portion of soil-dwelling mesofauna was evenly distributed throughout these
agricultural lands.

Figure 5. Distribution characteristics of soil-dwelling mesofauna in agricultural lands of the Mollisols
region. Colors symbolize soil-dwelling mesofaunal density (Ind/m2). The right dendrogram repre-
sents the clustering of different soil quality levels, while the upper dendrogram shows the clustering
of different soil-dwelling mesofauna. These clusters are formed using an unweighted pair group
method with arithmetical averages (UPGMA). VSSQ, very strong soil quality; SSQ, strong soil quality;
MSQ, medium soil quality; WSQ, weak soil quality; VWSQ, very weak soil quality.
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3.3. Relationship between Soil-Dwelling Mesofauna and Soil Quality

To effectively evaluate the effects of soil quality decline on soil-dwelling mesofaunal
communities, a comprehensive evaluation was meticulously conducted to delineate the
relationship between soil-dwelling mesofaunal communities and soil quality decline utiliz-
ing a Mantel test and an MFA (Figures 6 and 7). We found that the effects of soil physical
properties, soil total nutrients, soil available nutrients, and soil mineral nutrients on soil-
dwelling mesofaunal communities were primarily characterized by positive influences,
and none of the negative influences were significant (p > 0.05). Among these soil properties,
the effects of soil mineral nutrients were lower compared to the other factors. At the same
time, different soil properties correlated with each taxon of soil-dwelling mesofauna in
various ways. For instance, inconspicuous correlations were observed between Oribatida
and all of the soil properties; Isotomidae, Actinedida, Elateridae, Cantharidae, Brachycera,
Zodariidae, and Cicadellidae were susceptible to the influence of soil properties; and TK
exhibited an effect that did not reach statistical significance on the majority of soil-dwelling
mesofauna (p > 0.05).

Figure 6. Correlations between different taxa of soil-dwelling mesofauna and soil properties. Stars
correspond to correlation coefficients between different soil-dwelling mesofauna and each soil
property via a Pearson correlation method. Star sizes represent the correlation coefficient’s absolute
value. Star color indicates the correlation coefficient. Pairwise comparisons of predictors (soil physical
properties, total nutrients, available nutrients, and mineral nutrients) are shown on the right. Edge
colors denote correlations via a Mantel test. Edge width represents the correlation coefficient’s
absolute value via the Mantel test.
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Figure 7. Relationships between soil-dwelling mesofauna and soil quality decline. (A) Two-
dimensional scatter graph illustrating the variation among the different sampling fields. (B) Two-
dimensional ordination diagram representing the relationships based on the entire dataset, including
soil-dwelling mesofauna, soil physical properties, total nutrients, available nutrients, and mineral
nutrient data. The two-dimensional plots are generated using a multiple-factor analysis (MFA). VSSQ,
very strong soil quality; SSQ, strong soil quality; MSQ, medium soil quality; WSQ, weak soil quality;
VWSQ, very weak soil quality. SBD, soil bulk density; SOM, soil organic matter; TN, total N; TP,
total P; TK, total K; AN, available N; AP, available P; AK, available K; ExCa, exchangeable Ca; ExMg,
exchangeable Mg; ExMn, exchangeable Mn.

Multiple-factor analysis (MFA) was implemented for estimating the links between
soil-dwelling mesofauna and soil quality decline. The results of MFA were demonstrated
by a two-dimensional diagram (Figure 7). The two-dimensional space defined by the
MFA explained 88.03% of the total variability. Specifically, the axis of dimension 1 (Dim 1)
explained 81.30% of the variance. Due to the fact that the VWSQ, WSQ, MSQ, SSQ, and
VSSQ fields were positioned along Dim 1 from the negative to the positive direction, we
deemed that Dim 1 indicated the gradient of soil quality decline (Figure 7A). This concretely
showed that the positive direction indicated a greater level of soil quality, whereas the
negative direction indicated a lower level of soil quality.

In the two-dimensional ordination diagram (Figure 7B), the vector representing the
density of soil-dwelling mesofauna exhibited an evident positive correlation with Dim
1’s positive orientation. This indicated that soil quality decline decreased the density of
soil-dwelling mesofauna. At the same time, the two-dimensional ordination diagram
displayed that the vectors representing richness pointed towards WSQ fields and showed
negative correlations with density. In addition, the density of soil-dwelling mesofauna was
negatively related to soil temperature and soil bulk density.

4. Discussion

4.1. Community Characteristics of Soil-Dwelling Mesofauna under Soil Quality Decline

Soil quality levels in this study were quantified by utilizing soil quality index (SQI),
and a gradient of soil quality decline existed among the different sampling fields (Figure 2).
In practice, frequent plowing and cultivation during reclamation and planting are primary
contributors to soil quality decline in the Mollisols region [47]. The sampling fields in
the study area were managed by different local farmers, resulting in varying cultivation
histories and levels of land-use intensity, which contributed to a gradient of soil quality
decline in this study.
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In this study, it was evident that community structures and distribution characteristics
of soil-dwelling mesofauna varied across five levels of soil quality. Firstly, we found
variations in the taxonomic compositions of soil-dwelling mesofauna across different levels
of soil quality (Figure 3A). Compared to other fields with different soil quality levels,
Oribatida experienced absolute dominance in the fields with medium soil quality (MSQ),
accounting for 64.68% of the total. Oribatida is among the most abundant taxa of soil
mites, which live in a variety of habitats where they feed as scavengers on bacteria and
fungi [48]. A previous study has revealed that enhanced species diversity and more intricate
co-occurrence networks of bacterial communities emerged during the mid-term of soil
quality decline [49]. Consequently, this phenomenon might have led to Oribatida being
absolutely predominant in the MSQ fields. Meanwhile, Entomobryidae accounted for
59.63% of the total taxa, emerging as the absolute dominant taxa in the sampling fields with
very weak soil quality (VWSQ). Entomobryidae, a family of Entomobryomorpha within
the Collembola, is commonly consumed by various predators of soil macrofauna, such as
Reduviidae and Coccinellidae [50]. Rousseau et al. revealed that soil quality decline could
negatively affect soil macrofauna in agroecosystems [51]. Consequently, the very weak soil
quality led to the absence of natural predators for Entomobryidae, thereby contributing to
their higher proportion in the taxonomic compositions. Subsequently, we observed that the
VWSQ fields exhibited no unique taxa; rather, all observed taxa were common within this
study area (Figure 3B). This indicated that soil quality decline could reduce the probability
of soil-dwelling rare mesofaunal taxa appearing. As substantiated by previous studies, rare
taxa of soil fauna were vulnerable to the effects of soil environmental deterioration [52,53].

In the context of soil quality decline, a consistent decrease in the density of soil-
dwelling mesofauna was noted (Figure 4A). This finding partially confirms our hypothesis
(H1) that the community characteristics of soil-dwelling mesofauna were negatively affected
by soil quality decline in the Mollisols region. In general, substantial input of organic matter
is an essential element in the maintenance of soil quality in the Mollisols region [54]. Some
studies revealed that one of the primary factors contributing to decline in soil quality was
decrease in soil organic matter content [55,56], and our investigation also agreed with
these findings, as depicted in Table 2. Guidi et al. revealed that a substantial quantity of
organic matter can promote good living conditions and food resources for soil-dwelling
mesofauna [57]. Therefore, the lack of organic matter led to a shortage of food resources
for soil-dwelling mesofauna, resulting in a decrease in their density in areas with weaker
soil quality. Concurrently, it was observed that in the sampling fields categorized as
weak soil quality (WSQ), medium soil quality (MSQ), and strong soil quality (SSQ), the
richness of the soil-dwelling mesofauna was higher than those in the sampling fields with
very strong soil quality (VSSQ) (Figure 4B). This was not consistent with our hypothesis
(H1). In the VSSQ sampling fields, soil-dwelling mesofaunal density was significantly
higher than that in the other sampling fields (p < 0.05) (Figure 4A). A greater number
of dominant individuals suggests that the majority of ecological niches have been filled,
posing challenges for subordinate individuals in locating suitable habitats and resources,
thus limiting their richness [58]. Consequently, a relatively lower richness was found in the
VSSQ sampling fields.

Additionally, the heatmap in this study demonstrated that substantial similarity in the
community structure of soil-dwelling mesofauna could be found in the WSQ and VWSQ
fields, and there were some differences among the other sampling fields (Figure 5). It indi-
cated that the effects of soil quality decline might be more pronounced on the community
structure of soil-dwelling mesofauna in environments with relatively stronger soil quality.
The competitive exclusion principle implies that when resources are limited, competition
will lead to the exclusion or reduction in numbers of organisms with weaker competitive
abilities [59]. There is relatively greater resource availability in environments with higher
soil quality, leading to relatively less competition among soil organisms [60]. Moreover, we
observed notable density variations of Isotomidae from VSSQ to MSQ, with no discernible
differences noted in the WSQ (Figure 5). Isotomidae, a family of long-bodied springtails
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within the Collembola order, is characterized by its minuscule body size, weak physical
constitution, and limited capacity for migration [61]. These characteristics might render
them particularly vulnerable to competition. Consequently, as soil quality declined in this
study, resources became more limited, intensifying competition, pronouncedly altering the
community structure of soil-dwelling mesofauna in environments with relatively stronger
soil quality. Conversely, a reduction in resources might result in relatively reduced competi-
tion among soil-dwelling mesofauna. Therefore, despite a decrease in soil quality, a drastic
competitive exclusion effect might not occur, allowing for a relatively similar community
structure in the WSQ and VWSQ fields.

4.2. Exploring the Relationship between Soil-Dwelling Mesofaunal Communities and Soil
Quality Decline

Our results revealed that 11 soil properties exhibited varied correlations with different
taxa of soil-dwelling mesofauna during soil quality decline (Figure 6). This finding con-
firmed our hypothesis (H2) that soil quality decline impacts different taxa of soil-dwelling
mesofauna to varying extents. It is known that significant differences in diets, nutritional
requirements, life histories, and life forms are evident among the majority of soil-dwelling
mesofaunal taxa [62,63]. In this study, a total of 94.41% of the individuals isolated be-
longed to the following taxa: Actinedida (19.75%), Oribatida (18.69%), Isotomidae (16.64%),
Entomobryidae (6.60%), Elateridae (4.74%), Gamasida (4.24%), Hypogastruridae (3.24%),
Neanuridae (3.24%), Atemnidae (2.49%), Pseudachortidae (2.43%), Cantharidae (2.43%),
Noctuidae (2.06%), Enchytraeidae (1.81%), Aristocera (1.56%), Geophilidae (1.50%), Cocci-
dae (1.37%), and Staphylinidae (1.31%), and the majority of them were saprophagous or
phytophagous soil-dwelling mesofauna, while a minority belonged to predatory fauna. In
general, saprophagous and phytophagous soil-dwelling mesofauna depend more on or-
ganic matter and inorganic nutrients in the soil for their survival and reproduction [64]. This
results in soil properties exerting positive influences on saprophagous and phytophagous
fauna. Subsequently, an increase in phytophagous and saprophagous fauna might draw
in more predatory fauna to form colonies [65]. Consequently, the effects of soil properties
on soil-dwelling mesofauna were primarily characterized by positive influences in this
study. At the same time, we observed negative impacts on certain taxa of soil-dwelling
mesofauna. However, Mantel’s test indicated that the negative influences of soil properties
on soil-dwelling mesofaunal communities were not predominant. While soil properties
had negative impacts on partial taxa of soil-dwelling mesofauna, other factors such as food
resource availability, competition relationships, and migration patterns, might play more
significant roles in the formation and maintenance of mesofaunal communities [66,67]. In
this study, these negatively correlated taxa (e.g., Entomobryidae, Brachycera larvae) were
mainly distributed in the VWSQ fields. Therefore, contents of soil nutrients might not be
the primary factor influencing community composition in environments with very low
soil quality.

In addition, our results were congruent with prior research, indicating that monitoring
the characteristics of soil-dwelling mesofaunal communities could provide crucial infor-
mation about soil environmental changes, aiding in maintaining ecosystem health [68].
The two-dimensional ordination plot constructed based on the MFA provided further sup-
port for our hypothesis (H2), and it revealed that the density of soil-dwelling mesofauna
could signal soil quality decline in agricultural lands of the Mollisols region (Figure 7).
A reduction in density could be considered an ecosystem response to degradation, re-
flecting challenges for soil-dwelling mesofauna in terms of adaptation and survival [69].
Concurrently, soil total nitrogen (TN), phosphorus (TP), and potassium (TK); available
nitrogen (AN), phosphorus (AP), and potassium (AK); and exchangeable calcium (ExCa),
magnesium (ExMg), and manganese (ExMn) were positively related to the density of soil-
dwelling mesofauna. These soil nutrients can promote plant growth, thereby improving
the contents of organic matter entering the belowground environment as root exudates and
finally increasing the abundance of soil-dwelling mesofauna [70]. Therefore, this finding

47



Agriculture 2024, 14, 766

could suggest that the community characteristics of soil-dwelling mesofauna could reflect
soil quality decline to some extent in Mollisols regions.

5. Conclusions

To summarize, changes occurred in the communities of soil-dwelling mesofauna
as soil quality declined in agricultural lands of the Mollisols region. The investigation
results demonstrated a consistent decrease in the density of soil-dwelling mesofauna
with declining soil quality, indicating that density might signal soil quality decline in
agricultural lands of the Mollisols region. Amidst soil quality decline, the effects on
soil-dwelling mesofaunal communities were not exclusively negative, as greater richness
was observed in areas with relatively weaker soil quality. Soil quality decline impacted
different taxa of soil-dwelling mesofauna to varying extents. Oribatida was absolutely
predominant in agricultural lands with medium soil quality, and most Entomobryidae
were found in agricultural lands with very weak soil quality. Additionally, the changes
in soil properties during soil quality decline had various effects on the communities of
soil-dwelling mesofauna. Soil nutrients, in particular, exhibited a positive correlation with
the abundance of soil-dwelling mesofauna in agricultural lands of the Mollisols region,
but they might not constitute the primary factor influencing community composition in
environments with very weak soil quality. The outcomes of this study carry significance
for comprehending how soil quality decline relates to soil-dwelling mesofauna, and can
provide valuable ecological insights for formulating biodiversity guidelines targeted at
preserving soil resources in the Mollisols region.
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Abstract: As the main organic materials, straw and manure play a critical role in soil organic carbon
(SOC) sequestration and crop yield in China. This meta-analysis evaluated the impact of straw and
manure amendments, both individually and combined, on crop yield, SOC, and soil nutrients in
China by collecting 173 studies. The findings of this study revealed that straw return and manure
application increased crop yields by 14.4% and 70.4%, respectively, overall. Combined straw and
manure application gained a better improvement effect than straw alone but was less effective than
manure alone. Regarding the straw return results, rice straw and a 3000–6000 kg ha−1 returning
quantity improved crop yield, SOC, available phosphorus (AP), available potassium (AK), and total
nitrogen (TN) the most; regarding the straw return form, straw incorporated into soil and biochar
increased crop yield and SOC more, respectively; and <5 years and ≥5 years of straw return treatment
increased crop yield and TN more, respectively. Regarding manure application, pig and chicken
manure increased crop yield and TN more, respectively; a 50–80% substitution ratio and 10–20 years
of duration were best for improving crop yield, SOC, AP, AK, and TN. This study highlights the
importance of optimal organic amendment through straw or manure applications to achieve a
win–win between crop yield and soil fertility under the requirement of sustainable agriculture.

Keywords: meta-analysis; organic amendment; China; carbon sequestration; management strategy

1. Introduction

In the earth system, soil organic carbon (SOC) constitutes up to 75% of the terrestrial
carbon pool, representing the largest carbon pool, which is approximately three times
greater than the amount of carbon stored in the atmosphere or vegetation [1–3]. Find-
ings have demonstrated that the sequestration of SOC could play an irreplaceable role in
significantly reducing carbon emissions [4,5]. However, in China, long-term traditional agri-
culture management has induced soil deterioration from carbon sink to carbon source [6,7].
Meanwhile, the decrease in soil organic matter (SOM) and nutrients seriously threatens
food security [8,9]. Consequently, the application of suitable management practices to
increase SOC content and enhance crop yield is very important.

In agriculture, the practice of returning straw to the field is a feasible and promising
strategy to sequestrate SOC without reducing yield [10–13]. A large number of studies
have shown that returning straw to the field has a positive impact on crop yield, SOC,
and soil nutrients [1,3,14,15]. China, as one of the world’s largest crop straw producers,
produces 800 to 1000 MT of crop straw every year, accounting for about 20% to 40% of
the global aggregate (Table S1) [16–18]. In recent years, China has gradually shifted from
incinerating crop straw to directly returning it to the field. The quantity of straw directly
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returned can reach more than 40% of the total crop straw [19,20]. However, there are
still many obstacles to directly returning straw to the field. For example, the difficult
decomposition of straw and the fact that incompletely decomposed straw can impede crop
growth have resulted in farmers preferring to dispose of the straw by burning it [21–24].
Moreover, there is a multitude of factors that can impact the effects of returning straw
to the field (e.g., its duration, quantity, form, and category), which makes it difficult for
farmers to ensure a proper strategy of straw return [21,25,26]. Due to these reasons, as well
as the huge quantity of straw itself and its great potential in restoring soil and mitigating
carbon emissions, it is, therefore, essential to apply appropriate straw return management
methods in actual production practices to foster green development in China. Current
meta-analyses related to returning straw to the field are limited in their investigation of
the effects of different categories and forms of straw on SOC, crop yield, and soil nutrient
content. Additionally, the categorization rules for research factors vary among different
meta-analyses. Given the continuous updates to meta-analyses, a newly integrative and
comprehensive meta-analysis should be conducted.

Apart from returning straw to the field, the strategy of replacing chemical fertilizers
with organic ones can also effectively reverse the decrease in SOC caused by the excessive
use of chemical fertilizers [27–30]. Currently, China has the largest production of manure,
similar to crop residues, in the world, which is over twice the combined total of the United
States and the European Union (Table S2) [31]. So far, except for increasing SOC content,
a myriad of experiments have testified to the important role of manure in restoring soil
nutrients and improving crop yield [32–36]. However, the excessive and sole use of manure
can diminish its advantages compared with the proper combination of manure and chemical
fertilizer, even leading to counterproductive outcomes such as lower yields than those
achieved with chemical fertilizer due to its slow decomposition process [35]. Moreover, the
difficulty and high labor cost of collecting manure are not seen as worthwhile or appropriate
by farmers, thereby causing reluctance and resistance from farmers toward propaganda
and promotion concerning the replacement of chemical fertilizer with organic fertilizer [37].
Therefore, it is both inevitable and crucial to analyze an effective management strategy for
manure application. Based on our meta-analysis, the effects of manure application and
its management strategies can be explained further. Likewise, the result can be regarded
as a reference to manure application. In order to explore the impact of different manure
management modes on the effectiveness of manure, we divided three groups: the source,
substitution ratio, and duration of manure for the meta-analysis.

In addition to the development of a survey on returning straw and applying manure,
the effects of combining straw and manure were explored to determine the specific role of
integrating these two organic amendments.

In this context, this study carried out a meta-analysis including 2647 data derived from
173 eligible articles. The objectives were (1) to analyze the different effects of straw return
management on crop yield, soil nutrients, and SOC; (2) to analyze the different effects of
manure application management on crop yield, soil nutrients, and SOC; (3) to analyze the
effects of manure application plus straw return on crop yield, soil nutrients, and SOC; and
(4) to provide valid references for acquiring win–win management between crop yield
and SOC.

2. Materials and Methods

2.1. Data Collection

In the rudimentary stage, we conducted a search and identified a total of 9320 relevant
articles using the following keywords: “straw”, “manure”, “straw plus manure”, “crop
yield”, ”soil nutrient”, ”soil organic carbon”, etc. Relevant articles published from 2013 to
2023 were gathered from the China National Knowledge Infrastructure (CNKI) and the
Web of Science. In detail, the articles were collected without review and communication,
the language of the articles is English or Chinese, and specific search strings were used
(e.g., TS = soil organic carbon or SOC or soil nutrient or yield or crop production or crop
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productivity and TS = crop residue or straw or stover or stalk or manure or organic fertilizer
or slurry, etc.). The entire article search process is illustrated in a flowchart (Figures S1–S3).
The data were sieved by conforming to the following rules: (1) The field experiment was
conducted in China. (2) The article includes at least one of the following relevant indicators:
crop yield, SOC, total nitrogen (TN), available phosphorus (AP), and available potassium
(AK); to avoid confusion about the soil stock, the soil variables must be recorded as soil
content, and all indicators must be observed or calculated. (3) The replication number must
be ≥2 to ensure the function of the meta-analysis. (4) The treatments contained a control,
namely no straw, manure, or chemical fertilizer application. (5) For crop data collection,
only rice, wheat, and maize were considered. (6) SOC and soil nutrients were collected only
from the 0–20 cm soil layer, regardless of crop category. (7) No other variables are present
that may interfere with the analysis except for those necessary. For different amendments,
the collection principles were distinct (Table S3). The details of these groupings are provided
in the Supplementary Materials or the annotation under the following Figures.

An aggregate of 173 articles passed the standard screening process. We extracted the
experiment location, soil and crop category, and replication number; straw return category,
form, quantity, and duration; manure source, substitution ratio, and duration; nitrogen,
phosphorus, and potassium fertilizer amount; and the mean and standard deviation (SD)
of crop yield, SOC, TN, AP, and AK. GetData Graph Digitizer 2.26 was used to extract data
in figures. We also used the function “refine category” of MetaWin 2.1 to deal with the
missing data.

The collection of means and SDs was assisted by Formula (1) and Engauge Digitizer,
Origin 2021. For the data that did not include the SD, if the standard error (SE) could be
found, Formula (1) was used to obtain the SD; if the SD and SE could not be found in the
article, we estimated the SD by calculating the 10% mean [38–40]. When only SOM could be
found in the data, we used the method of multiplying SOM values with 0.58, a correction
factor, to obtain the SOC values [41].

SD = SE × √n (1)

In Formula (1), n means replication number.
The collected data were classified to analyze the effect on crop yield, SOC, and soil

nutrients of TN, AP, and AK contents after the classification of straw, manure, and a
combination of straw with manure application using assorted management strategies,
respectively (Table S4).

2.2. Meta-Analysis

The method used to calculate effect size and sampling variance was the natural
logarithm of the response ratio (lnRR) by MetaWin 2.1 for this study. The calculation
process was operated automatically by the intrinsic program of MetaWin 2.1, which was
appropriate for the form of the data being extracted. Formulas (2) and (3) were used to
calculate the effect size and sampling variance, respectively, in the lnRR.

ln R = ln (me/mc) (2)

In Formula (2), me and mc are the sample means for the experimental and con-
trol groups.

бln R
2 = se2/neme

2 + sc
2/ncmc

2 (3)

In Formula (3), ne and nc are the sample sizes, se2 and sc
2 are sample variances for the

two groups, and me and mc are the same as above.
Next, the random effect model was applied, which can simultaneously consider the

within-case and cross-case variations in the effect size. Summary analysis was conducted by
imposing acquired effect size and sampling variance, and categorical analysis was used for
cumulative effect value and its 95% confidence interval (CI) in this process. If the 95% CIs
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overlapped with 0, straw, manure, or straw plus manure application did not significantly
influence the research indexes (crop yield, SOC, TN, AP, and AK); if the 95% CIs did not
involve 0, the foregoing amendments had a positive (>0) or negative (<0) effect [38,42].
If the 95% CIs overlapped with the effect sizes at different levels of the same group in
categorical analysis, there was no significant difference (p < 0.05) [43]. In order to ensure
the reliability of the results, each category level can only be regarded as valid if the data
volume is not less than 10 or if it comes from three different independent articles [44]. For
results that meet the requirements, the sample size and effect value shown in brackets are
presented in black on the plot; otherwise, the data are shown in red. Under this principle,
we ensured the credence of these black-colored results; the red-colored results may possess
little relevance but should still be further explored once sufficient samples are generated
in the future. The effect value was present in the form of a percentage, which represented
the improvement effects of different amendments; the percentage consisted of effect size
and 95% CI. In crop yield, we used the following four different indicators: total yield,
maize yield, wheat yield, and rice yield; the total yield means the average increase in crop
yield without the consideration of crop type. Additionally, Q values for each group were
displayed in each forest plot to demonstrate heterogeneity [45].

The forest plots and correlation were analyzed using GraphPad Prism 9.5 and SPSS
Statistics 23. ArcGIS 10.8.1 was used to designate the experimental locations (Figure 1).
Rosenberg’s fail-safe number was used for testing the publication bias (Table S5) [46].

Figure 1. The research sites in China.

3. Results

3.1. Overall Effects of Straw Return on Crop Yield, SOC, and Soil Nutrients
3.1.1. Straw Return Effects on Crop Yield

In Figure 2, the forest plots showed the overall effect on improving crop yield, duration
effect, quantity effect, form effect, and category effect of straw return in turn. Overall, straw
return increased the crop yield by 14.4%. The rice, wheat, and maize yield significantly
increased by 24.5%, 10.1%, and 12.1%, respectively. Among them, the response degree of
rice was significantly higher than maize and wheat (Figure 2a).
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Figure 2. The forest plots of the effects of straw returning on yield. (a) Straw return overall effects
on yield; (b) duration on yield; (c) quantity on yield; (d) form on yield; and (e) category on yield.
In (b), long means ≥ 5 years, and short means < 5 years. In (c), higher, high, middle, low, and
lower means ≥ 12,000 kg ha−1, 9000–12,000 kg ha−1, 6000–9000 kg ha−1, 3000–6000 kg ha−1, and
<3000 kg ha−1, respectively. Dot means effects values; black line means 95% CIs; square means void
value; N means sample number; (%) means effect value; and all clusters were divided by different
colors. Q (total) is the total heterogeneity, and Q (between) is the between-group heterogeneity;
p < 0.05 indicates a significant difference in the group; p < 0.01 indicates a particularly significant
difference in the group; and p > 0.05 indicates no significant difference in the group.

For the effect of straw return duration, except for the duration of ≥5 years, on increas-
ing rice yield, all durations significantly increased crop yield. The duration of <5 years
improved crop yield significantly more than ≥5 years overall. Compared with ≥5 years,
<5 years significantly increased maize yield by 5.90% (Figure 2b).

All the quantity degrees of straw return possessed significantly positive impacts on total
crop yield. Compared with the straw return quantity ≥12,000 kg ha−1, 3000–6000 kg ha−1

and 6000–9000 kg ha−1 significantly increased crop yield by 6.70% and 6.52%, respectively.
For individual crops, the quantity of <9000 kg ha−1 significantly increased rice yield;
6000–12,000 kg ha−1 significantly increased wheat yield; and ≥3000 kg ha−1 significantly
increased maize yield (Figure 2c).

For the effects of form on crop yield, in the total crop yield, all forms significantly
increased crop yield except deep burial of straw, and straw incorporation significantly
enhanced crop yield by 9.26% compared with straw mulching. In terms of rice yield, straw
incorporation significantly increased rice yield by 22.6%. Maize yield was significantly
increased by pelletized straw, straw mulching, and straw incorporation; among them, straw
incorporation significantly promoted maize yield by 6.90% compared with straw mulching
(Figure 2d).

In terms of the relation of straw category to total crop yield, all straw categories
significantly increased total yield, and rice straw significantly enhanced yield by 8.77%
and 13.9%, respectively, compared with wheat straw and maize straw. Depending on the
cultivation crop to classify, rice yield was significantly increased by rice straw; wheat yield
was significantly increased by wheat and maize straw; and maize yield was significantly
increased by rice and maize straw (Figure 2e).
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3.1.2. Straw Return Effects on SOC and Soil Nutrients

In Figure 3, the forest plots showed the overall effect on improving the SOC and soil
nutrients, duration effect, quantity effect, form effect, and category effect of straw return in
turn. Overall, the contents of AK, AP, TN, and SOC were significantly increased by straw
return. Among them, the degree of response of TN content to straw return was significantly
less than other elements; SOC response was significantly higher than TN but lower than
AP and AK (Figure 3a).

Figure 3. Cont.
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Figure 3. The forest plots of the effects of straw return on SOC and soil nutrients. (a) Straw return
overall effects on SOC and soil nutrients; (b) duration on SOC and soil nutrients; (c) quantity on SOC
and soil nutrients; (d) form on SOC and soil nutrients; and (e) category on SOC and soil nutrients.
The rest of the notes are the same as in Figure 2 and were omitted for clarity.

Regarding the straw duration role in the content of SOC and soil nutrients, com-
pared with the control, all durations significantly and positively affected the contents
of AK, AP, TN, and SOC. Regarding increases in TN, compared with the straw return
duration <5 years, ≥5 years significantly promoted TN by 7.64% (Figure 3b).

In terms of the effects regarding different straw return quantities, the quantity of
3000–12,000 kg ha−1 significantly increased the contents of AK, AP, TN, and SOC. Com-
pared with the quantities of 6000–9000 kg ha−1 and ≥12,000 kg ha−1, TN was increased by
3000–6000 kg ha−1 and 9000–12,000 kg ha−1 significantly (Figure 3c).

Among different straw return forms, straw biochar, straw incorporation, and straw
mulching significantly increased the contents of AK, AP, and TN; all forms significantly
enhanced SOC. Regarding the contents of AP, TN, and SOC, straw biochar significantly
and positively affected AP more than straw incorporation and deep burial of straw; straw
incorporation significantly decreased TN compared with straw mulching and straw biochar;
and straw biochar significantly increased SOC compared with other forms. Namely, under
equal conditions, these proper forms can increase the foregoing indicators with more
efficiency compared with other forms (Figure 3d).

Regarding the impact of the straw category on SOC and soil nutrients, all categories
significantly increased the contents of AK, AP, TN, and SOC. Rice and wheat straw sig-
nificantly enhanced AK, AP, and TN compared with maize straw; rice straw significantly
increased TN by 17.5% and 21.1% compared with wheat and maize straw, respectively; and
wheat and maize straw significantly increased SOC less than rice straw (Figure 3e).

3.2. Overall Effects of Manure Application on Crop Yield, SOC, and Soil Nutrients
3.2.1. Manure Application Effects on Crop Yield

In Figure 4, the forest plots show the overall effect on improving crop yield, source
effect, substitution ratio effect, and duration effect of manure application in turn. Overall,
manure application increased the crop yield by 70.4%. The rice, wheat, and maize yield
significantly increased by 47.0%, 78.0%, and 76.9%, respectively. Among them, the response
degree of rice was significantly lower than maize and wheat (Figure 4a).
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Figure 4. The forest plots of the effects of organic manure on yield. (a) Manure application overall
effects on yield; (b) source on yield; (c) substitution ratio or additional replenishment on yield;
and (d) duration on yield. In (c), nil, low, middle, high, extreme, addition (L), and addition
(H) mean 0%, 0–30%, 30–50%, 50–80%, 80–100%, <30 t ha−2, and ≥30 t ha−2, respectively. In
(d), long means ≥ 20 years, moderate means 10–20 years, and short means < 10 years. The rest of the
notes are the same as in Figure 2 and were omitted for clarity.

For the effects of different manure sources, all sources significantly increased crop
yield. In the total crop yield, compared with chemical fertilizer, pig manure significantly
increased crop yield by 14.4%, but chicken manure significantly decreased crop yield by
12.2%. For individual crops, pig manure significantly increased rice yield less than cattle
and chicken manure, but pig manure significantly increased maize yield more than other
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sources; moreover, chemical fertilizer significantly increased maize yield compared with
cattle and chicken manure (Figure 4b).

Regarding increases in crop yield, the forest plot was made to determine the impacts
of substitute proportion change. Compared with the control, all substitution ratios sig-
nificantly and positively increased crop yield; except in the case where <30 t ha−2, the
substitution ratio 50–80% significantly increased total crop yield compared with other
ratios. Under crop categorization, the substitution ratio <30% significantly increased rice
yield more than the 0% substitution ratio; the wheat yield was significantly increased by the
ratio of 50–80% compared with ≥30 t ha−2; and the substitution ratio 50–80% significantly
promoted maize yield by 40.5% and 41.4% compared with <50% and >80%, respectively
(Figure 4c).

Finally, the impacts of different durations of manure application on yield were deter-
mined, and all durations significantly increased crop yield. The duration of 10–20 years
significantly increased total crop yield by 9.02% and 39.9% compared with ≥20 years and
<10 years, respectively; the duration of ≥20 years also significantly increased total crop
yield by 28.3% compared with <10 years. In terms of wheat and maize yield, the dura-
tion of <10 years decreased yield compared with 10–20 years and ≥20 years significantly
(Figure 4d).

3.2.2. Manure Application Effects on SOC and Soil Nutrients

In Figure 5, the forest plots showed the overall effect on improving the SOC and soil
nutrients, source effect, substitution ratio effect, and duration effect of manure application
in turn. Overall, the contents of AK, AP, TN, and SOC were significantly increased by
manure application. Among them, the response degree of AP content to manure application
was significantly higher than other elements; AK responded significantly more than TN
and SOC but less than AP (Figure 5a).

In terms of the effects of manure sources on SOC and soil nutrients, all sources
significantly increased the contents of AK, AP, TN, and SOC. Regarding increases in AP,
pig manure significantly increased AP by 59.7% and 63.7% compared with cattle manure
and chemical fertilizer, respectively. Chicken manure significantly increased TN content
compared with other sources; cattle and pig manure significantly and positively affected TN
more than chemical fertilizer but less than chicken manure. All manure sources significantly
increased SOC content compared with chemical fertilizers (Figure 5b).

Regarding the effects of the substitution ratio on SOC and soil nutrients, AK was
significantly enhanced by the ratios except <50%; all ratios significantly increased the
contents of AP, TN, and SOC. For individual elements, the ratio of 50–80% significantly
increased AK by 54.0% and 36.2% compared with <30% and >80%, respectively; AP
was significantly promoted by 68.6% and 52.4% through the ratio of 50–80% compared
with <50% and >80%, respectively; and compared with 0%, except when <30%, all ratios
significantly increased TN and SOC (Figure 5c).

Under the impact of duration variation, all durations significantly increased the
contents of AK, AP, TN, and SOC. Compared with the duration of <10 years, 10–20 years
and ≥20 years significantly increased the contents of AK, AP, and SOC; regarding TN, the
duration of ≥20 years significantly enhanced TN by 11.4% (Figure 5d).
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Figure 5. The forest plots of organic manure on SOC and soil nutrients. (a) Manure application
overall effects on SOC and soil nutrients; (b) source on SOC and soil nutrients; (c) substitution ratio
on SOC and soil nutrients; and (d) duration on SOC and soil nutrients. The rest of the notes are the
same as in Figure 4 and were omitted for clarity.

3.3. Overall Effects of Straw Plus Manure on Crop Yield, SOC, and Soil Nutrients

Compared with the control, straw returning plus manure application significantly
increased the crop yield of total, rice, wheat, and maize by 35.0%, 40.8%, 37.2%, and 27.9%,
respectively (Figure 6a).
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(a) (b) 

Figure 6. (a) The forest plot of straw returning plus manure application to yield; (b) SOC and soil
nutrients. S + M means straw plus manure. The rest of the notes are the same as in Figure 2 and were
omitted for clarity.

Comprehensively, compared with the control, straw returning plus manure application
significantly increased the contents of AK, AP, TN, and SOC by 46.0%, 44.3%, 20.3%,
and 15.6%, respectively. The response degree of SOC content to straw returning plus
manure application was significantly lower than for AK and AP; moreover, AK significantly
responded more than TN (Figure 6b).

3.4. Correlation Analysis

The correlation coefficients between the net increase in crop yield and net increase in
SOC, TN, C/N, AP, and AK were calculated and divided into straw return (Figure S4) and
manure application groups (Figure S5).

In the straw return group, SOC and soil nutrients had significant and positive effects
on the net increase in crop yield. The correlation coefficient of net-increased SOC, TN, C/N,
and AK were more than 0.42, while AP was the lowest (0.22) (Figure 7a).

In terms of manure application, the net-increased C/N was irrelevant to crop yield. The
correlation coefficients of the net-increased SOC and TN both were significantly positive
to the net-increased crop yield, which reached 0.35 and 0.33, respectively. The biggest
correlation was 0.40 of the net-increased AK (Figure 7b).

Overall, the significance and coefficients of different factors regarding crop yield under
straw return or manure application were determined. Under the straw return treatment,
the increase in SOC and soil nutrients was more closely related to yield.
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Figure 7. (a) The correlation between different factors and crop yield under the straw return ap-
plication and (b) under the manure application. Full line and dashed line, respectively, mean the
correlation was significant (p < 0.05) and not significant; the red color means positive effect; and R
means correlation coefficient.

4. Discussion

4.1. Overall Effects of Straw Return on Crop Yield, SOC, and Soil Nutrients
4.1.1. Straw Return Overall Effects

Straw return can significantly improve crop yield, SOC, and soil nutrients [14,47–50].
Through our meta-analysis, the ranks of the overall effect of straw return on improving
the yield of different crops and the content of different soil indicators were as follows:
rice (24.5%) > maize (12.1%), wheat (10.1%); AK (18.1%), AP (16.6%) > SOC (11.3%) > TN
(4.48%). It is important to note that the ranking pertains to the magnitude of improvement
attributed to straw return across various parameters. The ranking of straw return’s overall
effect on enhancing the yield of different crops and the levels of various soil indicators is
based on significant differences.

The yield-increasing effect of rice was significantly greater than maize and wheat after
straw return, which possibly resulted from the cultivation conditions. The pH of paddy soil
pH is 5.5–6.5, presenting slight acidity. The increased yield effect of straw return in acidic
soils may be higher because crop straw is an alkaline material, and its return to the field
reduces soil acidity, enhancing the retention capacity of soil to fertility [48]. Moreover, straw
return increased maize yield slightly more than wheat yield, which was mainly affected
by different growth seasons. Wheat is cultivated in winter or spring, which possess lower
precipitation and temperature compared with the growth season of maize—summer. Lower
precipitation and temperature are not beneficial to the acceleration of straw decomposition,
thus impacting the release of straw nutrients [39]. AK and AP increased more compared
with the SOC under straw return, which may be attributed to the quickly released minerals
contained within straw; the release of available nutrients mainly occurs through chemical
decomposition and microbial activity, and the processing is comparatively faster than SOC
accumulation. In terms of the difference between SOC and TN, the high C/N of straw
could be one major reason. When straw is added to soil, microorganisms use up available
nitrogen to decompose the straw, temporarily slowing the short-term increase in TN [51].
This shows that the improvement effect of straw return on different indicators is influenced
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by their characteristics. However, the improvement effect is also affected by changes in
environmental and management factors. For instance, the effectiveness of straw return
on increasing SOC is significantly influenced by the initial SOC levels, with soils having
lower initial SOC showing greater response ratios [52]. Proper use of nitrogen fertilizer
can optimize soil C/N and boost microbial activity, thereby facilitating the nutrient release
of straw [38]. Moreover, compared with no-tillage practices, tillage could mix straw into
the deeper soil layer, making soil nutrients well distributed and improving the straw
decomposition rate [53]. In practical production, these factors should also be considered
under straw return.

4.1.2. Straw Duration

Our meta-analysis found the straw return of <5 years significantly increased crop
yields compared with ≥5 years. This was mainly because of the high C/N of straw [17].
Continuous straw return results in relatively more exogenous carbon and less nitrogen
inputs [38]. In order to maintain growth, the soil microbe will begin to compete with
crops for nitrogen, which impacts crop yields [7]. Regarding soil nutrients, ≥5 years was
more effective in enhancing soil nutrient levels, particularly TN. The net-increased TN
was possibly generated from the remaining straw after long-term straw return treatment.
In terms of SOC, there was no significant difference between <5 years and ≥5 years
in improving its content. This result for SOC could be attributed to the soil gradually
reaching a carbon threshold with extended periods of straw return, which may limit further
increases in SOC [38]. Moreover, long-term straw return can enhance the potential for
carbon decomposition. In contrast, only a small proportion of carbon remains in the soil as
stable carbon, reducing the carbon sequestration effect [20].

From our meta-analysis, a universal conclusion could be found. Namely, the duration
< 5 years increased crop yield more, and the duration ≥ 5 years increased soil nutrients
more. However, the determination of the optimal duration always needs to consider the
local environment. Many studies have waged an exploration based on their local environ-
ment [25,38,39]. Under long-term straw return, Goran et al. and Wang et al. discovered the
content of TN significantly increased [14,25], which was similar to our outcome. One study
suggested that long-term straw returning over 20 years could considerably increase SOC
content by two or three times compared with short-term straw returning [52]. However, the
SOC will decrease rapidly once the continuous straw return stops due to the introduction
of numerous labile carbon compounds and the acceleration of “priming effects” [41]. In
a rain-fed upland, the practice of long-term rice straw return was used to increase maize
productivity; although compared with the control, straw return significantly increased
maize yield, a year-on-year comparison within the straw return group showed a decline
over the years [51]. Jiang et al. and Wang et al. found that straw return significantly
increased crop yield after continuous return for 5 years [54,55]. Altogether, and based on
other experiments, the regulation of straw returning duration needs to also consider the
local conditions of soil properties and meteorology to determine the most suitable duration.

4.1.3. Straw Quantity

As an important index and controllable variable of weighing crop residue return
effects, the quantity of straw is one of the most popular topics in the subject of returning
straw to the field. The change in returning straw quantity can always significantly affect
crop yield, SOC, and soil nutrient content [14,20,56,57]. Many studies have revealed that a
higher quantity of straw return has an improvement role [7,49,56]. However, theoretically,
there is no linear relationship between crop yield, SOC, soil nutrients, and straw returning
quantity [15,47]. Moreover, in terms of the economic dimension, an excessive returning
straw quantity can decrease the potential economic benefit of farmers. Therefore, the most
vital crux is to identify a proper quantitative level for straw return based on the premise of
balancing improvement and economy.

65



Agriculture 2024, 14, 480

Based on the data that we compiled, the alteration of straw return quantity significantly
affected TN content and crop yield. Initially, the increase in straw return quantity could
significantly improve TN content and crop yield. After arriving at a limitation, there was no
significant increment; furthermore, there was even a reduction in the increasing rate with
superfluous straw quantity. In the meta-analysis, the return of 3000–6000 kg ha−1 of straw
to the field significantly increased the total crop yield and TN content compared with the
higher returning quantity. Regarding the improvement in other indicators, no significant
difference among different quantities was found. Similar to the continuous straw return,
when an excessive amount of straw is returned to the field, it induces competition between
microbes and crops for available nitrogen [7,38]. This may be the main reason why the
returned straw amount of 3000–6000 kg ha−1 could best increase the total crop yield. In
conclusion, following the collection of an enormous amount of data, a universal returning
quantity was gained from our meta-analysis. The quantity of 3000–6000 kg ha−1 could
effectively increase crop yield and TN while arriving at the same effect and saving straw
resources compared with other quantities on the improvement for all indicators. Therefore,
the quantity of 3000–6000 kg ha−1 of straw return could be recommended based on the
premise of balancing improvement and economy.

However, in specifically local conditions, the best straw quantity always varies with
the cultivation environment. As the temperature decreased and SOC content increased
in the experimental area, the applicable quantity of straw return also decreased. For
example, research results from Ustalfs, an area in a warm temperate zone with low SOC
content, revealed that the highest maize straw return of 13,500 kg ha−1 resulted in the
most marked increase in TN and SOM [14]. In the cultivation system of a calcareous,
subtropical zone, returned maize straw treatments of 5000 kg ha−1 and wheat straw
treatments of 6000 kg ha−1 enhanced the content of SOC more than other lower quantitative
treatments [56]. In the results of research conducted in Chinese semiarid areas, warm
temperate zones, and low SOC content areas, treatment with 13,500 kg ha−1 of maize stalk
incorporation accomplished the most effective boost in the contents of SOC and TN under
the maize–millet rotation system [57]. The conditions of maize monoculture, cold monsoon
climate, and treatment with the 2500 kg ha−1 of maize straw on farmland can significantly
enhance the relative abundance of fungi under the no-tillage condition, which benefits
the increase and immobilization of SOC [15]. In terms of saline–alkali paddy soil in a
cold monsoon climate, the treatment of 7300–7500 kg ha−1 of rice straw decreased crop
yield compared with the 5475–5625 kg ha−1 treatment [47]. Ultimately, because of China’s
complicated terrain and climate conditions, soil type varies in China [58]. The effect of
increasing straw return quantity should also incorporate a range of factors, including soil
physicochemical characteristics and meteorological and management conditions [38].

4.1.4. Straw Form

A change in returning form can considerably affect the improvement in straw return
on crop yield, SOC, and soil nutrients [21,42,59–63]. Different straw return forms each
have their unique advantages. Compared with other forms, straw mulching has shown
superiority in reducing water evaporation and increasing soil moisture, thereby enhancing
crop yield and water use efficiency [50]. Furthermore, straw mulching has been observed
to lower soil temperature, which is beneficial for ensuring crop growth and soil moisture
during the high temperatures of the summer [51]. In contrast to mulching, straw incorpora-
tion increases the contact area between straw and soil microorganisms when the straw is
buried at the soil layer of 0–20 cm, which accelerates the decomposition rate of straw [7].
One study has suggested that due to its water conservation capabilities, straw mulching
may be more suitable for areas with insufficient precipitation, while straw incorporation
might be better suited for regions with sufficient precipitation [38]. Deep straw burial
enhances subsurface microbial activity, boosting microbial metabolism and SOM formation
compared with straw mulching; comparatively, straw mulching leaves straw on the surface
in a semi-dry status, resulting in more carbon and nitrogen loss through gas during decom-
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position [64]. Straw biochar significantly enhances soil nutrient effectiveness through its
high adsorption capacity, engaging in nutrient cycling by adsorbing key nutrients (nitrogen,
phosphorus, and potassium) and facilitating ion exchange [21]. Pelletized straw disrupts
the original structure and cuticle of straw, enhancing the contact area with soil and improv-
ing decomposition rates by increasing microbial biomass [65,66]. Moreover, after straw is
processed into pellets, its release of carbon and nitrogen from the straw is enhanced due to
the pelletization process breaking down the original adhesive structure of the straw [67]. It
also helps preserve fine straw particles by forming soil aggregates, reducing carbon loss;
the pelletized straw boosts SOC more effectively than unprocessed straw [68]. However,
although one study discovered that the pelletized straw was observed to significantly
increase grain yield in the short term more than incorporation, straw incorporation showed
a long-term, slow-release benefit in enhancing SOC levels over the years [69].

Based on the results of our meta-analysis on the increase in total crop yield and maize
yield, straw incorporation significantly and positively affected the yield compared with
straw mulching. The possible reason for this difference is that straw mulching decomposes
slower than straw incorporation, making the straw less available to crops; this may result
in nutrient deficiencies and crop yield decrease [50,70,71]. The straw biochar and the
pelletized straw possessed a similar effect value on each other; the effect of straw biochar
on improving crop yield is contingent on a lot of external factors such as the category of soil
and environmental conditions [72]. In SOC and soil nutrients, straw biochar had the biggest
effect value on SOC, but there was no significant difference with straw mulching on TN,
AP, and AK. Straw biochar can significantly uplift the contents of available soil nutrients
and SOC sequestration due to its physicochemical characteristics [72,73]. Compared with
straw incorporation, straw mulching significantly increased TN, but there was no signif-
icant difference between straw incorporation and straw mulching in improving AP, AK,
and SOC. Different forms have varying impacts, each with its own best improvement in
different indicators (SOC, AP, AK, TN, maize yield, wheat yield, and rice yield). Through a
comparison, our findings show that straw incorporation boosted crop yield more effectively,
while straw biochar enhanced SOC more efficiently compared with other forms.

However, the choice of straw return form should also be based on different objectives
and environmental conditions. For instance, under cultivation conditions with limited soil
moisture, opting for straw mulching might be more beneficial for ensuring crop growth
compared with straw incorporation, pelletized straw, or deep burial of straw. Moreover,
many experiments also explored the best form based on their local conditions. For example,
straw mulching has been found to enhance SOC levels, leading to improved soil fertility and
nutrient availability, particularly in dryland regions and under no-till systems [21,74,75]. In
the rice–wheat system, straw incorporation can lead to the retention of SOC from farmyard
manure or crop straw, limiting nutrient loss and increasing SOC sequestration [61]. The
outcome of a study on Argiudolls suggested that deep straw burial can increase SOC and
TN contents compared with other straw incorporation methods [64]. In the paddy soils of
northeast China, biochar treatment was superior to straw in terms of SOC accumulation
and increasing soil fertility [76]. Except for the foregoing forms, pelletized residue return
was salutary to the rapid increment in soil nutrients, SOM, and crop yield of cultivated
hibernal wheat [68]. In a warm temperate continental monsoon climate, under the winter
wheat–summer maize rotation system or monoculture maize cultivation, pelletized straw
significantly increased crop yield and SOC content [69,77].

4.1.5. Straw Category

As three of the most predominant crops in China, rice, maize, and wheat constitute
more than three-fourths of China’s total crop residues [38], which is why these crops are the
major subjects of straw returning research [37,78,79]. The effects of straw return vary with
the change in straw category. Under the rice–wheat rotation system, a 10-year experiment
indicated rice straw was better than wheat straw in improving SOC and other nutrient
properties of soil [80]. In the wheat–maize rotation system, the combination of wheat
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and maize straw return diversified the abundance of soil bacteria and fungi before wheat
cultivation; compared with the combination, the sole application of maize straw led to
the decrease, which was regarded as unfavorable toward the sequestration of SOC [81].
The disposal of blending maize and wheat stalk return could reinforce the formation of
soil aggregate, finally boosting internal SOC storage and crop yield under the integrated
application of controlled-release nitrogen fertilizer [1].

In our meta-analysis, the improvement effect of the three categories of straw presented
a tendency: rice straw > wheat straw > maize straw overall. Upon comparing the obtained
results, it was found that the rice straw possessed the optimal effect for improving crop
yield, SOC, and soil nutrient content. This distinction could possibly be attributed to their
different physicochemical characteristics. In the results of the nutrients of crop residues,
it was found that the rice, wheat, and maize straw were similar in carbon content but
significantly different in the content of nitrogen, phosphorus, and potassium. Many articles
pointed out that rice straw contained more potassium and phosphorus compared with
wheat and maize straw [17,82]. Crops could ingest and assimilate the nutrients generated
in the decaying process of rice straw better; rice straw could also foster the activity of
microbes, releasing more nitrogen than wheat straw [80]. Moreover, the decomposition
of rice straw was quick, and its nutrients were liable to be mineralized easily; thus, the
employment of rice straw was conducive to the recovery of soil fertility [47]. The maize
straw represented the lowest effect value in our study, which may be due to the slow
decomposition. According to previous research, maize straw decomposed slower than
wheat straw [83]. A study found that maize straw decreased the diversity of soil fungi
compared with wheat straw; theoretically, fungi tend to decompose complex organic
matter [81]. In the physical structure, the internal structure and pore characteristics of crop
residues such as rice straw, wheat straw, and maize straw differ significantly. This leads to
variations in their specific surface area, pore volume, average pore size, cumulative pore
volume, total pore area, porosity, etc. These characteristics also influence their compactness,
which is reflected in different bulk densities. The bulk density of maize straw is greater
than that of wheat straw, which means greater compactness; however, greater compactness
may not be conducive to decomposition [17].

4.2. Overall Effects of Manure Application on Crop Yield, SOC, and Soil Nutrients
4.2.1. Manure Application Overall Effects

The employment of manure could significantly increase soil fertility, crop yield, and
SOC sequestration [84–86]. Based on the results of our meta-analysis, the ranks of the
overall effect of manure application on improving the yield of different crops and the
contents of different soil indicators were as follows: wheat (78.0%), maize (76.9%) > rice
(47.0%); AP (157%) > AK (65.2%) > TN (41.3%), SOC (35.8%). Similar to the straw return,
the ranking is based on the improvement role of manure and significant differences.

The results convey that the wheat yield increased more than the maize yield, and the
possible reason could be the difference in growing season and fertilization management.
The response of rice yield to manure application was lower than that of maize and wheat,
which was similar to the results of a previous study [87]. This result implies that the
rice yield increased under the treatment of organic manure plus chemical fertilizer but
decreased under the full employment of manure. The high requirement of soil nutrients
in rice growth and the sluggish process of manure nutrient release were inferred as the
possible causes. In terms of the content of SOC and soil nutrients, the results of our meta-
analysis were similar to the results of the previous study [88]. The difference among various
elements may be because of their different characters and different manure constitutions.

4.2.2. Manure Source

Different types of organic manure can have varying nutrient contents and physical
properties, which can affect their impact on soil and crops. In acidic paddy soil, the
additional replenishment of cattle manure on chemical fertilizer significantly enhanced
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the rice yield, TN, AP, AK, and SOC storage, which was conducive to increasing soil
fertility and SOC sequestration [89]. Under rice–wheat rotation cultivation, pig manure
plus chemical fertilizer could significantly increase SOC content and AP more than chemical
fertilizer alone, but no significant difference in TN and AK was found [90].

In our meta-analysis, compared with the chemical fertilizer, pig manure had signif-
icantly greater effects on increasing the crop yield of total and maize indicators and the
contents of AP, TN, and SOC; cattle and chicken manure significantly enhanced TN and
SOC. The group of cattle, pig, and chicken manure contained treatments that partially sub-
stituted the chemical fertilizer via the corresponding manure source, which was the main
reason why the pig source acquired a better effect value than the chemical fertilizer. The
effect of pig manure plus chemical fertilizer was also similar to the results of the precedent
study [91], which indicated that manure plus chemical fertilizer achieved a better effect
value. Since the precedent study lacked classification of the manure category, it reported
different effect values compared with our study. The difference in effect values among
different manure categories could possibly be attributed to the difference in physical and
chemical characteristics regarding cattle, chicken, and pig manure.

According to the results of the present study, pig manure could be regarded as the
suitable manure source for the crop yield of total and maize indicators and the content of
AP; however, chicken manure was effective in enhancing the content of TN compared with
other manure sources. Since the organic manure treatments included different replacement
degrees of chemical fertilization, partial manure treatment attained more remarkable effects
than chemical fertilizer in terms of improving yield. However, the analysis results convey
that it is not apt to recommend the total substitution of chemical fertilizers with manure;
instead, the content of chemical fertilizer could be reasonably reduced after optimization
and then substituted by manure to increase the crop yield. Namely, the use of a manure
source could be better than using chemical fertilizer provided a proper substitute is used;
therefore, the results of our meta-analysis of the use of manure sources demonstrate that
pig, cattle, and chicken manure are not conclusively better than chemical fertilizer without
the consideration of proportion between manure and chemical fertilizer.

4.2.3. Manure Substitute Ratio of Chemical Fertilizer

Depending on a multitude of data, the partial substitution of organic fertilizer with
chemical fertilizer could acquire a higher crop yield and considerably increase SOC content
and sequestration and soil fertility [35,36,92]. For example, in the rice inter-row planting
experiment, partial use of organic fertilizer instead of chemical fertilizer significantly
improved soil quality and accelerated soil fertility recovery [32]. In addition, under the
maize cultivation system, organic fertilizer replaced 50% of chemical fertilizer, which
significantly improved soil fertility and crop yield [92]. The ramifications from northern
China clarified that the combination of 50% organic fertilizer and 50% chemical fertilizer
can uplift the labile organic and mineral nitrogen pool while decreasing the risk of nitrogen
loss, which increases the stability of soil fertility under intensive cultivation conditions [33].

The results from our meta-analysis displayed that the substitution ratio of 50–80%
could significantly increase the crop yield of total and maize indicators and the contents of
AK, AP, TN, and SOC compared with the ratio of 0%, namely chemical fertilizer application
alone. In contrast to other substitution ratios, the substitution ratio of 50–80% significantly
increased most of the indicators compared with chemical fertilizer. However, the ratio of
50–80% performed worse than the ratio <30% in the group of rice yield, and it did not
possess a significant increasing role compared with other ratios in the group of TN, which
showed similarity with the earlier results [93,94]. The results from the wheat–maize rotation
system showed that the 25-year substitution ratio of 50–80% of organic manure to chemical
fertilizer increased AP, AK, and wheat yield by 23.2%, 186.5%, and 19.0%, respectively, and
decreased SOC and TN by 6.84% and 31.3%, respectively [93]. In acidic paddy soil, the
substitution ratio of 50–80% increased the foregoing indicators more when compared with
the ratio of <30% and 30–50% [94]. As seen from the correlation analysis, the net increases
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in AK, AP, TN, and SOC were significantly relevant to the net increase in crop yield. The
ratio of 50–80% significantly increased AK, AP, TN, and SOC, which could be positive for
crop yield increase. Thus, although the ratio of 50–80% cannot increase rice yield better
than the ratio <30%, it increases other indicators more than the rest of the ratios compared
with chemical fertilizer. Therefore, a ratio of 50–80% is recommended as the suitable ratio.
The specific ratio used should be based on the soil and crop types.

4.2.4. Manure Duration

As one of the critical ingredients in soil amendments, the duration of manure ap-
plication could influence the effects of manure, which further affects crop yield, SOC
sequestration, and soil nutrients [95]. So far, many studies have demonstrated the effects
of long-term manure application on crop yield and soil [88,90,95,96]. However, a study
discovered that inordinately long-term manure application decreased the effect of manure
application on the improvement in SOC content compared with shorter application dura-
tions [91]. Therefore, the determination of manure application duration is very important
to the optimal performance of organic amendments.

Compared with the duration < 10 years of manure application, the results from our
meta-analysis revealed that the durations ≥ 20 years and 10–20 years significantly increased
the crop yield of total, wheat, and maize indicators, but there was no significant difference
in the rice yield. In terms of SOC and soil nutrients, the duration ≥ 20 years significantly
increased SOC, TN, AP, and AK; the duration of 10–20 years was insignificantly positive
in promoting TN; and the result was similar to the previous study [88]. The increment
performed as a regular tendency, which gradually increased with the advance of time. As
seen in our correlation analysis, the increase in SOC and soil nutrients positively affected
the increase in crop yield, which can explain the promotion of maize and rice yields with
the rise in SOC and soil nutrient content [55]. The rice, wheat, and maize yield was
not significantly increased by the duration ≥ 20 years compared with the duration of
10–20 years. The main possible reason is that after long-term cumulation, soil nutrients and
SOC are less crucial than climate, water availability, etc. [7,55]. In terms of the results of
this study and other relevant previous studies, since the duration 10–20 years significantly
increased the yield of the total indicator compared with the duration ≥ 20 years and there
was no other significant difference between these two durations, the duration 10–20 years
could be suitable.

4.3. Overall Effects of Straw plus Manure on Crop Yield, SOC, and Soil Nutrients

As a kind of plentiful source of carbon, straw could be provided for stock-raising
as fodder and then transformed into manure via livestock digestion [97]. Practically,
some experiments have tried to compare the improvement effect between straw and
manure [97–100]. In terms of the difference between straw and manure, straw has a higher
C/N (approximately 55:1) and a compact structure that is recalcitrant to decomposition [17],
whereas manure has a lower C/N (approximately 25:1), which facilitates the decomposition
of exogenous carbon by soil microbes, thereby accelerating the mineralization speed of
soil nutrients [101]. Most manure undergoes composting and fermentation before use, a
process that not only increases the content of lignin and polyphenols in the manure but
also enhances the SOC content [102]. A study comparing the effects of straw return and
manure application on crop yield found that manure application significantly increased
crop yield by 49%, while straw return only resulted in an 8% increase [103]. This indicates
that due to the significant yield-increasing effect of manure, more crop roots remain in the
soil, indirectly increasing the input of exogenous carbon [104]. Therefore, compared with
straw return, manure application more effectively improves soil nutrients because of its
characteristics. With the increase in soil nutrients, crop yield and SOC increased mutually.

Based on their characteristics, we found that straw return can sustain soil moisture and
regulate soil temperature [50,51], and manure could provide more nutrients to crops [101].
By compromising their C/N, the combined application of straw and manure may offer a

70



Agriculture 2024, 14, 480

more effective method to leverage the complementary benefits of the two amendments. In
terms of individual experiments, lots of studies have experimented with the combination
of straw and manure. In the summer maize–winter wheat system, compared with no
fertilizer application, the combined application of crop straw and manure increased SOM,
soil nutrients, crop biomass, and yield [97]. Based on the results from the monoculture
condition of maize, the unification of crop straw and farmyard manure could sharpen the
circulation of soil nutrients and carbon storage without generating a negative impact on
yield. Furthermore, compared with the chemical fertilizer, the organic fertilizer was able to
immobilize surplus TN, preventing its loss [98]. In dryland farming, the combination of
organic fertilizer with straw can boost soil microbial quantity, soil enzyme activity, and crop
yield under maize cultivation [99]. In the results of a study on Andisols, the application of
crop residues with manure could attain the biggest yield among respective treatments in
both no-tillage and tillage systems [100]. However, there is no meta-analysis concentrated
on the integrative effects of straw plus manure on crop yield, SOC, and soil nutrients;
the specific effect of it is still not clarified well. The lack of data and the complexity of it
may be regarded as the main reasons. Although the combination of straw and manure
has been noticed by numerous scientists, the number of relevant articles on the subject is
still obviously lower than the articles regarding the sole use of straw or manure, as the
combination has always been designed as a secondary treatment rather than the primary
subject. Moreover, the variables of the combination of straw and manure are excessive; for
example, the quantity of straw and the substitution ratio of manure should be considered
simultaneously. For these reasons, we made a meta-analysis to analyze its approximately
increasing effect on crop yield, SOC, and soil nutrients that did not involve its variables.

From the results of our meta-analysis, the effect values of straw plus manure were
higher than the effect values of straw return, while the values were lower than the effect
values of manure application. Their combined application does not gain the anticipated
synergistic benefit. The decrease in crop yield under the combination of straw plus manure
application might be due to an excess of nitrogen in this treatment, which led to the
production of ineffective tillers in crops [97,105]. Moreover, since a portion of manure (e.g.,
cattle manure) has a relatively high C/N ratio compared with others, combining them
with straw might not effectively neutralize the C/N. The ratio of C/N and the amount of
exogenous carbon input in the combination of straw plus manure are higher compared
with the treatment with manure alone, which can affect the mineralization activity of
microbes. Generally, a C/N ratio of 25:1 is considered suitable for the decomposition rate
of organic matter; when the C/N ratio exceeds 25:1, the decomposition rate of organic
matter decreases [106]. At the same time, most of the manure used in current experiments
or production practices is composted in high-temperature fermentation tanks, resulting in
a product that contains few microbes after composting, which has a negligible effect on
enhancing the decomposition rate of straw.

However, considering the scarcity of present research articles on the aspect of com-
bined application between straw return and organic manure, its specific impacts on the
foregoing indexes cannot be concluded well; therefore, further research still should be con-
ducted. Notwithstanding, economically, it is predictable that utilizing straw for livestock
breeding to alleviate stock-raising costs, meanwhile producing manure through animal
digestion, may become a gradually popular trend in the future. An attempt to combine
straw with manure to notably enhance the efficiency of straw returning while vigorously
developing manure application could potentially emerge as a major direction in sustainable
agriculture practices.

4.4. Vista of Straw Return and Manure Application in China

By comparing the overall effects of straw return, manure application, and straw
plus manure application, a hypothesis could be assumed. If we conduct these organic
amendments to cover the major farmland of China completely, under the employment of
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straw, manure, or straw plus manure, how much SOC will be in sequestration? How much
crop yield could be increased?

According to the data of the Chinese National Bureau of Statistics, in 2022, the sown
areas of three staple crops were collected; the calculation results are shown in Table 1. The
computation was based on the mean density of SOC in China [107], and the harvest yield
of three major crops in China was taken from the dataset of the Chinese National Bureau of
Statistics. We determined that the generalization of straw return and manure application
will benefit the development of Chinese sustainable agriculture considerably.

Table 1. The mock computation of yearly increased SOC content and crop yield in China.

Crop
Sown Area (Hectare)

In 2022
Expectedly Boosted

SOC (MT)
Expectedly Boosted

Yield (Kg)

Maize 43,070 × 103

Straw:
389

Manure:
1234

Straw plus manure:
537

Straw:
36,781,780 × 103

Manure:
23,434,387 × 104

Straw plus manure:
85,020,180 × 103

Wheat 23,520 × 103

Straw:
213

Manure:
674

Straw plus manure:
293

Straw:
13,970,880 × 103

Manure:
10,732,176 × 104

Straw plus manure:
51,132,480 × 103

Rice 29,450 × 103

Straw:
266

Manure:
843

Straw plus manure:
367

Straw:
51,066,300 × 103

Manure:
97,862,350 × 103

Straw plus manure:
85,051,600 × 103

4.5. Scientific Implication, Current Limitations, and Future Prospects

As a country with a large population, agriculture is the critical artery of China. In turn,
the rational management of organic amendments is very important to agriculture, which
impacts the development of the whole country indirectly. Under the meta-analysis based
on a multitude of published articles, we confirmed the specific duration, quantity, form,
and category of straw returning and the specific source, substitution ratio, and duration of
manure application that possess the optimal improvement effects. This result is helpful to
foster the proper utilization of organic matter returning and accelerate the achievement
of the “Zero Increase Action of Chemical Fertilizer and Pesticide Usage” proposed by the
Chinese government [108]. Meanwhile, precise and appropriate use of straw returning or
organic manure can not only play a better role in improving soil but also reduce costs, which
is conducive to reaching a harmonious balance among ecological, social, and economic
benefits [109].

However, our meta-analysis did not consider the factors of original soil physicochemi-
cal characteristics (SOC, TN, soil bulk, soil moisture, etc.) and meteorological conditions
(temperature, precipitation, etc.), which can affect the response of crop yield, SOC, and
soil nutrients to straw returning and manure application. Moreover, the meta-analysis
could be conducted under specific conditions (e.g., nitrogen use amount and temperature),
which will further explore sustainable organic amendment management in the specific
condition. As the impact of different management methods on straw returning and manure
application improvement has been researched in this study, the suggested solution should
combine this study’s results and productive practice.

Some researchers presented results demonstrating that microbes impacted the im-
provement in straw returning and manure application significantly [15,35]. Thus, except
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to consider the foregoing limitations, further research is also needed on processes (bio-
chemical, microbiological, and biogeochemical) that occur in the soil after straw and
manure application.

5. Conclusions

This meta-analysis researched the effects of straw return, manure application, and
their combination on crop yield, SOC, and soil nutrient content in China. It also evaluated
the impact of different management methods for these amendments, including the category,
form, quantity, and duration of straw, as well as the source, substitution ratio, and duration
of manure. The main objective was to identify optimal strategies for straw and manure
application. The key findings include the following:

(1) In terms of effect values, the rank of the three organic amendments could be described
as straw return < the combination of straw and manure < manure application. All
significantly increased the crop yield, SOC, and soil nutrient content; however, manure
application resulted in the greatest increase.

(2) In straw return, the optimal duration varied: <5 years was beneficial to improve
crop yield, while ≥5 years increased TN the most. The optimal quantity was the low
quantity of 3000–6000 kg ha−1. The optimal form varied: incorporation was beneficial
to improve crop yield; biochar increased SOC more; and the optimal category was
rice straw.

(3) In manure application, pig manure was beneficial in improving crop yield, while
chicken manure increased TN the most. The optimal substitution ratio was the high
ratio of 50–80%, and the optimal duration was 10–20 years.

Overall, this study is fit for the development policy of China. In productive practice,
the research presented in this study allows farmers to apply straw or manure precisely
and decrease waste. At present, the theory of green development is prevailing around
the world; this study not only provides benefits to sustainable agriculture in China but
also complies with the trend of global development. On a global scale, the comprehensive
and proper use of straw and manure will positively solve the problems of food crisis, soil
deterioration, and global warming. However, the further exploration of straw plus manure
and the consideration of microbial effects in the returning process should be researched in
the future.
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Humic Compounds in Arenosol

Kristina Amaleviciute-Volunge 1,*, Liudmila Tripolskaja 2, Asta Kazlauskaite-Jadzevice 2, Alvyra Slepetiene 1 and

Eugenija Baksiene 2

1 Chemical Research Laboratory, Institute of Agriculture, Lithuanian Research Centre for Agriculture
and Forestry, Instituto al. 1, Akademija, LT-58344 Kedainiai, Lithuania; alvyra.slepetiene@lammc.lt

2 Voke Branch, Lithuanian Research Centre for Agriculture and Forestry, Zalioji 2, LT-02232 Vilnius, Lithuania;
liudmila.tripolskaja@lammc.lt (L.T.); asta.kazlauskaite-jadzevice@lammc.lt (A.K.-J.);
eugenija.baksiene@lammc.lt (E.B.)

* Correspondence: kristina.amaleviciute-volunge@lammc.lt; Tel.: +370-6458643

Abstract: There has not been enough research conducted on the effect of land use on the composition
of humus in Arenosols. This long-term study (1995–2022) aimed to determine the differences in the
formation of humic compounds in the natural and agricultural ecosystems of Arenosols. Soil samples
were collected from six plots at two soil depths (0–15 and 15–25 cm), with four replicates. Conclusions
were reached based on the results of the accumulation of humic substances (HSs) and their qualitative
fractional composition, C/N ratio, humification degree (HD), and the optical properties of the humus
substances. Afforestation, after 27 years, significantly increased (+6.7 g kg−1) the soil organic carbon
(SOC) and influenced the qualitative composition of HS: HA + FA 79.3% of the SOC. Grassland
cultivation showed faster (+3.8 g kg−1) SOC sequestration, a higher HA/FA ratio, and an increased
HD. Arenosols may be used in crop rotation with approximately 40% leguminous plants to maintain
a stable humus balance. Additionally, the effects of mineral fertilisers on the humification processes
and humus quality of +2.59 g kg−1 SOC, +1.27 g kg−1 humin in crop rotation, +3.26 g kg−1 SOC, and
2.82 g kg−1 humin in a grass cultivation field were established. For SOC accumulation and a larger
humus amount of a better quality, it is recommended that an Arenosol is used, as it is suitable for use
in perennial cut grasslands, natural grasslands, and pine afforestation.

Keywords: arenosol; humic substances; SOC accumulation; agricultural ecosystem; natural ecosys-
tem

1. Introduction

SOC sequestration has two important functions in the ecosystem: to increase soil fertil-
ity and to reduce the concentration of atmospheric carbon dioxide through its accumulation
in the organic part of the soil. In agricultural arable soils, increasing the amount of SOC
improves the physical, chemical, and biological properties of the soil and increases water
absorption and erosion resistance [1–8]. This is particularly relevant for low-buffering soils
with a light granulometric composition because agricultural activities often lead to the
degradation of their properties.

Considerable attention is currently being paid to increasing the sustainability of
ecosystems with low-fertility agricultural soils, and there is a need for optimal methods of
using these soils to produce feed and food. The farmers of these soils often abandon arable
agriculture and switch to other land uses that are suitable for SOC sequestration to prevent
the fast mineralisation of soil organic matter (SOM).

Many studies have highlighted the effectiveness of grassy ecosystems in increasing
SOC accumulation [6,9–14]. In forest ecosystems, compared with grasslands, the accumula-
tion of SOC at the beginning is slower and becomes faster after the formation of abundant
tree foliage, which provides a greater amount of organic fallout for the formation of humic
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substances (HSs) [15–20]. However, the ability of land use to accumulate SOC cannot be the
main criterion for choosing the type of land use in a certain area, as it is equally important
to ensure the necessary amount of food and feed production and to maintain the economic
efficiency of these activities [1,12].

The type of land use determines the amount and quality of organic matter that returns
to the soil after the harvest of plants or at the end of vegetation; this organic matter later
humifies and replenishes the soil humus reserves. The hydrological conditions influencing
the intensity of soil microorganism activity are also of great importance for this process,
as positive temperatures and optimal soil moisture content are necessary for their optimal
activity. In recent decades, climate warming has significantly changed the climatic norms
for rainfall and air temperature in various European countries [21–24]. This not only
increases the atmospheric CO2 concentration, but also affects the microbial population and
enzymatic activities in the soil [5].

To reduce the concentration of CO2 in the atmosphere through the accumulation of SOC,
it is important not only to increase the total amount of SOC, but also to promote the formation
of stable humic substances (HSs), which are more resistant to mineralisation. This is because
labile carbon compounds are released into the atmosphere during the further destruction
of HSs. The stable HSs include humic acids (HAs), which are soluble in alkaline media and
insoluble at pH 1.0, and humins (HNs), which are insoluble at all pH values [25,26].

In Lithuania, the fractional composition of humus was studied in [27–29]. Other re-
searchers [27] investigated the humus status in clay soils (Endocalca-ri-Endohypogleyic
Cambisol) under different tillage regimes. Mockeviciene et al. [28,29] hypothesised that acidic
soils (natural acid Dystric Glossic Retisol) would promote organic carbon mineralisation and
that it is likely that the concentration of carbon fractions of different stabilities would change
during the carbon transformation processes. The changes in organic carbon in the mineral
topsoil of formerly cultivated Arenosols under different land uses, the re-naturalisation of
ex-arable Arenosols, nitrogen accumulation, and nitrogen leaching as affected by legume
crop residues on sandy loam in the eastern Baltic region were analysed in Lithuania.

There is also a lack of knowledge on how humification takes place and on the distribu-
tion of humus fractions in differently used Arenosols (natural and agricultural) in Lithuania.

This study aimed to determine the differences in the formation of stable humic com-
pounds in natural (pine afforestation and abandoned land) and agricultural (cropland and
managed grassland) ecosystems in Arenosols.

2. Materials and Methods

2.1. Study Object and Experimental Site

This research was conducted as a long-term trial of the LAMMC Voke Branch. The
experiments were located in eastern Lithuania (NW: 54◦33′52.27′′ N, 25◦05′12.68′′ E; NE:
54◦33′52.01′′ N, 25◦05′14.60′′ E; SE: 54◦ 33′48.23′′ N, 25◦05′12.97′′ E, SW: 54◦33′48.56′′ N,
25◦05′10.86′′ E). The experimental site represents an agricultural landscape of a stretch
of the morainic hummocky uplands of eastern Lithuania. This stretch was formed as a
terminal moraine; therefore, it is characterised by an upper layer of sandy loam and loamy
sand parent material, which form the sandy soils under study (Figure 1). The experiment
was conducted on arable soil that has been used for more than 50 years (until 1995) to grow
various grain crops and is fertilised with mineral fertilisers. Table 1 presents the treatments
and experimental design.

The clay content of the upper part of the profile was low. In horizon “A”, the content
of sand (63 μm–2 mm) was 80.7–83.8%, that of the silt content (2 95–63 μm) was 11.8–14.3%,
and the clay content was 4.5–5.4% (WRB 2022). According to the soil texture and structure
of the profile (Ah-AB-B1-B2-2Cα1-2Cα2), the soil belonged to the Arenosol group (Eutric
Endocalcaric Brunic Arenosol (Geoabruptic)) (WRB 2022) [30]. The upper layer of the soil
was relatively low in organic carbon, and its amount was significantly reduced at the AB,
B1, and B2 horizons. At a depth of approximately 40(60)–110 cm, the carbonate gravel
horizon (2Cα1-2Cα2) began. The upper part of the profile consisted of non-carbonate
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sand, and the lower part consisted of carbonate pebbles and cobbles. The texture of the
profile determined the presence of a geochemical barrier (calcium carbonate) at depths of
40–60 cm.

Figure 1. Study object and research site. Soil profile index according to WRB 2022: “A”—a mineral
horizon in which decomposed organic material is accumulated; “B”—an illuvial horizon; “C”—an ini-
tial mineral horizon; “h”—a humic horizon with a significant amount of organic matter; “i”—organic
material in the initial state of decomposition; “2”—a mineral horizon of another origin (in combination
with horizon C); “α”—the primary carbonate.

81



Agriculture 2024, 14, 250

Table 1. Description of the research site and land use.

Land Use Systems and Total Size of Each Land Use Site Land Uses

Non-fertilised Cropland Cultivation (CCunfert) (200 m2) Various agricultural plants (Secale cereale L., Hordeum vulgare L.,
Triticosecale wittmack, Triticum aestivum L. Fagopyrum esculentum
Moench, Solanum tuberosum L., Brassica napus L., Lupinus
angustifolius L., Trifolium pratense, Lupinus angustifolius L., Secale
cereale L., Hordeum vulgare L., and Trifolium pratense) were
cultivated in the cropland site. In order to increase the
accumulation of SOC, since 2016, in CC, the five-field crop
rotation of a 40% legume plant family was performed. One part
of this site was unfertilised. In another part, a fertiliser
application was used: N 0–100 kg ha−1, P—13–26 kg ha−1, and
K—25–100 kg ha−1 (ammonium nitrate, granulate
superphosphate, and potassium chloride, respectively). In 1995
and 2000, the cropland soil was fertilised with 40 t ha−1 manure.

Fertilised Cropland Cultivation (CCfert) (200 m2)

Non-fertilised Cut Grassland Cultivation (GRunfert) (200 m2) A grass–legume mixture (Medicago varia L., Festuca arundinacea
Schreb., Bromus inermis Leyss, Festuca rubra L., and Dactylis
glomerata L.) was grown in a cut grassland site. It was reduced
twice during the vegetation period and resown as needed for
approximately three decades. One part of this site was
unfertilised. In another part, a fertiliser application was used:
N60+30P40K1020. N60P40K1020 was applied at the beginning
of grass vegetation. The grass was fertilised for a second time
(N30) after the first grass cutting.

Fertilised Cut Grassland Cultivation (GRfert) (200 m2)

Uncultivated Abandoned Land (UAL) (400 m2)

Uncultivated uncontrolled wild grass. It was reduced to only
shrubs and trees, and sporadic wood cutting was performed
according to the need in order to avoid overgrowth of trees
(self-afforestation process). Biomass was left in the
experimental area.

Pine Afforestation Field (PA) (400 m2) Afforested by pine trees (Pinus sylvestris L.).

In the year of the beginning of the experiment (1995), the chemical properties of
the soil were as follows: pHKCl 6.0–6.8, available phosphorus 157–188 mg P2O5 kg−1,
available potassium 170–194 mg K2O kg−1, and SOC 9.5–9.9 g kg−1. Depending on
land use and fertilisation, the soil chemical properties changed over the last 25 years.
Without using fertilisers in the agricultural land use (CCunfert and GRunfert), the amount
of available phosphorus decreased by 70–106 mg P2O5 kg−1 and that of the available
potassium decreased by 94–96 mg K2O kg−1. Fertilisation with mineral fertilisers increased
the amount of nutritional elements in the soil. The amounts of mobile elements changed
differently in the natural land use area. In the UAL soil, the concentration of phosphorus
and potassium did not change significantly, while the PA decreased by 35 mg P2O5 kg−1

and 64 mg K2O kg−1, respectively. The amount of SOC at the beginning of the study was
small (9.5–9.9 g kg−1), and during the course of the experiment, it changed depending on
the land use and applied agrotechnical measures. The carbon-to-nitrogen ratio (C/N) in
1995 ranged from 12.5 to 13.6, and this was favourable for the transformation of the organic
matter in the soil. For the long-term experiment, the experimental land use changes and
experimental design are described in more detail in [31].

2.2. Soil Sampling and Chemical Analysis

Soil samples were collected from each of the six plots at two soil depths (0–15 and
15–25 cm), with four replicates (n = 48). The air-dried soil samples were crushed and
sieved through 2 mm and 0.25 mm sieves and homogeneously mixed before the visible
roots and plant residues were removed manually. Total soil nitrogen (N) was determined
using a spectrophotometric measurement procedure at a wavelength of 655 nm after
mineralisation with sulfuric acid (H2SO4). The SOC content was determined according to
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Nikitin’s modified Tyurin method [32], which consisted of dichromate digestion at 160 ◦C
for 30 min and a spectrophotometric measurement at a wavelength of 590 nm using glucose
as a standard. The group and fractional compositions of the soil humus were determined
using Ponomareva and Plotnikova’s (1980) [33] version of the Tyurin method according
to the scheme presented in Figure 2. The following humic acid fractions were identified:
HA1—free and weakly bound with clay minerals, referred to as the mobile humic acids
fraction; HA2—bound with calcium; HA3—strongly bound with soil clay minerals; the
fulvic acid fractions: FA1a—the so-called aggressive fulvic acid fraction; FA1—mobile;
FA2—bound with calcium; FA3—bound with soil clay mineral fulvic acid fractions. A
more detailed description of the fractionation methodology can be found in the previous
studies [27,28,32–34].

The humification properties were calculated using the following formula:

Humification degree (HD, %) = ΣHA/SOC × 100 (1)

where HA is the humic acid C content (g kg−1), and SOC is the soil organic carbon
content (g kg−1).

The “aggressiveness” of HS was calculated using the following formula [27]:

Aggressiveness, % = FA1a/(ΣHA + ΣFA) × 100 (2)

where FA1a is the C content of the most aggressive FA1a fraction (g kg−1), HA is the humic
acid C content (g kg−1), and FA is the fulvic acid C content (g kg−1).

The C/N ratio was calculated as the relationship between the SOC (g kg−1) and
nitrogen content (N, g kg−1) in the soils.

The optical density (specific extinction) of the HS solution was determined as described
previously [35]. It is a classic parameter that is closely related to maturity and aromaticity.
The absorbance of the HS was measured at 465 and 665 nm in 0.5 M NaOH extracts using
a UV–VIS spectrophotometer, and the polydispersity or degree of polymerisation was
calculated using the ratio E4/E6.
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Figure 2. The scheme of humus fractional composition (according to Ponomareva and Plotnikova).

2.3. Statistical Analysis

All the data were analysed using SAS Enterprise software, version 7.1 (SAS Institute
Inc., Cary, NC, USA). All the results for the SOC and humus fractional composition are the
means of four field replicates. The differences between the experimental treatments were
tested using one-way analysis of variance (ANOVA). The probability level was set at 0.05
and grouped according to letters by Duncan’s test. Standard error (SE) values were used to
estimate the deviations of the soil chemical parameters from the mean values.

2.4. Meteorological Conditions during the Experiment (1995–2022)

The study was conducted in east Lithuania, which is a part of Central Europe (the
eastern Baltic region). These regions are characterised by a moderate climate, with a mean
long-term (1991–2020) annual precipitation value of 678 mm, and an annual mean air
temperature of 7.4 ◦C (standard climate norm—SCN).

During 1995–2022, annual precipitation ranged from 519 mm in 1996 and 1999 to
963 mm in 2010 (SKN 678 mm). The average annual precipitation during this period was
687 mm, which did not differ significantly from that of the 1991–2020 (678 mm) SKN. Based
on the regression analysis of the precipitation change during the investigation period, the
linear correlation function trend did not show any significant change in its quantity due
to climate change (r = 0.08). The relatively rainy years (when the amount of precipitation
was 20% higher than the SKN) were 2010, 2011, and 2017; the dry years (when the amount
of precipitation was 20% lower than the SKN) were 1996, 1999, 2018, and 2019. The air
temperature in Lithuania is rising, as is the case for the whole world. Larger changes
began in the last decade of the 20th century and in the 21st century. Compared with the
1961–1990 air temperature SKN, the 1991–2020 SKN increased by +1.0 ◦C. The winter
and spring seasons became warmer by +1.6 ◦C, summer became warmer by +1.4 ◦C, and
autumn became warmer by +1.3 ◦C [36]. As the average annual air temperature rises, the
duration of plant vegetation changes in Lithuania. Compared to 1961–1991, in the period of
1991–2020, the growing season was 13 days longer. This creates more favourable conditions
for the growth of plant biomass and extends the period of the decomposition of organic
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residues in the soil, as the period of soil freezing is reduced when the microbiological
processes in it are significantly slowed down due to negative air temperatures.

3. Results

3.1. Distribution of SOC Amounts for Different Land Uses and Depths

The variation in the SOC amount in 1995–2022, according to the data, is given in
Figure 3. For the Arenosol, by applying arable farming practices, it is possible to maintain
a stable amount if 40% of the crop rotation consists of soil-improving plants (red clover,
mixtures of legumes, and cereal plants) and the recommended rates of mineral fertilisers
are used.

Figure 3. Changes in SOC amounts (1995–2022) in the topsoil of Arenosols with different uses.
Notes: CCunfert—non-fertilised crop cultivation; CCfert—fertilised crop cultivation; GRunfert—non-
fertilised cut grassland cultivation; GRfert—fertilised cut grassland cultivation; UAL—uncultivated
abandoned land; PA—pine afforestation field. The standard errors are marked.

Without the use of fertilisers, plants produce less biomass, fewer post-harvest residues
are returned to the soil, and the SOC content gradually decreases at a rate of −0.7 g kg−1.
The SOC amount increased the most, at a rate of +6.7 g kg−1, according to the conversion
of arable land use to pine afforestation. The cultivation of grasslands (UAL, GRfert, and
GRunfert) on arable land was also effective; the amount of SOC increased substantially by
an average of 1.0–3.8 g kg−1 (Figure 3).

The analysis of SOC in 2022 showed that its levels ranged from 8.50 to 17.32 g kg−1

(0–15 cm) and from 8.70 to 13.99 g kg−1 (15–25 cm) (Figure 4a,b; Table S1).
Cropland cultivation (CC) negatively affected the amount of SOC compared to the

other land uses. The lowest concentration of SOC was established here in the 0–15 cm layer
and in the 15–25 cm layer (8.50 and 8.70 g kg−1, respectively). The accumulation of SOC in
the upper layer of horizon A was established during the conversion of arable soil into PA
or grass phytocenoses (UAL and GR). Pine cultivation, due to naturally occurring organic
forest fallout, was determined to cause the highest SOC amount compared to those of the
other treatments. In the upper layer, in all the treatments in this research, 0–15 cm had
higher SOC amounts than the deeper 15–25 cm layer because of the accumulation of natural
organic matter. The natural ecosystems (PA and UAL) and GRfert showed statistically
significant differences in SOC accumulation in the 15–25 cm layers.
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Figure 4. Distribution of SOC in differently used Arenosols at 0–15 cm (a) and 15–25 cm (b). The
different letters (a–e) in the diagram indicate significant differences (p < 0.05) between the differ-
ent Arenosol uses. CCunfert—non-fertilised crop cultivation; CCfert—fertilised crop cultivation;
GRunfert—non-fertilised cut grassland cultivation; GRfert—fertilised cut grassland cultivation;
UAL—uncultivated abandoned land; PA—pine afforestation field. The standard errors are marked.

3.2. Distribution of Labile and Stable Humus Fractions by Arenosol Use and Depth

One of the best methods used to assess soil quality is to establish the fractional compo-
sition of the humus. The HA1 and FA1 fractions are labile; they have the most soluble HA
and FA, which are the most likely to form and are the quickest to mineralise. HA1 is free or
faintly bound to non-silicate sesquioxides and is insoluble under acidic (pH < 2) conditions,
but it is soluble in solutions with higher pH values [27–29]. During the mineralisation pro-
cess, this labile fraction of humus makes the soil valuable in terms of nutrients. This is nec-
essary for plant development and for the formation of aboveground biomass. In the inves-
tigated land types, labile humus fractions consist of 42–53% of the total SOC. The different
distributions were due to the different uses of Arenosol. The data presented in Figure 5a,b
show that the use of an Arenosol as an arable soil led to a decrease in the amounts of labile
HA, FAa1, and FA, while in the uncultivated abandoned land and managed grassland,
they increased: PA (HA1 6.19 C g kg−1, FA1 2.29 C g kg−1 FAa1 0.79 C g kg−1); UAL (HA1
4.88 C g kg−1, FA1 1.98 C g kg−1 FAa1 0.59 C g kg−1); and GRfert (HA1 3.99 C g kg−1,
FA1 1.97 C g kg−1). In the deeper soil layer at 15–25 cm, the same trend as in the upper
layer was determined. Their amounts varied as follows: HA1 2.28–4.93 C g kg−1, FA1
1.04–1.72 C g kg−1, and FA1 0.29–0.68 C g kg−1. Significantly higher amounts of labile
HS were found in the PA as well as in the GRfert and UAL in the deeper layers. The
humus labile fractions (HA1, FAa1, and FA1) in the differently used Arenosols at 0–15 cm
decreased in the following order: PA > UAL > GRfert > GRunfert < CCfert < CCunfert,
respectively; 15–25 cm: PA > GRfert > UAL > GRunfert < CCfert < CCunfert (Table S2).

On closer examination, based on the data in Figure 5c,d, it could be stated that the
HA2 quantity was higher in CCunfert at 0.89 C g kg−1 (0–15 cm) and UAL at 0.70 C g kg−1

(15–25 cm). GRunfert and GRfert contained the lowest amounts of HA2. Thus, the opposite
regularity of the distribution of FA2 compared to that of HA2 by land use was established.
A smaller amount of FA2 was found in the CCunfert land type compared to those of
the other treatments. Larger amounts of FA2 were found in the upper layers of CC and
PA than those in the lower layers, and the opposite was true in the grassland (Table S2).
The fractions of HA2 and FA2 were associated with Ca and were the most agronomically
valuable humus fractions. These humus fractions comprise the smallest part of the humus
(0–15 cm 4–12%; 15–25 cm 6–10%). Based on these results, it can be stated that a higher
amount of HA2 bound to Ca was found in the upper layer than that in the deeper layers
in the CCunfert, CCfert, and GRunfert soils. The humus fraction of HA2 in the Arenosols
decreased in the following order: CCunfert > UAL > GRfert > CCfert and PA > GRfert.
The depth also determined the differences between the soil uses, because at a depth of
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15–25 cm, the following order was established: UAL > CCunfert > PA > GRfert > GRunfert
(Figure 5c,d).

 

  

Figure 5. Labile (HA1, FA1, and FA1a) (a,b), calcium-bound (HA2 and FA2) (c,d), and clay mineral-
bound (HA3 and FA3) (e,f) humic, fulvic acid, and humin contents for different land types and
depths. The different letters (a–d) in the diagram indicate significant differences (p < 0.05) between the
different Arenosol uses. CCunfert—non-fertilised crop cultivation; CCfert—fertilised crop cultivation;
GRunfert—non-fertilised cut grassland cultivation; GRfert—fertilised cut grassland cultivation;
UAL—uncultivated abandoned land; PA—pine afforestation field. The standard errors are marked.

In assessing these results, more attention should be paid to the dominant ratio rather
than the amounts of HA2 and FA2. The Ca-bound humic-to-FA ratio (HA2/FA2) is char-
acterised by the intensity of the second stage of humification and is used to assess the
degree of polymerisation rate of HS and the formation of humates. Secondary humification
occurred when HA2/FA2 > 1 in the CCunfert Arenosol: 3.19 (0–15 cm) and 5.44 (15–25 cm),
GRunfert 1.51 (0–15 cm), UAL 1.52, and PA 1.44 (15–25 cm).
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The HA3 and FA3 fractions accounted for 17–23% (0–15 cm) and 14–20% (15–25 cm) of
the total SOC, respectively. The highest amounts of HA3 and FA3 were determined in the
PA soil use groups at HA3 1.6 C g kg−1 and FA3 1.5 C g kg−1, and conversely, the lowest
were CCunfert HA3 1.14 C g kg−1 and FA3 0.799 C g kg−1. In the other soil use groups,
similar amounts of HA3 and FA3 prevailed.

Examining the differences between the layers in the HA3 and FA3 fractions, it was
found that CCunfert, CCfert, and GRfert negatively affected the amounts of HA3 and
FA3 in the upper layers. The HA3 amounts were higher in the upper layers of CCfert,
GRunfert, and UAL. The FA3 amount was lower in the deeper layers of CCfert, UAL, and
PA (Figure 5e,f; Table S2).

Humin is a component of SOM that is insoluble in aqueous bases at any pH and
is a heterogeneous mixture of old and new macro-organic substances [37]. The humin
fraction represents the most resistant pool of SOM; it plays a crucial role in soil carbon
sequestration and, due to its high functional group content, contributes to the maintenance
of soil and its ecosystem services [38]. The knowledge regarding the properties of humin
and its importance in soil quality is lacking. As reported previously [27,39,40], humin
represents the highest proportion of soil humus composition. The results of our experiment
on Arenosols showed that the humin fraction ranged from 15% to 33% in the 0–15 cm layer
and from 23% to 31% in the 15–25 cm layer of SOC in all the soils used (Figure 5e,f). The
highest amount of humin was found in GRfert and UAL (0–15 cm) and in PA in the lower
layer (15–25 cm). In the non-fertilised treatments, a higher amount of humin formed in the
deeper layer than that in the upper layer (Table S2).

3.3. Qualitative Characteristics of Humus According to Different Land Uses of Arenosol

The main indicators that indicate the qualitative composition of humus are the
amounts of ΣHA and ΣFA and their ratios. Table 2 presents the summarised data for
all the humic ΣHA (HA1 + HA2 + HA3) and fulvic ΣFA (FA1a + FA1 + FA2 + FA3) acids
and their distributions according to land use.

Table 2. Quality and properties of humic substances according to land use and depth in Arenosols.

Land Use

ΣHA ΣFA ΣHA + ΣFA ΣHA/ΣFA “Aggressiveness”

g kg−1 %

0–15 cm

CCunfert 4.57 dA 2.68 dA 7.25 eA 1.71 aA 6.31 aA
CCfert 5.12 dA 3.47 cA 8.59 dA 1.48 aA 6.2 aA
GRunfert 6.06 cA 3.61 cA 9.67 cA 1.69 aA 5.76 abA
GRfert 6.39 bcA 3.71 cA 10.1 cA 1.73 aA 5.28 bcA
UAL 7.22 bA 4.40 bA 11.6 bA 1.64 aA 5.03 cB
PA 8.33 aA 5.41 aA 13.7 aA 1.54 aA 5.49 bcB

15–25 cm

CCunfert 3.86 dB 2.1 dB 5.96 dB 1.85 aA 4.89 cB
CCfert 4.52 cdA 2.82 cB 7.35 cB 1.61 bA 4.12 dB
GRunfert 5.27 bcA 3.27 bA 8.54 bcA 1.61 bA 5.78 abA
GRfert 5.97 abA 3.6 abA 9.57 abA 1.65 abA 5.52 bcA
UAL 5.65 abB 3.30 bB 8.95 bB 1.70 abA 6.03 abA
PA 6.59 aB 3.74 aB 10.3 aB 1.76 abA 6.60 aA

Notes. CCunfert—non-fertilised crop cultivation; CCfert—fertilised crop cultivation; GRunfert—non-fertilised cut
grassland cultivation; GRfert—fertilised cut grassland cultivation; UAL—uncultivated abandoned land; PA—pine
afforestation field. ΣHA—sum of humic acid; ΣFA—sum of fulvic acids; ΣHA + ΣFA—sum of humic and fulvic
acids; ΣHA/ΣFA—ratio of sum of humic and sum of fulvic acids. Lowercase letters indicate differences (p < 0.05)
between land use in the 0–15 and 15–25 cm layers, and capital letters indicate differences (p < 0.05) between soil
layers within the same land type.
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The amounts of ΣHA and ΣFA were the highest in PA (ΣHA3 8.33 and 6.59; ΣFA3
5.41 and 3.47), and, in contrast, they were the lowest in CCunfert and CCfert. Fertilisation
affected the amounts of ΣHA and ΣFA, as the fertilised treatments contained more ΣHA
and ΣFA than the unfertilised treatments. Owing to the roots and fallows, more ΣHA and
ΣFA accumulated in the upper layer than those in the lower layer in the natural ecosystem
soil. This was set up for the cultivated leguminous plants, and in CCunfert, the soil used
contained more ΣHA and ΣFA than in the lower layer. Significantly more ΣFAs were found
in the upper layer of the CCfert than in the deeper layers.

By summarising all the fractions of humus, PA, and UAL maintenance, the largest
amounts of HS (ΣHA + ΣFA) and their accumulation were determined. The CCunfert
soil was the most inappropriate land use type in terms of HSs. An increased (p < 0.05)
accumulation of HSs was found in the upper layers than that in the deeper layers (Table 2).

The ΣHA/ΣFA ratio is the main indicator of humus quality. The higher the ratio is,
the better the humus quality is, and the greater the possibility of preserving the humus
is. If the HA/FA ratio is <0.5, FA predominates in the soil humus; when the ratio varies
from 0.5 to 1.0, the humus is called humic fulvic type. When HA/FA > 1, it predominates
the HA [6,11,27,28]. All the variants in this research are dominated by HA acids, as the
ΣHA/ΣFA ratio ranges from 1.46 to 1.73 (0–15 cm soil layer) and from 1.61 to 1.85 (15–25 cm
soil layer) (Table 2). Therefore, they were evaluated as having high-quality HSs. Significant
differences between the soils used in the upper layer were not observed; however, in the
15–25 cm soil layer, CCunfert was different. It had a larger HA/FA ratio than that of the
other treatments. No differences were found between the depths, except in CCfert, and
there was a set ΣHA/ΣFA ratio in the deeper layer that was larger than that in the upper
layer. Therefore, the ΣHA/ΣFA ratio should not be unambiguously evaluated. This is
because the cultivation of leguminous plants positively influences humification in crop
cultivation. In the arable soil in the upper layer (0–15 cm), the HS was characterised by a
greater degree of aggressiveness (6.20–6.31), while in the grass cenoses (UAL and GRfert)
and PA, the aggressiveness of HS was significantly reduced (5.03–5.49) (Table 2). In the
deeper layer (15–25 cm), the highest amounts of aggressive compounds were found in the
PA soil, but here they should be considered as naturally occurring fulvic compounds due
to pine cultivation.

3.4. Cultivation and Abandonment Effects on Humification and Optical Properties of HS

The proportion of SOC and N content (C/N) is a simple and popular indicator of SOM
quality, the potential humification of organic residues, and N mineralisation [27,40–42].
The C/N ratio indicates the SOM composition, stability, and mineralisation. Therefore, this
ratio helps predict the impact of land use change on SOC sequestration and greenhouse
gas emissions [41,43].

The C/N ratio ranged from 14.7 to 19.8. The UAL and PA soils had higher C/N ratios
than the cropland (CC) and GRunfert soils, which may have been due to N supplementation
and its complexation with the SOM (Table 3). The most stable SOCs, according to the C/N
ratio, were formed when the Arenosol was used in PA (19.8 and 18.6) and UAL (17.0 and
16.5). A less-stable SOC was formed in the Arenosol when it was used for crop cultivation.
The lowest C/N ratio (14.7–15.8) was determined in the upper layers of the Arenosol in
the CC. According to [44], the organic matter in the studied soils was characterised by a
high C/N ratio (approximately 20), which indicates the low availability of nitrogen for
microorganisms and plants.

The relative proportion of HA to SOC, which is comprehensible as the humification
degree (HD), indicates the stability of the SOM [6,28]. An increase in the HD is both agro-
nomically and ecologically valuable. The data show that the highest degree of humification
(HD) was in the PA (0–15 cm and 15–25 cm). In other land use systems, no significant differ-
ences were established, although a tendency towards a greater accumulation of HA in the
herbaceous phytocenoses compared to that of CC can be noted. The most commonly used
indicator, E4/E6, provides information on the molecular size and weight of the HSs [11].
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Lower values of this ratio indicate the advanced transformation of the SOM and the preva-
lence of humus compounds in the mature phase of humification [11,29]. Other authors
have suggested that a low E4/E6 ratio indicates the accumulation of stable forms of SOM
because of the potentially higher proportion of HA [20,26,34,44]. According to the previous
studies [20,44–46], the E4/E6 ratio is inversely related to the degree of condensation and
aromaticity of HS and the degree of humification. HSs with high molecular weights (HA)
have low ratios (E4/E6 < 5), whereas those with low molecular weights (FA) have high
ratios (5 < E4/E6 < 10) [20,47].

Table 3. Indicators of humification and optical properties of HS of differently used Arenosols.

Land Use
C/N HD, % E465 E665 E4/E6

0–15 cm 15–25 cm 0–15 cm 15–25 cm 0–15 cm 15–25 cm 0–15 cm 15–25 cm 0–15 cm 15–25 cm

CCunfert 14.7 cA 16.0 bcA 30 bA 26 bA 0.117dA 0.108 cA 0.018 cA 0.015 cA 6.71 abA 7.05 aA
CCfert 15.5 bcA 14.8 bcA 29 bA 31 abA 0.170 dA 0.163 cA 0.025 cA 0.025 cA 6.87 aA 6.53 abcA
GRunfert 14.7 cA 15.5 bcA 33 abA 33 aA 0.262 cA 0.244 bA 0.041 bA 0.038 bA 6.39 abA 6.44 bcA
GRfert 15.8 bcA 13.6 cB 32 abA 35 aA 0.320bcA 0.276 bA 0.048 bA 0.041 bA 6.73 abA 6.90 abA
UAL 17.0 bA 16.5 abA 31 abA 32 abA 0.334 bA 0.263 bA 0.050 bA 0.040 bA 6.77 abA 6.67 abcA
PA 19.8 aA 18.6 aA 36 aA 26 bA 0.465 aA 0.375 aB 0.074 aA 0.060 aB 6.26 bA 6.31 cA

Notes. C/N—ratio of soil organic carbon and nitrogen; HD—humification degree; E465—humic solution ab-
sorbance at 465 nm; E655—humic solution absorbance at 665 nm; E4/E6—ratio of humic solution absorbance from
465 nm to 665 nm. CCunfert—non-fertilised crop cultivation; CCfert—fertilised crop cultivation; GRunfert—non-
fertilised cut grassland cultivation; GRfert—fertilised cut grassland cultivation; UAL—uncultivated abandoned
land; PA—pine afforestation field. Lowercase letters indicate differences (p < 0.05) between land use in the
0–15 and 15–25 cm layers, and capital letters indicate differences (p < 0.05) between soil layers within the same
land type.

The measurement results of the absorbance of HSs were 0.117–0.465 and 0.108–0.375
at E465 and 0.018–0.074 and 0.015–0.060 at E655 at 0–15 cm and 15–25 cm, respectively.
The highest values of E4 and E6 were determined in the PA soil, and, conversely, the
lowest values were found in the fertilised and non-fertilised CC. UAL- and MGunfert
and -fert were similar. Statistical differences between the depths were determined only
for PA soil use. During secondary humification, some of the organic compounds are
transformed into FA, and later, into HA; lower values of the E4/E6 ratio are typical for the
more transformed soils. The E4/E6 ratio of the studied soils was significantly lower in PA
(0–15 and 15–25 cm), suggesting secondary humification. The lowest E4/E6 ratios were
characteristic of large molecules and indicated increased levels of molecular association
and humification (Table 3). These results show variations in the low molecular weights of
the particles, which had a high E4/E6 ratio of 6.26–7.05. No significant differences were
observed in the optical densities of E465 and E665 of the HSs at the 0–15 cm soil depth,
except for the PA treatment at the soil depth of 15–25 cm.

4. Discussion

The results of a study of the humus status of soil 27 years after the conversion of arable
soil into various types of land use made it possible to assess the influence of phytocenoses
and agrotechnical practices on the accumulation of humic substances and their fractional
composition in Arenosols. Our study confirmed the previously formulated conclusion that
the more active accumulation of humus in sandy loam soils occurs in forests. In herbaceous
phytocenoses, the accumulation of humus occurs more slowly than it does in PA. Similar
data on faster SOC accumulation in forest and grass phytocenoses have been reported by
many researchers [4,13,48].

Research on the quality of HSs has revealed that in Arenosols, the most effective way
to increase the amount of HSs was to perform pine afforestation because, in 27 years, the
SOC amount increased by 6.3 g kg−1, and the highest amounts of the following contents
were also determined: the SOC, agronomically valuable labile HA1, FA1, HA3, and FA3
bound to clay, ΣHA + ΣFA, C/N ratio, and HD. At the same time, the low-level aromaticity
of HSs was discovered.
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4.1. Humic Substance Quality in Agricultural Ecosystems of Arenosols

Relatively more (c 85.3%) SOC was formed in the CCunfert soil. The lowest amount
was found in the GRfert and UAL lands; they accumulated more humin 25.9–33.4% SOC.
The most pronounced changes in humus fractions were observed in the GRfert soil. There
were more labile HS and fewer aggressive compounds and stable compounds with calcium
and clay, but, at the same time, almost twice as much humin 33.4% from SOC than that in CC
was formed in GRfert. This confirms and contributes to the research conducted in [49,50]
in sandy soils, and it was concluded that the use of mineral fertilisers has a beneficial effect
on the amounts of stable SOM fractions; however, the application of mineral fertilisers
reduced the humification processes of SOM, supported the mineralisation processes, and
led to a decrease in the quality of the humus.

4.2. Humic Substance Quality in Natural Ecosystems of the Arenosol

A similar composition of HS was found in the UAL soil, although, unlike in the GRfert,
the aboveground biomass of the plant was not removed from the field, and after the end of
vegetation, it remained mineralised on the soil surface. However, the application of mineral
fertilisers increases [51] the biomass of grasses by 2–3 times in GRfert, which leads to the
formation of a larger root mass and a higher amount of post-harvest residues in this land use.
Therefore, the mineralisation processes of plant residues in both land types had a similar
effect on the relative amount of HS fractions: they formed similar amounts of HA, FA, and
HD. The compositions of the HA and FA fractions also showed no significant differences,
except for those of the labile HA1, FA1, and FA fractions. These fractions, which were
more labile in the soil, were less abundant in the UAL soil. According to [11] and [52,53],
abandoning land usually causes an increase in the SOC content, but SOM transformation
and accumulation depend on many factors, such as temperature, microbial activity, soil
texture, soil moisture, and the composition of the plant and microbial residues. The quality
indicators of HSs include not only the amounts of HA and FA and their ratio, but also the
HD and E6/E6 ratio. This research confirmed and supplemented the results of the other
studies [12,27] that demonstrated that ploughing negatively affects humification. The results
showed that the use of Arenosol led to a low C/N ratio and HD and, at the same time, a
higher E4/E6 ratio, and humification was accelerated by pine cultivation (high C/N ratio of
19.6 and HD of 36% at 0–15 cm, and C/N ratio of 18.6 and HD of 35% at 15–25 cm and, at the
same time, lower E4/E6 values) and had the same indicator trend as grassland cultivation.

4.3. Afforestation Effect on Humic Fractional Composition and Quality

In the PA soil, the qualitative composition of HSs was not significantly different from
that of the GRfert soil. However, PA had relatively more HA and FA 79.3% SOC, higher
HDs (36% at 0–15 cm; 35% at 15–25 cm), C/N ratios of 17.0 and 16.5, and less humin 20.7%
SOC. This indicates a relatively lower formation of difficult-to-decompose HS (low E4/E6
ratio) in the PA soil. Kukul,s and their team [4] studied the influence of afforestation on the
SOC content and the properties of SOM in the mineral topsoil in Latvia. They found that a
gradual decrease in the HA-to-FA ratio after land use change showed that the SOM was
transported to the mineral topsoil, mainly through the leaching of the soluble FA fraction.
The FTIR spectra revealed that the SOM in the mineral topsoil was degraded to small
compounds. However, the HA extracted from forest soils had a higher abundance of –OH
groups, more aromatic C–C structures, and a relatively lower abundance of N–H groups
in the amides [54]. The soil properties may also affect the chemical properties of the SOM
during afforestation [55]. The molecular weight of the HA fraction gradually increased
with the age of the forest land in the sandy soils. These results suggest that sandy soils
have the most rapid changes in SOM properties after afforestation. According to a study
conducted in Lithuania [19], the findings suggest the encouragement of the afforestation of
former agricultural land according to the climate and soil characteristics of the territory, but
the conversion of perennial grasslands to forests should be performed with care. The SOC
values in the Arenosols 30 years after afforestation did not differ significantly from those in
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the croplands or grasslands [56]. In the Arenosols, there was higher SOC accumulation in
the forest topsoil with an increasing stand age, whereas the proportion of SOC stocks in the
mineral topsoil layers was similar to that in the grasslands.

In the Arenosol soil, according to the effect on SOC sequestration and the qualitative
composition of HSs, the formation of the resistance to decay and the sequence of land use
was as follows: GRfert > PA > UAL > GRunfert > CCunfert > CCfert.

5. Conclusions

Long-term research (1995–2022) on the transformation of arable lands into natural
ecosystems (uncultivated abandoned land and pine afforested field) or into land to be used
for agriculture (fertilised and unfertilised cut grassland) has confirmed the differences in
humus accumulation and revealed trends in the change in the HS fractional composition.

The different uses of Arenosols changes not only the accumulation of SOC in Arenosols,
but also affect the qualitative composition of the humus compounds.

Arenosols used for PA have an increased SOC (0–15 cm +6.23 g kg−1), and the use
of herbaceous phytocenoses positively impacts the SOC by +3.8 g kg−1 in GRfert and
+3.7 g kg−1 in UAL compared to the arable land (CCfert).

When the arable soil is converted into PP, the concentrations of humin, ΣHA + ΣFA,
and aggressive humus fraction FA1 also increase significantly. These processes were
established in the 0–25 cm soil layer.

Humin formed more intensively in herbaceous phytocenoses (GR and UAL) compared
to that in CCfert, but only in GRfert and UAL (5.08 g kg−1 and 4.06 g kg−1, respectively).
The relative amount of ΣHA + ΣFA reactions changed slightly. The plant residues remaining
in the UAL after the end of the plant growing season influenced the formation of humic
substances; the SOC amount in the soil was higher by +3.74 g kg−1, with more humin
(+1.80 g kg−1) and ΣHA + ΣFA (+1.95 g kg−1) compared with those of GRunfert.

The use of fertilisers in CC and GR contributes to the more intensive accumulation
of SOC (+2.59 g kg−1 in CC and +3.26 g kg−1 in GR, respectively), including humin
(+1.27 g kg−1 in CC and 2.82 g kg−1 in GR, respectively), but, at the same time, the relative
amount of the ΣHA + ΣFA fraction decreases.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture14020250/s1, Table S1. Significant (p < 0.05) differences
in SOC were observed between the soil layers within the same land type. The standard errors
are marked; Table S2. Significant (p < 0.05) differences of HS between soil layers within the same
land type.
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Abstract: Soil fumigation can kill soil pathogens and solve the problem of crop continuous cropping.
However, soil fumigation also has negative effects on the soil environment. One way to mitigate the
negative effects is to apply soil amendments, but there is limited evidence of the effects of combining
soil fumigation and amendments. This study was a controlled environmental pot trial. We measured
the effects of dazomet fumigation combined with soil amendments on soil-borne pathogens, soil
nutrients, enzyme activities, and strawberry growth. The results showed that dazomet fumigation
combined with soil amendments significantly increased the content of ammonium nitrogen, available
phosphorus and organic matter and increased soil activities by varying degrees. We also found that
the control effect of soil-borne pathogens Fusarium spp. and Phytophthora spp. was further enhanced,
reaching 88.97–96.88%. Correlation analysis showed that the growth indices of strawberries such as
plant height, stem diameter, chlorophyll content, and fresh weight were negatively correlated with
Fusarium spp. (R = −0.75, R= −0.62, R = −0.71, R = −0.88; p < 0.01) and Phytophthora spp. (R = −0.72,
R= −0.72, R = −0.78, R = −0.91; p ≤ 0.001), respectively. The effect of fumigation combined with soil
amendments was better than that of fumigation alone, and silicon fertilizer had the best effect. Our
study suggests that dazomet fumigation combined with soil amendments can improve soil nutrient
supply, activate soil enzyme activities, enhance the control effect of soil-borne pathogens, and thus
promote strawberry growth.

Keywords: soil fumigation; silicon fertilizer; potassium humate; biofertilizer; soil enzyme activity;
strawberry

1. Introduction

Strawberry (Fragaria × ananassa Duchesne) is an important high-value crop that is
widely cultivated worldwide [1]. Strawberry fruit has high nutritional value, rich in sugar,
vitamins, anthocyanins, and dietary fiber, which are known to have a protective role in
anti-cancer, antioxidant, antibacterial, and cardiovascular disease prevention [2,3]. At
present, facility cultivation has become the main cultivation pattern of strawberries as it is
not limited by the external environment [4]. However, strawberries are usually planted
continuously in the same field of the facility, resulting in the spread of soil pathogens, soil
quality degradation, and nutrient imbalance [5,6]. If there is a lack of timely and effective
control, soil-borne diseases can easily develop, resulting in reduced strawberry yield and
quality [7].
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Soil fumigation can kill soil pathogens and solve the problem of crop continuous
cropping [8]. It involves applying soil fumigants to the soil with professional application
equipment and covering it with a plastic film to produce volatile gases in a closed environ-
ment to prevent soil-borne diseases, insects, grass, and other hazards [9]. Dazomet (DZ) is a
fumigant that hydrolyzes methyl isothiocyanate in soil to control soil-borne diseases [10]. It
has been shown to be highly effective, low-toxicity, and residue-free on many crops such as
ginger, tomato, and cucumber [11]. However, DZ fumigation not only eliminates soil-borne
pathogens but also disrupts the soil environment, often leading to a “near vacuum” state
after fumigation [12].

Soil amendments can activate soil beneficial microorganisms, improve the soil envi-
ronment, and control soil pests and diseases [13,14]. For example, Cheng et al. [15] found
that the biofertilizers Trichoderma harzianum and Bacillus subtilis could increase soil nutrients
and reduce the abundance of soil-borne pathogens. Gao et al. [16] reported that biochar
could reduce the negative impact of fumigants on the soil environment without reducing
nematode control. Wu et al. [17] found that Trichoderma combined with dimethyl disul-
fide and chloropicrin could help control soil-borne pathogens and root-knot nematodes,
improve the soil’s ecological function, and thus increase the cucumber yield. While the
combined use of certain soil amendments and fumigants has significantly enhanced the
control effect of soil pests and diseases, additional soil amendments need to be identified
for the restoration of the soil micro-ecological environment after fumigation.

Silicon, as the second most abundant element in the Earth’s crust, can increase the
chlorophyll content of plant leaves and reduce the uptake and transport of harmful sub-
stances in the soil by plants [18,19]. Furthermore, silicon fertilizer can enhance the ability
of crops to survive adversity [20]. Potassium humate is a soil amendment used to prevent
plant diseases and reduce the uptake and utilization of harmful substances by plants [21].
Jin et al. [22] reported that potassium humate can reduce potassium loss and potassium
fixation, improve soil nutrient cycling function, and thus promote crop growth. It has
been reported that as a beneficial microorganism of the soil, the biofertilizers produced by
Bacillus can activate the micro-ecological function of the soil and inhibit the propagation
of soil-borne pathogens [23]. Although silicon fertilizer, potassium humate, and Bacillus
biofertilizer can be used to improve the soil environment, the effect of their application on
fumigated soil is unclear.

In this study, we investigated the effects of DZ fumigation combined with silicon
fertilizer, potassium humate, and Bacillus biofertilizer on the soil environment and straw-
berry growth. A pot experiment with different amendments applied after fumigation was
conducted and the growth indexes, soil physicochemical properties, enzyme activities, and
control effect of soil-borne pathogens of strawberry were analyzed. The objective of this
study was to select the best amendments for soil remediation after fumigation.

2. Materials and Methods

2.1. Soil Collection

In early August 2020, soil was collected from five randomly selected points 5–20 cm
deep in a greenhouse used for strawberry cultivation in Hebei, China. The mean annual
temperature is 12.9 ◦C, with a mean annual precipitation of 1431.4 mm. Strawberries have
been grown continuously in the greenhouse for more than 15 years. The soil is composed of
60.8% silt, 30.8% sand, and 8.4% clay, which is silty loam. The physicochemical properties
of the soil (Table 1) were determined according to our previous research [11]. The soil was
mixed through a 2 mm sieve before the experiment, which was cleared of stones and weeds.

Table 1. The basic properties of greenhouse soil.

Ammonium Nitrogen
(AN, mg/kg)

Nitrate
Nitrogen

(NN, mg/kg)

Available
Phosphorus
(AP, mg/kg)

Available
Potassium

(AK, mg/kg)

Organic
Matter

(OM, g/kg)

pH
(1:2.5)

Electrical
Conductivity
(EC, μS/cm)

0.52 44.02 56.14 864.17 16.85 7.37 303.50

97



Agriculture 2024, 14, 9

2.2. Experimental Design
2.2.1. Soil Fumigation

About 60 kg of soil was divided evenly into five parts and placed in desiccators
(30 cm × 30 cm), and DZ (98% purity, obtained from Nantong Shizhuang Chemical Co Ltd.,
Nantong, Jiangsu, China) was added to the soil to reach a final concentration of 82 mg/kg
and then mixed manually. The control soil was without DZ fumigation (12 kg soil), and
there were a total of six desiccators. The moisture content of all soils was adjusted to 13%,
which was equivalent to the normal field water capacity. All desiccators were sealed and
incubated at 25 ◦C for 10 days, followed by fume hood aeration for 8 days.

2.2.2. Soil Amendments Application

The aerated soil was distributed into plastic pots, and 0.1 g urea and 0.25 g phosphorus
pentoxide were applied in each pot as a base fertilizer to ensure the normal growth of the
strawberries. After the fertilized soil was stable at 25 ◦C for 7 days, strawberry seedlings (cv
hongyan) at the same growth stage were transplanted into plastic pots, and one strawberry
seedling was planted in each pot. All strawberries were incubated in the greenhouse for
60 days and watered regularly with deionized water. The strawberry seedlings used for
the experiment were obtained from Wanjian strawberry farmers’ professional cooperative
in Shunping, Hebei, China.

We weighed 1 g of silicon fertilizer, 1 g of Bacillus biofertilizer, and 1 mL of potassium
humate into 50 mL volumetric flasks, respectively, and then filled them up to volume
with deionized water. In this way, we obtained soil amendments diluted 50 times. Silicon
fertilizer was a black particle, potassium humate was a black viscous liquid, and Bacillus
biofertilizer was a white powder. The composition and source of the soil amendments are
shown in Table 2. A randomized complete block design was used with six treatments in
this pot experiment: (1) Si: 25 mL of silicon fertilizer diluted 50 times; (2) KH: 25 mL of
potassium humate diluted 50 times; (3) T: 25 mL of Bacillus biofertilizer diluted 50 times;
(4) KHT: 25 mL of a mixture of potassium humate and Bacillus biofertilizer diluted 50 times
(m: m = 1:1); (5) DZ: 25 mL of deionized water in fumigated soil; and (6) CK: 25 mL of
deionized water in control soil. Five treated soils were fumigated with DZ. Each treatment
had 12 replicates, for 72 pots in total. Different soil amendments were applied to the root
of the strawberry seedlings after transplanting the strawberry seedlings for a week. Soil
amendments were uniformly applied to the roots of strawberry seedlings with a syringe
on the 7th, 14th, and 21st day after transplanting, respectively. Soil amendments were
prepared and used as needed and stored indoors in a cool and dry place.

Table 2. The composition and source of soil amendments.

Soil Amendments Composition Source

Silicon fertilizer SiO2 (17%), MgO (10%), Ca (8%), humic acid
(20%), and compound amino acid (5%) Shanxi Jifei Industry Co., Ltd., Taiyuan, Shanxi, China

Potassium humate Humic acid ≥ 60% and potassium ≥ 11% Inner Mongolia Shengtian Agricultural Technology
Co., Ltd., Baotou, Inner Mongolia, China

Bacillus biofertilizer
Bacillus amyloliquefaciens (0.9 × 108 CFU/g),

Bacillus subtilis (0.9 × 108 CFU/g), and
Paenibacillus kribbensis (0.2 × 108 CFU/g)

Inner Mongolia Shengtian Agricultural Technology
Co., Ltd., Baotou, Inner Mongolia, China

The study was conducted in a greenhouse located in Haidian District, Beijing, China
(116◦18′33.0′′ N, 40◦4′26.4′′ E). The experiment was conducted from September to Novem-
ber 2020. Throughout the experiment, a seedling bed made of steel wire with a height
of 120 cm was used to place all potted plants, and the position of the potted plants was
changed regularly to reduce errors caused by light. The greenhouse was maintained at a
constant temperature of 25 ◦C by air conditioning with a light intensity of 60 klx/m2 and
L:D 12:12.
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2.3. Soil and Strawberry Plant Sampling

Strawberry growth indices (plant height, stem diameter, chlorophyll content, and fresh
weight) were measured 60 days after planting. At the same time, the rhizosphere soil of
strawberries was collected by a gentle shaking method [24] to determine the soil properties
and soil pathogens.

2.4. Soil Properties Analysis

Soil physicochemical properties were determined by Bao’s method [25]. Soil pH and
EC were determined in a 1:2.5 soil/water suspension. AN and NN were determined
with a flow analyzer (Alliance Instruments, Eragny Sur-Oise, France). AP and AK were
determined by a UV2012-PC spectrophotometer (UNICO, Fairfield, NJ, USA) and an FP640
Flame Photometer (Shanghai Instruments Group Co., Ltd., Shanghai, China), respectively.
OM was determined according to Liu et al. [26].

According to the instruction manual provided by Beijing Soleibao Technology Co.,
Ltd., Beijing, China., soil catalase (S-CAT), sucrase (S-SC), and urease (S-UE) were extracted
with corresponding kits, and their absorbance was measured at 630 nm, 540 nm, and
240 nm.

2.5. Soil-Borne Pathogens

Soil-borne pathogens were separated according to the method of Yun et al. [27]: 5 g
of a soil sample was added to 95 mL of 0.7‰ sterilized agar water, and then the soil
suspension was obtained by shaking in a shaker for 30 min. On the aseptic operating table,
2.5 mL of medium B component was mixed with 47.5 mL of medium A component, then
1 mL of the soil suspension was added, shaken well, and poured evenly into the petri
dish. The number of colonies of Fusarium spp. and Phytophthora spp. was recorded after
an incubation period of 3 days at 28 ◦C. The A component (taking 2L as an example) of
Fusarium spp. consisted of 1 g of KCl, 1 g of MgSO4, 2 g of KH2PO4, 4 g of L-asparagine,
30 g of agar, and 40 g of D-galactose; Phytophthora spp. consisted of 34 g of agar and 40 g of
glucose. The B component (100 mL) of Fusarium spp. consisted of 2 g of Na2B4O7·10H2O,
0.02 g of Fe-Na EDTA, 1 g of Oxgall, 1 g of Streptomycin sulfate, and 1.5 g of C6Cl5NO2;
the Phytophthora spp. consisted of 0.15 g of C6Cl5NO2, 0.02 g of Rifampicin, and 0.03 g
of Ampicillin.

2.6. Strawberry Growth Indices

The plant height, stem diameter, and fresh weight of strawberry plants were deter-
mined using a measuring tape, digital electronic vernier caliper, and electronic balance,
respectively. The strawberry plant height was determined by the height of the unearthed
part of the plant to the longest leaf when the plant was held upright by hand. Three healthy
leaves were selected from each strawberry plant, and the chlorophyll content (SPAD) of
the strawberry leaves was determined using a non-destructive handheld meter SPAD-502
chlorophyll meter.

2.7. Data Analysis

Soil properties, soil-borne pathogens, and strawberry growth indices were analyzed by
one-way analysis of variance (ANOVA) and the Tukey test included in the SPSS statistical
software package (V 20.0, IBM Corp., Armonk, NY, USA). Origin 2017 was used to draw
graphs. The formula for calculating the control effect of soil-borne pathogens is:

Y =
A2 − A1

A2
× 100%

where Y is the control effect (%), A1 is the number of colonies of soil-borne pathogens
in the treatment group, and A2 is the number of colonies of soil-borne pathogens in the
control group.
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3. Results

3.1. Changes in Soil N, P, and K Contents

The content of ammonium nitrogen in fumigated and amended soil was significantly
higher than that in the control, but the content of nitrate nitrogen was significantly lower
(Figure 1A,B). The contents of ammonium nitrogen and nitrate nitrogen in the Si treatment
were significantly higher than that in the DZ treatment by 40.21% and 24.14%, respectively.
The content of ammonium nitrogen and nitrate nitrogen was significantly reduced by
14.86% and 28.35% in the KHT treatment, respectively, and the content of nitrate nitrogen
in the T treatment was significantly decreased by 7.75%. There was no significant difference
in the soil’s available phosphorus content between the CK and DZ treatments (Figure 1C),
but DZ treatment significantly decreased the soil’s available potassium content (Figure 1D).
Compared to DZ treatment, soil amendments applied after fumigation significantly in-
creased the content of available phosphorus and available potassium except for T treatment.
The content of available phosphorus and available potassium in the Si treatment was the
highest, at 263.35 mg/kg and 503.43 mg/kg, respectively.

 
Figure 1. Changes in soil ammonium nitrogen (AN, (A)), NN (nitrate nitrogen, (B)), available phos-
phorus (AP, (C)), and available potassium (AK, (D)). Values are mean ± standard error. Different
letters indicate significant differences in results, and the same letters indicate non-significant dif-
ferences (p < 0.05). CK = control; DZ = dazomet fumigation; Si = silicon fertilizer applied after
fumigation; KH = potassium humate applied after fumigation; T = Bacillus biofertilizer applied after
fumigation; KHT = potassium humate mixed with Bacillus biofertilizer applied after fumigation.

3.2. Changes in Soil Organic Matter, pH, and Electrical Conductivity

Soil organic matter was significantly increased by fumigation and soil amendments
applied after fumigation compared to the control (Figure 2A). Compared to DZ treatment, Si
treatment and KHT treatment significantly increased organic matter content by 15.14% and
4.37%, respectively. There was no significant difference in soil pH (Figure 2B). Compared
to the control, the Si treatment significantly increased the soil electrical conductivity by
8.56%, while the other treatments significantly decreased the soil electrical conductivity
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(Figure 2C). The electrical conductivity of the soil was significantly lower in the T and KHT
treatments than in the DZ treatment.

Figure 2. Changes in soil organic matter (OM, (A)), pH (B), and electrical conductivity (EC, (C)).
Values are mean ± standard error. Different letters indicate significant differences in results, and the
same letters indicate non-significant differences (p < 0.05). CK = control; DZ = dazomet fumigation;
Si = silicon fertilizer applied after fumigation; KH = potassium humate applied after fumigation;
T = Bacillus biofertilizer applied after fumigation; KHT = potassium humate mixed with Bacillus
biofertilizer applied after fumigation.

3.3. Soil Enzyme Activities

The soil catalase activity of the Si, KH, and T treatments was significantly increased
by 2.49%, 3.85%, and 7.85% respectively, compared to the DZ treatment (Figure 3A). Soil
sucrase activity was significantly decreased by 13.75% after DZ fumigation. However, the
application of amendments significantly increased the sucrase activity, among which the
activity of the T treatment was the highest, significantly increased by 92.95% (Figure 3B).
Soil urease activity in the Si treatment was significantly higher than that of the control,
while the other treatments significantly decreased the soil urease activity (Figure 3C). Soil
urease activity was significantly increased by 8.02–27.87% after DZ fumigation, except for
KHT treatment.

Figure 3. Changes in soil catalase (S-CAT, (A)), sucrase (S-SC, (B)), and urease (S-UE, (C)). Values are
mean ± standard error. Different letters indicate significant differences in results, and the same letters
indicate non-significant differences (p < 0.05). CK = control; DZ = dazomet fumigation; Si = silicon
fertilizer applied after fumigation; KH = potassium humate applied after fumigation; T = Bacillus
biofertilizer applied after fumigation; KHT = potassium humate mixed with Bacillus biofertilizer
applied after fumigation.

3.4. Analysis of Fusarium spp. and Phytophthora spp. in Soil

Compared to the control, all treatments significantly reduced Fusarium spp. and
Phytophthora spp. (Table 3). The control effect of the DZ treatment on Fusarium spp. and
Phytophthora spp. was 87.32% and 76.97%, respectively. Compared to DZ treatment, DZ fu-
migation combined with soil amendments significantly reduced Fusarium spp., except for the
KHT treatment, and the control effect reached 95.73–96.71%. Phytophthora spp. was further
reduced by the application of amendments after fumigation. T treatment had the best control
effect on Phytophthora spp. (96.88%). It can be seen that Fusarium spp. and Phytophthora spp.
can be further reduced by the application of amendments after fumigation.
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Table 3. Changes in soil-borne pathogens.

Treatments
Fusarium spp. Phytophthora spp.

CFU/g Soil Control Effect (%) CFU/g Soil Control Effect (%)

CK 1420.00 ± 11.55 a / 3734.00 ± 76.74 a /
DZ 180.00 ± 11.55 b 87.32 860.00 ± 23.09 b 76.97
Si 49.33 ± 5.21 c 96.53 333.34 ± 24.04 c 91.07

KH 46.67 ± 6.67 c 96.71 300.00 ± 11.55 cd 91.97
T 60.67 ± 6.36 c 95.73 116.56 ± 8.82 e 96.88

KHT 156.66 ± 12.02 b 88.97 220.00 ± 11.55 de 94.11
Note: Different letters indicate significant differences in results, and the same letters indicate non-significant
differences (p < 0.05).

3.5. Changes in Strawberry Growth Indices

Strawberry plant height, stem diameter, chlorophyll content, and fresh weight were sig-
nificantly higher in the DZ, Si, KH, T, and KHT treatments. Compared to the DZ treatment,
the Si, KH, and T treatments significantly increased strawberry plant height by 17.24%,
15.67%, and 6.49%, respectively (Figure 4A). The stem diameter (22.09–53.68%), chlorophyll
content (13.28–18.54%), and fresh weight (13.68–20.58%) of strawberry plants were signifi-
cantly increased by the application of soil amendments after fumigation compared to DZ
treatment (Figure 4B–D).

Figure 4. Changes in strawberry growth indices ((A): strawberry plant height; (B): stem diame-
ter; (C): leaf chlorophyll; (D): fresh weight). Values are mean ± standard error. Different letters
indicate significant differences in results, and the same letters indicate non-significant differences
(p < 0.05). CK = control; DZ = dazomet fumigation; Si = silicon fertilizer applied after fumigation;
KH = potassium humate applied after fumigation; T = Bacillus biofertilizer applied after fumigation;
KHT = potassium humate mixed with Bacillus biofertilizer applied after fumigation.
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3.6. Correlation Analysis of Strawberry Growth Indexes with Soil Environmental Factors and
Soil-Borne Pathogens

Plant height was significantly positively correlated with AN, AP, OM, S-CAT, and
S-SC (R = 0.84, R = 0.70, R = 0.66, R = 0.71, R = 0.49; p < 0.05) (Figure 5, Table S1). Strawberry
stem diameter was significantly positively correlated with S-CAT and S-SC (R = 0.77,
R = 0.97; p < 0.001), and was significantly negatively correlated with NN and EC (R = −0.70,
R = −0.58; p < 0.05). The leaf chlorophyll content of strawberry was significantly positively
correlated with AP, OM, S-CAT, and S-SC (R = 0.61, R = 0.67, R = 0.74, R = 0.83; p < 0.01)
and was significantly negatively correlated with NN (R = −0.51, p < 0.05). Fresh weight
showed a similar correlation with leaf chlorophyll content. Strawberry growth indices were
significantly negatively correlated with soil-borne pathogens (p < 0.01). In addition, the
soil-borne pathogens were significantly negatively correlated with AN, OM, S-CAT, and
S-SC (p < 0.05) and significantly positively correlated with NN (p < 0.001).

Figure 5. Pearson correlation analysis of strawberry growth indices with soil environmental factors
and soil-borne pathogens. Green indicates a negative correlation and yellow indicates a positive
correlation. Larger circles indicate a stronger correlation and smaller circles indicate a weaker
correlation. Significance levels: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Abbreviations: AN, ammonium
nitrogen; NN, ammonium nitrogen; AP, available phosphorus; AK, available potassium; OM, organic
matter; EC, electrical conductivity; S-CAT, soil catalase; S-SC, soil sucrase; S-UE, soil urease.

4. Discussion

Urea and phosphorus pentoxide can be converted into ammonium ions and phosphate
in soil, increasing the content of ammonium nitrogen and available phosphorus in soil.
The nitrate nitrogen in the soil was lower than that in the initial soil, probably due to
the activity of some microorganisms inhibiting nitrification [28]. The abundance of soil
microorganisms and genes related to the nitrogen cycle decreased after soil fumigation,
which inhibited soil nitrification and resulted in an increase in soil ammonium nitrogen
content [29]. In this study, DZ fumigation increased the content of ammonium nitrogen
and decreased the content of nitrate nitrogen, which could be the reason why nitrification
was inhibited. The contents of nitrogen, phosphorus, potassium, and organic matter
in the Si treatment were significantly higher than that of DZ fumigation alone, which
is consistent with the results of Liang et al. [30]; that is, silicon fertilizer can optimize
the soil environment and increase soil nutrient supply. Kuang et al. [31] reported that
potassium humate could improve the soil environment and increase soil organic matter
and available potassium content. KH treatment significantly increased the contents of
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ammonium nitrogen, available phosphorus, and available potassium in the soil, possibly
because humic acid had the effect of improving the soil structure and providing essential
nutrients for plants [32]. Bacillus biofertilizers contained three species of Bacillus that
could directly increase the absorption of nutrients in different ways. Our results showed
that T treatment significantly increased the content of ammonium nitrogen and organic
matter in soil compared with the control. Bacillus amyloliquefaciens could improve soil
nutrient availability, including improving nitrogen supply and solubilizing phosphate and
potassium [33]. Bacillus subtilis could improve the soil carbon sequestration process and
promote soil nutrient cycling [34]. Paenibacillus kribbensis generally increased soil nutrients
by increasing the number of beneficial microorganisms [35]. Our results showed that silicon
fertilizer had the best effect on increasing soil nutrients.

Soil enzyme activity is mainly involved in the life activities of soil microorganisms
and nutrient cycling, which can indicate the health degree of the soil [36]. Soil catalase
can prevent the toxic effect of hydrogen peroxide on the soil and crop [37]. Soil sucrase
can hydrolyze sucrose into corresponding monosaccharides to provide nutrients for soil
microorganisms and affect the mineralization process of organic carbon [38]. We found that
soil catalase and sucrase activities were highest in the T treatment compared to DZ fumiga-
tion alone, suggesting that biofertilizer can increase microbial activity. Huang et al. [39]
found that biofertilizers prepared by the co-fermentation of seaweed polysaccharides, bac-
terial bran, and biochar activated the activity of soil beneficial microorganisms and reduced
the disturbance effect of fumigation on soil. Cheng et al. [15] showed that Bacillus subtilis
could significantly increase soil enzyme activity and thus promote soil nutrient conversion
and microbial activity. Soil urease can hydrolyze urea in soil and increase the content of
inorganic nitrogen content in soil [40]. In this study, DZ fumigation decreased soil sucrase
and urease activities, possibly because the fumigation killed the soil microorganisms that
could hydrolyze urea and sucrose, resulting in a decrease in enzyme activities. Among
the amendments, silicon fertilizer had the strongest promotion effect on soil urease, which
could be due to the improvement in soil fertility status. Silicon fertilizer contains humic
acid and compound amino acids that could promote the formation of soil aggregates and
activate the activity of beneficial microorganisms in the soil, which could also lead to an
increase in soil enzyme activity [41,42].

Soil fumigation can control and kill root-knot nematodes, soil-borne pathogens, and
weeds [43]. Wang et al. [44] reported that the inhibition rate of Phytophthora spp. was still
97.8% and 75.0% in the second and third years after chloropicrin fumigation, respectively.
We found that the fumigant significantly reduced Fusarium spp. and Phytophthora spp., and
the inhibitory effect was still in effect two months after strawberry planting. The application
of amendments after fumigation further reduced Fusarium spp. and Phytophthora spp. and
was significantly less than those in the DZ fumigation alone, possibly due to the active
ingredients in the amendments that inhibited the growth of these pathogens [45–47].

Soil fumigation and soil amendments can both be used to promote crop growth,
but they have different mechanisms of action. Soil fumigation mainly promotes crop
growth by killing soil-borne pathogens, pests, and weeds [48], while soil amendments are
substances that alter soil properties in order to enhance soil fertility and crop yield [49]. DZ
fumigation alone and in combination with soil amendments promoted strawberry growth,
but the strawberries grew better in the soil treated with the amendments. There was a
significant negative correlation between the strawberry growth indices and the number of
Fusarium spp. and Phytophthora spp. The soil-borne pathogens were killed by fumigation
and the application of amendments after fumigation so that the plants could better absorb
the nutrients in the soil to promote their growth [50]. At the same time, soil amendments
contain amino acids, organic matter, and beneficial microorganisms, which can increase the
activity of soil microorganisms and improve the soil micro-ecological environment [51,52].
According to soil nutrients, enzyme activities, and strawberry growth indices, silicon
fertilizer had the best effect.
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5. Conclusions

In this study, silicon fertilizer, potassium humate, Bacillus biofertilizer, and a combi-
nation of the latter two were added to soil after DZ fumigation. The results showed that
DZ fumigation combined with soil amendments significantly increased the activities of
catalase, sucrase, and urease in the soil by varying degrees. Among them, silicon fertilizer
significantly increased soil nutrients, and the contents of nitrogen, phosphorus, potassium,
and organic matter in the Si treatment increased significantly. At the same time, the soil
amendments further improved the control effect of soil-borne pathogens and significantly
promoted the growth of strawberries, and the effect was better than that of the DZ fumiga-
tion alone. The improvement in enzyme activities in the soil indicated the increase in soil
biological activity, which directly or indirectly promoted strawberry growth. Correlation
analysis showed that there was a significant negative correlation between the strawberry
growth indices and soil-borne pathogens, so the control of soil-borne pathogens was an
important measure to promote strawberry growth. Our results showed that DZ fumigation
combined with silicon fertilizer had the best effect, which could not only improve the soil
environment but also reduce the number of soil-borne pathogens and promote the growth
of strawberry plants. Furthermore, soil amendments can also replace some fertilizers and
promote green, efficient, and sustainable development. However, our experiments were
conducted in a controlled environment. When these amendments are applied to the field, a
small-scale test should be carried out first to avoid economic losses due to the complexity
of the field environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: Excessive agricultural intensification adversely affects soil quality, particularly in hilly
terrain, leading to increased erosion. Anthropogenic denudation, intensified by tillage erosion, results
in the displacement of soil material from hilltops and shoulders to their bases. The research hypothe-
sis posits that tillage erosion adversely affects the microbiological and chemical properties of soils,
especially at the hilltops of intensively cultivated areas. The study aimed to assess the microbiological
and chemical properties of Luvisols cultivated under conventional plowing in the moraine region of
the Southern Krajna Lakeland, Poland. The evaluation focused on the results of soil sample analyses
taken from the hilltops and foothills of eroded mounds. Microbiological investigations included
determining the abundance of actinomycetes, filamentous fungi, heterotrophic bacteria, cellulolytic
microorganisms, copiotrophs, and oligotrophs. Additionally, pH values and the contents of phospho-
rus, potassium, magnesium, total organic carbon, and nitrogen were determined. A higher abundance
of bacteria, actinomycetes, and copiotrophs was observed at the foothills. Statistically significant
differences due to slope effects were noted for all chemical parameters, with higher concentrations
of organic carbon, nitrogen, potassium, and phosphorus found in the foothill areas. Understanding
denudation processes can contribute to sustainable soil resource use and agrocenosis conservation.

Keywords: denudation; soil microbiota; soil degradation; chemical properties of soils; Luvisols;
soil biodiversity

1. Introduction

The increasing pressure on natural resources, driven by population growth and the
consequent need to enhance food production, is one of the contemporary challenges
facing the maintenance, protection, and restoration of agrobiocenosis [1,2]. Agricultural
production itself is critically tied to the soil; initially, the growth of production relied on
expanding the cultivated land area (currently approximately 1.6 billion hectares). Over
time, however, investments in agricultural intensification, understood as an increase in
crop production per unit area, have increased [3]. Such a condition has the potential to
disrupt the sustainable development of agriculture, characterized by the system’s capacity
to consistently uphold food production without exerting degradative impacts on the
natural environment [4]. Sustaining global efforts to monitor changes occurring directly
in the soil and indirectly in agriculture allows for early identification of threats related
to environmental protection and the global food production system. There is a scientific
consensus confirming that systematic monitoring of soil erosion is a key element in the
effective implementation of sustainable agricultural practices. Understanding erosion
processes and their impact on soil structure and chemical and microbial composition is
fundamental to achieving a sustainable ecological balance [5]. Detailed microbiological and
chemical analyses of soil enable an understanding of the causes, prevention, minimization,
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and combatting of the adverse effects of soil degradation [6–8]. To this end, tools based on
indicators of potential risk of soil productivity loss have been implemented to enable the
predictive control of agroecosystems [9].

The intensification of agricultural production, particularly in developed countries,
coupled with the occurrence of extreme weather events, has the potential to disrupt wa-
ter relations and induce alterations in the soil environment, including phenomena such
as cracking, crusting, and degradation of soil structure and aggregation [8,10]. The ero-
sion rate is not only dependent on the topography and climatic conditions. Numerous
factors influence the intensity of soil degradation processes, including soil type, texture,
aggregate structure, cultivation system, cultivation practices, and the type of cultivated
plant [9,11]. An additional factor influencing the acceleration of soil erosion processes is the
socio-economic factors that impact the selection of environmentally unfavorable practices
within the farming system [12]. The problem of soil erosion is so significant that it has
been classified as the greatest global threat to soil functionality and health, thus affecting
humanity’s food security [13,14].

One of the key indicators of soil quality is soil microbiota. A detailed understanding of
the dynamics of changes within specific groups of microorganisms in the soil environment
is crucial, given that soil microbiota constitutes a significant component of the ecosystem’s
response to erosive processes [15]. The rapid response of soil microorganisms is attributed to
their reaction to the degradative impact of erosive processes on abiotic factors (pH, particle
size composition, carbon, and nitrogen content), which directly shape the populations
of fungi and bacteria [16]. Subsequently, alterations and disturbances in soil microbiota
result in changes related to the availability of elements, nitrogen and phosphorus binding,
organic matter accumulation, and mass and energy cycling. These processes ultimately
exert a negative impact on the physiological stress of plants, leading to a decline in crop
yield [17,18].

Luvisols, the prevailing soil group in the lowland and upland areas of Poland, signifi-
cantly impact agricultural production due to their classification as relatively fertile soils [4].
Currently, soil degradation in Europe is a recognized and growing issue. This phenomenon
is particularly noticeable in moraine areas, where slope processes lead to the displacement
of soil material from the summit of the slope towards the foothills [6,19]. Inappropriate
cultivation practices intensify the denudation effect on the soil, recognized as the surface
lowering of the slope in a terrain with relief. The process of slope erosion is comprehensive
and can involve the entire soil profile, ranging from the topsoil layer to the bedrock [6,20].
Anthropogenic denudation (accelerated erosion) is recognized as one of the more serious
threats to the geoenvironment, given its impact on the productivity of plant production [2].
It is worth noting that areas subjected to significant anthropogenic pressure, particularly
since the beginning of human settlement, are especially vulnerable. Currently, these pro-
cesses intensify due to deforestation, extensive drainage networks, and, above all, as a
result of agricultural intensification and the use of advanced agricultural machinery. This
accelerates the truncation of pedons and leads to the exposure of deeper genetic horizons in
soil profiles on elevated terrain, potentially resulting in physical, chemical, and biological
changes in soil properties. This phenomenon applies not only to the summit but also to the
foothills of the hillslope [3,6,21].

Changes in soil management practices can affect soil morphology, water retention,
chemical properties, and biological activity. In particular, tillage practices lead to the
intensification of slope processes [3,22,23]. Soil erosion leads to transformations of the soil
cover of young morainic terrains of mesoregions in northern Poland. Main alterations
relate to soil truncation on summits of slopes, whereas at footslopes and toeslopes and
within local depressions, colluvial material is accumulated [24,25].

Given the challenges posed by climate change, a growing population, and soil degra-
dation, it is essential to focus more on protecting and monitoring agricultural soils. These
soils, which are particularly susceptible to erosion processes, require increased attention
to ensure sustainable crop production. Monitoring fields in moraine terrain is among the

109



Agriculture 2023, 13, 2247

top priorities for modern agriculture in Poland. Sustainable agricultural practices enable
more efficient use of production resources and better environmental protection. Therefore,
it is essential to have knowledge about the actual quality of soils and biological activity,
especially in soils prone to erosion.

The research hypothesis states that agricultural erosion has a detrimental effect on the
microbiological and chemical properties of soils subjected to intensive cultivation under a
conventional agricultural system. This phenomenon is particularly pronounced in regions
characterized by undulating topography, such as hilly or moraine landscapes. Under
such topographic conditions, the erosive forces associated with agricultural activities are
amplified because the post-glacial terrain promotes the formation of runoff paths for soil
particles, nutrients, and organic matter. The undulating nature of the terrain contributes to
accelerating erosion, intensifying the movement of essential components and affecting the
composition of the soil microbiota.

The aim of the study was to assess the microbiological and chemical properties of the
topsoil and subsoil layers of Luvisols subjected to anthropogenic denudation in the moraine
region of the Southern Krajna Lakeland (northern Poland). The assessment included the
quantification of actinobacteria, the total count of fungi and bacteria, as well as the count
of copiotrophic, cellulolytic, and oligotrophic microorganisms in the soil at the summit
and foothills of the hills. The study compared the content of plant-available forms of
phosphorus, potassium, and magnesium, as well as the content of total organic carbon and
nitrogen, along with pH values. In addition, the grain size composition was analyzed and
the electrical conductivity (EC) of soil was determined. Comparisons of microbiological and
physicochemical parameters were conducted for two genetic horizons: topsoil (0–30 cm)
and subsoil (30–50 cm). Monitoring potential microbiological and chemical changes may
contribute to a better understanding of the erosion dynamics in Luvisols subjected to
intense anthropogenic pressure in areas with diverse topography.

2. Materials and Methods

2.1. Study Sites and Sampling

The research was conducted in the mesoregion of the South Baltic Lakeland (northern
Poland)—specifically, the Southern Krajna Lakeland, with an average elevation of 115.6 m
above sea level [26,27]. The climate of the studied region is temperate, with an average
annual temperature of 7.8 ◦C (average annual minimum temperature of 3.8 ◦C and average
annual maximum temperature of 12.8 ◦C) and a long-term average annual rainfall of
504 mm. Farmers do not implement proper crop rotation on the examined fields, which
would enrich the soil with organic matter serving as a water reservoir. Winter wheat and
rapeseed dominate the crop rotation on the surveyed fields. Unfortunately, farmers choose
this option to ensure the financial stability of their farms. While this positively affects the
profitability of production and enables farm development, it deteriorates soil fertility and
the potential for biodiversity.

Three arable fields were selected (designated as R, S, T) that exhibited the typical
mosaic topography characteristic of this area (Figure 1).

A total of 6 soil pits were excavated, representative of the soil cover in the studied
region. All soil samples were collected after the winter wheat harvest, which was fertilized
with a similar dose of NPK (average NPK fertilizer consumption was 140 kg: 80 kg N, 25 kg
P, 35 kg K). A conventional cultivation system and similar agrotechnical treatments were
applied uniformly across all locations. For each location (arable field), two soil pits were
excavated: one at the summit of the hill and another at its foothills. Soil samples for testing
were taken from the hills on the northern side of slopes ranging from 82 to 150 m above sea
level. The length of the slope ranged from 90 to 150 m (Figure 2).
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Figure 1. Location of tested fields (photos of profile pits at the foot of the hills).
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Figure 2. Locations of soil profiles (the example given here is site R). Abbreviations: Ap—plow
horizon, A2—hummus horizon, Et—luvic horizon, Bt—argic horizon, BC—transitional horizon
between argic and parent material, C—parent material, Ck1—parent material with calcium carbonate,
Ck2—second parent material with calcium carbonate.

The locations of the soil pits were distant from buildings and roads. From each
soil pit, soil samples were collected from two genetic horizons (Ap-surface and subsoil),
corresponding to depths of 0–30 cm and 30–50 cm, respectively, in October 2022 (Table 1).
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Table 1. The compilation of media used for the isolation and cultivation of microorganisms from the
investigated soil samples.

Site Profile Soil Classification WRB 2022 [28] Sampling

R
Ap-Bt-Ck1-Ck2 Epicutanic Luvisol A1—Summit: B1—Ap horizon; B2—Bt horizon
Ap-A2-Et-BC-C Haplic Luvisol A2—Footslope: B1—Ap horizon: B2—A2 horizon

S
Ap-Ck1-Ck2-Ck3 Calcaric, Eutric Regosol A1—Summit: B1—Ap horizon; B2—Ck1 horizon
Ap-A2-Et-EB-Bt-C Haplic Luvisol A2—Footslope: B1—Ap horizon: B2—A2 horizon

T
Ap-Ck1-Ck2-2Ck Calcaric, Eutric Regosol A1—Summit: B1—Ap horizon; B2—Ck1 horizon

Ap-A2-Et-EB-Bt1-Bt2-C Haplic Luvisol A2—Footslope: B1—Ap horizon: B2—A2 horizon

These samples were stored in plastic containers, allowing gas exchange, then cooled
to 4 ◦C and transported to the laboratory. Soil samples for chemical analysis were placed in
plastic bags, air-dried, and sieved through a 2-mm mesh screen.

2.2. Microbiological Analyses

Microbiological analyses of soil samples included quantitative determinations for the
following groups of microorganisms:

1. Actinobacteria (Ac),
2. Total bacterial count (B),
3. Total fungal count (Ff),
4. Cellulolytic bacteria (Ce),
5. Oligotrophs (Ol),
6. Copiotrophs (Co).

For all determinations, 10 g of soil were weighed and introduced into 90 mL of
Ringer’s solution. Subsequently, the samples were shaken for 25 min at room temperature.
Following the homogenization of the suspension, a series of 10-fold dilutions (10−1 to 10−7)
were prepared. Subsequently, 1000 μL of the soil solution was transferred onto dedicated
selective media (Table 2).

Table 2. The compilation of media used for the isolation and cultivation of microorganisms from the
investigated soil samples.

Tested Groups of
Microorganisms

Applied Medium Reference

Ac Modified yeast extract-glucose medium (YGA) [29]
B Standard nutrient agar [30]
Ff Rose–Bengal agar with 30 μg mL−1 streptomycin [30]

Ce Agar containing 0.1% sodium
carboxymethylcellulose [31]

Ol Modified medium with limited nutrients [32]
Co Modified medium with additional nutrients [32]

The incubation of microorganisms was carried out at 25–28 ◦C for 4 days for B, Ff,
Co, and Ce; 10 days for actinobacteria, and 14 days for oligotrophic microorganisms. All
analyses were performed in three replicates. The count of colony-forming units (cfu)
obtained was determined per 1 g of soil dry matter. (cfu × g−1 d.m. of soil).

2.3. Soil Sample Chemical Analyses

The texture of soil samples was determined using a laser diffraction particle size ana-
lyzer (Mastersizer 2000, Malvern Instruments, Malvern, UK). Potentiometric measurements
of pH values were conducted in a 1 M KCl (1:2.5 w/v) solution [33] using a pH Meter (CP-
551—Elmetron, Zabrze, Poland). The total organic carbon (TOC) and total nitrogen (TN)
content were determined using a CN dry combustion analyzer (Vario Max CN, Elementar
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Analysensysteme GmbH, Hanau, Germany). The content of available magnesium (Mg) was
assessed using the Schachtschabel method [34]. The contents of available forms of phos-
phorus (P) [35] and potassium (K) were determined by the Egner–Riehm method [36]. The
content of forms available to plants was determined by atomic absorption spectroscopy and
atomic emission spectroscopy using a Thermo Solaar S4 Atomic Absorption Spectrometer
(Thermo Electron Corporation, Waltham, MA, USA). Measuring ECs with a conductivity
meter in a soil-water extract was based on a fixed soil:solution ratio (1:5). The water-soluble
forms of cations were based on the extraction with distilled water. Soluble salts were
measured by the 1:5 (v:v) soil:de-ionized water extraction method. All the measurements
were performed in three replications. Finally, Ca, Mg, K, and Na contents were measured
using a Thermo Solaar S4 Atomic Absorption Spectrometer (Thermo Electron Corporation,
Waltham, MA, USA).

2.4. Statistical Analyses

The obtained results of microbiological and chemical parameters underwent statis-
tical analysis through a two-way analysis of variance (ANOVA). The first factor (A) was
associated with the location of the soil pit (A1—summit and A2—footslope), while the
second factor was related to the depth (B1—surface level 0–30 cm and B2—subsurface level
30–50 cm). To assess the significance of these factors and their mutual interactions, Tukey’s
post hoc test with a 95% confidence interval was conducted, enabling a comparison of the
mean values of the analyzed parameters.

In order to better explain the soil variation in terms of selected parameters (biological
and chemical) and the relationship between them, the multivariate statistical method
Principal Component Analysis (PCA) was used. The use of PCA also made it possible to
present correlations between the studied parameters. Differences between objects were
analyzed using PCA based on the mean values of all investigated soil features. Two
principal components (PC1 and PC2) were used to rank the cases. A cluster analysis (CA)
was also carried out. CA allowed the separation of groups of sites based on the diversity
of variables, which was graphically presented in the form of a dendrogram. The Ward
method [37] was employed to calculate the distances between individual clusters. All
statistical analyses were conducted using Statistica 12 PL software from StatSoft [38].

3. Results

3.1. Microbiological Analysis

Analyses of microbiological data revealed statistically significant differences in the
abundance of selected microbial groups both between surface and subsurface levels and
between locations at the summit and footslope (Table 3). Concerning the overall bacterial
count, test field T exhibited the most substantial decrease between surface levels, with a
notable increase in colony-forming units (cfu) in soil samples collected at the footslope by
674.20% (LSD0.05 = 10.868).

A similar phenomenon was also observed for actinobacteria in field S, where a sta-
tistically significant decrease in cfu was noted with an increase in horizontal position in
the surface level (LSD0.05 = 0.431) and in the case of fungi abundance (field T). Tendencies
related to changes in bacterial abundance between the examined levels at the summit and
foothill were also observed; in all cases, a decrease in cfu was noted with the depth of
sample collection.
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Table 3. The number of bacteria, fungi, and actinomycetes in the soil, depending on the soil profile
and location on the slope.

Level of
Factor B

Test Site R Test Site S Test Site T

Level of Factor A *

A1 A2 Mean A1 A2 Mean A1 A2 Mean

Heterotrophic bacteria (B) (106 cfu g−1)

B1 27.3 a 23.0 a 25.2 a 18.7 a 18.7 18.7 a 3.1 a 24.0 a 13.6 a

B2 6.1 a 5.2 a 5.7 b 2.3 b 2.4 2.3 b 2.5 a 1.3 b 1.9 b

Mean 16.7 14.1 10.5 10.5 2.8 12.6

LSD0.05
A = n.s.; B = 5.499;
A/B = n.s.; B/A = n.s.

A = n.s.; B = 3.991;
A/B = n.s.; B/A = n.s.

A = 7.685; B = 7.685;
A/B = 10.868; B/A = 10.868

Actinobacteria (Ac) (105 cfu g−1)

B1 28.7 a 30.7 a 29.7 a 18.0 a 28.7 a 23.3 a 27.0 a 52.0 a 3.9 b

B2 18.7 a 26.3 a 22.5 a 8.6 b 6.8 b 7.6 b 2.0 a 10.8 a 6.4 a

Mean 23.7 28.5 18.6 12.3 14.0 31.0

LSD0.05
A = n.s.; B = n.s.;
A/B = n.s.; B/A = n.s.

A = 0.305; B = 0.305;
A/B = 0.431; B/A = 0.431

A = 1.252; B = 1.252;
A/B = n.s.; B/A = n.s.

Filamentous fungi (Ff) (105 cfu g−1)

B1 5.0 a 3.0 a 4.0 a 3.0 a 4.0 a 3.2 a 2.0 a 13.0 a 7.5 a

B2 1.0 a 1.0 a 1.4 b 1.0 a 2.0 a 1.2 b 1.0 b 1.0 b 1.0 b

Mean 3.1 2.3 1.6 2.8 1.30 0.7

LSD0.05
A = n.s.; B = 0.133;
A/B = n.s.; B/A = n.s.

A = 0.108; B = 0.108;
A/B = n.s.; B/A = n.s.

A = 0.436; B = 0.436;
A/B = 0.616; B/A = 0.616

* Levels of factor A: A1 (summit), A2 (footslope); Levels of factor B: B1 (surface level), B2 (subsurface level);
LSD—Least Significant Difference, significance of differences tested with Tukey’s test at p ≤ 0.05; n.s.—not
significant; a,b—letters in columns indicate significant differences at p ≤ 0.05.

In the case of trophic groups of microorganisms (Ce, Co, and Ol), the research results
demonstrated greater diversity (Table 4). The abundance of cellulose-degrading microor-
ganisms was higher at the summit of the slope than at its footslope. This trend reversed
in soil samples from subsurface levels, where a higher abundance of cellulolytic microbes
was observed at the foot of the slope. On the other hand, no statistically significant differ-
ences were found in any of the tested fields for this trophic group. Copiotrophs, however,
predominated at the foot of the slope, regardless of the surveyed location. The soil samples
from field R revealed statistically significant differences (LSD0.05 = 13.543) between the
summit and the footslope in the presence of oligotrophic microorganisms. These microbes,
inhabiting an environment with a reduced supply of energy substrates, clearly dominated
on the slope of the field.

Table 4. The number of cellulolytic, copiotrophic, and oligotrophic microorganisms in the soil,
depending on the soil profile and location on the slope.

Level of
Factor B

Test Site R Test Site S Test Site T

Level of Factor A

A1 A2 Mean A1 A2 Mean A1 A2 Mean

Cellulolytic microorganisms (Ce) (106 cfu g−1)

B1 8.0 a 5.3 a 6.7 a 6.3 a 3.3 a 4.8 a 5.1 a 4.8 a 5.0 a

B2 1.0 a 1.2 a 1.1 b 1.4 b 3.3 a 1.6 b 0.5 a 0.8 a 0.6 b

Mean 4.5 3.3 3.9 1.7 2.8 2.8

LSD0.05
A = n.s.; B = 2.255;
A/B = n.s.; B/A = n.s.

A = 1.360; B = 1.360;
A/B = 1.923; B/A = 1.923

A = n.s; B = 4.218;
A/B = n.s; B/A = n.s.
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Table 4. Cont.

Level of
Factor B

Test Site R Test Site S Test Site T

Level of Factor A

A1 A2 Mean A1 A2 Mean A1 A2 Mean

Copiotrophic microorganisms (Co) (106 cfu g−1)

B1 14.3 a 24.7 a 19.5 a 15.0 a 19.3 a 17.2 a 11.3 a 24.0 a 15.5 a

B2 2.9 a 6.0 a 4.4 b 2.6 a 3.2 a 3.0 b 1.1 a 1.3 a 1.2 b

Mean 8.6 15.3 8.8 11.3 4.0 12.7

LSD0.05
A = n.s.; B = 9.367;
A/B = n.s.; B/A = n.s.

A = n.s.; B = 6.255;
A/B = n.s.; B/A = n.s.

A = n.s.; B = 12.619;
A/B= n.s.; B/A = n.s.

Oligotrophic microorganisms (Ol) (106 cfu g−1)

B1 65.0 a 40.0 a 52.6 a 51.0 a 34.0 a 42.5 a 37.3 a 64.0 a 50.7 a

B2 13.9 a 6.9 a 10.4 b 6.0 b 14.2 b 10.3 b 2.2 a 0.6 a 1.4 b

Mean 39.5 23.4 28.6 24.1 19.8 32.3

LSD0.05
A = 13.543; B = 13.543
A/B = n.s.; B/A = n.s.

A = n.s.; B = 9.224;
A/B = 13.045; B/A = 13.045

A = n.s.; B = 14.400;
A/B = n.s.; B/A = n.s.

Abbreviations: see Table 3. a,b—letters in columns indicate significant differences at p ≤ 0.05.

3.2. Chemical Analysis

Statistically significant differences were demonstrated for selected chemical parame-
ters of soils between the summit and footslope of the hills, as well as between the genetic
levels (Table 5). In terms of pH values, statistically lower pH values were observed at the
footslope in two fields (S and T). Both TOC and TN contents indicated higher accumulation
at the footslope, regardless of the genetic level. No statistically significant differences were
noted in the content of available Mg; however, on fields R and S, Mg content was higher
in the surface level at the summit, while for field T, the same trend was observed for TOC
and TN. The content of available forms of K and P differed significantly between slope
locations, irrespective of depth.

Table 5. pH level, TOC, TN, available Mg, P, and K content of the soil, depending on the soil profile
and location on the slope.

Level of
Factor B

Test Site R Test Site S Test Site T

Level of Factor A

A1 A2 Mean A1 A2 Mean A1 A2 Mean

pH value

B1 6.33 a 7.14 a 6.73 a 8.18 b 6.48 a 7.33 a 8.36 b 7.01 a 7.66 a

B2 6.65 a 6.94 a 6.79 a 8.52 a 6.17 b 7.34 a 8.72 a 6.67 b 7.69 a

Mean 6.49 7.04 8.35 6.33 8.54 6.82

LSD0.05
A = 0.313; B = n.s.
A/B = n.s.; B/A = n.s.

A = 0.233; B = n.s.
A/B = 0.330; B/A = 0.330

A = 0.055; B = n.s.
A/B = 0.077; B/A = 0.077

Total Organic Carbon (TOC) (g·kg−1)

B1 5.94 a 7.30 a 6.62 a 6.92 a 9.79 a 8.33 a 5.49 a 9.21 a 7.35 a

B2 2.85 b 6.38 b 4.62 b 2.71 b 8.25 b 5.48 b 3.94 b 5.90 b 4.92 b

Mean 4.40 6.84 4.82 8.99 4.72 7.56

LSD0.05
A = 0.117; B = 0.117;
A/B = 0.165; B/A = 0.165

A = 1.055; B = 1.055;
A/B = 1.492; B/A = 1.492

A = 0.233; B = 0.233;
A/B = 0.329.; B/A = 0.329
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Table 5. Cont.

Level of
Factor B

Test Site R Test Site S Test Site T

Level of Factor A

A1 A2 Mean A1 A2 Mean A1 A2 Mean

Total Nitrogen (TN) (g·kg−1)

B1 0.69 a 0.71 a 0.70 a 1.05 a 1.10 a 1.08 a 0.81 a 0.90 a 0.86 a

B2 0.50 a 0.70 a 0.60 a 0.29 b 0.92 b 0.61 b 0.40 b 0.72 b 0.56 b

Mean 0.60 0.71 0.67 1.01 0.61 0.81

LSD0.05
A = n.s.; B = n.s.;
A/B = n.s.; B/A = n.s.

A = 0.129; B = 0.129;
A/B = 0.182; B/A = 0.182

A = 0.091; B = 0.091;
A/B = 0.129; B/A = 0.129

Magnesium (Mg) (mg·kg−1)

B1 30.7 a 22.6 a 26.65 a 30.2 a 27.6 a 28.88 a 17.5 a 24.8 a 21.13 a

B2 41.1 a 19.8 a 30.45 a 21.00 a 29.4 a 25.18 a 29.4 a 30.2 a 29.78 a

Mean 35.90 21.20 25.55 29.40 23.45 27.45

LSD0.05
A = 11.851; B = n.s.;
A/B = n.s.; B/A = n.s.

A = n.s.; B = n.s.;
A/B = n.s.; B/A = n.s.

A = n.s; B = n.s.;
A/B = n.s.; B/A = n.s.

Phosphorus (P) (mg·kg−1)

B1 97.5 a 119.1 a 108.28 a 32.5 a 125.5 a 79.00 a 60.5 a 122.7 a 91.60 a

B2 51.7 b 94.9 b 73.28 b 21.5 a 98.9 a 54.68 b 31.1 b 111.3 b 71.20 b

Mean 74.58 106.98 21.48 112.20 45.80 117.00

LSD0.05
A = 9.908; B = 9.908;
A/B = 14.012; B/A = 14.012

A = 10.175; B = 10.175;
A/B = n.s.; B/A = n.s.

A = 6.276; B 6.276;
A/B = 8.875; B/A = 8.875

Potassium (K) (mg·kg−1)

B1 128.4 a 185.4 a 156.9 a 212.7 a 251.0 a 231.85 a 125.8 a 223.3 a 174.55 a

B2 117.5 a 101.2 b 109.4 b 116.3 a 142.8 a 129.55 b 85.7 b 221.1 a 153.40 b

Mean 122.93 143.30 164.50 196.90 105.75 222.20

LSD0.05
A = 13.381; B = 13.381;
A/B = 18.923; B/A = 18.923

A = 20.524; B = 20.524;
A/B = n.s.; B/A = n.s.

A = 11.377; B = 11.377;
A/B = 16.090; B/A = 16.090

Abbreviations: see Table 3. a,b—letters in columns indicate significant differences at p ≤ 0.05.

3.3. TOC:TN Ratio and Granulometric Composition

The highest values of the TOC:TN ratio for locations R and T were observed in the
surface level at the footslope, while for location S, they were found in the subsurface level
at the summit. Similarly high values were noted in the subsurface profile at the footslope.
The lowest values were recorded for the surface level (fields S and T) at the summit of the
hill (Figure 3).

 

Figure 3. Carbon to nitrogen ratio values.
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The particle size analysis revealed a higher proportion of sand in the surface level
at the footslope, contrasting with the surface layer at the summit of the slope (Figure 4).
The silt fraction, on the other hand, was higher in the surface and subsurface levels at the
summit of the hill. Variations in the clay fraction were minor and did not exceed 6% in the
composition of all examined samples. Nevertheless, higher values were also observed in
the upper parts of the surveyed elevations.

 

Figure 4. Particle size composition. Percentage content of sand (2.0–0.05 mm), silt (0.05–0.002 mm),
clay (<0.002 mm).

3.4. Soil Electrical Conductivity

The surface layer of footslopes soil exhibited significantly lower average content of
water-soluble forms of magnesium and calcium compared to summits (Table 6). However,
in the soil material of the 0–30 cm layer of footslopes, a higher average content of water-
soluble sodium was observed (Table 7). The average content of water-soluble potassium
was lower in the surface layer of footslopes compared to summits. In the subsurface layer
of the investigated footslope soils, a significantly higher average content of Na and Mg,
and a significantly lower average content of Ca were recorded compared to summits. The
highest content of water-soluble calcium cations was observed in the S and T subsurface
horizons containing calcium carbonate.

Table 6. Sodium, potassium, magnesium, and calcium in the water-soluble fraction of surface soil
horizon and values of soil electrical conductivity.

Location Na K Mg Ca ECs

g·kg−1 μS·cm−1

R A1B1 6.6 ± 3.39 44.3 ± 1.27 15.9 ± 5.80 79.0 ± 1.84 93.4 ± 8.20
S A1B1 12.7 ± 4.17 77.9 ± 3.81 17.3 ± 1.27 201.0 ± 9.90 118.0 ± 3.68
T A1B1 8.7 ± 2.05 36.7 ± 0.92 16.4 ± 4.24 210.5 ± 2.12 166.9 ± 3.46
Mean 9.33 53.0 16.3 163.5 126.1

R A2B1 16.4 ± 4.38 38.3 ± 4.38 15.7 ± 1.63 40.8 ± 3.53 101.7 ± 1.34
S A2B1 11.1 ± 3.32 49.0 ± 1.63 13.7 ± 3.53 47.7 ± 3.61 148.6 ± 1.27
T A2B1 10.0 ± 0.35 21.2 ± 1.55 15.3 ± 0.56 33.4 ± 0.28 105.9 ± 0.78
Mean 12.5 36.2 14.0 40.6 118.7

p = 0.30 p = 0.32 p = 0.022 * p = 0.045 * p = 0.79
Abbreviations: see Table 3; ECs—soil electrical conductivity, p—significance factor, *—statistically significant.
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Table 7. Sodium, potassium, magnesium, and calcium in the water-soluble fraction of subsurface soil
horizon and values of soil electrical conductivity.

Location Na K Mg Ca ECs

g·kg−1 μS·cm−1

R A1B2 9.5 ± 1.83 32.5 ± 1.55 11.6 ± 1.48 78.7 ± 4.10 70.2 ± 6.22
S A1B2 10.7 ± 2.19 40.5 ± 3.60 17.3 ± 2.33 240.5 ± 3.53 68.6 ± 7.71
T A1B2 10.6 ± 0,21 23.2 ± 0.99 13.6 ± 4.31 233.0 ± 2.12 159.3 ± 7.78
Mean 10.3 34.1 14.2 184.1 99.4

R A2B2 12.5 ± 0.85 42.7 ± 0.28 19.7 ± 1.77 32.8 ± 1.91 117.8 ± 6.64
S A2B2 12.3 ± 0.85 95.6 ± 0.56 22.5 ± 3.68 44.7 ± 1.77 148.5 ± 2.90
T A2B2 12.8 ± 0.71 41.5 ± 0.14 18.6 ± 3.82 32.6 ± 0.21 105.7 ± 4.38
Mean 12.5 59.9 20.3 36.7 124.0

p = 0.005 * p = 0.21 p = 0.04 * p = 0.49 p = 0.49
Abbreviations: see Table 3; Table 6. *—statistically significant.

The soil material of the investigated areas did not exhibit salinity characteristics. In soil
samples taken from the plow layer in summits, higher average values of ECs were recorded
compared to footslopes. However, in the subsurface layer (B2), higher average values of
EC were found in footslope soil. Tillage erosion processes did not significantly determine
the values of soil electrical conductivity in the soil material on cultivated hillslopes.

3.5. Principal Component Analysis—PCA

Multivariate PCA (Figure 5) was employed to determine the nature and strength of
correlations among the soil microbiological and chemical parameters studied (B, Ac, Ff, Co,
Ce, Ol, pH, TOC, TN, available Mg, P, and K), hillslope location, and genetic level. Two
principal components (PC1 and PC2) were extracted from the available data, explaining a
total variance of 71.63%. PC1 accounted for the majority of the variance at 55.14%, while
PC2 explained 16.49%. The PCA revealed that the first component (PC1) was significantly
negatively associated with TOC (−0.823), TN (−0.751), and assimilated forms of K (−0.710)
and P (−0.694). The second component, PC2, can be interpreted as describing microbial
abundance, as it was significantly positively correlated with Ff, B, Co, Ac, Ol, and Ce.

Figure 5. PCA—principal component analysis. PC1, PC2 of the studied soil microbiological properties
(B, Ac, Ft, Ce, Co, Ol) and chemical properties (pH, TOC, TN, content of available P, K, and Mg).
Abbreviations: see Tables 2 and 4.
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The application of Cluster Analysis (CA) to the discussed parameters allowed for the
determination of similarities (differences) between the sampling point’s location and depth
(Figure 6). Based on the dendrogram generated from the obtained data, three clusters were
identified. Cluster 1, in the majority of cases (3 out of 5), grouped locations where soil
samples were taken from the summit of the hills. These locations (RA1B1, RA1B2, and
TA1B1) were characterized by a higher abundance of actinobacteria and the concentration
of available phosphorus on the summit, compared to location S. Soil with the highest pH
values and a lower overall bacterial count in the subsurface layer at the summit (locations
SA1B2 and TA1B2) was grouped in Cluster 2. Cluster 3 distinguished 5 objects (RA2B1,
TA2B1, SA2B1, TA2B2, SA1B1) where soil samples from the footslope were characterized
by the highest content of TOC, TN, assimilated forms of P and K, and a higher abundance
of selected microbial groups (Co, Ac).

Figure 6. Dendrogram analysis of physicochemical and microbial soil characteristics. Abbreviations:
see Table 3.

4. Discussion

Erosion and geomorphic processes are primarily associated with the impact of water,
glaciers, and ice sheets on the Earth’s surface. Currently, in the Anthropocene, the predomi-
nant geomorphic factor is the direct and indirect influence of human activities [39,40]. To
date, the majority of studies on soil erosion have been dedicated to assessing changes in
physicochemical parameters, with fewer focusing on the analysis of bacterial and fungal
communities, as well as individual trophic groups. Addressing this gap in the literature
has the potential to contribute to the formulation of a comprehensive approach for the
early detection and prevention of anthropogenic erosion. In addition, this paper analyzes
Luvisols, which, due to their widespread occurrence, impact food security and the stability
of crop production [41,42].

In this study, all examined groups of microorganisms exhibited significant differences
in abundance between the cultivation layer and the subsurface layer, regardless of the
location on the eroded slope. This aligns with the scientific consensus, indicating that
individual horizons should be treated as distinct ecological habitats [43]. The decrease
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in the abundance of microorganisms along the depth gradient is influenced by several
factors. Among the main factors is the increase in bulk density, which reduces the oxygen
level, thereby limiting the developmental conditions for aerobic microorganisms [44].
Additionally, it is noteworthy that the arable layer contains more labile organic compounds,
thereby promoting the development of heterotrophic microbiota. Another factor directly
shaping the levels of microbial abundance is the impact of rainfall on the arable layer.
Intense precipitation leads to soil moisture and the release of carbon from aggregates,
contributing to increased availability of energy substrates [38,39].

The conducted research revealed variations in the microbial abundance in soil sam-
pled from the summit compared to that at the foot of eroded slopes. While a significant
increase in the overall bacterial count was observed in field T (LSD = 10.868), with a rise in
count between the foot and summit in the plow layer by 666.77%, correlating with other
reports [45–47], a similar phenomenon was not observed for oligotrophs and cellulolytic
microorganisms. The higher level of oligotrophic abundance in the plow layer at the sum-
mit of the slope can be justified by lower carbon availability, creating an ecological niche
for organisms with lower environmental requirements and enhancing the competitive
advantage of this trophic group [48]. Although all soil samples were taken from post-wheat
harvest sites, and changes in physicochemical parameters favored locations at the slope’s
base, cellulolytic microorganisms predominated at the summit. As highlighted by Huang
et al. [49], sunlight intensity on the slope significantly influences microbial abundance,
pointing to a relatively higher count of Gram-negative bacteria and aerobic microorganisms
in shaded positions. The results obtained also revealed the prevalence of actinomycetes
over the fungal population. This trend aligns with the evolutionary strategy of actino-
mycetes, as their capacity to metabolize a broad spectrum of hydrolytic enzymes and
bioactive compounds enables them to exert fungistatic effects [50]. Furthermore, it has been
demonstrated that the abundance of fungi in the soil is dependent on the use of organic
fertilizers, which promote the proliferation of mycorrhizal fungi [51]. The soil pH is also of
significance, indicating better environmental adaptation of fungi to lower pH levels [52]. In
the case of our own research on two cultivation fields, the pH value at the hill’s summit
was alkaline and decreased to neutral with the depth of the soil samples. This trend may
also indicate less favorable conditions for the development of fungi, as the optimal pH for
their environment is slightly acidic.

All tested sites exhibited statistically significant differences in pH values, which
increased with a decrease in elevation, confirming findings from previous studies [53].
The higher pH values, persisting at the summit on two sites, result from the presence of
CaCO3, indicating a shallowing of the soil profile and mixing with calcium carbonate-rich
bedrock [54]. Changes in organic carbon content are also a crucial indicator of advancing
soil degradation, contributing to a reduction in soil productivity. The decrease in TOC
content in the upper part of the hill aligns with the trend associated with the displacement
of substrates along the elevation gradient. Moreover, as noted by Jia et al., the slope gradient
plays a significant role in influencing changes in soil organic carbon content, particularly
concerning water erosion [55]. The phenomenon of TOC transport, as a result of tillage
erosion, leads to increased concentration at the deposition site at the foot of the hill, thereby
hindering its decomposition and reducing bioavailability [56]. Observations regarding the
dynamics of TN content levels on the slope are similar to the changes occurring in TOC.
The connection between the redistribution of these two important elements has already
been noted in previous studies [57,58]. Following a meta-analysis of 204 studies, Li et al.
highlighted that the conversion of severely degraded fields into grassland contributes to
enhancing the overall soil TOC and TN content, aligning with the principles of sustainable
agricultural management [59].

It is worth noting that this trend also applies to the concentrations of assimilable forms
of phosphorus and potassium. The presence of these elements is controlled by the amount
of organic matter in the soil, which, due to precipitation and cultivation practices, moves
along the slope gradient and accumulates at the foot. Subsequently, as a result of the
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degradation of organic components by microorganisms, there is a release of elements and
their reintegration into the nutrient cycle [53]. In the case of plant-available magnesium, no
statistically significant changes were found in the levels of the altitude gradient, but it is
noticeable that two fields showed higher levels of this element at the summit of the slope,
which was also noted by other authors [60]. There is a possibility that, similar to the higher
pH level at the summit of the hill, the element is released by the bedrock due to soil erosion.

Nutrients removed from cultivated fields along with plant yields must be adequately
balanced by applied fertilizers. This is particularly important in precision agriculture,
which focuses on improving the efficiency of agricultural production. Precision agriculture
technologies allow for optimizing fertilization, the use of plant protection products, and
the amount of fuel needed for cultivation operations [61,62]. This enables better utilization
of agroecosystem capabilities, especially concerning non-renewable soil cover exposed to
anthropogenic denudation.

5. Conclusions

In moraine areas subjected to intense agricultural anthropopression, the slope effect
plays a significant role in shaping soil microbiota and changes in chemical parameters.
The conducted research indicates a clear tendency to accumulate higher levels of organic
carbon, total nitrogen, and plant-available forms of P and K at the foot of the slope, likely
resulting from the transfer of soil material due to tillage and water erosion. Also, for
most of the studied microbial groups, more stimulating conditions for their development
were observed at the foot than at the summit, associated with the accumulation of larger
quantities and easier access to nutritional substrates in these areas.

Microbial analysis indicates significant differences in microecosystems, depending on
soil conditions and location. Variances in microbial composition between surface and depth,
as well as among different locations, suggest the presence of specific microenvironments
in the study area. These environments are strongly linked to the supply of nutrients and
chemical elements, which are directly shaped by erosion processes. Recognizing the role
of microorganisms could be a crucial aspect in better understanding, monitoring, and
safeguarding biodiversity and the sustainable functioning of ecosystems. Monitoring
microbiological and chemical changes in soil quality can be utilized as a prognostic tool to
assess further erosive changes. Determining the impact of tillage erosion on the content of
organic carbon and nitrogen, as well as shaping pH values and nutrient content in the soil
is essential for targeted protection of agrocenosis.

The study found that over-intensification of agriculture negatively affects soil in
moraine areas, leading to erosion. Cultivation operations move soil components from the
tops of hills to the foothills. The findings underscore the need to adapt agricultural practices
to the terrain, especially in hilly areas, and to use sustainable agriculture for long-term soil
and environmental protection.

Managing the cultivation system and counteracting the effect of anthropogenic de-
nudation is crucial both from an agricultural and environmental protection standpoint. By
better understanding these processes and their consequences, one can contribute to the
sustainable use of soil resources and the protection of agrocenosis.
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21. Radziuk, H.; Świtoniak, M. The Effect of Erosional Transformation of Soil Cover on the Stability of Soil Aggregates within Young
Hummocky Moraine Landscapes in Northern Poland. Agronomy 2022, 12, 2595. [CrossRef]

22. Kobierski, M. Morphology, Properties and Mineralogical Composition of Eroded Luvisols in Selected Morainic Areas of the
Kujavian and Pomeranian Province. Univ. Technol. Life Sci. Bydg. 2013, Monograph No. 166, 1–121.

23. Świtoniak, M. Use of Soil Profile Truncation to Estimate Influence of Accelerated Erosion on Soil Cover Transformation in Young
Morainic Landscapes, North-Eastern Poland. Catena 2014, 116, 173–184. [CrossRef]
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Polski; Bogucki Wydawnictwo Naukowe: Kraków, Poland, 2021; pp. 483–571. ISBN 978-83-7986-382-2.

28. IUSS Working Group WRB. World Reference Base for Soil Resources. International Soil Classification System for Naming Soils and
Creating Legends for Soil Maps, 4th ed.; International Union of Soil Sciences (IUSS): Vienna, Austria, 2022.

29. Crawford, D.L.; Lynch, J.M.; Whipps, J.M.; Ousley, M.A. Isolation and Characterization of Actinomycetes Antagonists of a Fungal
Root Pathogen. Appl. Environ. Microbiol. 1996, 59, 3899–3905. [CrossRef]

30. Atlas, R.M. Handbook of Microbiological Media; CRC Press: Boca Raton, FL, USA, 2010; ISBN 978-0-429-13049-6.
31. Gupta, V.; Gulati, P.; Bhagat, N.; Dhar, M.S.; Virdi, J. Detection of Yersinia Enterocolitica in Food: An Overview. European. J. Clin.

Microbiol. Infect. Dis. 2015, 34, 641–650. [CrossRef]
32. Hattori, R.; Hattori, T. Sensitivity to Salts and Organic Coumpounds of Soil Bacteria Isolated on Diluted Media. J. Gen. Appied

Microbiol. 1980, 26, 1–14. [CrossRef]
33. ISO 10390:2005; Soil, Treated Biowaste and Sludge—Determination of PH. Polish Committee for Standardizations: Warsaw,

Poland, 2013.
34. PN-R-04020; Agricultural Analysis. Determination of the Content Available Magnesium. Polish Standards Committee: Warszawa,

Poland, 1994.
35. PN-R-04023; Agricultural Analysis—Determination of the Content of Available Phosphorus in Mineral Soils. Polish Standards

Committee: Warszawa, Poland, 1996.
36. PN-R-04022; Agricultural Analysis—Determination of the Content Available Potassium in Mineral Soils. Polish Standards

Committee: Warszawa, Poland, 1996.
37. Ward, J.H. Hierarchical Grouping to Optimize an Objective Function. J. Am. Stat. Assoc. 1963, 58, 236–244. [CrossRef]
38. Statistica. Data Analysis Software System, Version 12; TIBCO Software Inc.: Palo Alto, CA, USA, 2019. Available online: https:

//www.Tibco.Com/Products/Data-Science(accessed on 15 October 2023).
39. Cendrero, A.; Remondo, J.; Beylich, A.A.; Cienciala, P.; Forte, L.M.; Golosov, V.N.; Gusarov, A.V.; Kijowska-Strugała, M.; Laute, K.;

Li, D.; et al. Denudation and Geomorphic Change in the Anthropocene; a Global Overview. Earth Sci. Rev. 2022, 233, 104186.
[CrossRef]

40. Zalasiewicz, J.; Waters, C.N.; Williams, M.; Barnosky, A.D.; Cearreta, A.; Crutzen, P.; Ellis, E.; Ellis, M.A.; Fairchild, I.J.; Grinevald,
J.; et al. When Did the Anthropocene Begin? A Mid-Twentieth Century Boundary Level Is Stratigraphically Optimal. Quat. Int.
2015, 383, 196–203. [CrossRef]

41. Mabuhay, J.A.; Nakagoshi, N.; Isagi, Y. Influence of Erosion on Soil Microbial Biomass, Abundance and Community Diversity.
Land Degrad. Dev. 2004, 15, 183–195. [CrossRef]

42. Gapeshin, D.I.; Ivanova, A.E.; Gracheva, T.A.; Pozdnyakov, L.A.; Demidov, V.V. Microbiological Indicators of Erosion Processes in
Arable Alluvial Soils. Mosc. Univ. Soil Sci. Bull. 2022, 77, 374–383. [CrossRef]

43. Michel, H.M.; Williams, M.A. Soil Habitat and Horizon Properties Impact Bacterial Diversity and Composition. Soil Sci. Soc. Am.
J. 2011, 75, 1440–1448. [CrossRef]

44. Alaoui, A.; Diserens, E. Mapping Soil Compaction—A Review. Curr. Opin. Environ. Sci. Health 2018, 5, 60–66. [CrossRef]
45. Sul, W.J.; Asuming-Brempong, S.; Wang, Q.; Tourlousse, D.M.; Penton, C.R.; Deng, Y.; Rodrigues, J.L.M.; Adiku, S.G.K.; Jones,

J.W.; Zhou, J.; et al. Tropical Agricultural Land Management Influences on Soil Microbial Communities through Its Effect on Soil
Organic Carbon. Soil Biol. Biochem. 2013, 65, 33–38. [CrossRef]

46. Denef, K.; Six, J.; Paustian, K.; Merckx, R. Importance of Macroaggregate Dynamics in Controlling Soil Carbon Stabilization:
Short-Term Effects of Physical Disturbance Induced by Dry–Wet Cycles. Soil Biol. Biochem. 2001, 33, 2145–2153. [CrossRef]

47. Jamshidi, A.H.; Sun, L.; Niu, Y.; Liu, X.; Fan, Z.; Yi, W.; Zhang, S. Slope Gradient Altered Microbial Community Composition in
the Sloping Cropland in Black Soil. Catena 2023, 232, 107416. [CrossRef]

48. Naylor, D.; McClure, R.; Jansson, J. Trends in Microbial Community Composition and Function by Soil Depth. Microorganisms
2022, 10, 540. [CrossRef]

49. Huang, Y.-M.; Liu, D.; An, S.-S. Effects of Slope Aspect on Soil Nitrogen and Microbial Properties in the Chinese Loess Region.
Catena 2015, 125, 135–145. [CrossRef]

50. Selim, M.S.M.; Abdelhamid, S.A.; Mohamed, S.S. Secondary Metabolites and Biodiversity of Actinomycetes. J. Genet. Eng.
Biotechnol. 2021, 19, 72. [CrossRef] [PubMed]

51. Xiang, X.; Liu, J.; Zhang, J.; Li, D.; Xu, C.; Kuzyakov, Y. Divergence in Fungal Abundance and Community Structure between
Soils under Long-Term Mineral and Organic Fertilization. Soil Tillage Res. 2020, 196, 104491. [CrossRef]

52. Rousk, J.; Bååth, E.; Brookes, P.C.; Lauber, C.L.; Lozupone, C.; Caporaso, J.G.; Knight, R.; Fierer, N. Soil Bacterial and Fungal
Communities across a PH Gradient in an Arable Soil. ISME J. 2010, 4, 1340–1351. [CrossRef] [PubMed]

53. Khan, F.; Hayat, Z.; Ramzan, M.; Shah, Z.; Hanif, M. Effect of Slope Position on Physico-Chemical Properties of Eroded Soil. Soil
Environ. 2013, 31, 22–28.
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Abstract: There were some ecological and environmental problems in limestone soil in the karst
peak-cluster depression in Pingguo City of Guangxi, such as the destruction of soil structure, soil
acidification and soil fertility decline, and these problems were closely related to soil organic matter.
The soil in this site was classified as Cambisols. Therefore, this project took soil under five major land
uses (grassland, afforestation, sugarcane field, corn field and pitaya field) in the karst area of Guangxi
as the research object. The contents and molecular structure properties of humic acids, fulvic acids
and humins in soils were studied by solid-state 13C nuclear magnetic resonance spectroscopy and
elemental composition. From the perspective of the chemical structure of humic substances, the differ-
ences in the quantity and structural characteristics of humic acids, fulvic acids and humins in different
land uses were revealed. The results showed that the organic carbon content of both afforestation
(34.83 g kg−1) and natural restored grassland (31.67 g kg−1) were significantly higher than that of
sugarcane field (17.60 g kg−1), corn field (16.35 g kg−1) and pitaya field (14.31 g kg−1) (p < 0.05). The
contents of three humic fractions in grassland were relatively high, and the contents of three humic
fractions in sugarcane field were relatively low (p < 0.05). The structural characteristics of humic
substances showed that the protein components of the three humic fractions in the afforestation were
high, indicating that the humic substances in the afforestation contained more unstable components.
The Alkyl C/O-alkyl C and Hydrophobic C/hydrophilic C ratios of the three humic fractions of corn
field were high, indicating high stability and maturity in humic substances in corn field.

Keywords: karst; different land uses; humic fractions; 13C NMR; elemental compositions

1. Introduction

Soil organic matter (SOM) is essential for agricultural production systems because
it regulates the chemical, biological and physical properties of soils and therefore plays
an important role in nutrient cycling [1]. Soil organic carbon (SOC) is related to soil
function and the sustainability of agroecosystems, and measuring the amount and structural
characteristics of SOC is crucial for evaluating soil function and understanding soil carbon
sequestration processes [2]. However, most SOC is present in the form of humic substances
that are difficult to decompose, namely humic acid (HA), fulvic acid (FA) and humin (Hu),
which accounts for about 60–80% of total SOM [3]. And humic substances are still the object
of intense discussion and research, even contention about their formation, composition
and structure [4,5]. The high molecular weight and complex chemical structure of humic
substances indicate that light depletion can produce higher carbon emissions [6].

Agriculture 2023, 13, 2246. https://doi.org/10.3390/agriculture13122246 https://www.mdpi.com/journal/agriculture125



Agriculture 2023, 13, 2246

The 540,000 km2 karst area in southwest China, including the three provinces of
Yunnan, Guizhou and Guangxi, is the core of karst areas in East Asia and one of the
three major karst areas in the world [7]. The southwest karst region is also one of the
regions of the largest continuously exposed carbonate rocks in China, which is very fragile
and sensitive to agricultural activities [8]. Carbonate rocks are highly soluble and cannot
produce a large amount of soil, especially on slopes, where the amount of soil is less and
the soil layer is shallow, generally less than 30 cm [9]. Therefore, soil resources in karst
areas are very valuable. Before the last century, grasslands and forests in many places were
degraded into arable land due to the overexploitation of land resources [10]. In most of
the world’s most fertile soils under long-term cultivation, SOM has been reported to be
depleted in large quantities, leading to soil degradation and decreased fertility [11]. Since
around 2000, most of the degraded farmland in this region have been restored through
natural regeneration and afforestation under the implementation of ecological projects
such as returning farmland to forest and closing mountains [12]. How the complexity of
humic substances in organic matter in the region changes as vegetation recovers remains
not understood. Therefore, it is very important and meaningful to study the influence
mechanism of karst vegetation restoration on the decomposition and sequestration of
soil humic substances. Studies have shown that land uses play a key role in soil carbon
sequestration [13]. Organic carbon accumulation and carbon stock vary with land uses due
to changes in the quality (such as species of litter) and quantity (such as the amount of litter
and litter C input) of source substances, soil physicochemical properties and biological
activity, which in turn change the degree of decomposition of organic matter [14]. Land
uses also have a strong influence on the quantity and quality of SOM, for example, the
accumulation of soil organic carbon after afforestation in grassland and farmland is a
slow and continuous process, and about 30% of the accumulated carbon was stored in an
unstable form on the forest surface after afforestation [15]. In addition to the quantity of
organic matter input, land uses also affect the quality of organic matter input, which in
turn affect the mineralization rate of soil carbon [16]. Therefore, land-use changes have
a large impact on global CO2 emissions by affecting soil carbon storage [17]. Due to the
irrational development and utilization of land resources, the change in the molecular
structure of soil humic substances leads to an increase in its hydrophilicity, which leads
to a decrease in the hydrophobicity capacity of the surface of clay particles of humic
substances and a weakening of the structural stability of soil aggregates [18]. But in
organic soils, because of mineralization caused by cultivation, the hydrophobicity increases
relative to the hydrophilicity, probably due to hydrophilic carbon mineralization and
excitation effect are faster than hydrophobic carbon under the action of microorganisms [19].
Certain components of humic substances should be relatively unstable, their quantities and
chemistry more sensitive to land uses than the corresponding properties of total SOM. In
the southwest China Karst area, high calcium contents in limestone soils may play a key
role in SOM protection by forming complexes with HA or surrounding SOM with CaCO3
precipitation [20].

In order to control the rocky desertification of land, close hillsides to facilitate af-
forestation have been carried out since the 1990s. The phenomenon of reversal of rocky
desertification was shown in local areas. Although there are many studies on the effects of
different land uses on soil organic carbon, humic substances account for most of the organic
matter. Therefore, in this study, soil samples of a 0–10 cm soil layer are collected in five dif-
ferent land uses in the karst peak-cluster depression. Quantitative and qualitative analysis
of different humic fractions are carried out. The objectives of this study are: (1) differences
in content of humic fractions between different land uses are analyzed; (2) evaluate the
molecular composition of humic fractions extracted from subtropical limestone soils under
different land uses. Therefore, we hypothesized that vegetation restoration in karst areas
leads to improved humic substances within these agro-ecosystems.
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2. Materials and Methods

2.1. Site Description and Soil Collection

The study area was located in Pingguo National Field Observation and Research Sta-
tion of Karst Ecosystem, Guangxi (Figure 1). The landform of this area was a typical karst
peak-cluster depression. The climatic conditions were South Asian tropical monsoon cli-
mate, rich in heat and abundant rainfall. The average annual temperature was 20.2~22.6 ◦C,
the average annual rainfall was 1322.3 mm and the daily humidity was 72.06%. The rocks
were mainly pure limestone and siliceous limestone. The soil in this site was classified as
Cambisols (FAO Soil Taxonomy).

 
Figure 1. The map of the location of the Pingguo National Field Observation and Research Station of
Karst Ecosystem, Guangxi.

Five dominant land uses including grassland (GL), afforestation (AF), sugarcane field
(SF), corn field (CF) and pitaya field (PF) were identified and sampled in 2021. Grassland
(23◦25′57′′ N, 107◦23′26′′ E, altitude of 203 m) soil samples were collected from plots that
had been returned to grassland for more than 10 years, and the vegetation of grassland
was mainly Miscanthus, Nephrolepis cordifolia (L.) C. Presl, Vitex negundo, etc. The grass
was neither cultivated nor fertilized. Forest soil samples were collected from the plots
(23◦23′37′′ N, 107◦23′23′′ E, altitude of 279 m) of artificially converted farmland to forest,
and the dominant species was Delavaya toxocarpa Franch., which was planted in 2006. There
was no tillage in afforestation and there was a litter layer on the surface. After the sugarcane
seed strips were planted once in the sugarcane plot (23◦24′31′′ N, 107◦24′35′′ E, altitude
of 136 m), it could be harvested continuously three times and once a year. The sugarcane
fields were ploughed once every 2–3 years. The management of sugarcane fields was to
spread mineral fertilizer. When the sugarcanes were ripe, the leaves were returned to the
field. Corn plots (23◦19′55′′ N, 107◦23′28′′ E, altitude of 346 m) were planted with corn
for two seasons per year and sown by tilling. The corn field was ploughed twice a year.
Corn fields should also be fertilized with mineral fertilizers. Pitaya (Hylocereus undatus
‘Foo-Lon’) was planted in the plot (23◦23′11′′ N, 107◦23′18′′ E, altitude of 347 m) for about
10 years. After planting, the land was no longer ploughed and pitaya was harvested four
times a year. In addition to the application of mineral fertilizer, the leaf litter was fertilized
on the ground around the roots of pitaya.
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Soil samples were collected in March 2021. Soil samples were collected randomly from
several points at each of the target plot and combined to make a composite sample. There
were three replicates per plot. The samples were air dried, ground and passed through a
2 mm sieve for HS extraction and passed through 0.25 mm sieve for determination of the
carbon contents.

2.2. Quantitative Analysis and Extraction of Humic Substances

Humic substances were analyzed according to the method described by Dou [21].
Briefly, the soil was extracted with a mixed alkali solution and then centrifuged. The
supernatant contained humic acid (HA) and fulvic acid (FA), and the insoluble residue
was humin (Hu). After acidifying the supernatant to pH 1, the precipitate was HA and
the supernatant fraction was FA. The HA was filtered out and dissolved in 0.05 mol L−1

NaOH. All fractions were used for concentration analysis. Soil organic carbon (SOC)
and the content of humic substances were determined using a K2Cr2O7 external heating
method [22]. The isolation and purification of FA, HA and Hu were processed using the
procedure described by International Humic Substances Society [23]. The three fractions
were separated through the classic acid base fractionation. The received HA, FA and Hu
residues were required to remove ash. Then three residues were dialyzed to eliminate
excess salts. The three fractions were freeze-dried afterwards.

2.3. Elemental Compositions

The C, H and N content of all humic fractions were determined by an elemental
analyzer (Elementar Vario EL cube, Langenselbold, Germany). The ash content was
measured in a muffle furnace by heating the humic substance (HS) at 750 ◦C for 4 h.
The O content was calculated by gravimetric difference and as follows: O% = 100 − C% −
H% − N% − ash%. After that C, H, N and O contents were recalculated on an ash-free basis.
The H/C, O/C and C/N atomic ratios were determined from elemental analysis [24,25].

2.4. The Solid State 13C NMR Analysis

In order to determine the detailed composition of carbon functional groups in the
humus component sample, the samples were analyzed using 13C cross polarization/total
side-band suppression (CP/TOSS) NMR (Bruker Avance III 400, Billerica, MA, USA) at
a 13C frequency of 100.6 MHz. The samples were kept in closed 4 mm NMR MAS rotors.
Each spectrum obtained was divided into seven chemical shift regions: 0–45 ppm, alkyl C;
45–60 ppm, OCH3/NCH; 60–90 ppm, O-alkyl C; 90–110 ppm, Di-O-alkyl C; 110–145 ppm,
aromatic C; 145–160 ppm, aromatic C-O; 160–190 ppm, COO/NC=O [26]. The MestReNova
software v12.0.1 (Mestrelab Research, A Coruña, Spain) was used to collect and evaluate the
spectra. The relative distribution of each signal area was calculated as a percentage of the total
spectral range (ppm). Three ratios were used to calculate the structural properties of organic
carbon [26,27]. Alkyl C/O-alkyl C (A/O-A): (0–45)/(45–110); aliphatic C/aromatic C: [(0–45)
+ (45–60) + (60–90) + (90–110)]/[(110–145) + (145–160)]; hydrophobic C/hydrophilic C: [(0–45)
+ (110–145) + (145–160)]/[(45–60) + (60–90) + (90–110) + (160–190)].

2.5. Statistical Analysis

General calculations and data handling were performed with Excel for Mac (Microsoft
Corporation, Redmond, WA, USA) and ORIGIN 2021 (OriginLab Corporation, Northamp-
ton, MA, USA). All statistical analyses were performed using SPSS 19.0 (IBM Corporation,
Armonk, NY, USA). One-way Analysis of Variance (ANOVA) followed by the Least Sig-
nificant Difference test (p < 0.05) was used to assess the significance of differences in soil
properties among different land-use types. To further evaluate the chemical structural (rela-
tive contribution of different functional groups and indices) differences among the humic
fractions and among land use and to identify the key factors of the identified differences,
principal component analysis (PCA) was carried out. This analysis was conducted using
Canoco for version 5 (Microcomputer Power, Ithaca, NY, USA).
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3. Results and Discussion

3.1. Effects of Different Land Uses on Soil Organic Carbon

Data on the contents of soil organic carbon under different land use types are presented
in Figure 2. The soil organic carbon contents of forest soil and grassland were 34.83 g kg−1

and 31.67 g kg−1, respectively, while the soil organic carbon content of sugarcane, maize
and pitaya was 17.60 g kg−1, 16.35 g kg−1 and 14.31 g kg−1. It could be seen that the
soil organic carbon contents of both AF and GL were significantly higher than that of
cultivated agricultural soil (SF, CF and PF). This result indicated that long-term agricultural
cultivation resulted in a relatively low level of soil organic carbon content. Forests had
greater canopy cover and tree density, so it could help to accumulate more carbon in both
aboveground and underground biomass [28]. Higher aboveground and underground
biomass could input a large amount of carbon into the soil, thus increasing the content of
soil organic carbon [29]. During the natural restoration of grassland, a large root system
was formed underground. Grassland underground biomass carbon was the main source
of soil organic carbon [30,31]. Therefore, grassland had a greater potential for soil carbon
sequestration than farmland [32]. And most of the aboveground litter and underground
biomass were removed from farmland, which limited the supply of fresh organic matter
and, thus, reduced soil organic carbon content [28]. The soil was disturbed during the
planting process [33,34], which also accelerated the decomposition of soil organic carbon.
For soil in sugarcane and corn fields, agricultural measures such as tilling could increase
the frequency of soil disturbance, accelerate the mineralization and decomposition rate
of soil stable organic carbon and lead to the decline of soil organic carbon. Studies have
shown that in degraded sub-humid pastures with a low SOM content, it was possible to
reduce greenhouse gas emissions by abandoning tillage and ecological restoration [35]. But
corn, sugarcane and pitaya were the main sources of income for local farmers, so low or
loss of soil organic carbon was inevitable in the region.

Figure 2. Soil organic carbon content in five different land uses. Error bars represent the standard
deviations of the mean (n = 3). Different lowercase letters indicate significant differences among
different land uses (p < 0.05). AF: afforestation, GL: grassland, SF: sugarcane field, CF: corn field,
PF: pitaya field.

3.2. Effects of Different Land Uses on Humic Fractions

Figure 3 shows the content of humic fractions and the proportion of these fractions in
soil organic carbon. Among all land uses, the content of Hu (11.43–28.97 g kg−1) was higher
than that of HA (1.51–3.49 g kg−1) and FA (1.28–2.40 g kg−1). This was consistent with the
results of Guimarães et al. [36]. Hayes and Swift had considered that 30–50% might be a
more realistic estimate of the abundance of Hu in SOM [11].
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Figure 3. Contents of humic fractions under different land uses. Error bars represent the standard
deviations of the mean (n = 3). Different lowercase letters indicate significant differences among
different land uses (p < 0.05). AF: afforestation, GL: grassland, SF: sugarcane field, CF: corn field,
PF: pitaya field.

The FA content in SF and PF was significantly lower than that in AF, GL and CF. It
may be because FA in SF and dragon PF is more easily lost. This also indicated that long-
term cultivation reduced the FA content in soil [37,38]. The occurrence of more intensive
decomposition processes in cultivated soils negatively affected not only the total SOM,
but also humic substances [38,39]. Conversely, grassland restoration could promote soil C
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sequestration by increasing the FA fraction, which was driven by root cellulose [30]. The
HA content in SF, CF and PF was significantly lower than in GL. The Hu content in AF
and GL was significantly higher than that in SF, CF and PF. These results indicated that
different land uses have a certain influence on the amount of humic fraction in the same
area. Hu was the most stable and decomposed fractions of organic matter, but it was also
affected by tillage. Caravaca et al. had found that the concentration of Hu in cultivated soil
was lower than in uncultivated soil [40].

Figure 3 also showed that the percentage of Hu (70.41–83.10%) was higher than FA
(6.96–14.64%) and HA (8.86–13.99%). The high contribution of insoluble Hu components
to SOC indicated the formation of a broad and strong organic–mineral complex under
neutral to alkaline conditions [41]. It can also be seen from Figure 3 that, except for CF, the
contribution percentages of FA, HA and Hu to the SOC of the other four land uses were not
significantly different. It may be due to the fact that in these five land uses, regular tillage
and fertilization practices in corn planting fields affected the contribution of percentage of
humus components.

The ratios of HA/FA and HA/(HA + FA) were the most widely used indicators of
soil humus quality and the degree of humification, which also reflected the degree of
polymerization [42]. As can be seen from Figure 4, the comparison rules of the two ratios
were consistent. The two ratios in GL were significantly higher than that in SF, but not
significantly difference from other land uses. The results showed that the humic substances
extracted from alkali in GL had high degree of polymerization and humification. Some
studies have shown that the ratio of HA/FA decreases with grassland restoration [30,42].
However, Loke et al. reported that in one of three semi-arid sites in the grasslands of
South Africa, the ratio of HA/FA declined as the primary grassland was converted to
farmland and then increased with grassland restoration [38]. Both HA and FA were the
fractions of HS in soil, however, HA had a more complex structure and higher degree of
polymerization than FA [43,44]. Therefore, the higher the HA/FA ratio, the higher the
degree of polymerization and the better the stability of the soil humic substance. Therefore,
it could be seen from the figure that the average ratio of HA/FA in GL was higher than in
SF, which indicated that the HS formed in GL had stronger aromaticity and condensation,
so it had better stability. Except for SF, the ratios of HA/FA were greater than 1, which
indicated that HA played a dominant role in the long-term evolution of the other four types
of land use [30,45].

Figure 4. Humus quality under different land uses. Error bars represent the standard deviations of
the mean (n = 3). Different lowercase letters indicate significant differences among different land uses
(p < 0.05). AF: afforestation, GL: grassland, SF: sugarcane field, CF: corn field, PF: pitaya field.
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3.3. Effects of Different Land Uses on Elemental Compositions of Humic Fractions

The elemental compositions of all the humic substances isolated from different land
uses is shown in Table 1. Different chemical compositions might represent evolution-
ary state or degrees of humification. In general, the contents of C (35.72–56.24%) and
O (37.1–57.8%) were relatively high in all humic substances, while the contents of H
(3.32–6.58%) and N (1.32–4.67%) were relatively low. The results showed that the element
compositions of FA, HA and Hu in the study area were mainly C and O, which was consis-
tent with previous studies [46]. It had been suggested that the atomic ratio of C/N of SOM
reflected the degree of microbial decomposition of plant-derived organic matter [41]. The
H/C ratio was an important indicator of the carbon degree enrichment with hydrogen and
indicated the type of structure of hydrogen [47]. The O/C ratio represented the degree of
oxidation [48]. The C content of FA in SF and CF was higher than that in GL and AF. But SF
and CF had a lower SOC content than GL and AF. It might be that fertilization affects the
distribution of the C content in FA. Other studies have reported that organic amendments
increased the C contents of FA in a Calcic Kastanozem with a low SOC content [49]. The
results of this study also showed that the H/C ratio of HA in the five land uses was similar.
Previous studies reported that narrower H/C ratios are associated with a greater degree of
humification [50]. Therefore, the degrees of humification of HA for the five land uses in
this paper were high. And this was consistent with the results of their aromaticity (Table 2).
Among them, the H/C ratio of HA in PF was the lowest, and its H content was also the
lowest. It indicated that the HA condensation degree of PF was the highest. This might be
caused by the deep oxidation of SOM, directly acting on the increase in humification [51].
The C/N ratio of HA in AF was the lowest, indicating that the nitrogen groups in AF
were the most, while the C/N ratio of HA in CF was the highest, indicating that HA in CF
contained fewer nitrogen groups [52,53].

Table 1. Elemental analyses of humic fractions under different land uses. AF: afforestation, GL: grass-
land, SF: sugarcane field, CF: corn field, PF: pitaya field, FA: fulvic acid, HA: humic acid, Hu: humin.

C (%) H (%) N (%) O (%) C/N H/C O/C

GL-Hu 56.24 5.25 4.01 34.5 16.37 1.12 0.46
AF-Hu 55.27 5.49 3.54 35.7 18.24 1.19 0.48
SF-Hu 45.19 6.58 2.04 46.2 25.85 1.75 0.77
CF-Hu 41.51 6.33 2.34 49.8 20.70 1.83 0.90
PF-Hu 36.99 3.32 1.90 57.8 22.74 1.08 1.17

GL-HA 53.73 4.71 4.42 37.1 14.18 1.05 0.52
AF-HA 52.82 4.83 4.67 37.7 13.18 1.10 0.54
SF-HA 51.80 4.62 4.07 39.5 14.86 1.07 0.57
CF-HA 52.56 4.59 3.99 38.9 15.36 1.05 0.55
PF-HA 53.27 4.57 4.03 38.1 15.41 1.03 0.54

GL-FA 37.78 5.51 2.18 54.5 20.26 1.75 1.08
AF-FA 35.72 5.16 1.32 57.8 31.50 1.73 1.21
SF-FA 54.35 6.28 2.21 37.2 28.65 1.39 0.51
CF-FA 47.38 5.32 2.50 44.8 22.11 1.35 0.71
PF-FA 36.57 5.02 1.97 56.4 21.71 1.65 1.16

Higher C/N ratios with HA in SF and Hu in PF indicated that these humic fractions
contained fewer nitrogen groups, and the degree of humification was relatively low [54].
Compared with other four land uses, the O/C ratio of HA was the lowest in GL, which
might indicate that HA in GL contained more newly formed organic matter [55]. As may
be noted from the table, the O/C ratio of Hu in GL was the lowest. The lower oxidation
degree corresponds to the lower proportion of O−alkyl C (Table 2), which means that Hu
in GL contained few carbohydrates.
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Table 2. Chemical composition of organic matter (% organic carbon functional groups) in humic
substances extracted from five land uses’ soil. AF: afforestation, GL: grassland, SF: sugarcane field,
CF: corn field, PF: pitaya field.

Alkyl C
OCH3/
NCH

O-Alkyl
C

Di-O-
Alkyl

C

Aromatic
C

Aromatic
C-O

COO/N-
C=O

Alkyl
C/O-Alkyl

C

Aliphatic C/
Aromatic C

Hydrophobic
C/Hydrophilic

C

Aromaticity

0–45 45–60 60–90 90–110 110–145 145–160 160–190

Fulvic acid
CD 13.57 8.20 30.29 10.10 15.93 3.79 19.25 0.28 3.15 0.49 4.21
LD 12.34 8.27 31.60 8.49 15.40 3.74 20.16 0.26 3.17 0.46 4.12
GZ 14.55 8.12 27.58 9.81 17.60 4.57 17.77 0.32 2.71 0.58 3.85
HL 11.76 7.81 33.46 10.22 14.75 3.66 18.32 0.23 3.43 0.43 4.03
YM 13.29 8.19 26.04 8.59 19.19 5.10 19.60 0.31 2.31 0.60 3.76

Humic acid
CD 20.56 6.39 9.78 5.39 33.73 7.78 16.37 0.95 1.01 1.64 4.33
LD 19.83 8.17 11.48 5.91 30.09 7.83 16.52 0.78 1.20 1.37 3.84
GZ 17.48 7.39 11.93 5.55 32.77 8.24 16.64 0.70 1.03 1.41 3.98
HL 18.12 6.34 10.51 5.80 34.96 7.79 16.67 0.80 0.95 1.55 4.49
YM 16.02 6.58 9.27 5.23 39.12 7.93 15.68 0.76 0.79 1.72 4.94

Humin
CD 26.25 7.09 11.02 4.99 29.40 7.87 13.65 1.14 1.32 1.73 3.73
LD 25.00 7.73 15.21 7.47 25.52 7.47 11.60 0.82 1.68 1.38 3.41
GZ 31.66 4.70 15.05 6.27 26.96 5.64 9.72 1.22 1.77 1.80 4.78
HL 20.21 4.79 10.21 5.00 39.58 7.71 12.29 1.01 0.85 2.09 5.14
YM 46.45 3.32 18.01 0.47 26.54 1.42 3.79 2.13 2.44 2.91 18.67

3.4. Structural Diversity Analysis of Humic Substances Observed by 13C NMR

The 13C NMR spectrum of all humic substances are shown in Figure 5. The relative
distribution of each signal area of soil humic acids, fulvic acids and humins are listed
in Table 2. It can be seen that the 13C NMR spectra of all FA were as follows: the con-
tribution proportion of OCH3/NCH, O-alkyl C, Di-O-alkyl C and COO/N-C=O to FA
was higher than that of HA and Hu. The O-alkyl C signal was a methoxy-carbon signal
in lignin, an oxygen-containing carbon signal in carbohydrates [56]. The COO/N-C=O
group corresponded to the carboxyl group or polypeptide and was characterized by acid-
ity [50]. The carboxyl group was also related to the humification degree of HS [45]. The
13C NMR spectrum of alkyl C and aromatic C for all land uses generally had considerable
resonance compared with FA. The 13C NMR is unable to distinguish between polyaromatic
carbons and isolated rings due to the three-carbon maximum distance at which nuclear
relaxation affects the nucleus in study [57]. There are some differences in the aromatic
region, where the two classical well-differentiated regions can be recognized: (110–160 ppm
= aromatic/unsaturated (110–145 = unsubstituted, 145–160 = heterosubstituted, vanillyl
+ syringil lignin units). The predominance of the first type of aromatic carbons is usually
attributed to greater maturity, and the second type would indicate a greater amount of
lignin, which would indicate less transformation or maturity of the organic matter [27].

 

Figure 5. 13C cross polarization/total side-band suppression (CP/TOSS) NMR spectra acquired from
humic substances for five land uses. AF: afforestation, GL: grassland, SF: sugarcane field, CF: corn
field, PF: pitaya field, FA: fulvic acid, HA: humic acid, Hu: humin.
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3.5. The Principal Component Analysis (PCA) for Humic Substances Based on the Organic Carbon
Functional Groups as Revealed by 13C NMR

The PCA based on the functional groups of humic fractions extracted two principal
components (PC1 and PC2), which described 92.89% of the total variance (Figure 6a). The
resulting biplot, consisting of a score plot and a loading plot, is shown in Figure 6a. The PC1
loadings were large and positive for alkyl C and aromatic C groups and large and negative
for O-alkyl C, Di-O-alkyl C, OCH3/NCH and COO/N-C=O groups. The PC2 loading was
high and negative for the aromatic C-O group. The biplot also revealed differences in C
functional groups of HS between land uses. The PC1 presented a separation between the
FA with other humic fractions, and the FA were characterized by large abundant of O-alkyl
C and Di-O-alkyl C but low amounts of alkyl C and aromatic C. The HAs formed a cluster
in the fourth quadrant of biplot, indicating their enrichment in aromatic C and aromatic
C-O. The distribution of Hus indicated that it was rich in alkyl C and aromatic C. As can
be seen in Figure 6b–d, sample points of different land use were relatively dispersed in
PCA. Therefore, the carbon skeletons of 13C NMR spectra of each humic substance under
different land use were similar, but the relative contents of various functional groups were
obviously different.

In the biplot of FA (Figure 6b), PF had more O-alkyl C and Di-O-alkyl C on the
PC1 axis, but less aromatic C and aromatic C-O. There were more O-alkyl C and Di-O-
alkyl C and less aromatic C and aromatic C-O along the PC1 axis under PF (Figure 6b).
These results indicated that PF tended to increase the percentages of carbohydrates and
decrease those of aromatics. As could also be seen from Table 2, PF had the highest ratio
of aliphatic C/aromatic C. The ratio is an important index of humification [58]. As a
fruit, pitaya was applied a lot of organic fertilizer during its growth, and withered and
pruned leaves in the roots of the pitaya are used as green manure. Thus, carbohydrates,
proteins, fatty acids, etc. were incorporated into the soil, resulting in the formation of
FAs in pitaya soil with more aliphatic compounds. In the biplot of HA (Figure 6c), CF
was significantly different from other land uses along the PC1 axis. It might be that the
HA of CF had a high percentage of aromatic carbon and, therefore, had a high degree of
humification. Ferrari et al. studied soils under corn cultivation fertilized with different
organic and mineral fertilizers and observed that high levels of the typical aromatics and
methoxy-functional groups in lignin [59]. These results were also consistent with those
of Tadini et al. [52]. In the axis of PC2, there were more alkyl C of HA in GL (Figure 6c),
indicating that HA of GL had a prominent aliphatic. These aliphatic compounds might
be derived from microbial secretions, since microbial metabolism was one of the possible
pathways of formation of humic substance described in the literature [5,60]. In the PCA
plot of humin (Figure 6d), there was a significant difference in PC1 between YM treatment
and other treatments, characterized by high contents of alkyl C and O-Alkyl C, and low
contents of COO/N-C=O and aromatic C-O. Studies showed that alkyl C was the most
stable form of SOM [61]. Hu in CF contained a large amount of alkyl C, indicating that
Hu in CF was stable [62]. The aromatic C-O content of CF treatment was low, indicating
a low lignin content and high maturity. Previous studies have reported a decrease in
the aromatization of Hu in agricultural or forest soils after the long-term application of
mineral fertilizers [63,64]. The functional group content of Hu in GL was opposite to that
in CF (Figure 6d), indicating that the contents of polypeptides and carboxylic acids in Hu
with GL were higher. OCH3/NCH contents were higher than that of other land uses in
the 13C NMR spectra (Figure 5) and PCA plots (Figure 6) of three humic fractions in FL.
Studies have shown that NCH was usually attributed to protein fragments [65]. Therefore,
the abundance of protein substances in three humic fractions of FL were relatively high.
The protein substances were mainly derived from microorganisms and plants, and the
decomposition of forest litter might increase the accumulation of original and labile SOM
in the soil [66]. The ratios of A/O-A and hydrophobic C/hydrophilic C of the three humic
fractions in CF were the highest (Table 2). The A/O-A ratio were indicators of the degree of
SOM decomposition and the change in organic matter [26]. The high ratio corresponded to
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the enhanced stability of C against degradation [67]. The Hu aromaticity index in the CF
treatment was the highest, which also indicated that the Hu in the CF treatment was of high
maturity and high humification decomposition intensity. CF was the most disturbed among
five land uses, and the disturbance of soil might lead to the loss of active organic carbon in
soil first, so the carbon components that were more difficult to decompose remained.

Figure 6. Biplot generated by principal component analysis for (a) functional groups of fulvic acids,
humic acids and humins, (b) functional groups of FA from all soils, (c) functional groups of HA from
all soils and (d) functional groups of Hu from all soils. AF: afforestation, GL: grassland, SF: sugarcane
field, CF: corn field, PF: pitaya field, FA: fulvic acid, HA: humic acid, Hu: humin.

4. Conclusions

Our results show that soil organic carbon content in both afforestation and naturally
restored grassland are significantly higher than in the sugarcane field, corn field and pitaya
field. Different land uses in the same area also have a certain impact on the amount of soil
humic fractions. The structural characteristics of humic fractions of five different land uses
show that different land uses directly affect the structure of humic fractions. Three humic
fractions in afforestation contain more unstable components. HA and Hu in grassland
contain more newly formed substances and carboxylic acid compounds. The HA and
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Hu of corn field show high maturity. Therefore, factors such as crops grown in different
land use types, field management practices, use of organic fertilizers and surface litter are
incorporated into the structure of formed of humic substances in the soil. Moreover, the
results of this study have important guiding significance for improving the storage and
stability of soil organic carbon in karst areas.
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Abstract: Studies on soils and their interrelationships with land use in the context of the semi-arid
region of Brazil are still scarce, even though they have the potential to assist in understanding the
use and management of soil and agricultural crops. From this perspective, this study investigated
four land uses in different locations of the Apodi Plateau, an elevated area in semi-arid region
of northeastern Brazil. The different soils were analyzed for their resistance to root penetration,
water infiltration, inorganic fractions, soil density, total porosity, potential of hydrogen, electrical
conductivity, total organic carbon, potential acidity, and sum of bases. The soil resistance to root
penetration and water infiltration were determined in the field. The results obtained were interpreted
using multivariate and geostatistical analysis. The resistance data were subjected to the Shapiro–Wilk
test at 5% of probability and expressed in maps, whereas infiltration data curves were constructed to
estimate the amount of infiltrated water at the different time intervals. The textural classification was
an important factor for the analysis of soil resistance to root penetration (Q) and the infiltration rate,
being evidenced in the cluster analysis and allowing the formation of two groups, one for the surface
layers of the areas and another for the subsurface layers, with the inorganic sand and clay fractions
standing out with the greatest dissimilarity. The establishment of conservation practices for soil
management is suggested to correct the pore space problems and the degradation of agroecosystems
in areas with soils whose conditions are similar to the ones of this study.

Keywords: conservation agriculture; multiple soil classes; tillage practices; geostatistics; kriging;
dry forest

1. Introduction

Soil health is a parameter that cannot be measured directly, requiring information
on structural attributes such as water infiltration and soil resistance to root penetration,
which can be used to interpret the effects of soil and water degradation processes that
ultimately compromise biodiversity [1–5], attributes that are significantly impacted by land
use. Therefore, evaluating the influence of the inter-relation of different factors on physical,
chemical, and structural characteristics can assist in identifying the physical forces that
govern soil structure in the field [6–8].
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Several studies have aimed to assess soil resistance to penetration [9–14] and infiltra-
tion [15–18] given the impact of these variables on plant growth, crop performance, and the
sustainable development of agroecosystems. These attributes are mutually associated and
can serve as parameters related to water–structural functions of the soil. For example, soils
with less resistance to root penetration are associated with higher water infiltration and
structural and environmental functionalities [19,20]. The relationship of these attributes
with soil production capacity is even more important in family farming areas, which are
more dependent on natural resources [21]. However, in arid and semi-arid lands, water
shortage restricts agricultural development [18]. Therefore, it is essential to compare soil
attributes with different land uses, as these attributes can be changed due to environmen-
tal and anthropic actions [22], which justifies the need to understand how different soil
management practices can modify the soil attributes in order to decrease degradation and
ensure sustainable land use [23].

In this scenario, kriging is an advanced geostatistical procedure used by several
researchers [24–26] that considers spatial dependence, data treatment, and inferential
procedures. Furthermore, although it is common to use geostatistics and multivariate
analysis separately, they can clarify the dynamics of water in soils and be decisive for the
proper planning of agricultural practices when used in association.

In the semi-arid region of northeastern Brazil, the Apodi Plateau is an outstanding
region in the context of agricultural production, with expressive irrigated, rainfed, and
livestock areas and the predominance of ultisols, cambisols, and oxisols [27]. However,
inadequate human action has reduced the production capacity of the region’s soils.

From this perspective, the innovative character of this research refers to the use of geo-
statistics associated with a multivariate tool to discriminate environments and soil classes
in agroecosystems in an interrelated manner, which can be used on a global scale. The
novelty of this study consists in exploring data on the soil’s resistance to root penetration
and water infiltration, parameters used to recognize physical and water restrictions. As
a result, this information can contribute to other research aimed at the conservation of
environmental and ecosystem services, as well as to new actions on the subject.

The importance of these physical properties for the growth and development of
agricultural crops that consequently influence soil quality and, when necessary, reorient
and replace inadequate techniques of soil and crop management is highlighted in this
study. In addition, clarifying these issues could benefit regional agriculture by providing
useful information for more adequate soil and crop management, not only under semi-arid
conditions, but also in a global context.

Our main hypotheses are (i) restrictions with regard to resistance to root penetration
and water infiltration in the soil are clear in soils with clayey textures, with a history of
intensive soil preparation and consolidation of the soil surface, and in lower locations of
the landscape. (ii) Kriging is a regression method used in geostatistics to approximate or
interpolate data. It is believed that kriging can improve the performance of the quantitative
estimates of soil attributes, especially with regard to root penetration, in association with
multivariate statistics.

We also evaluate the importance of geostatistical analysis, through kriging, to com-
plement the multivariate statistical analysis to provide accuracy in our findings, especially
concerning root penetration.

From this perspective, this study aimed to evaluate the interrelationships between the
physical attributes of the soil related to water infiltration and resistance to root penetration
in soils of the Moacir Lucena Settlement Project in the Apodi Plateau, a semi-arid region of
Brazil, using multivariate statistics and geostatistical analyses through the kriging method.

2. Materials and Methods

2.1. Study Area

This study was conducted in the Moacir Lucena Settlement Project (Figure 1), Apodi
(Brazil). Apodi is in the semi-arid region of the State of Rio Grande do Norte (RN), in the

140



Agriculture 2023, 13, 1921

micro-region of the Apodi Plateau, in the Oeste Potiguar mesoregion of RN. The climate
of the region is classified as BSh (hot semi-arid) according to Köppen [28], with a mean
annual rainfall between 500 and 600 mm. The natural vegetation belongs to the Caatinga
Phytogeographic Domain.

 

Figure 1. Location map of the Moacir Lucena Settlement Project in the Apodi Plateau, a semi-arid
region of Brazil.

The soils of the agricultural areas studied were classified according to World Reference
Base-WRB [29] published by the Food and Agriculture Organization of the United Nations—
FAO and the Brazilian Soil Classification System [30]. The research was developed in
four agroecosystems (Table 1) used as study sites: Recovery Area (A1); Lake Area (A2);
Collective Area (A3); and Agroecological Area (A4).
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Table 1. Characteristics of the areas studied in the Apodi Plateau, a semi-arid region of Brazil.

Land Use
Soil Classification Environmental History

SBCS 3 WRB/FAO Characteristics Area (ha)

Recovery Area
(LATOSOL) 1 LATOSOL FERRALSOL

The area has rested for 16 years to recover its
native forest and soil, where cotton was

previously cultivated.
2.5

Lake Area
(CAMBISOL) 1 CAMBISOL CAMBISOL

The area is flooded in the rainy season
(temporary lake) due to its position in the

landscape (moderate depression). Presence of
sediment deposition.

4–5

Collective Area
(CAMBISOL) CAMBISOL CAMBISOL

Area used for crop sowing (dry season) and
sorghum cultivation (rainy season), with the

presence of grazing animals for
2 months/year. Intensive soil preparation.

35 2

Agroecological Area
(ARGISOL) 1 ARGISOL ACRISOL Area cultivated with short-cycle crops. 3

Note: 1 Land use: Inserted within the limits of the Permanent Preservation Area (APP); Within the area, 8 hectares
(ha) of native forest are maintained, separating the area used to grow short-cycle crops and the area with cashew
trees; 2 Environmental History; and 3 Brazilian Society of Soil Science.

The chosen areas lack information about their limitations and the potential necessary
for the sustainable and efficient management of natural resources. As a result, extensive
lowland areas, with the potential for grazing, for example, tend to be underutilized, which
affects the quality of life of farmers.

The study areas also show significant space–time variations in soil attributes, in
addition to having a distinctive history of uses and management. The places selected for
the study include areas of higher agricultural aptitude, intended for the cultivation of
short-cycle crops and fruit trees (Agroecological and Community Areas), as well as areas
that, due to their intensive use and location in the landscape, have been transformed into
permanent preservation areas (Recovery and Lake Areas).

Leaving soil fallow is a strategy commonly used in the Brazilian semi-arid region.
However, few studies that reflect soil response to fallow periods in the long term have been
developed, especially in arid or semi-arid environments.

2.2. Sample Collection

Disturbed and undisturbed samples were collected from the soil layers for physical
and chemical analysis. The disturbed samples were collected from the 0.00–0.10 and
0.10–0.20 m layers to evaluate soil resistance to root penetration and soil moisture. Water
infiltration was measured in the 0.00–0.10 m layer.

Disturbed and undisturbed samples were collected from the following soil horizons:
Area: 1—Recovery Area (LATOSOL): A: (0.00–0.04 m); AB: (0.04–0.17 m);

Area 2—Lake Area (CAMBISOL): A: (0.00–0.03 m); BA: (0.03–0.15 m);
Area 3—Collective Area (CAMBISOL): Ap: (0.00–0.06 m) BA: (0.06–0.18 m);
Area 4—Agroecological Area (ARGISOL): A: (0.00–0.03 m) BA: (0.03–0.16 m).
The disturbed samples were collected using a tray and shovel, after which they were

identified and packed in plastic bags. Subsequently, the samples were air-dried, ground,
and passed through 2 mm sieves to obtain air-dried fine earth. Ten unformed samples were
collected per layer in each class (80 samples in the four environments) using volumetric
rings 0.05 high and 0.05 m wide and an Uhland-type apparatus. After sampling, the rings
were coated with aluminum foil to maintain the structure and moisture of the original soil
and taken to the laboratory.
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2.3. Soil Analyses
2.3.1. Soil Resistance to Root Penetration

The evaluation of soil resistance to root penetration (Q) was performed using Pen-
etroLOG equipment (Falker—USA) with a support capacity of 90 kgf (198 lb). The data
were read at every centimeter by an automatic measurement system, according to ASABE
S.313.3 [31], until the 40 cm layer, with a reference area of 0.5 hectares in each environment
(25 readings per area). At the time of the test, deformed samples were collected to evaluate
the gravimetric moisture content in the 0.00–0.10 and 0.10–0.20 m layers, with ten different
sampling points per layer and area, totaling 80 points, thus obtaining the mean water
content values in the soil.

2.3.2. Water Infiltration into the Soil

The infiltration rate was determined by the concentric ring method developed by
Bernardo and collaborators [32], using two metallic cylinders coupled to the inner cylinder,
with diameters of 30 cm in the inner ring and 50 cm in the outer ring (Figure 2a). The
cylinders, measuring 40 cm in height, were positioned at a depth of 10 cm into the soil.
The water height was measured inside the inner cylinder at 0, 1, 2, 3, 4, 5, 10, 15, 20, 30,
45, 60, 90, and 120 min (Figure 2b). Infiltration was considered constant when the reading
value was repeated at least three times, according to the recommendations of the authors
mentioned before.

  
(a) (b) 

Figure 2. Water infiltration test: (a) by using the concentric ring method; (b) by performing readings
of the infiltrated water height.

In order to determine the water infiltration rate into the soil, three replications were
performed in each soil class by collecting disturbed soil samples to quantify the gravimetric
moisture [33]. The cumulative infiltration curves were obtained by Equation (1), and the Ba-
sic Infiltration Speed (BIS) was calculated by Equation (2), which allowed the categorization
of soil classes according to Bernardo and collaborators [32].

I = a∗Tn (1)

BIS = 60 ∗ a ∗ n ∗ Tn−1 (2)

where:

I—cumulative infiltration (cm); BIS—Basic Infiltration Speed (cm/h);
a—constant;
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T—infiltration time (min);
n—constant that ranges from 0 to 1.

2.3.3. Supplementary Physicochemical Analyses

The physical and chemical attributes were determined to complement the soil analysis.
This was performed to quantify the properties of soil resistance to root penetration and
water infiltration. The physical analysis consisted of determining textural parameters,
soil bulk density, total porosity, and the gravimetric moisture content. The granulometry
was obtained by the pipette method, using the chemical dispersant sodium hexameta-
phosphate. The sand fraction (2 to 0.05 mm) was obtained by sieving; the clay fraction
(<0.002 mm) by sedimentation; and the silt fraction (0.05 to 0.002 mm) was obtained by the
difference between the two previous fractions [34]. Soil density was obtained by calculating
the ratio of dry soil mass to the total volume of the ring [35]. Total porosity (TP) was
obtained by saturating undisturbed samples for 48 h [36]. The gravimetric moisture content
was obtained by the difference between the mass of air-dried samples and the mass of the
samples after 3 days at 105 ◦C on the oven.

The chemical analyses were carried out according to Teixeira et al. [33] and consisted
of determining the following attributes: potential of hydrogen (pH); electrical conductivity
(EC) in water; total organic carbon (TOC) by organic matter digestion [37]; calcium (Ca2+)
and exchangeable magnesium (Mg2+), determined with a potassium chloride extractor;
sodium (Na+) and potassium (K+), determined with the Mehlich-1 extractor; and potential
acidity (H + Al3+), determined with calcium acetate (after which the sum of bases—SB was
calculated).

2.4. Statistical Analysis—Geostatistical Analysis

The geostatistical analysis was performed to subsidize the semivariogram modeling
based on the measurement data. The ordinary kriging interpolation method was used to
verify the spatial dependence of the studied variables using the software Vesper 1.6 [38].
Thematic maps were generated with the interpolated values using the software Quantum
GIS 2.18 [39]. The estimate was made using Equation (3) [40]:

γ∗(h) =
1

2.(h)
∗ ∑Ni.(h)

Z.(Si)
J = 1

[(Si)− h]2 (3)

where γ (h) are the semivariances, and (h) is the number of pairs of points z (Si) and z
(Si + h) separated by a distance h, informing how different the values become as a function
of h.

Using the semivariogram generated by geostatistics as a reference, maps were made
for the variation of the maximum depth reached by the equipment in centimeters (cm) and
the mechanical resistance to soil penetration in kPa. This variation was demonstrated by
means of a color gradient that varied from red to green. For layer variation, red was used
for the smallest values and green for the largest values. For the variation in Q, the opposite
occurs. The following semivariogram models were tested: spherical (Equations (2) and (3)),
exponential (Equation (4)), and Gaussian (Equation (5)). The adjustment of the models was
made using the Root Mean Square Error (RMSE) and the Akaike Information Criterion
(AIC) [41].

γ∗(h) = C0 + C1 ∗
[

1.5 ∗
(

h
a

)
− 0.5 ∗

(
h
a

)3
]

, 0 < h < a (4)

γ∗(h) = C0 + C1, h ≥ a (5)

γ∗(h) = C0 + C1 ∗
[
1 − e(

−3.h
a )

]
, 0 < h < d (6)
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γ∗(h) = C0 + C1 ∗
[

1 − e(
−3.h2

a2 )
]

, 0 < h < d (7)

where γ* (h)—semivariances; d—the maximum distance at which the semivariogram is
defined; h—distance; a—soil-dependent constant.

The scale proposed by Ribeiro [42] (Table 2) was used to interpret data related to
resistance to root penetration. The degree of spatial dependence (DSD) of the semivari-
ograms was obtained by Equation (6) and evaluated according to intervals proposed by
Cambardella [43]: DSD < 25%—strong spatial dependence; 25% < DSD < 75%—moderate
spatial dependence; and DSD > 75%—weak spatial dependence.

DSD =

(
C0

C0 + C1

)
∗ 100 (8)

where GD—degree of dependence; C0—nugget effect; C1—structural variance.

Table 2. Evaluation criteria for the maps of resistance to root penetration in the Moacir Lucena
Settlement areas, Apodi Plateau, a semi-arid region according to Ribeiro (2010).

Soil Root Penetration
Resistance (kPa)

Compaction Level
Impediment Level to Root

Growth

0–2000 Low No impediment
2000–4000 Moderate Slight impediment
4000–6000 High Reduced development
6000–8000 Very high Minimum development

2.5. Multivariate Analysis

The results for the resistance to root penetration and the physical and chemical at-
tributes (Section 2.3.3) were interpreted by multivariate statistics (principal component
analysis and factor analysis) using the software Statistica 7.0 [44]. The correlation matrix
was used to standardize the data, considering correlations equal to or higher than 0.70 [45],
and verify the similarities and distinctions between the studied areas depending on the
potential or restrictions of the environments.

3. Results

Soil Physical and Chemical Attributes

There was variation in the textural classification in the different soil samples (surface
and subsurface) (Table 3). This variation ranged from light sandy-clay (A1, A2, and A3)
to sandy loam (A4) on the surface, and from sandy loam to loamy in the subsurface, with
emphasis on the clayey texture of A2 (Lake Area—CAMBISOL) and A4 (Agroecological
Area—ARGISOL). The mean bulk density ranged from 1.32 to 1.71 g.cm−3 in the studied
soil classes and was lower in the cambisol of the Lake Area.

Table 3. Physical analysis of the soil classes of the Moacir Lucena Settlement Project, Apodi Plateau,
a semi-arid region of Brazil.

Layer (cm) Particle Size Distribution Bulk
Density

Total
Porosity

Gravimetric
Soil Moisture

Textural
ClassificationSand Silt Clay

g.kg−1 g.cm−3 %

Area 1—Recovery Area (LATOSOL)

A (0–4) 660 87 253 1.60 39.81 2.4 light sandy-clay
AB (4–17) 492 92 416 1.61 36.01 5.7 sandy loam
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Table 3. Cont.

Layer (cm) Particle Size Distribution Bulk
Density

Total
Porosity

Gravimetric
Soil Moisture

Textural
ClassificationSand Silt Clay

g.kg−1 g.cm−3 %

Area 2—Lake Area (CAMBISOL)

A (0–3) 653 96 251 1.71 31.81 3.7 light sandy-clay
BA (3–15) 415 135 450 1.32 47.69 3.0 loamy/clay

Area 3—Collective Area (CAMBISOL)

Ap (0–6) 720 69 211 1.55 41.11 0.9 light sandy-clay
BA (6–18) 525 47 428 1.52 38.83 3.7 sandy loam

Area 4—Agroecological Area (ARGISOL)

A (0–3) 660 200 140 1.43 43.79 3.2 sandy
BA (3–16) 435 145 420 1.49 42.85 3.2 loamy/clay

Water infiltration changed according to the texture, with the A3 area showing the
highest infiltration rate on the surface, as well as a predominant sand fraction. The areas
showed constant infiltration after 60 min of evaluation (Figure 3a), except for A3, which
showed greater oscillation in the infiltration rate (Figure 3b). High water infiltration
values are expected in plateau soils due to their location at higher elevations and the
flat relief. However, the same did not occur in the A4 area (ARGISOL), which showed a
strong physical impediment and a gradual reduction in the infiltration rate due to clay
accumulation in depth.

  

Figure 3. Infiltration curve of soil samples illustrating: (a) infiltration; (b) the infiltration rate.

Areas 4 (Agroecological Area—ARGISOL) and 2 (Lake Area—CAMBISOL) showed
the highest Q (Table 4) on the surface, whereas Areas 1 (Recovery Area—LATOSOL) and
3 (Collective Area—CAMBISOL) had the lowest Q in the subsurface. The greater the
accumulation of the clay fraction, the more pronounced the gravimetric moisture and
Q. Thus, clay accumulation in all soil classes in the subsurface caused an increase in Q
in-depth, with texture being a decisive factor in the Q of the studied soils.
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Table 4. Descriptive statistics parameters for maximum depth and soil resistance to root penetration
in the soils of the Moacir Lucena Settlement Project, in Apodi Plateau, a semi-arid region of Brazil.

Attribute Mean Median Maximum Minimum SD CV% Classification Ck Ca W

A1(Layer) 5.00 5.00 7.00 3.00 1.33 26.57 high −0.87 −0.86 NS
A1 (Q) 3923.54 3918.92 4298.20 3621.13 191.54 4.88 low 0.00 0.22 NS

A2 (Layer) 11.00 7.00 30.00 4.00 8.57 77.92 very high 0.34 1.28 *
A2 (Q) 4147.59 3994.31 5051.92 3658.44 420.15 10.13 medium −0.31 0.79 NS

A3 (Layer) 8.29 8.00 13.00 4.00 2.41 29.10 high 0.22 0.15 NS
A3 (Q) 3405.20 3409.70 4240.50 2400.64 543.44 15.96 medium −0.83 −0.35 NS

A4 (Layer) 12.07 7.00 34.00 5.00 9.34 77.39 very high 2.02 1.72 *
A4 (Q) 4016.37 4041.33 4832.83 3382.00 486.01 12.10 medium −0.74 0.53 NS

Notes: Layer—Maximum depth; Q—Soil resistance to root penetration; SD—Standard Deviation; CV—Coefficient
of Variation; Ck—Kurtosis Coefficient; Ca—Asymmetry Coefficient; W—Shapiro–Wilk Test; *—Non-normal distri-
bution by the Shapiro–Wilk test (p-value < 0.05); NS—Normal distribution by Shapiro–Wilk test (p-value > 0.05).
There was intensive conventional soil preparation over time.

The soils showed pH values close to neutrality, with aluminum levels below the
criteria required by the Brazilian Soil Classification System to identify them as aluminic or
alithic. Potential acidity levels ranged from 1.02 to 2.66 cmolc.kg−1. These values can be
justified by the absence of aluminum (Table 5).

Table 5. Chemical attributes of the soils of the Moacir Lucena Settlement, Apodi Plateau, a semi-arid
region of Brazil.

Layer (cm) pH in Water EC (dS.m−1) TOC (g.kg−1)
(H + Al) SB

cmolc.kg−1

Area 1—Recovery Area (LATOSOL)

A (0–4) 7.24 0.37 4.80 1.96 8.61
AB (4–17) 6.68 0.17 3.73 2.66 6.54

Area 2—Lake Area (CAMBISOL)

A (0–3) 7.64 0.98 6.23 1.26 10.90
BA (3–15) 6.75 0.27 3.20 2.17 8.55

Area 3—Collective Area (CAMBISOL)

Ap (0–6) 7.10 0.41 4.83 1.32 6.33
BA (6–18) 6.89 0.20 3.80 1.02 4.52

Area 4—Agroecological Area (ARGISOL)

A (0–3) 7.02 0.75 6.73 2.49 11.49
BA (3–16) 6.93 0.57 3.80 2.18 9.80

Note: pH—Potential of hydrogen; EC—Electrical Conductivity; TOC—Total Organic Carbon; (H + Al)—Potential
acidity; SB—Sum of Bases.

In all areas, the TOC values were lower than 1%, with the most expressive ones
corresponding to the surface soil layers (where there is a greater quantity of organic
matter), especially in Areas 2 and 4. The values of calcium and magnesium were the
most representative of the sum of bases, especially in the less weathered soils (cambisol
and argisol) (Table 5). A2 showed the highest electrical conductivity value (0.98 dS.m−1).
However, the values were generally low.

The variability in soil attributes can be classified according to the coefficient of variation
(CV) [46], a statistical measure that relatively quantifies how far the values are moving away
from the mean; thus, higher values indicate distancing from the mean [47]. In this study,
the CV (Table 4) ranged from high (A1 and A3) to very high (A2 and A4) for the layers,
and from low (A1) to medium (A2–A4) for Q. The Shapiro–Wilk test at 5% of probability
showed that most parameters have a normal distribution, except for the depths of A2 and
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A3, which showed a greater distance from zero for the coefficients of kurtosis (Ck) and
asymmetry (Ca).

The range (A) (Table 6) is the main spatial correlation parameter provided by geostatis-
tics; thus, from this distance, the variable starts to show random spatial variability [48].
The range of variable Q was 29.30 (A1) to 80.01 (A2), whereas the range of the layer was
10.54 (A1) to 37.72 (A3). Furthermore, the degree of spatial dispersion of the semivari-
ogram demonstrates a predominance of strong spatial dependence between the parameters
evaluated (DSD < 25%), except for the Q of A1, which showed a weak spatial dependence
(DSD > 75%).

Table 6. Models and estimated parameters of the semivariogram.

Attribute N. Lags Tolerance (%) Co Co + C1 A Model Q AIC DSD Classification

A1(Layer) 20 30 0.279 1.743 10.54 Exponential 0.59 47.78 16.007 FDE
A1 (Q) 15 20 0 38,247 29.30 Spherical 13,973 355.8 0 FDE

A2 (Layer) 10 20 47.1 75.53 30.34 Spherical 16.07 84.56 62.359 MSD
A2 (Q) 15 25 67,827 282,918 34.47 Gaussian 70,618 329.6 23.974 SSD

A3 (Layer) 20 30 0.660 7.828 37.72 Exponential 2.838 83.79 8.431 SSD
A3 (Q) 20 30 63,568 345,595 80.01 Spherical 68,558 406.7 18.394 SSD

A4 (Layer) 20 30 0 81.68 31.5 Spherical 28.73 96.19 0 SSD
A4 (Q) 20 35 119,141 290,666 27.30 Exponential 69,557 329.2 40.989 MSD

Notes: N—number of lags; C0—nugget effect; Co + C1—sill; A—range (m); Q—soil resistance to root penetration;
AIC—Akaike Information Criterion; DSD—degree of dependence; SSD—Strong Spatial Dependence; MSD—
Moderate Spatial Dependence.

We can correlate the resistance values with the adopted soil management, soil class,
and the maximum depth reached. In the Collective Area (CAMBISOL), in which there was
an increase in the clay fraction, the depth ranged from 5 to 11 cm (Figure 4). In the Lake
Area, in which there was sediment accumulation, the variation was from 8 to 15 cm. In the
Agroecological Area (ARGISOL), there was a variation from 5 to 27 cm since this soil is
deeper and more weathered. Finally, the Recovery Area (LATOSOL) showed little variation
in depth.

In general, the resistance to root penetration showed high values in the subsurface for
all studied soils, with uniform variations between the layers of all classes, corresponding to
approximately 100 kPa for A1 and 200–300 kPa for the other classes (Figure 5).

A high negative correlation was found for the clay and Q variables with the sand
inorganic fraction, as well as a high positive correlation between sand and TOC. The
silt fraction was positively correlated with SB. The clay fraction showed an inversely
proportional correlation with the sand fraction. The pH, TOC, and EC showed a negative
correlation only with potential acidity, which had a positive correlation with Q. The SB was
positive for all variables. BD and TP showed an inverse correlation. Furthermore, there
was a negative correlation between TP and BD, Q and pH, and Q and TOC, and a positive
correlation of EC with two other variables, pH and TOC (Table 7).

Table 7. Correlation matrix of physical soil attributes in the Moacir Lucena Settlement Project, Apodi
Plateau, a semi-arid region of Brazil.

Sand Silt Clay BD TP U Q pH TOC SB EC (H + Al)

Sand 1.00
Silt −0.14 1.00
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Table 7. Cont.

Sand Silt Clay BD TP U Q pH TOC SB EC (H + Al)

Clay −0.92 −0.27 1.00
BD 0.49 −0.53 −0.26 1.00
TP −0.35 0.51 0.13 −0.95 1.00
U −0.51 0.06 0.47 0.19 −0.40 1.00
Q −0.83 −0.35 0.95 −0.19 0.07 0.55 1.00

pH 0.68 −0.12 −0.61 0.65 −0.56 −0.33 −0.72 1.00
TOC 0.78 0.37 −0.90 0.35 −0.32 −0.18 −0.90 0.71 1.00
SB 0.15 0.79 −0.47 −0.04 0.07 −0.03 −0.63 0.47 0.64 1.00
EC 0.43 0.22 −0.51 0.46 −0.50 0.04 −0.65 0.84 0.76 0.70 1.00

(H +
Al) −0.36 0.69 0.07 −0.36 0.37 0.43 0.15 −0.52 −0.09 0.38 −0.22 1.00

Note: BD—Bulk density; TP—Total Porosity; U—Gravimetric moisture, Q—Soil resistance to root penetra-
tion; pH—Potential of hydrogen; TOC—Total Organic Carbon; SB—Sum of Bases, EC—Electric Conductivity;
(H + Al)—Potential acidity.

Figure 4. Maps of layers of the Moacir Lucena Settlement Project, Apodi Plateau, a semi-arid region
of Brazil.
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Figure 5. Maps of mechanical resistance to root penetration in the soils of the Moacir Lucena
Settlement Project, Apodi Plateau, a semi-arid region of Brazil.

In the Cluster Analysis, two groups were formed at 20% dissimilarity (Figure 6). The
first was represented by the surface horizons and showed dissimilarity with the clay, silt,
and sand inorganic fractions and with variables TP, U, pH, TOC, SB, EC, and (H + Al3+).
The second group was defined according to the subsurface horizon of all areas, with
dissimilarity for variable Q.

Factors 1–3 explained 90.12% of data variation (Table 8). Factor 1 made it possible to
estimate the variables of sand, clay, Q, pH, and TOC. Factor 2 highlighted silt, SB, and poten-
tial acidity (H + Al). Factor 3 only highlighted the TP. The cumulative variance obtained for
factors 1 and 2 was 73.78%, showing great representativeness for the studied environments.
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Table 8. Factor loads corresponding to the 12 physical attributes of the soils analyzed and their
respective eigenvalues, total variances observed, and cumulative variances.

Attributes Factor 1 Factor 2 Factor 3

Sand 0.88 −0.26 0.18
Silt 0.20 0.91 −0.33

Clay −0.93 −0.12 −0.04
BD 0.22 −0.30 0.87
TP −0.09 0.24 −0.96
U −0.66 0.41 0.56
Q −0.98 −0.18 −0.02

pH 0.76 −0.10 0.54
TOC 0.85 0.31 0.31
SB 0.50 0.80 0.11
EC 0.60 0.33 0.61

(H + Al) −0.31 0.78 −0.21

Eigenvalues (%) 5.70 3.15 1.96
Total Variance (%) 47.54 26.25 16.34

Cumulative Variance (%) 47.54 73.78 90.12

 

Figure 6. Vertical dendrogram of the distance matrix by the single bond grouping method.

The correlation circles (Figure 7a,c) and clouds of variables (Figure 7b,d) highlighted
the influence of physical attributes to differentiate the studied environments. The inorganic
fractions were not clustered close to each other. Thus, we infer that the areas show variabil-
ity in texture, reflecting the predominance of the variables discriminated for environments
and portraying the existing interrelationships for each local particularity. The discriminat-
ing variables were TP, BD, SB, pH, Q, and silt for the cambisol; SB, TOC, silt, and EC for the
argisol; and Q, U, sand, and clay for the latosol.
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Figure 7. Cloud distribution of: (a) variables in the correlation circle (factors 1–2); (b) points rep-
resenting the relationships between factors 1–2; (c) variables in the correlation circle (factors 1–3);
(d) points representing the relationships between factors 1–3 of the studied environments. Note:
BD—Bulk Density; TP—Total Porosity; U—Gravimetric moisture, Q—Soil resistance to root pene-
tration; pH—Potential of hydrogen; TOC—Total Organic Carbon; SB—Sum of Bases, EC—Electric
Conductivity; (H + Al)—Potential acidity.

4. Discussion

Soil Physical and Chemical Attributes

Smaller BD values were observed in the subsurface of A2 (Lake Area) and on the
surface of A4 (Agroecological Area). In A2, the greater BD on the surface can be explained
by the accumulation of sediments coming from higher elevations (slope), as found in the
study by Quan et al. [49]. In A4, the BD reduction on the surface can be justified by the
supply of organic matter [50,51].

The surface structure of the soil was compromised by the BD increase and TP reduction,
constituting an impediment to its recovery and the restructuring of the porous system in all
layers [52]. The highest bulk density (Table 3) found on the surface of A2 was due to clays
with high colloidal activity, a characteristic of cambisols, with cohesion forces contributing
to the consolidation of the surface. Fertile soils with clays of high colloidal activity (2:1 clay)
compromise the gas exchange parameters, thus influencing the soil’s structural parameters.

Cambisols are considered young (little weathered) and show expressive silt fraction
values, contributing to their compactness [53]. Freddi et al. [54], in their study with a latosol
(oxisol), found that soil density had a positive influence on the soil water content due
to reduced macroporosity and the redistribution of pore sizes, corroborating the results
achieved for the same soil class in this study (Figure 3a). The hydraulic functionality
differs for soils with different textures, with microporosity playing an important role in this
parameter due to the presence of materials with fine textures, e.g., clay and SOM, showing
higher retention capacity when the soil is moistened [55,56].

With regard to the local climate, there are two well-defined periods in the region: dry
and rainy [57]. In the investigation of Q, the water content was at low levels (U < 10% in
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all soil layers) due to the study being carried out in the dry period. Thus, the soil water
content is reduced by the climatic characteristics of the semi-arid region, which has high
temperatures and evaporation rates, and by the inherent characteristics of the soils. This
directly influences the gas exchange dynamics and favors the cohesion forces provided by
the clay fraction (Table 3), reducing the infiltration rate (Figure 3b), and increasing the Q,
according to the study by Souza et al. [58]. Otherwise, the increase in the soil water content
reduces cohesion, compactness, and the soil shear resistance [59].

The greater infiltration shown by Area 3 occurred due to the predominance of the sand
fraction and greater macroporosity resulting from intensive soil preparation, as verified
in the study carried out by Hlaváčiková et al. [60]. The similarity in the proportion of
inorganic fractions in the studied layers for areas A1 (Recovery Area) and A2 (Lake Area)
explains the proximity of the water infiltration curves (Figure 2a). In turn, the gradual
reduction in the infiltration speed seen in Area 4 (Agroecological Area) occurred due to the
densification promoted by the clayey soil texture.

The maximum speed observed at the beginning of the test in A2 (Figure 3a) stood out
from the other areas due to sediment deposition (Table 1), which facilitated water entry
into the soil. Despite this, A3 (Collective Area) showed the highest infiltration rate. The
irregularity in the infiltration speed of this area can be attributed to the compactness at
the surface due to the transit of animals. In the subsurface, this is explained by the soil
management history and the characteristics of the area, due to the conventional intensive
preparation and planting of annual crops (Table 1). Practices such as the use of cover
plants and the maintenance of plant residues in orchards avoid compaction and favor water
infiltration, consequently controlling erosion processes [61,62].

The pH ranged from 6.68 to 7.64 between soil layers, ranging from slightly acidic to
neutral (Table 5). These values tending to alkalinity found in the cambisol soil class were
due to the limestone material present in the Apodi Plateau region, which is rich in bases
such as calcium and magnesium, justifying the observed high values of sum of bases [63].
The pH values in argisol and latosol soils were due to the characteristic climatic pattern of
the region (low rainfall), which reduces chemical weathering (Section 2.1).

EC showed values below 4 dS.m−1 in all areas, implying low salt concentrations in the
soil solution, with low potential risks posed by salinity. According to Richards [64], soils
are considered saline only when the electrical conductivity (EC) of the saturation extract
is higher than or equal to 4 dS.m−1 and when the percentage of exchangeable sodium is
lower than 15%. A similar study was conducted by Sparks [65] and Zaman et al. [66], also
using the pH (lower than 8.5) and sodium adsorption rate (lower than 13), finding that the
studied soil posed no restrictions with regard to salinization and sodification. The most
expressive value was observed on the surface layer (0–3 cm) of the A2 area (Lake Area) due
to area’s position in the landscape (sediment deposition).

The Caatinga Domain, which is representative of the Brazilian semi-arid region, shows
low carbon accumulation due to edaphoclimatic conditions, resulting in a reduction in
the input of senescent plant material on the soil surface and intense radiation, which
favors rapid mineralization as a result of microbial respiration [67,68]. Oliveira et al. [69]
observed that the interaction between the semi-arid climate of northeastern Brazil, extensive
pasture, and poorly conducted occupation rates have caused soil degradation, reducing the
soil contents of nitrogen and carbon. As a result, conservation practices associated with
polycultures are important for adding residues to the soil surface and improving structural
and chemical attributes in agroecosystems [70], as verified in A4. This was also observed in
A2 due to the soil water content, which remains saturated temporarily in the rainy season,
favoring the maintenance of TOC.

Ferrari et al. [71] analyzed the spatial variability of soil resistance to penetration in
different layers and observed spatial dependence in the first 20 cm of the soil class, with
high variability in the reach for different depths, corroborating our study. The authors
claim that this was mainly due to variation in TOC. However, variables with strong spatial
dependence can also be influenced by intrinsic soil attributes, e.g., texture, in addition
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to being altered by different soil uses and management and agricultural crops, which
contribute to a weak spatial dependence [43]. The degree of spatial dependence was
considered moderate or strong for the layers in the three soil classes studied (oxisol, argisol,
and cambisol), as observed by Cortez et al. [72] in a latosol (oxisol), by Souza et al. [58] in
an argisol, and by Campos et al. [73] in a cambisol.

Alonso et al. [74] highlighted the importance of micrometric and decimetric sampling,
which are representative of the structural functionality of the soil, related to the resistance to
root penetration. Arshad et al. [75] stressed that the definition of an adequate planning for
land use and the adoption of appropriate practices regarding local particularities require the
understanding of spatial variability, which is potentiated by the landscape that influences
the water dynamics. The higher the length and degree of the slope, the more susceptible the
environment to soil and water loss, compromising the production capacity of the soil [76].

Soil attributes with high variability are less accurate and more difficult to manage in
specific locations [77]. However, in open systems, it is common and acceptable to find these
values, as in the studies carried out by Sağlam and Dengiz and Souza et al. [25,78]. The
range parameter showed greater spatial variability in the Collective Area in relation to the
Q attribute, corroborating Aquino et al. [79]. The range values obtained for Q in this study
are greater than those observed by Campos et al. [73] in a Haplic cambisol in the State of
Amazonas. In another study, Lima et al. [80] added that the study of the spatial variability
of soil attributes, especially the resistance to root penetration, is important as it directly
influences the root development of agricultural crops.

The variograms with medium to strong GD generate maps with a more accurate
dependency structure than those with a weak GD [78]. This allows us to infer that the maps
prepared show the local reality of the areas. The spatial variability maps of soil resistance to
root penetration show that all environments had higher surface Q values (Figures 4 and 5),
as observed by Schjønning et al. [10]. In the subsurface, although the Q values were lower
than on the surface, these were still high and considered restrictive [12,14,81]. These results
are mainly due to the fact that the analysis was carried out in a dry period, in which soils
with higher clay content had cohesive particles and provided higher Q values [82]. BD
showed slight differences in the layers, except for the sediment deposition area (A2). The
larger BD on the A2 surface contributed to the increase in Q, as observed in the study by
Wang et al. [13] and Xing et al. [1], in which the Q values ranged from 0.08 to 1.57 MPa
when the density increased from 1.01 to 1.43 Mg.m−3. The subsurface Q values can be
explained by the increase in the inorganic particles of silt and clay, which reduced the
macropores.

The Q values were high in all layers and land uses, being above the limits established
(2 MPa) by Guimarães et al. [83]. The degree of impediment varied between soil layers
‘impaired for root penetration’ and layers with reduced crop development (Tables 2 and 6,
Figures 4 and 5), whereas the level of compaction ranged from moderate to high. Thus, the
studied soils are restrictive to root growth [13], requiring adequate management for the
development of root systems.

The Lake Area (A2) was the agroecosystem with the highest surface Q value, followed
by the Agroecological (A4), Recovery (A1), and Collective (A3) areas. Souza et al. [58] also
reported an increase in surface Q values in the dry period in cambisols in the semi-arid
region of Brazil. In their study, the authors stressed that two conditions limit the growth of
the root system: low soil water contents and rapid Q increases. These prevent roots from
exploring deep layers. Thus, the cambisol areas in the study only have the potential for
short-cycle crops, as seen in the study of Mota et al. [84].

Therefore, the spatial variability of Q occurred as a function of the textural and struc-
tural variation of the soil and the management adopted in the areas. Some agroecosystems
(A1 and A3) had a history of intensive machinery use in the past (Table 1), and despite
the care taken with the conservation of the areas, they have not yet had time to recover
their structural condition based on the high values observed for Q. Mohieddinne et al. [85]
highlighted the average duration of recovery for clayey soils (54 years), acidic sandy soils—
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Podzol (70 years), and neutral sandy soils (20 years), whereas Schäffer et al. [86] evaluated
a time period of almost four decades for the recovery of silty soils.

From this perspective, the authors mentioned before show that soil recovery is also
associated with biological activity in the soil (presence of organisms such as earthworms)
and crops with an aggressive pivoting root system to disrupt dense layers [87,88]. Due to
changes in soil attributes arising from inadequate management, which compromises the
soil’s production capacity [89], the conservation of agricultural lands is the main solution
to guarantee ecological stability [90]. Socio-ecological principles should guide the planning
of integrated approaches between the agricultural suitability of lands and appropriate
and sustainable supportive conservation practices in order to enhance land potential and
mitigate climate change and biodiversity loss [91,92].

The negative correlation between clay and Q with the sand fraction (Table 7) is justified
by the distinct nature of these fractions. The sand fraction has a higher proportion of
macropores and a smaller proportion of micropores compared to clay, whereas the clay
fraction has electrical charges that provide physicochemical phenomena such as flocculation
and particle aggregation [93]. This distinction influences the porous arrangement of the
soil and Q [94], and the negative correlation of Q with clay allows us to infer that soils with
higher clay contents are more sensitive to compaction [95].

The negative correlation of clay with TOC (Table 7) indicates that the maintenance
of organic matter in sandy soils is important because these soils have less natural fertility
in relation to clayey ones. Thus, the land cover improves the physical and structural
attributes, especially in semi-arid soils where organic matter is more easily decomposed
due to weather patterns [17,96,97].

The negative correlation of TOC with Q was due to the fact that soils with higher
TOC contents are less dense and structured (Table 7), facilitating the development and
penetration of the root system into the soil. In this study, this effect was observed on the
surface layer of the Agroecological Area, mainly due to the maintenance of the soil cover
and less disturbance in relation to other agroecosystems. Marinho et al. [96] added that soil
matter is essential in the maintenance and preservation of agroecosystems. Carus et al. [97]
and Kosmallaa et al. [98] pointed out that a higher density of vegetation cover mitigates
the shear resistance of the soil and controls active agents in erosion processes.

Gabriel et al. [99] stated that TOC can be maintained in the soil through the use of
cover provided by the polyculture practice, which helps maintain the soil water content
and contributes to reducing the Q. Koudahe et al. and Mondal et al. [62,100] stressed that
conservation practices such as the use of cover crops and lighter agricultural machinery
tend to improve the physical condition of the soil, reducing compactness and improving
root growth, thus corroborating the data obtained in A4. Furthermore, studies that investi-
gated the benefits caused by biomass incorporation into the soil have disclosed positive
results between agricultural practices and water retention and carbon sequestration by
the soil, in addition to promoting improvements in the chemical, physical, and structural
attributes [101,102].

In the cluster analysis, Group I was formed by physical and structural variables
that expose surface phenomena, e.g., the accentuated presence of TOC, especially in A2
(CAMBISOL) and A4 (ARGISOL), which provide improvements in other physical attributes,
e.g., TP and the maintenance of U (Figure 6). In the case of chemical attributes, the pH,
SB, and EC variables are specifically associated with the cambisol class (representative of
the Apodi Plateau region). These soils are derived from the limestone rock of the Jandaíra
formation. They are rich in exchangeable bases, e.g., calcium and magnesium, which raise
the pH and EC of the soil, making it alkaline [63,103]. Furthermore, the climate pattern of
the semi-arid region contributes to the permanence of bases in the system [104].

Group II discriminates the Q variable, linking it with the subsurface of agroecosys-
tems. Q showed values above the established limits (2 MPa or 2000 kPa) in all soil layers.
Benevenute et al. [9] and Lima et al. [105] reported that the pressure from the passage
of machinery associated with agricultural implements used for sowing, cultivation, and
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harvesting results in increased resistance to root penetration and soil degradation on the
surface and subsurface layers. This action causes a rearrangement and then the packing of
clay particles, which raises the Q.

Vaz and collaborators obtained a positive correlation of clay on Q increase in their
study with Brazilian latosols [106]. The authors reported that clay values above 35% raised
the Q parameter. On the other hand, Sobucki et al. [107] reported the interrelationships of
soil attributes that interfere with critical Q values, e.g., clay, soil density, mineralogy, and
total organic carbon. This is attributed to the arrangement of clay particles in the subsurface
compared to the arrangement of other inorganic soil fractions (silt and sand). Thus, the
damage caused to the functionality of the porous network by inadequate management
alters the physical attributes of the soil [94], compromising its drainage [60,108,109].

The argisol had TOC, SB, silt, and EC as discriminant variables (Figure 7). The high
levels of TOC on the surface came from the addition of plant residues. This occurred
even under a semi-arid climate, which has little primary biomass, and weather conditions
accelerate the process of plant decomposition. Similar results were achieved by Sousa
et al. [110], Singh et al. [111], and Sulieman et al. [112]. The weather pattern was also
responsible for the EC values on the surface, but with no restrictions on salinity and sodium
concentrations, according to Santos [30]. The silt fraction showed higher surface values
and an intermediate degree of pedogenetic development. The study carried out by Rêgo
et al. [113] corroborates the results pointed out in this study.

The main limitations refer to the resistance to root penetration into the soil, a parameter
used to estimate the mechanical impediment that the soil provides to roots and is a physical
attribute highly related to plant growth (compaction), negatively interfering with root
growth and consequently affecting the natural development of plants.

The scientific merit of this study allows for an integrative and multidisciplinary
understanding of the factors involved and their interrelationships with field and laboratory
information, being perfectly reproducible in strategic areas on both regional and global
scales. Furthermore, this study encourages new conservation practices and actions that
complement other areas of soil science.

This study also encourages the establishment of a soil science database containing
information regarding physical, structural, and chemical properties, as well as integrating
geostatistical tools in the strategic areas of food production and the conservation of natural
resources. The main practical implications of this study refer to decision-making regarding
the best manner of using and managing natural resources in different environments while
assessing their potentials and limitations.

5. Conclusions

The study evaluated the interrelationships between the water–structural and chem-
ical attributes of soils and the properties of soil resistance to root penetration and water
infiltration in areas with four land uses: Recovery (LATOSOL); Lake (CAMBISOL); Col-
lective use (CAMBISOL); and Agroecological use (ARGISOL) in the semi-arid region of
northeastern Brazil. Our results suggest that geostatistics through kriging complemented
the multivariate analysis, reinforcing the accuracy of our findings, especially with regard to
soil resistance to root penetration.

There was variability in our findings, with restrictions regarding resistance to root
penetration and water infiltration into the soil, mainly in the Lake Area (CAMBISOL) at a
lower elevation, with the analysis successfully discriminating the clay texture of the soil,
the density, and the total porosity, factors associated with the water deficit in the region
and contributing to restrictions regarding water–structural attributes.

The Agroecological Area (ARGISOL) was the only land use in which soil resistance to
root penetration was not a discriminating variable through the multivariate analysis due to
the high value of total organic carbon resulting from the conservation practices carried out
in the area. However, the geostatistical analysis using kriging identified values of resistance
to root penetration above the standard limit for crop development (2 MPa) in all land uses
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studied, demonstrating the importance of the complementary tool and corroborating one
of the hypotheses of the study.

In the Collective Area (CAMBISOL) and Recovery Area (LATOSOL), the history of
land uses with intensive soil preparation, involving compaction caused by animals and
agricultural machinery traffic, contributed to water–structural restrictions (resistance to root
penetration and water infiltration into the soil), compromising the porous arrangement.

In general, the results indicate variations in soil resistance as a function of physico-
chemical attributes (texture, total organic carbon, and sum of bases), with higher critical
values of Q in the Lake Area (4.7 MPa) compared to the Collective Area (3.8 MPa) on the
surface. Thus, a soil management plan with mitigating actions is suggested to conserve
and recover the areas.

Among the existing conservation practices, minimum preparation, maintenance of
vegetation cover, and the maintenance of biological diversity are alternatives that can be
highlighted for the studied agroecosystems. These measures are necessary in order not
to compromise the porous arrangement of the soil and allow the adequate growth and
development of the plant root system.
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Abstract: A long-term high-saline soil environment will limit the improvement of soil quality and
cotton yield. Modified tillage management measures can improve soil quality, and the establishment
of a soil quality evaluation system will facilitate evaluation of the soil quality and land production
potential in southern Xinjiang. The objective of this study was to determine the effects of different
tillage management methods on soil quality in saline cotton fields in southern Xinjiang. A three-year
experiment was conducted in Tumushuke, Xinjiang, with different deep vertical rotary tillage depths
(DTM20, 20 cm; DTM40, 40 cm; DTM60, 60 cm) and conventional tillage (CTM, 20 cm). The soil quality
index (SQI) under different tillage management methods was established by using the full dataset
(TDS) with a scoring function for eight indicators, including physicochemical properties of the soil
from 0 to 60 cm, to evaluate its impact on the soil quality of the saline farmland in southern Xinjiang.
The results of the study showed that deep vertical rotary tillage management can effectively optimize
soil structure; reduce soil bulk density (BD), soil solution conductivity (EC), and pH; and promote the
accumulation of soil organic carbon (SOC) and total nitrogen (TN) in the soil. However, the average
diameter of soil water-stable aggregates (MWD) in a 0–60 cm layer becomes smaller with an increasing
depth of tillage. This does not reduce crop yields but does promote soil saline leaching. In addition,
the significant linear relationship (p < 0.001) between seed cotton yield and soil quality indicated that
improving soil quality was favorable for crop yield. The principal component analysis revealed BD,
MWD, pH, and EC as limiting sensitive indicators for seed cotton yield, while SOC and TN were
positive sensitive indicators. The soil quality index (SQI) values of DT40 and DTM60 were significantly
higher than that of CTM by 11.02% and 15.27%, respectively. Overall, the results show that DTM60 is
the most suitable tillage strategy to improve soil quality and seed cotton yield in this area, and this
approach will provide a reliable theoretical basis for the improvement of saline farmland.

Keywords: soil quality; saline farmland; deep vertical rotary tillage; soil tillage management methods;
seed cotton yield

1. Introduction

Xinjiang in northwestern China is the largest cotton-producing region in the country,
with an annual output that can reach 1.8 million t, accounting for 93.6% of China’s total
production [1]. Cotton production areas located in the southern part of Xinjiang have
long been constrained by drought and water scarcity with soil salinization [2]. At the
same time, under the long-term cotton cropping and shallow tillage management system
based on five-share plowing, soil salinity has been accumulating in the root zone, limiting
the improvement of cotton yield [3]. Increasing soil salinity problems and global climate
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change can lead to degradation of cropland, and rational tillage practices are an effective
way to improve soil quality and crop yield potential [4].

Poor soil structure and low soil fertility caused by soil salinization, and high salinity
in the soil profile are key factors limiting cotton production in southern Xinjiang [5]. Saline
soils can be effectively improved through modified soil tillage management methods to
increase soil fertility and improve soil quality [6]. Traditionally, once or twice a year,
plowing (spring or autumn plowing) is used in the Xinjiang region to form a loose soil
structure, and spring and winter irrigation is used to wash soil saline ions [7]. However,
long-term shallow tillage increases soil compaction and shallow tillage layer, which severely
limits soil water vapor transmission [8]. Deep tillage is a typical conservation tillage practice
aimed at conservation that can achieve soil loosening without disturbing the soil layers
at all depths [9]. The improved soil structure and loosened subsoil allow a crop root
system to obtain more water and nutrient resources for higher overall crop yields [10–12].
In order to explore the improved soil and tillage management in southern Xinjiang, this
work evaluated the use of deep vertical rotary tillage technology. This method can realize
different depths of deep tillage by controlling the lifting and lowering of the auger head
and rapid rotary grinding and crushing of the soil, which suspends into a ridge and does
not disturb the upper soil layer [13]. This tillage method has been widely promoted in
China, and it can better harmonize soil water, air, and heat to build a healthy soil tillage
layer. Given the water-scarce climate and soil salinization at the southern border, the type
of tillage management is closely related to the agro-environmental conditions [14]. The
goal of this work was to evaluate the ability of this tillage method to improve soil quality
and sustainable agricultural development.

The soil quality index (SQI) is an assessment tool that includes physical, chemical, and
biological indicators, and can be used to estimate changes in soil conditions in arable soils
over time due to land-use practices and soil management [15]. For effective evaluation, soil
quality indicators should be physical, chemical, and biological properties that are sensitive
to soil management methods; combining these soil properties into a single indicator can
make the assessment more meaningful and practical. But soil quality sensitivity indicators
vary considerably from region to region [16]. Thus, for meaningful evaluation of tillage
management in southern Xinjiang, we needed to first determine the sensitive indicators
affecting soil quality in this region.

Saline soil in Xinjiang is an important reserve arable land resource in China, but
agricultural production in this region is limited by water scarcity and soil salinization [17].
Thus, there is significant interest in developing new strategies for improved utilization of
saline farmland resources for more sustainable agricultural development. In this study,
three different types of deep vertical rotary tillage and one type of conventional tillage
were compared for tillage of salinized farmland in southern Xinjiang from 2020 to 2022. By
measuring its soil physicochemical properties and yield, analyzing the effects of different
tillage management methods on it, and obtaining the soil quality index (SQI) and sensitivity
indices under different tillage management methods, the overall functional capacity of the
soil in the region was finally determined. The effects of the different tillage management
methods on soil physicochemical properties and yield were determined by obtaining the
soil quality index (SQI) values to assess the overall functional capacity of the soil in the
region. The results of this work should provide a theoretical basis to improve salinized
farmland in the southern Xinjiang region.

2. Materials and Methods

Experiments were conducted in a heavily salinized agricultural field in Tumushuke,
Xinjiang, China (79◦2′5′′ E, 40◦0′10′′ N; altitude 1098 m). The study area has a temperate
extremely arid desert climate, with an average annual precipitation of 38.3 mm, an annual
evapotranspiration of 1643 to 2202 mm, and an average annual temperature of 11.6 ◦C.
The total precipitation during the experimental period of 2020–2022 was 264 mm, and the
average air temperature was 21.61 ◦C. The total precipitation during the test period was
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264 mm, and the average air temperature was 21.61 ◦C (June 2020–September 2022). The
topsoil of the region has a clayey texture and is heavily salinized, with a salt composition
dominated by chlorides [18], but there is plenty of sunshine, and cotton is the main cash
crop grown in the area. The groundwater table is 7.2–8 m in the irrigated season and
8–10 m in the non-irrigated season. The soil basic information was measured at 0–60 cm in
the test area, and the results are shown in Table 1.

Table 1. Soil texture of the soil in the study area.

Soil Depth
cm

Soil Fraction/%

Soil Texture 1Sand Particles Silt Particles Clay Particles
0.05–2/mm 0.05–0.002/mm <0.002/mm

0–20 20.80 70.77 8.43 Silty loam
20–40 14.56 76.38 9.06 Silty loam
40–60 9.97 80.49 9.54 Silty loam

1 Soil particles were graded according to the USDA Soil Taxonomy system of Soil Classification Standards [19].

2.1. Experimental Site and Experimental Design

Twelve experimental plots were established, each with an area of 14 × 15 m2. Four
treatments were tested, and each treatment was replicated three times, with a 10 m isola-
tion zone between neighboring plots to ensure that the treatments were not affected by
nearby plots. The treatments were categorized into different deep vertical rotary tillage
depths (DTM20, 20 cm; DTM40, 40 cm; DTM60, 60 cm) and conventional tillage (CTM,
20 cm). The deep vertical rotary tillage treatments were started in April 2020 using a
loosening machine (Aksu Wufeng Agricultural Machinery Co., Ltd., Aksu, China, Model
1FSGL-230) to achieve different tillage depths, and in 2021 and 2022, a conventional five-
share plow was used (Anhui Huaifeng Modern Agricultural Equipment Co., Ltd., Hefei,
China, Model 1L-530J). Conventional tillage treatment (CTM) using a five-share plow for
tillage in 2020–2022 (Table 2) and spring irrigation (2800 m3·ha−1) was performed after
completion of tillage. The test variety of “Xinluzhong No. 56” cotton was sown in the
spring after irrigation, and the straw was crushed and returned to the field after harvesting
in September, with a deep turning of 30 cm. Drip irrigation under the membrane was
adopted, with the drip irrigation tapes arranged in three tubes and six rows (Figure 1). The
drip irrigation tapes had a diameter of 16 mm, a wall thickness of 0.2 mm, a drip head
spacing of 30 cm, and a flow rate of 3.2 L·h−1. Irrigation water was mixed with water from
wells and canals, with a ratio of irrigation of 1:1. The irrigation and fertilization system
was consistent for each year during the experimental period, and the cotton was irrigated
10 times during the season, with an interval of 7–10 d between each irrigation treatment.
The total irrigation quota was 47,400–48,000 m3·ha−1. Water-soluble fertilizers were ap-
plied with each irrigation treatment, including 500 kg·ha−1 of urea (N mass fraction ≥ 46%),
40 kg·ha−1 of potassium xanthate (mass fraction of xanthate ≥ 50%), 290 kg·ha−1 of high-
nitrogen and high-phosphorus water-soluble fertilizers (N + P2O5 mass fraction ≥ 74%),
and 210 kg·ha−1 of high-nitrogen and high-potassium water-soluble fertilizers (N + K2O
mass fraction ≥ 70%). Other field management measures were performed according to
local implementation.

Table 2. Soil tillage management methods for each treatment in the experimental area.

Soil Tillage
Management Methods

Tillage Machinery and Depth
2020 2021–2022

CTM Five-share plow machinery, 20 cm Five-share plow machinery, 20 cm
DTM20 Deep vertical rotary tillage, 20 cm Five-share plow machinery, 20 cm
DTM40 Deep vertical rotary tillage, 40 cm Five-share plow machinery, 20 cm
DTM60 Deep vertical rotary tillage, 60 cm Five-share plow machinery, 20 cm
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Figure 1. Schematic diagram of cotton planting.

2.2. Collection and Analysis of Soil Samples

On the third day after each irrigation, samples were randomly taken from the wide
rows of each treatment to a depth of 60 cm using the “five-point method”, and the average
value during the reproductive period was taken as the average value of the treatment at
a depth of 0–60 cm. A portion of the collected samples was used for pH measurement
with a pH meter (Shanghai Yidian Scientific Instrument Co., Ltd., Shanghai, China, Model
PHS-3C) and soil EC measurement by a conductivity meter (Shanghai Yidian Scientific
Instrument Co., Ltd., Shanghai, China, Model DDS-307). The rest of the soil was used
for the determination of soil nutrients, in which soil organic carbon was determined by
the potassium dichromate-sulfuric acid external heating method (SOC), total nitrogen
was determined by Kjeldahl nitrogen fixation (TN), total potassium was determined by
H2SO4-H2O2 boiling and the flame photometric method (TK), and total phosphorus was
determined by H2SO4-H2O2 boiling and the molybdenum blue method with ascorbic acid
(TP) [20].

Cotton harvesting was performed in September each year, and the soil samples were
collected and air-dried using the “five-point method.” For each soil sample, 100 g of
soil were weighed after thorough mixing, and the soil water stability aggregates were
determined using the wet sieve method [21]. The average weight diameter (MWD) of the
soil water stability aggregates from 0 to 60 cm was calculated by the following formula:

MWD =
∑n

i=1 diwi

∑n
i=1 wi

(1)

where wi is the proportion of agglomerate mass in each particle size range, %; di is the
average diameter of agglomerates in any level range, mm.

Soil samples were collected using the cutting-ring method between the wide rows of
each treatment to a depth of 60 cm during the cotton harvest in September of each year,
and each treatment was replicated three times. The soil bulk density (BD) was calculated
using the following formula, which was calculated to obtain the mean value of 0–60 cm:

dv =
M·100

V(100 + W)
(2)

where, dv is the soil bulk density, g·cm−3; M is the weight of wet soil, g; V is the volume of
the ring knife, cm3; and W is the soil moisture content in the ring knife, %.

Seed cotton yield was obtained by hand-picking, drying, and weighing 100 randomly
selected bolls during the cotton harvest in September each year. Individual boll weight was
calculated by dividing the total weight of 100 bolls by the total number of bolls, and the
final average was taken and substituted into the following equation as seed cotton yield for
each treatment. Each treatment was repeated three times.

Y = y × a × m (3)
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where, Y is the seed cotton yield, kg·ha−1; y is the boll weight, g; a is the number of bolls,
per plant; m is the planting density, plant·ha−1.

2.3. Soil Quality Assessment

Physical and chemical indicators commonly used in SQI evaluation were initially
selected based on previous studies. The selected indicators were used to establish a total
dataset (TDS) and included soil physical property indicators (BD, MWD) [22] that can
reflect the effects of different tillage management practices on soil structure and soil particle
distribution, and soil chemical property indicators (EC, pH, SOC, TN, TP, TK) [22] that can
reflect the effects of different tillage management practices on soil ecology and fertility [23].
The soil indicators in TDS were transformed into normalized values between 0.1 and 1.0
using three types of scoring functions. The positive S-type (SSF1) function was applied to
positive slopes, the inverse S-type (SSF2) function was applied to negative slopes, and the
parabolic (SSF3) function was applied to positive slopes that change to negative slopes at a
certain threshold [15]. The standard scoring functions used for normalization of soil quality
indicators and their thresholds are shown in Table 3. The score curve equation was used to
calculate the soil indicator scores, and the SSF formula shown in Table 3 is as follows [24].

TypeS(SFF1) : f(x) =

⎧⎨
⎩

1.0 (x ≥ b)
x − a
b − a (a < x < b)
0.1 (x ≤ a)

(4)

TypeS(SFF2) : f(x) =

⎧⎨
⎩

0.1 (x ≥ b)
x − a
b − a (a < x < b)
1.0 (x ≤ a)

(5)

TypeS(SFF3) : f(x) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0.1 (x ≤ a, x ≥ b)
x − b
b2− b (b2 < x < b)
x − a
b1− a (a < x < b1)

1.0 (b1 < x < b2)

(6)

where f(x) is the soil quality indicator score; x is the measured value of the soil indicator;
and a, b, b1, and b2 are the critical values, see Table 3.

Table 3. Threshold values and standardized scoring functions used for soil quality indicators.

Factor Unit Scoring Survey a * b * b1 * O * b2 * Reference Source

BD g·cm−3 SSF2 1.3 1.8 [25]
MWD mm SSF1 0.4 2.0 [26]

EC mS·cm−1 SSF2 0.2 4 [25]
pH SSF3 3 11 5.5 7 8.5 [25]

SOC* g·kg−1 SSF1 3.48 23.2

[18]TN g·kg−1 SSF1 0.5 20
TP g·kg−1 SSF1 0.2 1
TK g·kg−1 SSF1 5 25

* a = lower threshold at which or below the score is 0.1; b = upper threshold at which or above score is 1.0;
b1 = lower baseline, at which score is 0.5 with bell-shaped relationship; O = optimum level, at which score is 1.0
with bell-shaped relationship; b2 = upper baseline at which score is 0.5 with bell-shaped relationship. The threshold
for soil organic carbon was obtained by conversion based on organic matter = organic carbon × 1.742 [25].

The weights of the indicators can be determined by dividing the common factor of
principal component analysis by the total eigenvalues. Finally, after scoring and weighting
the selected indicators, the SQI was calculated using the soil quality index formula:

SQI =
n

∑
i=1

Wi × Si (7)
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where Wi is the indicator weight value, Si is the indicator score, and n is the number of
variables integrated in the indicator.

2.4. Data Processing

Experimental data processing was performed using Excel 2019. SPSS Statistics 22.0
(SPSS Inc., Chicago, IL, USA) was used for normal distribution tests, factor analysis, and
Pearson correlation analysis. After testing, the data were normally distributed; MANOVA
was used to test the differences in soil quality indicators between tillage years and tillage
management practices. Origin 2021 was used to plot the principal component analysis to
clarify the relationship between soil quality indicators and yield.

3. Results

3.1. Multivariate Analysis of Variance (MANOVA)

The eight selected soil quality indicators were significantly affected by period of tillage,
tillage management practices, and their interaction effects (Table 4). We analyzed the data
for different soil tillage practices in each period and investigated the effect of soil tillage
methods on soil quality indicators in 0–60 cm and seed cotton yield.

Table 4. Multivariate analysis of variance (MANOVA) results to assess the effect of period, treatment,
and their interactions for eight measured soil properties and seed cotton yield.

Factors * DF Wilk’s λ p-Value

Period of tillage 18 0.004 <0.001
Tillage management 27 0.001 <0.001

Period of tillage × Tillage management 54 0.017 0.002
* The results of the data normality tests are detailed in Table S3.

3.2. Soil Properties

TP and TK in the 0–60 cm soil depth range during 2020–2022 were not significantly
different between groups among treatments, but there were significant differences between
groups of soil indicators including BD, MWD, pH, EC, SOC, and TN (Figure 2). The
mean values of BD, MWD, pH, and EC under different tillage management at three years
were in the order of CTM > DTM20 > DTM40 > DTM60, while the opposite pattern was
seen for SOC and TN. Deep vertical rotary tillage management consistently affected the
quality indicators of 0–60 cm soils during the three years (2020–2022). DTM significantly
reduced BD and pH compared to CTM, but there was no significant difference in pH
between DTM20 and CTM. MWD and EC were significantly lower than those of CTM
by 3.79%, 6.40%, and 29.40%, 38.21% for DTM40 and DTM60, respectively; the difference
between CTM and DTM20 was not significant. SOC of DTM20, DTM40, and DTM60
were significantly higher than CTM by 2.32%, 4.51%, and 7.47%, respectively; and TN of
DTM40 and DTM60 were significantly higher than CTM by 1.51% and 2.97% (the difference
between CTM and DTM20 was not significant). There were no significant differences in
TP and TK between deep vertical rotary tillage and conventional tillage (p > 0.05). Neither
deep vertical rotary tillage management nor an increase in the number of years of tillage
significantly affected the content of TP and TK in the soil.
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Figure 2. Boxplot and coefficient of variation of eight soil properties of the 0–60 cm layer in 2020, 2021,
and 2022. CV is a variable coefficient of each soil property in 2020, 2021, and 2022. p is the level of
significance of soil properties between treatments in 2020, 2021, and 2022. BD, soil bulk density; MWD,
soil mean weight diameter; EC electrical conductivity; SOC, soil organic carbon; TN, total nitrogen;
TK, total potassium; TP, total phosphorus. CTM, conventional tillage; DTM20, 20 cm; DTM40, 40 cm;
DTM60, 60 cm, the same as below. Where ns is p > 0.05, ** is 0.05 < p ≤ 0.01, *** is p < 0.001.

MWD showed a significant positive correlation with BD (0.51), EC showed a significant
positive correlation with BD (0.80), and pH showed a significant positive correlation with
BD, MWD, and EC (0.54, 0.57, and 0.74, respectively). SOC showed a significant negative
correlation with BD, MWD, EC, and pH (−0.83, −0.37, −0.90, and −0.70, respectively). TN
showed a significant negative correlation with BD, MWD, EC, and pH (−0.66, −0.49, −0.38,
and −0.41, respectively). TN showed a significant positive correlation with SOC (0.46).
MWD and pH were significantly positively correlated with TK (0.44 and 0.74, respectively).
TP showed no correlation with any of the indicators (Figure 3).

Figure 3. Correlation coefficients among soil properties in the 0–60 cm layer. The correlation
coefficients and levels between soil properties are shown in the figure. Where ns is p > 0.05, * is
p ≤ 0.05, ** is p < 0.001.

3.3. Soil Quality

The common factor variances of the eight soil property indicators were obtained by
factor analysis, and all were >0.5 (Table 5). Three components with eigenvalues greater
than one were selected, and these components explained a total of 82.53% of the variance in
the dataset. The eigenvalues of PC1, PC2, and PC3 were categorized as 3.51, 1.72, and 1.38,
explaining 43.88%, 21.45%, and 17.20% of the variance in the dataset, respectively. Both
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PC1 and PC2 consisted of positive principal component coefficients, or loadings, on BD,
MWD, TK, and loadings on TN. SOC and TP were loadings in PC1 and positive loadings
in PC2. Indicators of pH and EC were positive loads in PC1 and loads in PC2. MWD, pH,
SOC, TN, and TK were positive loadings in PC3, and BD, EC, and TP were loadings. In
the TDS dataset, SOC had the largest common factor variance and weight, 0.91 and 0.14,
respectively, and MWD had the smallest, 0.68 and 0.10.

Table 5. Soil properties of factor pattern, common factor variance, and weighting considered in TDS.

Soil Properties Packet
PCA

Communality Weighting
PC1 PC2 PC3

BD 1 0.886 0.083 −0.288 0.875 0.1325
MWD 1 0.687 0.297 0.350 0.683 0.1035

pH 1 0.826 −0.262 0.279 0.828 0.1254
EC 1 0.875 −0.312 −0.179 0.895 0.1356

SOC 1 −0.882 0.267 0.250 0.912 0.1381
TN 1 −0.674 −0.494 0.212 0.743 0.1125
TP 2 −0.074 0.851 −0.366 0.864 0.1309
TK 3 0.413 0.428 0.669 0.802 0.1215

Principal component eigenvalue 3.510 1.716 1.376
Of Variance (%) 43.879 21.447 17.199
Cumulative (%) 43.879 65.327 82.525

The results showed that deep vertical rotary tillage management could improve the
soil quality of saline farmland (Table 6). The scores of eight soil property indices and soil
quality indices (SQI) were calculated for each treatment at 0–60 cm of soil for each year
(2020–2022) using Equations (4)–(6) and Table 2. Scores under BD, pH, EC, SOC, and TN
soil property indexes for each treatment were in the order of CTM < DTM20 < DTM40
< DTM60, with the highest scores obtained under CTM treatment and the lowest scores
obtained under DT60 in MWD. The scores were all relatively similar under different tillage
management methods in TP. The scores under all treatments were 1.000 because the content
of TK was greater than 25 g·kg−1 at soil depths of 0–60 cm (Table 2). The magnitude of
the soil quality indices (SQI) were in the order of CTM < DTM20 < DTM40 < DTM60,
with DTM40 and DTM60 both significantly greater than CTM and DTM20, and DTM60
significantly greater than DTM40 (p < 0.05).

Table 6. Scores for the soil properties considered in TDS.

TDS

Indicators
Scoring
Curve

Weight CTM DTM20 DTM40 DTM60

BD SSF2 0.1325 0.404 0.469 0.504 0.547
MWD SSF1 0.1035 0.652 0.644 0.618 0.594

PH SSF2 0.1254 0.353 0.364 0.384 0.409
EC SSF3 0.1356 0.272 0.305 0.549 0.675

SOC SSF1 0.1381 0.138 0.145 0.152 0.163
TN SSF1 0.1125 0.170 0.174 0.177 0.185
TP SSF1 0.1309 0.697 0.695 0.697 0.691
TK SSF1 0.1215 1.000 1.000 1.000 1.000

SQI 0.453 c 0.468 c 0.507 b 0.532 a *
* Different letters indicate significant differences at p < 0.05.

The results showed that deep vertical rotary tillage management can significantly
increase seed cotton yield (Figure 4a). The average seed cotton yield in 2020–2022 was
highest under DT60 treatment. There were significant increases of 24.93%, 35.86%, and
43.98% (p < 0.05) under DTM20, DTM40, and DTM60, respectively, relative to that of CTM.
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The smallest coefficient of variation was 8.53% for CTM treatment, and the highest was
12.65% for DTM60. The Pearson coefficient of SQI and seed cotton yield was 0.93, indicating
significant correlation (p < 0.001). The R2 value of 0.8658 indicated a good correlation and fit
(Figure 4b), indicating this evaluation method is meaningful. Improvements in soil quality
can contribute to increased seed cotton yields.

Figure 4. Interrelationship of soil quality index and crop yield. p is the level of significance of seed
cotton yield between treatments in 2020, 2021, and 2022. Figure (a) shows seed cotton yield under
different tillage management practices in 2020, 2021 and 2022. (b) shows the linear fit of seed cotton
yield and SQI index.

3.4. Relationship between Soil Quality Indicators and Yield of Crops

The relationship between all soil quality indicators and seed cotton yield under differ-
ent tillage management practices was assessed by principal component analysis (Figure 5).
In principal component analysis, PC1, PC2, and PC3 explained 54.60%, 17.80%, and 11.20%
of the variance in the data, respectively. BD, pH, and EC were significantly negatively cor-
related with seed cotton yield, SOC, and TN, indicating that a reduction in BD, MWD, pH,
and EC promotes an increase in seed cotton yield, SOC, and TN. None of the relationships
between TK and seed cotton yield were significant, and the direction of their vectors was
almost perpendicular to the direction of the yield vectors. TP showed a positive correlation
with seed cotton yield. Therefore, BD, MWD, pH, and EC were limiting sensitive indicators
of seed cotton yield, and SOC and TN were positive sensitive indicators. The data distribu-
tion of each treatment shifted leftward toward the vector direction of seed cotton yield with
increased depth of tillage. Overall, the results showed that different tillage management
practices had significant effects on soil quality indicators and seed cotton yield.

Figure 5. Principal component analysis of soil quality indicators and yield of crops in different soil
tillage management methods (2D and 3D). The lines originating from the central point of the biplots
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show negative or positive correlations of different variables, and their closeness indicates strength of
correlation with a particular treatment.

4. Discussion

4.1. Effect of Different Soil Tillage Management Methods on Soil Quality Indicators

High soil salinity severely limits land productivity and crop production in the southern
Xinjiang region [27]. Modified soil tillage management can improve soil properties, and
comparing different tillage management helps us to explore ways to improve soil quality in
this region. The mean values of BD, MWD, pH, EC, SOC, and TN of 0–60 cm soil were all
significantly different under different tillage strategies during 2020–2022, and use of deep
vertical rotary tillage sustainably affected the soil structure and environment (Figure 3).
Increased depth of deep vertical rotary tillage resulted in greater reductions in BD and
MWD, while decreased soil pH and EC resulted in increased levels of SOC and TN. A
reduction in soil salinity content by tillage to increase SOC and TN was seen previously [28].
Soil total nitrogen and organic carbon content showed a significant correlation, probably
because most of the nitrogen was bound in the organic matter matrix (Figure 3) [29], and
the application of organic fertilizer added carbon to the soil. Soil TP content under different
tillage management methods did not differ significantly from 2020 to 2022, but TP content
decreased in 2020 (Table S1). This was because deep vertical rotary tillage can increase soil
permeability and phosphorus leaching, but chemical fertilizer application and straw return
to the field can provide carbon, nitrogen, and phosphorus to replenish the nutrients [30].
Different tillage management methods had less effect on TK content, probably because
tillage in potassium-rich farmland is always in equilibrium with potassium replenishment
and depletion. The results of this study showed that deep vertical rotary tillage decreased
the average diameter of soil aggregates (Figure 2). Previous studies have shown that a
reduction in soil macroaggregates decreases aggregate stability [31] and also leads to a
decrease in carbon and nitrogen contents in the soil [32]. However, in this study, carbon and
nitrogen content did not decrease. This may be due to the long-term use of straw returning.
The fragmentation of the agglomerates can increase the contact between crushed straw
and soil, and this promotes the decomposition of the natural organic matter and enables
the soil to obtain more carbon [33–35]. In addition, the crushing of large agglomerates
can facilitate the washing out of saline and alkaline ions from the agglomerates under the
action of spring irrigation.

4.2. Effect of Different Soil Tillage Management Methods on Soil Quality

Soil quality evaluation using sensitivity indicators helps to determine the functional
capacity of tillage management in an agroecosystem [36]. There have been few long-term
experimental studies using deep vertical rotary tillage. Our results suggest that the effects
of deep vertical rotary tillage last longer than three years, as seen by the maintenance of soil
structure in the third year. Alternating conventional tillage with deep vertical rotary tillage
during this period is a more economical and efficient way to improve saline farmland [37].
Improvement of soil quality can be achieved by enhancing or maintaining soil-related
properties, with SOC significantly contributing to soil quality and improving the structural
stability and carbon and nitrogen cycling [38]. The results of this study showed that SOC
had the highest weight in the evaluation of soil quality, and tillage management practices
that scored high in SOC also had the highest SQI. The second highest weight was EC and
the lowest was MWD, which is consistent with previous studies [23,39]. Sadiq et al. [40]
concluded that deep tillage is important and can reduce soil salinity and promote cotton
yield formation. A loose soil structure creates favorable conditions for salt leaching and
cotton root growth. The score function for MWD was SSF1, and tillage to a depth that is
too deep reduces the average diameter of soil aggregates, explaining the lowest score of the
DTM60 under this indicator. The observed scores for total soil potassium under all tillage
management practices were all 1.00, indicating that the soil is rich in potassium, sufficient
for the soil to reach its full potential. Raiesi and Kabiri [39] found that MWD is less sensitive
to tillage than other physical properties, consistent with the results of this study (Table 6).
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DTM40 and DTM60 were able to significantly improve soil quality compared to CTM and
DTM20, and seed cotton yield showed a significant linear relationship with SQI, indicating
the soil quality evaluation was meaningful. Crop yield is directly related to climatic and
hydrological factors and field management level, and the soil quality index in this study
showed a good fit with seed cotton yield (Figure 5), indicating that improving soil quality
is beneficial to crop yield [41].

4.3. Relationship between Soil Quality Indicators and Seed Cotton Yield under Different Soil
Tillage Management Methods

Soil tillage alters soil organic matter mineralization and nutrient cycling rates [42],
which affect soil quality and cotton production. Deep tillage can effectively increase seed
cotton yield, and here, seed cotton yield showed a significant linear correlation with SQI.
The coefficient of variation (CV) of CTM was the smallest among seed cotton yield, with
higher yields and CV values for deep vertical rotary tillage treatments. In the principal
component analysis of soil quality indicators and seed cotton yield, BD, MWD, pH, and
EC were identified as limiting sensitive indicators for seed cotton yield, and SOC and
TN were identified as positive sensitive indicators, consistent with previous results [43].
Therefore, assessing SQI allows determination of the effect of different tillage methods
on soil quality. Although soil quality varies in different locations and is associated with
different land use and tillage management methods [14], our results clearly suggest that
deep tillage management can help to improve saline farmland in the southern Xinjiang
region. In the short term, efforts to improve saline soil should focus on desalination,
followed by the application of organic fertilizer to improve soil fertility. However, future
work should investigate whether the DTM60 tillage management method can result in
long-term improvements to saline farmland for crop yield increase. Additionally, future
work should investigate the yield increase threshold of this tillage management method.
With long-term use, irrigation and fertilization can increase the accumulation of soil salts.
Modified tillage management can only temporarily alleviate the limitations of soil salinity
on crop yields; the best strategy to solve this problem is to remove the soil salts. Therefore,
in future research, we will continue to investigate the effect of deep vertical rotary tillage
management and subsurface pipe drainage technology on the improvement of saline
farmland. Of course, soil quality is also affected by rainfall and temperature and additional
agricultural practices, so future work should investigate the general applicability of the
SQI evaluation method.

5. Conclusions

Different tillage management methods can significantly affect soil quality indicators
and crop yield. The results of this study showed that deep vertical rotary tillage optimizes
soil properties and improves the soil quality index (SQI) compared to CTM. Deep tillage
reduces BD, MWD, EC, and pH, and promotes the accumulation of SOC and TN in the
soil. The average diameter of aggregates in the soil also becomes smaller with an increase
in the tillage depth, and a reduction in MWD does not reduce crop yield but promotes
soil salinity leaching. The significant linear relationship between seed cotton yield and
soil quality (p < 0.001) indicated that improving soil quality can increase crop yield. By
principal component analysis, we identified BD, MWD, pH, and EC as limiting sensitive
indicators for seed cotton yield, and SOC and TN as positive sensitive indicators. Utilizing
these sensitivity indicators and evaluating soil quality can help expand our understanding
of how to improve land productivity and crop yield potential of saline farmland in southern
Xinjiang.

Supplementary Materials: The following Supporting Information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture13101864/s1, Table S1: Soil quality indicators for
0–60 cm, 2020–2022.; Table S2: Seed cotton yield in 2020–2022; Table S3: Data normality distribution
test.
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Abstract: Nitrogen (N) fertilizer application is one of the causes of soil acidification at tea plantations.
However, the effect of N fertilizer application on the soil acidification characteristics of tea plantations
with different acidities remains unclear. In this study, field experiments were conducted to investigate
the effects of different nitrogen fertilizer application rates on the pH, pH buffer capacity (pHBC), ex-
changeable total acidity (ETA), exchangeable base cations (EBCs), and cation exchange capacity (CEC)
in the topsoil of non-acidified (NA), mildly acidified (MA), and heavily acidified (HA) tea plantations.
The results showed that the exchangeable Al3+ (E-Al) and CEC were HA > MA > NA in all tea plantations,
whereas the EBCs and base saturation percentage (BSP) were HA < MA < NA. In the tea plantations with
pH > 4.0, the pH, EBCs, and BSP showed decreasing trends with increasing N fertilizer application,
whereas E-Al showed an increasing trend. In the tea plantations with pH < 4.0, the soil pH showed a
small increasing trend with the increase in N fertilizer application, whereas the soil exchangeable
H+ (E-H), E-Al, and CEC showed decreasing trends. Meanwhile, in the pH range of 4–6, the soil
acid–base buffer curve rose sharply, and an excessive application of N fertilizer (N900) significantly
reduced the pHBC. In addition, a stepwise regression analysis showed that the BSP, EBCs, and
exchangeable Mg2+ (E-Mg) had significant direct effects on the soil pH, whereas the CEC and N
application had significant direct effects on the soil pHBC. In conclusion, a decrease in the BSP and an
increase in E-Al were the main mechanisms of acidification at tea plantations, whereas a decrease in
the BSP caused by the application of N fertilizer was the main cause of exacerbated soil acidification
in non-acidified tea plantations.

Keywords: soil acidification; tea plantation; N fertilization; pH buffer capacity; exchangeable function

1. Introduction

Soil acidification is a serious aspect of soil degradation worldwide and has been
reported in various ecosystems and regions [1,2]. Soil acidification induces soil nutri-
ent imbalances [3] and losses of natural flora and fauna species [4], reduces agricultural
production [5] and reduced belowground processes [6,7], and increases greenhouse gas
emissions [8]. Soil acidification is ascribed to a combination of high-N fertilization [9],
plant uptake and the removal of base cations from the soil [10], and acid deposition [11].
The overuse of N fertilizer is the dominant factor that has resulted in soil acidification in
conventional agricultural systems aimed at maximizing profits [12,13]. It is thought that
accelerated soil acidification due to N fertilization is directly caused by the production of
protons via nitrification after ammonium nitrogen fertilization occurs [14]. In addition, un-
der heavy rainfall, nitrate nitrogen ions (NO3

−) leach out of the soil and carry away a large
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number of base ions, leaving more H+, which is the indirect cause of the soil acidification
caused by nitrogen fertilizer application [15].

The tea plant (Camellia sinensis) is an important cash crop that is cultivated in many
tropical and subtropical countries. Owing to its high economic value, tea cultivation has
been rapidly expanding in China [16]. The optimal soil pH for tea growth is 4.5–5.5 [17]. Tea
growth is inhibited when the soil pH is lower than 4.0, and both the quality and quantity
of the tea that is produced are negatively affected [18]. Nitrogen (N) fertilizer is applied
to improve the yield and quality of tea because N is required for the production of amino
acids, which are key quality indicators of tea [19]. High rates of N fertilization, as high as
444 kg ha−1, further accelerate soil acidification [20]. In China, 46.0% of soil samples had a
pH < 4.5, indicating that the soil acidification trend of tea plantations is severe [21].

Most studies have shown that the higher the amount of nitrogen fertilizer that is
applied, the more serious the soil acidification [22]. However, the soil acidification rate
may be reduced by less nitrate leaching because the nitrification rate is typically inhibited
by a low soil pH [23]. Additionally, rather than the total production of protons, soil
acidification strongly depends on the soil buffering capacity and the depletion of the soil
base cation pool. The soil acid–base buffer system mainly depends on the soil pH [24].
Therefore, a basic soil pH has an important effect on the degree of soil acidification caused by
nitrogen application.

The transformation of soil nutrients and microbial activities are significantly affected
by soil pH. The nutrient transformation and microbial activities are different in soils with
different pH values [25]. Most previous studies have been carried out under the same pH
conditions; therefore, the responses of the soil acidification characteristics of tea plantations
with different pH values to N fertilizer application is not completely clear. In addition, the
effect of fertilization on soil properties can be more accurately evaluated using the multiyear
positioning test. At present, there are few studies on the effect of the long-term application
of N fertilizer on the soil properties at tea plantations. In this study, we conducted three
field experiments that considered a range of N additions in Guizhou, the province with the
largest tea planting area in China, and 86.9% of the soil samples had soil pH values < 4.5 [21].
We tested the soil pH, exchangeable total acidity (ETA), exchangeable base cations (EBCs),
and soil acid–base buffering capacity (pHBC). Our objectives were (1) to reveal the contri-
bution of N fertilization to soil acidification at tea plantations at different pH levels, (2) to
evaluate the main factors controlling the soil pH at tea plantations, and (3) to provide a
reference for rational N application and acidification improvement at tea plantations.

2. Materials and Methods

2.1. Description of the Study Site

The experimental sites were located in the main region for green tea cultivation in
Guizhou Province, Southwest China, and all field experiments were conducted from 2016
to 2020. The Guiding test site (GD) was located in Baoguan Township, Guiding County,
Qiannan Prefecture, Guizhou Province (107◦8′53.8′′ E, 26◦13′44.6′′ N, altitude 1244 m). The
experimental site has a subtropical monsoon climate with a frost-free period of 280 days,
an average annual temperature of 13.2 ◦C, and an average annual precipitation of 1200 mm.
The soil at the site was a yellow soil and was classified as an Acrisol in the World Refer-
ence Base for Soil Resources (WRB). Before the experiment, tea plants of the ‘Niaowang’
variety grew in the studied field for 10 years, and the planting density was approximately
60,000 plants ha−1. A N-P-K ternary compound fertilizer (N-P-K: 15/6.5/12.4, 400 kg ha−1)
and urea (120 kg ha−1) were applied annually before the experiment.

The Meitan test site (MT) was located in Xinglong Town, Meitan County, Zunyi City,
Guizhou Province (107◦33′4.4′′ E, 27◦45′33.3′′ N, altitude 831 m). The experimental site
has a subtropical monsoon climate with a frost-free period of 284 days, an average annual
temperature of 15.3 ◦C, and an average annual precipitation of 1100 mm. The soil at the
site was a yellow soil and was classified as an Acrisol in the World Reference Base for Soil
Resources (WRB). Before the experiment, tea plants of the ‘Fuding’ variety grew in the
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studied field for 35 years, and the planting density was approximately 60,000 plants ha−1.
An organic–inorganic compound fertilizer (N-P-K 11/2.2/3.3, 3000 kg ha−1) was applied
annually before the experiment.

The Xixiu test site (XX) was located in Jichang Township, Xixiu District, Anshun City,
Guizhou Province (106◦4′33.1′′ E, 26◦5′20.4′′ N, altitude 1233 m). This experimental site
has a subtropical monsoon climate with a frost-free period of 250 days, an average annual
temperature of 13.9 ◦C, and an average annual precipitation of 1200 mm. The soil at the
site was yellow soil and was classified as an Acrisol in the World Reference Base for Soil
Resources (WRB). Before the experiment, tea plants of the ‘Fuding’ variety grew in the
studied field for 34 years, and the planting density was approximately 60,000 plants ha−1.
A total of 750 kg ha−1 of a N-P-K ternary compound fertilizer, 450–675 kg ha−1 of urea,
and 1500 kg ha−1 of organic fertilizer (rapeseed cake) were applied annually before
the experiment.

The surface (0–20 cm) soil properties that existed at each site before the experiment
are shown in Table 1. According to the impact of the pH on the growth of tea plants, the
pH was divided into three levels: pH < 4 was heavily acidified (HA), 4 < pH < 4.5 was
mildly acidified (MA), and pH > 4.5 was non-acidified (NA). The pH value of the soil at
the Guiding test site (GD) was NA, the soil at the Meitan test site (MT) was MA, while the
soil at the Xixiu test site (XX) was HA.

Table 1. Soil properties that existed at each site before the experiment.

Test Site pH
SOM

(g kg−1)
CEC

(cmol kg−1)
TN

(g kg−1)
AN

(mg kg−1)
AP

(mg kg−1)
AK

(mg kg−1)

GD 5.01 19.0 9.30 1.44 110.2 14.60 187.0
MT 4.14 28.7 14.2 1.76 147.9 41.30 118.1
XX 3.74 68.4 24.8 3.29 181.6 54.20 181.3

Note: SOM—soil organic matter; CEC—cation exchange capacity; TN—total nitrogen; AN—alkali-hydrolyzed
nitrogen; AP—available phosphorus; AK—available potassium.

2.2. Experimental Design

The experiment consisted of five treatments, and each treatment was repeated three
times according to a randomized complete block design (RCBD). The area of each plot was
22.5 m2 (1.5 m × 15.0 m). The treatments included N0 (P 43.7 kg ha−1 and K 83.9 kg ha−1),
N150 (N 150 kg ha−1, P 43.7 kg ha−1, and K 83.9 kg ha−1), N300 (N 300 kg ha−1, P 43.7 kg ha−1,
and K 83.9 kg ha−1), N600 (N 600 kg ha−1, P 43.7 kg ha−1, and K 83.9 kg ha−1), and
N900 (N 900 kg ha−1, P 43.7 kg ha−1, and K 83.9 kg ha−1). The fertilizers used in the
test included urea (46.0% N), superphosphate (7.0% P), and potassium sulfate (41.9% K).
Nitrogen fertilizer was applied in three stages: base (30%), spring (40%), and summer
(30%). The base fertilizer was applied from October to November every year, the spring
fertilizer was applied in early February of the following year, and the summer fertilizer
was applied in May–June every year. Phosphorus and potassium fertilizers were applied as
a base fertilizer in October–November every year. All fertilizers were applied in the band
furrows (at a depth of 15–20 cm) about 20–30 cm from the roots of the tea plants and then
covered with soil after their application.

2.3. Sampling and Measurement

Soil samples from depths of 0–20 cm were collected between rows of tea trees from
10 randomly selected spots in the main experimental area before fertilization. Soil samples
were collected before the experiment in October 2016, and the soil samples for this study
were collected in October 2020. The soil samples were composited, and visible impurities
and roots were removed. Then, the samples were naturally air-dried, ground, and passed
through 2 mm and 0.15 mm sieves to determine their chemical properties. The chemical
properties of the soil were determined according to the method described by Bao [26]. The
soil pH was measured with a 1:2.5 extraction mixture (soil/water, w/v) using a pH meter
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(FE20K, Mettler Toledo, Zurich, Switzerland). The organic matter (OM) was determined
by oxidation with potassium dichromate and titration with ferrous ammonium sulfate.
The total N (TN) was determined using the Kjeldahl method. The available nitrogen (AN)
was measured using the alkaline hydrolysis diffusion method. The available phosphorus
(AP) was extracted using a 0.03 mol L−1 NH4F–0.025 mol L−1 HCl solution and analyzed
using an ultraviolet-visible spectrophotometer (T6 New Century, Beijing, China) via a
molybdenum blue colorimetric analysis. The available potassium (AK) contents were
extracted using 1 mol L−1 NH4AC (pH 7.0) and measured using a flame photometer
(AP1200, Shanghai, China). The exchangeable total acids (E-Al and E-H) were determined
using 1 mol L−1 potassium chloride solution drenching and NaOH-neutralization titration.
The CEC was determined using a 1 mol L−1 ammonium acetate exchange and a distillation
method. EBCs were extracted using a 1 mol L−1 ammonium acetate (pH 7) solution, the Ca
and Mg in the extracts were determined using atomic absorption spectrophotometry, and
the K and Na were determined using flame photometry.

Three of the treatments (N0, N300, and N900) were selected for the soil acid–base buffer
titration curve. A 0.5 g soil sample was weighed into each of the 15 beakers (numbered
1–15). Then, 0, 0.25, 0.5, 1.0, 2.0, 4.0, 6.0, and 9.0 mL of a 0.1 mol L−1 HCl solution was
added to beakers 1–8, and 0.25, 0.5, 1.0, 2.0, 4.0, 6.0, and 9.0 mL of a 0.1 mol L−1 NaOH
solution was added to beakers 9–15, and finally deionized water was added to fix the
volume to 25.0 mL. The solutions were shaken well, and the pH values were measured after
30 min of standing. The pHBC was determined by the linear fitting of the data between
two inflection points [27]. The calculation formula was as follows:

pHBC = 1/|a|

where pHBC indicates the acid–base buffer capacity at the end of the test and a is the slope
of the linear fitting equation.

2.4. Statistical Analysis

The experimental data were calculated using Excel 2010. Variance, correlation, and
stepwise regression analyses were performed using SPASS 20.0. Differences between
treatments were analyzed using a one-way ANOVA combined with Duncan’s multiple
range test (p < 0.05).

3. Results

3.1. Effect of N Fertilizer Application Rates on Soil pH values of Tea Plantations

At the NA and MA plantation, the pH of each treatment was N0 < N150 < N300 <
N600 < N900, whereas at the HA plantation the pH of the N0 treatment was significantly
lower than those of the N600 and N900 treatments, and there was no significant difference
between the N application treatments. Compared with the N0 treatment, the pH decreased
by 11.3–45.0% at the NA plantation and by 1.4–12.7% at the MA plantation, whereas the
pH increased by 3.1–41.7% at the HA plantation for the N fertilizer application treatments
(Figure 1). The results of the linear fit of the soil pH and N application rates (Table 2)
showed that the coefficient of determination of the NA and MA equations reached a highly
significant level (p < 0.01), and the slope of the NA equations was 3.3 times higher than that
of the MA equation, whereas the coefficient of determination of the HA equation did not
reach significance (p > 0.05). This indicates that the lower the degree of acidification at tea
plantations, the greater the effect of nitrogen fertilizer application on the pH. The results
of fitting the quadratic equation for one variable to the soil pH and N application rates
(Table 2) showed that the coefficients of determination of the equations reached a highly
significant level (p < 0.01) at all experimental sites, with the pH values corresponding to
the inflection points of the equations for the NA, MA, and HA plantations, which were
3.72, 3.82 and 4.04, respectively. This indicates that the pH decreased continuously with
increasing nitrogen application when the soil pH was > 4.0, whereas the pH showed an
increasing trend with the increasing nitrogen application when the soil pH was < 4.0.
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Figure 1. Effect of N application rate on soil pH at tea plantations with different degrees of acidifica-
tion. Note: the different lowercase letters indicate significant differences at p < 0.05 for different N
application rates at the same degree of acidification.

Table 2. Response equations of soil pH to N application rate at tea plantations with different degrees
of acidification.

Soil Acidification Degree
Response Equation of Soil pH to

Nitrogen Application Rate
R2 pH Value Corresponding to the

Inflection Point of the Equation

NA y = −0.0020x + 6.3069 0.9350 ** —
MA y = −0.0006x + 4.3967 0.9398 ** —
HA y = 0.0001x + 3.9074 0.5472 —
NA y = 1 × 10−6x2 − 0.0033x + 6.4443 0.9626 ** 3.72
MA y = 4 × 10−7x2 − 0.001x + 4.4404 0.9684 ** 3.82
HA y = −5 × 10−7x2 + 0.0006x + 3.8566 0.9601 ** 4.04

Note: ** represents significance at 0.01 probability level.

3.2. Effect of N Fertilizer Application Rates on Soil pHBC Values of Tea Plantations

Figure 2 shows the soil acid–base titration curves for different N fertilizer application
rates. The results show that all curves were “S” shaped (Figure 2). In the pH range of
4–6, the soil acid–base buffer curves rose sharply, indicating that the soil acid–base buffer
capacity was weak in this pH range. When the soil pH was <4 or >6, the soil acid–base
buffer curves became flat, indicating that the soil acid–base buffer capacity was sharply
enhanced. The soil pHBC was calculated via a linear fitting of the soil acid–base buffer
curve in the pH range of 4–6 (Table 3). The pHBC values of the NA, MA, and HA soils were
1.09–1.38 cmol kg−1, 1.21–1.52 cmol kg−1, and 1.52–3.54 cmol kg−1, respectively. Compared
with the N0 treatment, the pHBC values of the N300 and N900 treatments decreased by
20.9% and 20.2% in the NA soils, respectively. The pHBC was reduced by 57.2% and
47.9% in HA soils in the N900 treatment compared with the N0 and N300 treatments,
respectively, whereas the pHBC was not different in the MA soils. This indicates that
heavy soil acidification increased the pHBC, whereas an excessive application of N fertilizer
reduced the pHBC.
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Figure 2. Titration curves with different N application rates at tea plantations with different degrees
of acidification. Note: on the X axis, negative values indicate the amount of acid, and positive values
indicate the amount of alkali.

Table 3. Soil pH buffering capacity under different N application rates at tea plantations with different
degrees of acidification.

Soil Acidification Degree Treatments
Linear Fitting Equation pHBC

a b R2 (cmol kg−1)

NA
N0 0.7240 5.7981 0.9628 ** 1.38 ± 0.055 a

N300 0.9348 4.9919 0.9415 ** 1.09 ± 0.195 b

N900 0.9106 4.9938 0.9684 ** 1.10 ± 0.089 b

MA
N0 0.8321 5.1636 0.9562 ** 1.21 ± 0.071 a

N300 0.7086 4.6700 0.9370 ** 1.52 ± 0.407 a

N900 0.7576 4.6164 0.9722 ** 1.32 ± 0.057 a

HA
N0 0.277 3.7981 0.9336 ** 3.54 ± 0.206 a

N300 0.3646 3.9676 0.9830 ** 2.91 ± 0.794 a

N900 0.6876 4.0471 0.9838 ** 1.52 ± 0.385 b

Note: the different lowercase letters indicate significant differences at p < 0.05 for different N application rates at
the same degree of acidification. ** represents significance at 0.01 probability level.

3.3. Effect of N Fertilizer Application Rates on Exchange Performances of Tea Plantations
3.3.1. Exchangeable Total Acidity

Both E-Al and ETA showed HA > MA > NA at all the tea plantations (Table 4). In NA
soils, the E-H, E-Al, and ETA contents increased continuously with increasing N application
rates, whereas the contents for the N900 treatment were 4.9, 3.0, and 3.2 times higher than
those of the N0 treatment, respectively. In the MA soils, the E-Al and ETA contents kept
increasing with increasing N application rates, whereas in the N900 treatment, the contents
significantly increased by 33.1% and 29.3%, respectively, compared to the N0 treatment.
In the HA soils, the E-H, E-Al, and ETA contents all tended to decrease with increasing N
application rates, whereas for the N900 treatment, the contents significantly decreased by
27.0%, 19.0%, and 19.2%, respectively, compared to the N0 treatment.

3.3.2. Exchangeable Base Cations

The CEC showed HA > MA > NA at tea plantations with different acidities, whereas
the E-Ca, E-Mg, E-K, E-Na, TEB, and BSP showed NA > MA > HA (Tables 5 and 6). The
application of N fertilizer significantly reduced the E-Ca, E-Mg, E-K, E-Na, TEB, and BSP
in NA soils, whereas the N900 treatment significantly reduced these values by 65.4%,
67.3%, 60.8%, 37.9%, 65.0%, and 63.7%, respectively, compared with the N0 treatment.
The E-Ca, E-Mg, TEB, and BSP trended to increase and then decrease with increasing N
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application rates in the MA soils. Compared to the N150 treatment, the E-Ca, E-Mg, TEB,
and BSP of the N900 treatment were significantly reduced by 41.9%, 42.9%, 41.1%, and
42.7%, respectively. However, the application of N fertilizer reduced the CEC, and the
CEC of the N900 treatment was significantly reduced by 14.9% compared to that of the
N0 treatment.

Table 4. Effects of N application rates on soil exchangeable acids at tea plantations with different
degrees of acidification.

Soil Acidification Degree Treatments
E-H

(cmol kg−1)
E-Al

(cmol kg−1)
ETA

(cmol kg−1)

NA

N0 0.054 ± 0.024 b 0.87 ± 0.149 b 0.92 ± 0.173 b

N150 0.241 ± 0.114 a 2.15 ± 0.329 ab 2.39 ± 0.321 ab

N300 0.157 ± 0.058 ab 3.11 ± 1.683 a 3.27 ± 1.626 a

N600 0.238 ± 0.140 a 3.47 ± 0.664 a 3.71 ± 0.660 a

N900 0.265 ± 0.073 a 2.64 ± 0.417 a 2.90 ± 0.345 a

MA

N0 0.258 ± 0.173 a 6.13 ± 0.173 b 6.38 ± 0.000 b

N150 0.072 ± 0.026 a 5.89 ± 1.453 b 5.96 ± 1.478 b

N300 0.059 ± 0.006 a 6.78 ± 0.074 ab 6.84 ± 0.080 ab

N600 0.090 ± 0.000 a 6.63 ± 0.400 ab 6.72 ± 0.400 ab

N900 0.092 ± 0.002 a 8.16 ± 0.158 a 8.25 ± 0.160 a

HA

N0 0.178 ± 0.014 a 13.29 ± 0.249 a 13.47 ± 0.235 a

N150 0.124 ± 0.019 bc 11.29 ± 0.977 b 11.41 ± 0.990 b

N300 0.148 ± 0.023 ab 11.40 ± 1.137 b 11.54 ± 1.158 b

N600 0.099 ± 0.016 c 10.15 ± 0.769 b 10.25 ± 0.767 b

N900 0.130 ± 0.023 bc 10.76 ± 0.359 b 10.89 ± 0.376 b

Note: the different lowercase letters indicate significant differences at p < 0.05 for different N application rates at
the same degree of acidification.

Table 5. Effects of N application rates on EBCs at tea plantations with different degrees of acidification.

Soil Acidification Degree Treatments
E-Ca

(cmol kg−1)
E-Mg

(cmol kg−1)
E-K

(cmol kg−1)
E-Na

(cmol kg−1)

NA

N0 9.33 ± 1.23 a 1.53 ± 0.404 a 0.904 ± 0.271 a 0.116 ± 0.022 a

N150 5.03 ± 2.54 b 0.83 ± 0.503 b 0.558 ± 0.172 b 0.104 ± 0.023 ab

N300 5.00 ± 2.49 b 0.53 ± 0.252 b 0.546 ± 0.199 b 0.085 ± 0.018 ab

N600 3.83 ± 1.63 b 0.43 ± 0.115 b 0.388 ± 0.036 b 0.072 ± 0.007 b

N900 3.23 ± 0.68 b 0.50 ± 0.200 b 0.354 ± 0.072 b 0.072 ± 0.014 b

MA

N0 3.45 ± 0.21 ab 0.45 ± 0.071 ab 0.384 ± 0.181 a 0.098 ± 0.005 a

N150 4.65 ± 0.92 a 0.70 ± 0.141 a 0.384 ± 0.109 a 0.087 ± 0.031 a

N300 3.15 ± 0.35 ab 0.50 ± 0.000 ab 0.185 ± 0.009 a 0.058 ± 0.010 a

N600 2.85 ± 0.78 ab 0.35 ± 0.071 b 0.467 ± 0.118 a 0.080 ± 0.000 a

N900 2.70 ± 0.85 b 0.40 ± 0.141 b 0.269 ± 0.036 a 0.065 ± 0.010 a

HA

N0 2.53 ± 0.32 a 0.23 ± 0.058 a 0.350 ± 0.036 a 0.072 ± 0.004 a

N150 3.00 ± 0.75 a 0.30 ± 0.000 a 0.388 ± 0.118 a 0.087 ± 0.011 a

N300 2.67 ± 0.42 a 0.30 ± 0.000 a 0.354 ± 0.018 a 0.065 ± 0.004 a

N600 2.57 ± 0.72 a 0.23 ± 0.058 a 0.222 ± 0.027 a 0.065 ± 0.004 a

N900 2.53 ± 0.47 a 0.27 ± 0.058 a 0.234 ± 0.009 a 0.101 ± 0.023 a

Note: the different lowercase letters indicate significant differences at p < 0.05 for different N application rates at
the same degree of acidification.
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Table 6. Effects of N application rates on BSP at tea plantations with different degrees of acidification.

Soil Acidification Degree Treatments
TEB

(cmol kg−1)
CEC

(cmol kg−1)
BSP
(%)

NA

N0 11.89 ± 1.41 a 14.9 ± 0.70 a 80.2 ± 12.19 a

N150 6.53 ± 3.20 b 14.4 ± 1.27 a 44.7 ± 20.68 b

N300 6.16 ± 2.98 b 16.1 ± 2.18 a 37.5 ± 14.41 b

N600 4.73 ± 1.82 b 15.6 ± 1.67 a 29.8 ± 9.29 b

N900 4.16 ± 1.02 b 14.3 ± 0.68 a 29.1 ± 7.27 b

MA

N0 4.38 ± 0.33 ab 18.7 ± 0.40 a 23.4 ± 2.24 b

N150 5.82 ± 1.20 a 16.2 ± 1.19 a 35.8 ± 4.77 a

N300 3.89 ± 0.33 ab 16.1 ± 1.27 a 24.4 ± 4.02 ab

N600 3.75 ± 0.73 ab 17.3 ± 2.83 a 21.6 ± 0.69 b

N900 3.43 ± 0.96 b 17.0 ± 1.45 a 20.5 ± 7.39 b

HA

N0 3.62 ± 0.39 a 30.2 ± 3.04 ab 12.2 ± 1.05 a

N150 3.76 ± 0.89 a 32.3 ± 1.80 a 11.7 ± 3.36 a

N300 3.38 ± 0.41 a 30.0 ± 2.43 a 11.4 ± 2.06 a

N600 3.08 ± 0.76 a 27.7 ± 1.14 bc 11.1 ± 2.27 a

N900 3.11 ± 0.53 a 25.7 ± 0.92 c 12.1 ± 1.76 a

Note: the different lowercase letters indicate significant differences at p < 0.05 for different N application rates at
the same degree of acidification.

3.3.3. Inter-Subject Effect Test

The results of a two-way ANOVA showed that the N application rate had a significant
effect on the pH, BSP, pHBC, TEB, E-Ca, E-Mg, E-K, and E-Na, whereas there was no
effect on the E-H, E-Al, ETA, and CEC (Table 7). The degree of soil acidification had a
significant effect on all indicators of the soil exchange properties and the pHBC. However,
the interaction of the N application rate and acidification degree of the soil had no effect on
the E-Na but had significant effects on all other indicators.

Table 7. F values of inter-subject effect test of N application rate (N) and acidification degree of soil
(A) on soil acidification characteristics.

Source pH pHBC ETA TEB CEC BSP E-H E-Al E-Ca E-Mg E-K E-Na

N 14.17 ** 7.84 ** 1.11 4.72 ** 2.03 5.37 ** 0.49 1.10 4.08 * 4.70 ** 3.93 * 4.60 **
A 197.45 ** 39.86 ** 484.87 ** 19.49 ** 283.59 ** 51.17 ** 4.40 ** 480.42 ** 17.01 ** 20.73 ** 12.85 ** 7.52 **

N × A 10.00 ** 6.80 ** 7.26 ** 3.72 ** 2.63 ** 5.52 ** 3.92 ** 6.68 ** 3.36 ** 4.45 ** 2.40 ** 1.57 **

Note: * represents significance at 0.05 probability level. ** represents significance at 0.01 probability level.

3.4. Relationship between Soil Exchangeable Function and N Application Rate, pH, and pHBC

A correlation analysis was performed, including all three soils, and the results showed
that the N application rate was significantly or highly significantly negatively correlated
with the pH, E-Ca, E-Mg, E-K, E-Na, TEB, and BSP (Figure 3). The pH was negatively
correlated with the E-Al, ETA, CEC, and pHBC, whereas it was positively correlated with
the E-Ca, E-Mg, E-K, E-Na, TEB, and BSP. In addition, the pHBC was positively correlated
with the E-Al, ETA, and CEC but negatively correlated with the BSP.
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Figure 3. Correlation coefficient and path coefficient between soil exchangeable function and N appli-
cation rate, pH, and pH buffer capacity. Note: ns represents no difference. * represents significance at
0.05 probability level. ** represents significance at 0.01 probability level.

We performed a stepwise regression analysis of the pH and pHBC with the soil ex-
change properties and N application rate and obtained the following regression equations:

pH = 3.238 + 0.048BSP − 1.977E-Mg + 0.212TEB (R = 0.977**) (1)

pHBC = −0.194 + 0.108CEC − 0.001N (R = 0.851**) (2)

In Equation (1), the direct path coefficients of the BSP, E-Mg, and TEB were 1.161,
0.683, and −0.906, respectively, and their partial regression coefficients reached extremely
significant levels (p < 0.01). In Equation (2), the direct path coefficients of the CEC and
N were 0.770 and −0.263, respectively, and their partial regression coefficients reached a
significant level (p < 0.05). This indicated that the BSP, E-Mg, and TEB had significant direct
effects on the pH, with the BSP having the greatest effect. The CEC and N had significant
direct effects on the pHBC, with the CEC having the greatest effect.
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4. Discussion

4.1. Characteristics of Soil pHBC at Tea Plantations

The soil pH buffer capacity (pHBC) is an indicator of soil resistance to acidification
or alkalization. A higher pHBC value indicates a smaller change in soil pH for the same
acid–base input [28]. In this study, the soil acid–base buffer curve in the pH range of
4–6 rose sharply, indicating that the soil had poor buffering performance against acid–
base addition in this pH range [29]. Meanwhile, the results of this study showed that the
pHBC of the HA tea plantation was significantly higher than those of the NA and MA tea
plantations, which may have been due to the fact that the soil buffering substances at the
HA tea plantation were mainly an iron–aluminum buffering system (pH < 4) that had a
strong soil acid–base buffering capacity [30]. However, the CEC is an important factor
that affects the soil acid–base buffering capacity. Many studies have shown that the soil
pHBC has a significant positive correlation with the CEC [31–33]. In this study, a stepwise
regression analysis showed that the CEC had a significant direct effect on the pHBC, which
was consistent with the above results. In addition, the results of this study also showed that
the pHBC was significantly positively correlated with the E-Al, whereas it was significantly
negatively correlated with both the TEB and BSP, suggesting that soil acidification makes
Al3+ play a greater role than EBCs in the acid–base buffering performances of tea plantation
soils [9]. It is noteworthy that the stepwise regression analysis showed a significant direct
negative effect of the N application rate on the pHBC, which indicates that the exces-
sive application of N fertilizer is an important factor in the decrease in the soil pHBC at
tea plantations.

4.2. Relationship between Soil pH and Exchangeable Base Cations

In this study, the pH was significantly negatively correlated with the E-Al, and the
E-Al accounted for more than 90% of the ETA, whereas there was no significant correlation
with the E-H, which suggests that E-Al plays a determinant role in driving the acidification
at tea plantations [22]. Generally, a tea tree is an aluminum-loving crop, and Al can
be returned to the soil by fallen leaves and trimmings to improve the E-Al content [34].
The leaching of exchangeable base cations (EBCs) is another important reason for soil
acidification [35]. In this study, EBCs showed E-Ca > E-Mg > E-K > E-Na, whereas the pH
was highly significantly and positively correlated with the E-Ca, E-Mg, E-K, and E-Na,
and the correlation coefficients with the E-Ca and E-Mg were higher, which indicated that
the E-Ca and E-Mg had a greater effect on the soil pH. In addition, the proportion of E-Al
in the CEC gradually increased, whereas the proportion of EBCs in the CEC gradually
decreased (Figure 4), suggesting that replacing EBCs with E-Al as the major cation is the
main mechanism of soil acidification at tea plantations [13]. However, the correlation
between the pH and E-Al and EBCs was not linear but was a highly significant power
function correlation (Figure 4). The results showed that as E-Al increased, the pH decreased
to approximately 4.0 and then did not continue to decrease, whereas as the EBCs increased,
the pH increased to approximately 6.0 and then did not continue to increase. This may
have been because when the pH was <4 or >6, the acid–base buffering capacity of the soil
increased sharply and the pH hardly changed. This was more consistent with the non-linear
relationship between the pH and BSP that was considered in earlier studies [36,37] but was
inconsistent with the linear relationship between the pH and BSP suggested in the study
by Hao et al. [38].
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Figure 4. The ratio of TEB and E-Al in CEC changes with soil pH. Note: ** represents significance
at 0.01 probability level.

4.3. Effect of N Application on Soil Acidification at Tea Plantations

Excessive application of N fertilizer was found to be the main anthropogenic factor
exacerbating soil acidification at tea plantations [39]. In this study, the effect of the N
application rate on the pH decreased with an increase in the degree of acidification. This
may have been because the pHBC increased with an increasing acidification degree at the
tea plantation, and the pH change was small. When the soil pH was >4, the E-Al content
increased with an increasing N application rate, whereas the opposite was true for the TEB
and BSP, which led to a constant decrease in the soil pH. At the same time, the higher the
soil pH before the experiment, the more obvious the decrease in pH due to N application.
At tea plantations with pH < 4, N application reduced the contents of E-H and E-Al, which
did not lead to a further decrease in pH and even led to a small increase. This may have
been due to the fact that the soil nitrogen nitrification was affected by the soil pH, and the
soil nitrification was inhibited, thereby reducing the production of ETA in the HA soils.
However, enhanced soil nitrification increased the contents of ETA and NO3

− in the NA
and MA soils, which were eventually lost with salt-based cations [40]. Meanwhile, the
correlation analysis showed that N application was significantly negatively correlated with
the pH and EBCs but was not significantly correlated with the ETA, which indicated that
the loss of soil EBCs due to N application was the main cause of soil acidification at tea
plantations. It is worth noting that the excessive application of N fertilizer also reduced the
pHBC, which may be one of the reasons for exacerbated soil acidification at tea plantations.

In practical agricultural production, reasonable N fertilizer management measures
to increase EBCs (especially E-Ca and E-Mg) and reduce E-Al contents can prevent and
improve soil acidification at tea plantations. For heavily acidified tea plantations with
pH < 4, N fertilizer application is no longer the main factor causing soil acidification. It is
recommended to reduce the E-Al content and increase the EBC content to improve the soil
pH by increasing limestone, organic fertilizer, biochar, and fertilizer, which are rich in base
ions [41–44]. For tea plantations with pH > 4, the unreasonable application of N fertilizer is
an important factor that exacerbates soil acidification. Therefore, strictly controlling the N
fertilizer rate, reducing nitrification by adding nitrification inhibitors, and increasing the
CEC content by using organic fertilizers instead of chemical fertilizers are recommended as
important measures to prevent the further acidification of tea plantation soils [45–47].
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5. Conclusions

N fertilizer is an important factor affecting soil acidification at tea plantations. When
the tea plantations had pH values > 4.0, the E-Al contents increased with increasing N
application rates, whereas the EBC contents decreased, which in turn led to decreases in soil
pH. When the tea plantations had pH values < 4.0, the application of N fertilizer reduced
the ETA content, which in turn prevented the soil pH from continuing to decrease with
the increase in the N application rates. The acid–base buffering capacity of the soils at tea
plantations was weak at pH values of 4.0–6.0, while the excessive application of N fertilizer
reduced the soil pHBC. The loss of EBCs owing to N application is the main mechanism
of soil acidification at tea plantations. In agricultural production, the amount of nitrogen
fertilizer should be strictly controlled for tea plantations that are not seriously acidified,
and measures such as applying nitrogen fertilizer synergists and organic fertilizers should
be taken to prevent further acidification of the soil. For severely acidified tea plantations,
alkaline biomass materials should be appropriately applied to improve the soil acidification.
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Abstract: In the northeast plains of China, the intensive utilization of agricultural soils has been
a persistent issue, and finding ways to utilize soil resources efficiently and sustainably through a
scientifically-driven management system has become a crucial challenge for agricultural production.
Conservation tillage is a crucial technology for sustainable agriculture. Currently, plow and rotary
tillage are the dominant methods used in Mollisols, but there is limited information on the effects of
different conservation tillage practices in this region. The objective of this study was to investigate the
short-term impact of tillage and sowing methods on soil physical properties and corn plant growth
and to examine the relationship between soil physical properties and plant characteristics during
various stages of growth. This study consisted of four tillage and sowing methods: plow tillage
and precision seeder sowing (PTS), rotary tillage and precision seeder sowing (RTS), no-tillage and
no-tillage seeder sowing (NTS), and no-tillage and precise sowing in stubble field (STS) (all four
treatments involved total straw return). The results indicated that the soil penetration resistance (SPR)
in the 10–40 cm soil layer under the PTS treatment was significantly lower (by 11.9% to 18%) compared
to the other treatments (p < 0.05). On average, the soil moisture content in the NTS treatment was 2.7%
and 1.4% higher than that of the PTS and RTS treatments. Additionally, soil temperature was 5.6% to
8.6% lower under the STS treatment compared to the other treatments during late corn growth. The
RTS treatment also significantly reduced the bulk density of surface soil. High SPR impeded early
crop growth but did not impact mid-crop development, while low soil temperature was one of the
main factors affecting late corn growth and development as temperatures decreased. Based on the
comparisons, we found that the short-term implementation of conservation tillage did not result in
a significant decrease in corn yield. We believe that the short-term implementation of NTS tillage
sowing practices in Mollisol regions is a feasible option.

Keywords: tillage practice; crop residue management; Mollisols

1. Introduction

Northeast China boasts a significant amount of straw production and low average tem-
peratures, making it a critical and challenging region for the comprehensive mineralization
of straw in the country [1]. To effectively utilize straw and minimize the negative impact
of straw returning to the fields during actual production, combining tillage measures can
significantly improve the utilization efficiency of straw. However, extended and extensive
tillage leads to a rapid depletion of soil nutrients [2]. This is especially true in the black soil
region of Northeast China, where long-term and intensive tillage causes the soil environ-
ment to deteriorate and the plow layer to become shallow [3]. The objective of soil tillage
is to create an environment suitable for crop growth by storing water and maintaining
moisture and to enhance crop production. Selecting the appropriate tillage methods to
improve soil structure and balance the relationship between various components in the soil
environment will create favorable conditions for crop growth and increase production and
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efficiency through mechanical action [4]. Currently, plowing and rotary tillage are the main
tillage methods used in Northeast China. Deep-plowing combined with straw or organic
fertilizer can significantly improve soil physical structure, optimize soil three-phase ratio,
and increase corn yield and harvest index [5]. A study conducted by Misbah in Ethiopia
found that short-term deep tillage significantly reduced soil bulk density and penetration
resistance, significantly increased soil infiltration rates, and effectively countered soil degra-
dation [6]. Rotary tillage can decrease soil bulk density in the 0–20 cm soil layer, increase
the field’s water-holding capacity and soil porosity, and significantly enhance seedling
plant height, stem diameter, leaf area, and dry weight per plant [7,8]. In his study of the
Mediterranean region, Pietro believes that rototilling exposes organic matter to oxidation
processes, crushing it and destroying soil aggregates [9]. Conservation tillage has significant
ecological benefits, improving soil quality, enhancing water and fertilizer retention capacity,
and controlling soil erosion. Currently, conservation tillage technologies centered on straw
mulching and reduced/no-tillage are widely promoted in Northeast China. No-tillage has
a positive impact on soil physical properties, but the extent of change varies with time and
soil texture, and the implementation of no-tillage should be combined with straw mulching
and crop rotation [10,11]. In comparison to traditional tillage, the yield-increasing effect of
no-tillage with stubble increased as the planting years expanded [12]. Kahlon found that
long-term use of conservation tillage and straw mulch enhances soil structural stability
and carbon sequestration and that no-tillage has a higher infiltration capacity and better
hydraulic conductivity than plow tillage and a lower stockpile density and infiltration
resistance than tillage in the east-central region of the United States [13]. The impact of
soil’s physical properties on plant growth is significant, and no-tillage practices can have
negative effects. No-tillage increases soil penetration resistance (SPR) and reduces soil
temperature, which can hinder the accumulation of dry matter in maize during the seedling
stage and negatively impact yield formation [14]. On the other hand, deep plowing can
effectively reduce soil penetration resistance and promote the early above-ground growth
of crops [15]. Research has indicated that SPR can not only affect soil physical properties but
also have a profound impact on crop growth and yield [16,17]. Currently, research has been
focused on the effects of various tillage and planting methods on soil physical properties
and crop yield. However, it remains unclear how soil physical properties impact crop
growth and development under different tillage and sowing methods. Conservation tillage
is a key technology for sustainable agricultural development, but various conservation
tillage practices can have different impacts on the soil environment. When compared to
no-tillage with stubble cutting, no-tillage and precise sowing in stubble fields are more
effective in protecting the soil from wind and rain erosion. Nonetheless, studies are mostly
limited to the performance and adaptability of no-tillage precision seeders, and there has
been limited research on the impact of no-tillage and precise sowing in stubble fields on
soil physical properties and crop growth. In the Mollisols region of Northeast China, field
positioning tests were conducted to analyze the effects of different tillage and planting
methods on soil physical properties and crop yield under the condition of total straw return.
Four methods were selected for this analysis: plow tillage and sowing, rotary tillage and
sowing, no-tillage and sowing, and no-tillage and precise sowing in stubble fields. This
study also explores the impact of soil physical properties on plant growth during different
stages, using redundancy analysis. These findings will provide a foundation for enhancing
soil quality in the Northeast Mollisol region and selecting the most appropriate tillage and
planting methods based on local conditions.

2. Materials and Methods

2.1. Experimental Site

Experiments in the field were carried out at the Xiangyang Experimental Base (located
at latitude 126.92◦ E and longitude 45.77◦ N) of Northeast Agricultural University in
Heilongjiang Province, China. The region experiences a continental monsoon climate, with
an average temperature of 3.7 ◦C per year and an average rainfall of 400–600 mm. The area
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enjoys a frost-free period that lasts 135–145 days annually. The temperature and rainfall
patterns during the experiment are depicted in Figure 1. The soil used in this study was
silty clay loam Mollisols, and its physical and chemical characteristics are presented in
Table 1 [18].

 
Figure 1. Mean temperature and rainfall during the experimental period.

Table 1. Physical and chemical properties of test soil.

Parameter Value

Soil organic matter/g·kg−1 24.5
Available phosphorus/mg·kg−1 20.5
Available potassium/mg·kg−1 100
Ammonium nitrogen/mg·kg−1 32.5

Nitrate nitrogen/mg·kg−1 14.3
Moisture content/% 36.3

pH 6.03

2.2. Experimental Design

The test was carried out from October 2020 to September 2021, and the data was
collected on 20 June 2021 (50 days after corn sowing), 10 August 2021 (100 days after corn
sowing), and 30 September 2021 (150 days after corn sowing). The experiment consisted
of four treatments: plow tillage and precision seeder sowing (PTS); rotary tillage and
precision seeder sowing (RTS); no-tillage and no-tillage seeder sowing (NTS); and no-
tillage and precise sowing in stubble fields (STS). All treatments were carried out under
conditions of total straw return. Table 2 lists the details of the four tillage and sowing
methods. The treatments were designed using a completely randomized block method
with three repetitions each. Each treatment was 8 m in length and 2.6 m in width. The corn
was planted in ridges with a 65 cm row spacing and an average plant spacing of 23 cm.
All other planting and management practices were in line with the local conventional
farming methods.
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Table 2. Test plan.

Cultivation and Sowing Mode of Corn
Stubble

Concrete Measure

Plow tillage and sowing
(PTS)

After the corn is harvested, all the straws are crushed with a length of ≤10 cm
[Model:6B-1204,Manufacturer: John Deere(U.S.)], and evenly scattered on the

ground. Then, a moldboard plow shall be used to turn it 25 cm deep[Model:Case
PUMA 210, Manufacturer: Case IH(Shanghai, China)]. After turning it, it shall be
harrowed twice, with a depth of 15–18 cm. Then, it shall be ridged and suppressed,

and the next spring shall be seeded with a precision seeder
[Model:BY484-2,Manufacturer: John Deere(U.S.)].

Rotary tillage and sowing
(RTS)

After the corn is harvested, all the straws are crushed with a length of
≤10 cm[Model:6B-1204,Manufacturer: John Deere(U.S.)], evenly scattered on the

ground, and then deeply loosened for 30 cm [Model:1SB-570, Manufacturer:
WRNZ(Harbin,China)]. Use rotary cultivator to mix straw in 0–15 cm soil layer

[Model:TM140, Manufacturer: New Holland(U.S.)], and then ridge and suppress.
The next spring, precision seeders are used for sowing [Model:BY484-2,

Manufacturer: John Deere(U.S.)].

No-tillage and sowing
(NTS)

After the corn is harvested, all the corn stalks will be crushed with a length of
≤10 cm, and the ground will be covered evenly. The next spring, no-tillage seeder

will be used for direct sowing [Model:2BMF-4 No-tillage seeder, Manufacturer:
Jilin Kangda(Jilin,China)].

No-tillage and precise sowing in stubble field
(STS)

During the harvest of corn, 40–60 cm stubble shall be left, and the next spring, do
not conduct any treatment on the corn stubble and soil before sowing, no-tillage

precision planter shall be used to directly sow the original stubble field
[Model:2BMFJ-BLY2 stubble precision seeder, Manufacturer: Northeast

Agricultural University].

2.3. Methods for Determination of Indicators and Analysis

The soil physical properties and corn plant characters data were measured at 50 days,
100 days, and 150 days after corn sowing, and the yield was measured after harvest under
different tillage and sowing methods.

2.3.1. Methods for Determination of Soil Physical Properties

Soil penetration resistance (SPR) and soil temperature were measured directly in the
field, while soil bulk density and soil moisture content were calculated by taking in situ
soil and measuring the relevant indexes in the laboratory, and there was no rainfall in the
test field for 5 consecutive days before the data testing. SPR data were measured using a
PV6.08 penetration resistance meter (test accuracy: 0.1 MPa) manufactured by Eijkelkamp.
(There was no rainfall for five consecutive days before the SPR measurements were taken,
with the focus on the ultimate effect of the SPR under different treatments. Therefore, the
analysis of the SPR data was not adjusted for covariates using soil water content data). One
profile was selected for each plot, with three replications, and the measurement depth was
0–80 cm. The center line of the seedling strip was used as the central measurement point
of the section, and a pair of measurement points were set up every 11 cm on both sides,
with a section width of 66 cm. The SPR data were collected automatically at 1 cm depth
intervals [19].

Determination of soil temperature at 5 cm, 15 cm, 25 cm, and 35 cm depth using
TPJ-21 soil temperature recorder (test accuracy: 0.5 ◦C), 4 layers, and 3 repetitions [20]. The
undisturbed soil at a depth of 5 cm, 15 cm, 25 cm, and 35 cm was taken using a ring knife
(volume V = 100 cm3), 4 layers, and 3 repetitions. Using JE1002 electronic balance (testing
accuracy: 0.01 g) to weigh the aluminum box, the soil sample, and the total weight of the
aluminum box. Drying the soil sample using DG-101-1S electric constant temperature
drying oven (testing accuracy: ±1 ◦C), and the moisture content at different soil depths
was determined according to national standard NY/T 52-1987 [21], based on which the soil
bulk density was calculated [20].
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2.3.2. Methods for Determination of Plant Growth Characters and Yield Components

Ten plants were randomly selected from each plot, and multiple measurements were
taken to study their growth. The height of the corn plant was measured from the top of the
spike to the base of the stem using steel tape with a precision of 0.1 cm. The diameter of
the stem was determined by measuring the maximum width of the second section using a
vernier caliper with a precision of 0.01 mm [22]. The spike height from the corn base to the
bottom was measured using steel tape with a precision of 0.1 cm 150 days after sowing [23].
The full length of the cob was measured with steel tape having an accuracy of 0.1 cm,
and the spike length was calculated. The length of the cob’s convex tip, without the corn
kernels, was measured using a vernier caliper with a precision of 0.01 mm. The sample
plants were further examined by removing the corn bush leaves and whiskers, counting the
number of rows per ear and grains per row, and determining the weight of 100 harvested
corn seeds [20].

2.3.3. Method for Determination of Corn Yield

After corn ripening, we randomly select two adjacent ridges in each test plot, 3.85 m
long (5 m2), as the production test area. After manual threshing, the grain quality was
measured by electronic balance. The dry matter quality of corn grains was measured by
the whole grain-drying method according to national standard GB/T5009.3-2016 [24]. The
corn grain moisture content C0 (%) in the test plot is calculated as follows:

C0 =
m0 − m1

m0 − m
× 100% (1)

where
m0 = the mass of the aluminum box and the sample before baking, g,
m1 = the mass of the aluminum box and the sample after baking, g, and
m = the mass of the aluminum box, g.

The corn yield M (g) under the condition of standard moisture content in the test plot
is as follows:

M =
(m0 − m)(1 − C0)

(1 − C)
(2)

where
C = the standard moisture content of corn; here, C = 14%.

2.4. Methods of Data Analyses

The test data was plotted with Origin 2018. Statistical analysis was performed by SPSS
23.0. Correlation analysis was made by R software, and redundancy analysis was made by
Canoco 5.0 [25].

3. Results

3.1. Effects of Tillage and Sowing Methods on Soil Physical Properties
3.1.1. Effects of Tillage and Sowing Methods on SPR

In order to visually compare the differences of SPR in different periods under each
treatment method, the tested 0–80 cm was divided into 8 soil layers equally with 10 cm as a
soil layer, and the SPR of different soil layers in different periods under different tillage
and sowing methods were analyzed for significance, and the results are shown in Table 3.
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Table 3. Significance analysis of soil penetration resistance.

Test Period Treatment
Soil Depth/cm

0–10 10–20 20–30 30–40 40–50 50–60 60–70 70–80

50 days
after corn

sowing

PTS 1.01 b 1.25 c 1.34 c 1.41 c 1.53 b 1.61 b 1.62 b 1.74 bc
RTS 1.1 ab 1.53 a 1.66 a 1.57 b 1.58 b 1.61 b 1.63 b 1.65 c
NTS 1.15 a 1.49 a 1.63 a 1.76 a 1.84 a 1.89 a 1.97 a 2.32 a
STS 1.01 b 1.43 b 1.55 b 1.56 b 1.55 b 1.51 c 1.62 b 1.79 b

100 days
after corn

sowing

PTS 0.85 ab 1.13 b 1.42 a 1.45 b 1.39 c 1.39 c 1.49 c 1.6 c
RTS 0.93 a 1.28 a 1.43 a 1.46 b 1.44 c 1.53 b 1.57 c 1.7 b
NTS 0.82 b 1.17 b 1.31 b 1.48 b 1.55 b 1.64 a 2.05 a 2.22 a
STS 0.83 b 1.34 a 1.46 a 1.66 a 1.66 a 1.6 ab 1.68 b 1.72 b

150 days
after corn

sowing

PTS 0.86 b 1.28 b 1.26 c 1.35 c 1.38 b 1.42 c 1.48 d 1.44 c
RTS 0.83 b 1.09 d 1.26 c 1.32 c 1.41 b 1.53 b 1.71 b 1.73 b
NTS 1.06 a 1.51 a 1.55 a 1.46 b 1.59 a 1.71 a 1.92 a 1.92 a
STS 0.76 b 1.2 c 1.46 b 1.63 a 1.56 a 1.56 b 1.61 c 1.66 b

Note: PTS—plow tillage and sowing; RTS—rotary tillage and sowing; NTS—no-tillage and sowing; STS—no-
tillage and precise sowing in stubble field. Different small letters indicate that there are significant differences
between different tillage modes in the same test period (p < 0.05). The same below.

The results indicate that the tillage sowing methods had a significant impact on soil
penetration resistance (SPR) at various depths and times. Overall, SPR tended to increase
with increasing soil depth. At 50 days after sowing, the PTS treatment showed an 11.9%
to 18% lower SPR compared to other treatments in the 10–40 cm soil layer (p < 0.05).
Conversely, the NTS treatment displayed a 21.6% to 23.6% higher SPR compared to other
treatments in the 30–80 cm soil layer (p < 0.05). At 100 days after sowing, the differences
among treatments in the 0–40 cm soil layer were minimal. However, in the 50–80 cm soil
layer, the NTS treatment showed a higher SPR compared to other treatments by 18.2%
to 31.9% (p < 0.05). At 150 days after sowing, the NTS treatment had a higher SPR than
other treatments in all soil layers except for the 30–40 cm layer. In general, the average
SPR variation among soil layers was in descending order for the STS treatment (12.8%),
followed by NTS (12.7%), RTS (9.9%), and PTS (9.9%) treatments. Between 50 to 100 days
after sowing, the SPR for each treatment generally showed a decrease. The largest decrease
was observed in the 10–20 cm soil layer under the NTS treatment. From 100 to 150 days
after sowing, the changes in SPR were primarily concentrated in the 10–30 cm soil layer.
The SPR for the PTS, RTS, and STS treatments decreased, while it increased for the NTS
treatment.

3.1.2. Effects of Tillage and Sowing Methods on Soil Moisture Content and Temperature

According to Figure 2, the impact of tillage methods on soil moisture content is
primarily evident in the soil depth range of 5 to 15 cm. At 50 days after sowing (Figure 2a),
the tillage method had a pronounced effect on the moisture content of the 5 cm soil layer.
The PTS treatment resulted in 11.2% and 10.7% lower moisture content compared to the
RTS and STS treatments, respectively. Furthermore, the PTS treatment was significantly
lower than the NTS treatment at 12.7% (p < 0.05). The highest mean variation in moisture
content with increasing soil depth was observed in the PTS treatment, reaching 7.5%. At
150 days after sowing (Figure 2c), the tillage methods had a notable impact on the soil
layer between 5 to 15 cm. In the 5 cm soil layer, the moisture content of the PTS treatment
was significantly lower compared to the other treatments, with a range of 6.5% to 9.8%
(p < 0.05). Meanwhile, in the 15 cm soil layer, the moisture content of the NTS treatment
was significantly higher compared to the RTS treatment by 4.8% (p < 0.05). Among the three
tests, the mean soil moisture content values in each soil layer followed a descending order
of NTS, STS, RTS, and PTS. The NTS treatment increased the soil moisture content by 2.7%
and 1.4% in comparison to the PTS and RTS treatments, respectively. On the other hand,
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the STS treatment increased the soil moisture content by 1.8% and 0.5% in comparison to
the PTS and RTS treatments, respectively.

Figure 2. Effect of tillage and sowing methods on soil moisture content. Note: * Indicates a significant
difference at 0.05 level. PTS—plow tillage and sowing; RTS—rotary tillage and sowing; NTS—no-
tillage and sowing; STS—no-tillage and precise sowing in stubble field. The same below.

The impact of the tillage method on surfer soil temperature was significant (Figure 3).
At 50 days after sowing (Figure 3a), the soil temperature in the 5 cm layer was 17.4% and
15.2% higher in the STS treatment compared to the RTS and NTS treatments, respectively.
Additionally, the STS treatment was found to be 23.7% higher than the PTS treatment
(p < 0.05). At 100 days after sowing (Figure 3b), the RTS treatment showed an increase in
soil temperature by 5.2% and 4.1% compared to the PTS and NTS treatments, respectively.
Moreover, the RTS treatment was 7.8% higher than the STS treatment (p < 0.05). In the
5–35 cm soil layer, the soil temperature was found to be higher in the RTS treatment
compared to all other treatments. At 150 days after sowing (Figure 3c), the soil temperature
in the 5–35 cm layer of the STS treatment was lower than the other three treatments,
ranging from a decrease of 5.6% to 8.6%. The soil temperature showed a declining trend
with increasing depth at 50 and 100 days after sowing. However, as the temperature drops,
at 150 days after sowing, the overall trend of soil temperature showed an increase with the
increase of soil depth, suggesting the transmission of heat from the bottom to the top. In
the 5 cm soil layer, the soil temperature of the NTS, STS, RTS, and PTS treatments decreased
by 5.9%, 8.7%, 9.1%, and 9.9%, respectively, with the order of soil temperature being RTS >
PTS > NTS > STS.

Figure 3. Effect of tillage and sowing methods on soil temperature.
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3.1.3. Effects of Tillage and Sowing Methods on Soil Bulk Density

The response law of soil bulk density under four tillage and sowing methods is shown
in Figure 4.

Figure 4. Effect of tillage and sowing methods on soil bulk density. Note: PTS—plow tillage and
sowing; RTS—rotary tillage and sowing; NTS—no-tillage and sowing; STS—no-tillage and precise
sowing in stubble field. Different lowercase letters indicate significant differences between the same
test time, the same soil depth, and different tillage methods (p < 0.05).

Overall, soil bulk density increases with depth. However, in the 5-cm soil layer
(Figure 4a), the soil bulk density of RTS decreases significantly by 26.5% and 18.9% com-
pared to STS after 50 and 100 days of sowing, respectively (p < 0.05). As time goes by, the
soil bulk density of RTS increases, and after 150 days of sowing, there is no significant
difference compared to other treatments. On average, the soil bulk density of PTS is 2%
and 8.9% lower than NTS and STS, respectively. Meanwhile, the soil bulk density of RTS
is, on average, 12.3% and 18.4% lower than NTS and STS, respectively. In the 15 cm soil
layer (Figure 4b), the PTS treatment resulted in a significantly lower soil bulk density
of 20.9% to 22.1% compared to the other three tillage sowing methods after 100 days of
sowing (p < 0.05). In the 25 cm soil layer (Figure 4c), the soil bulk density of the RTS
treatment was significantly higher than that of the PTS treatment by 12.8% after 50 days of
sowing (p < 0.05). The difference in soil bulk density between treatments is more significant
in the 5 cm soil at 50 and 100 days after corn sowing but is not significant in the 35 cm
soil 50–150 days after corn sowing. At the same depth, the difference in soil bulk density
between treatments gradually decreases with time. RTS exhibits a smaller average soil
bulk density in 0–30 cm soil depth 150 days after corn sowing. From 50 to 100 days after
sowing, there was an overall decreasing trend in soil bulk density for PTS, RTS, and NTS,
while STS showed an increasing trend. In the 25 cm soil layer, all four treatments showed a
decrease in soil bulk density, with the greatest decrease observed in the PTS treatment and
the smallest decrease in the NTS treatment. From 100 to 150 days after sowing, RTS, NTS,
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and STS showed a decreasing trend in soil bulk density, while the PTS treatment showed
an increasing trend. The change in soil bulk density was not consistent among the different
treatments across different soil layers.

3.2. Effects of Tillage and Sowing Methods on Plant Characters and Yield

The growth of corn plants under different tillage and sowing methods is shown in
Figure 5.

Under different tillage and sowing methods, there is a significant difference in corn
plant height 50 days after sowing (Figure 5a). The plant height of NTS is 22.3–27.5% lower
compared to the other treatments, and the difference is significant (p < 0.05). However,
there is no significant difference in plant height between the treatments 100 and 150 days
after sowing. NTS shows the fastest growth rate in plant height from 50 to 100 days after
sowing, but its subsequent growth rate is slower than the other treatments. Although
there is no significant difference in plant height at 150 days after sowing, NTS still has
a shorter average plant height compared to the other treatments. The stem diameter of
corn also shows significant differences across the three growth periods (Figure 5b). At
50 days after sowing, the stem diameter of NTS is 33.2–35.3% lower compared to the other
treatments, with the difference being significant (p < 0.05). NTS has the fastest growth
rate in stem diameter from 50 to 100 days after sowing, which follows the same trend as
the corn plant height of NTS. From 100 to 150 days, RTS has the fastest growth rate in
stem diameter, while STS has the slowest growth rate. At 150 days after sowing, the stem
diameter of STS is the lowest, being 9.9% and 10.5% lower than RTS and NTS, respectively,
with the difference being significant (p < 0.05). The spike height of corn was measured at
150 days after sowing (Figure 5c). The spike height of PTS is 6.3% higher than that of STS,
and the difference is significant (p < 0.05). There is no difference in spike height between
NTS and RTS. According to Equations (1) and (2), the yield of corn in the experiment plot
under standard water content was calculated, and a significant analysis of the yield was
performed, as shown in Table 4.

 

Figure 5. Changes in crop growth under different tillage and sowing methods.Note: PTS—plow
tillage and sowing; RTS—rotary tillage and sowing; NTS—no-tillage and sowing; STS—no-tillage and
precise sowing in stubble field. Different small letters indicate that there are significant differences
between different tillage and sowing methods at the same test time (p < 0.05). The same below.

The results show that the convex tip length, number of rows per ear, and 100-grain
weight of NTS are slightly higher than the other treatments, but the difference does not
reach a significant level between treatments. The corn yield of different tillage and sowing
methods follows RTS > PTS > NTS > STS, but there is no significant difference between
treatments.
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Table 4. Effects of tillage and sowing methods on corn yield.

Tillage
Methods

Yield Components

Yield
(kg·hm−2)Spike Length

(cm)

Convex Tip
Length

(cm)

Number of
Rows per Ear

Number of
Grains per Row

(Individual)

100 Grain
Weight

(g)

PTS 22.59 ± 2.00 a 0.8 ± 1.0 a 18.87 ± 2.01 a 39.53 ± 5.39 a 38.42 ± 1.03 a 2725.44 ± 272.53 a
RTS 22.72 ± 2.55 a 0.85 ± 0.69 a 18.53 ± 1.74 a 40.13 ± 4.99 a 38.73 ± 4.96 a 2805.76 ± 294.29 a

NTS 22.52 ± 2.23 a 1.16 ± 1.06 a 19.07 ± 1.80 a 40.27 ± 3.21 a 40.12 ± 3.57 a 2686.92 ± 177.43 a
STS 23.68 ± 2.31 a 0.73 ± 1.02 a 18.53 ± 1.89 a 40.10 ± 4.60 a 36.9 ± 2.09 a 2358.5 ± 325.12 a

PTS—plow tillage and sowing; RTS—rotary tillage and sowing; NTS—no-tillage and sowing; STS—no-tillage and
precise sowing in stubble field.

3.3. Correlation Analysis of Soil Physical Properties, Plant Characters, and Yield under Different
Tillage and Sowing Methods
3.3.1. Correlation Analysis

By Pearson correlation analysis, the correlation relationship among soil physical
properties, corn plant characters, and yield in 0–40 cm soil at 150 days after corn sowing is
shown in Figure 6.

Figure 6. Pearson correlation among soil physical properties, plant characters, and yield. Note: V1,
V2, V3, and V4 are, respectively, mean soil bulk density in 5 cm, 15 cm, 25 cm, and 35 cm soil; V5, V6,
V7, and V8 are mean moisture content in 5 cm, 15 cm, 25 cm, and 35 cm soil; V9, V10, V11, V12 are,
respectively, mean temperature in 5 cm, 15 cm, 25 cm, and 35 cm soil; V13, V14, V15, and V16 are
mean SPR in 5 cm, 15 cm, 25 cm, and 35 cm soil; V17 are mean corn plant height; V18 is mean plant
stem diameter; V19 is mean spike height; V20 is mean corn yield. *, ** and *** indicate significant
correlations at 0.10, 0.05, and 0.01 probability, respectively.

Plant stem diameter and yield of corn are strongly correlated and positively correlated.
SPR in 35 cm soil is negatively correlated with corn yield. The soil temperature in 5 cm soil
is strongly correlated with corn plant height, and the soil temperature in 15 cm soil and
SPR in 5 cm soil are positively correlated with corn stem diameter. SPR of the adjacent soil
layer is correlated.
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3.3.2. Redundancy Analysis

By redundancy analysis of soil physical property indexes, corn plant height, and stem
diameter in 0–40 cm soil layer in three periods, the two-dimensional ranking of the effects
of soil physical properties on plant characters, and the explanatory degree of impact factors
are obtained, as shown in Figure 7 and Table 5.

At 50 days after corn sowing, the explanatory contribution of each impact factor to
corn plant growth is SPR (51.8%), moisture content (23.6%), and temperature (7.4%) in
descending order. Among the factors, SPR in 35 cm soil has the highest explanatory degree
to plant growth (42.2%) and is negatively correlated with corn plant height and stem
diameter (Figure 7a). At 100 days after corn sowing, the explanatory contribution of each
impact factor to corn plant growth is soil bulk density (47.8%), temperature (23%), moisture
content (4.3%), and SPR (1.6%) in descending order. Among the factors, soil bulk density
in 25 cm soil has the highest explanatory degree to plant growth (38.9%) and is positively
correlated with corn plant height and stem diameter (Figure 7b). At 150 days after corn
sowing, the explanatory contribution of each impact factor to corn plant growth is the
temperature (43.6%), penetration resistance (35.7%), bulk density (15.3%), and moisture
content (5.4%), in descending order. Among the factors, SPR in 5 cm soil has the highest
explanatory degree to plant growth (33.2%) and is positively correlated with corn stem
diameter and negatively correlated with corn plant height (Figure 7c).

On the whole, SPR has a high degree of explanation to plant growth in the early and
later stages of corn growth, reaching 51.8% and 35.7%, respectively. The soil moisture
content has a great influence on the early growth of the plant, and the interpretability is
23.6% 50 days after corn sowing. The importance of soil temperature in the whole plant
growth process gradually increased, from 7.4% in the early stage of corn growth to 43.6%
in the later stage. Soil bulk density has a great influence on the mid-term growth of corn,
and its interpretability is as high as 47.8% 100 days after corn sowing.

  
(a) 50 days after corn sowing (b) 100 days after corn sowing (c) 150 days after corn sowing 

Figure 7. RDA two-dimensional ranking diagram of plant characters and soil physical properties.
Note: SPR 5, 15, 25, and 35 are, respectively, mean soil penetration resistance in 5 cm,15 cm, 25 cm,
and 35 cm; Moisture content 5, 15, 25, and 35 are, respectively, mean soil moisture content in 5 cm,
15 cm, 25 cm, and 35 cm; Temperature 5, 15, 25, and 35 are, respectively, mean soil temperature in
5 cm, 15 cm, 25 cm, and 35 cm; Bulk density 5, 15, 25, and 35 are, respectively, mean soil bulk density
in 5 cm, 15 cm, 25 cm, and 35 cm. The same below.
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Table 5. Explanatory degree and significance test of impact factors.

50 Days after Corn Sowing 100 Days after Corn Sowing 150 Days after Corn Sowing

Influence
Factors

Explanation
Rate
(%)

F p Influence
Factors

Explanation
Rate
(%)

F p Influence
Factors

Explanation
Rate
(%)

F p

SPR 35 42.2 7.3 0.014 Bulk density
25 38.9 6.4 0.018 SPR 5 33.2 8 0.008

SPR 25 9.6 3.1 0.102 Bulk density
35 8.9 2.4 0.128 SPR 35 2.5 1.7 0.28

Moisture
content 35 23.6 6.2 0.032 Temperature

35 23 5.4 0.02 Temperature
5 29.3 4.1 0.03

Temperature
35 6.7 2.6 0.148 Moisture

content 25 4.3 1.2 0.278 Temperature
35 13.8 4.7 0.038

Temperature
15 0.7 0.2 0.7 SPR 35 1.6 0.4 0.672 Temperature

25 0.5 308 0.15
Bulk density

5 10 5.1 0.022

Bulk density
15 4.1 5 0.028

Bulk density
25 1.2 5.2 0.11

Moisture
content 15 3.8 2.3 0.134
Moisture

content 35 1.6 2.9 0.18

4. Discussion

SPR is a crucial factor impacting soil physical properties. Research indicates that SPR
increases with soil depth, a result of both cover pressure and internal soil friction [26,27].
During the early stages of corn growth, the SPR of the 10–40 cm soil layer under the PTS
treatment was significantly lower compared to the other treatments. This is because deep
tillage creates larger soil pores, which in turn reduces soil bulk density and penetration
resistance [28]. The NTS treatment resulted in higher soil penetration resistance and sus-
tained high SPR values throughout the corn reproductive period, which is consistent with
previous studies [29]. The variation among soil layers under PTS and RTS treatment was
comparatively small, which could be attributed to tillage improving soil pore conditions [2]
and having a more pronounced effect on subsoil improvement, thus reducing SPR differ-
ences among soil layers. Soil moisture and temperature play a crucial role in the growth and
development of crops [30]. Studies show that tillage practices have a greater impact on the
surface soil moisture content. Conservation tillage, in particular, can improve soil moisture
levels due to the presence of straw cover and stubble that delay runoff, increase water
infiltration, and reduce surface water evaporation [31]. In the early stage of corn growth,
the soil moisture content under PTS increases the most with the soil depth, indicating that
deep plowing can increase the water infiltration rate [32]. The effect of tillage methods on
soil temperature was mainly observed in the topsoil layer. The impact of temperature on
plant growth increased with plant growth and reached its peak 150 days after sowing. At
this stage, the temperature of the 5–35 cm soil layer under the STS treatment was lower than
the other treatments. As the temperature drops, the soil temperature showed an increasing
trend with increasing depth 150 days after sowing, which indicated heat conduction from
bottom to top, with NTS having the best thermal conductivity, followed by STS, RTS, and
PTS. The results are consistent with previous studies [33]. The temperature of the 35 cm
soil layer was higher under RTS treatment, which might be due to the loosened and porous
soil structure that has a warming effect on the deeper layers [34].

The rotary tillage (RTS) method resulted In a reduction of surface soil bulk density
due to the shallow depth of tillage and the porous soil structure created by it. This had a
greater impact on the topsoil. At a depth of 5 cm, the average values of bulk density under
the PTS and RTS treatments were lower than those of the NTS and STS treatments, and the
differences between treatments became smaller as the soil depth increased. This suggests
that tillage can indeed reduce soil bulk density, but primarily in the top 10 cm of soil [10,35].
Over time, the difference between treatments becomes smaller, indicating that the effects
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of subsoiling and tillage on soil bulk density only persist for one to two seasons in fertile
soil [26]. The early growth of corn was impacted by tillage and sowing methods, with
the differences between treatments becoming less pronounced as the corn grew. The NTS
treatment hampered the initial growth of the crop, but from 50 to 100 days, its growth rate
was significantly higher than the other treatments. Wang et al. showed that under no-tillage
conditions, straw mulching could improve the seedling emergence rate, but it was not
conducive to the accumulation of dry matter at the jointing stage, which may be improved
with the further decomposition of straw [36]. The most rapid growth period of corn was
from 50 to 100 days after planting; the growth rate slowed down in 100 to 150 days; during
this period, the growth rate of NTS and STS treatments was lower than that of PTS and
RTS treatments. Wang et al. showed that plow tillage treatment significantly increased
the number of ears, number of grains per row, and 100-grain weight of corn, which was
inconsistent with the results of this study, that may be related to the soil type and the gene
shape of the corn variety itself [37]. According to the findings of Pittelkow, a combination
of no-tillage, straw mulching, and rotation can mitigate the adverse effects of no-tillage on
crop yield and, under certain conditions, even yield the same or greater output compared to
traditional tillage methods [11]. There was no difference in corn yield among the four tillage
and sowing methods, which is inconsistent with the research results of Xu, which may be
related to soil texture, weather, and climate [38]. Crop growth is sensitive to SPR and soil
moisture in the early stage of corn growth, which is consistent with the results given by
Xiong et al. [39]. Yu showed that corn growth was sensitive to waterlogging and negatively
correlated with it [40]. Colombi et al. discovered that SPR could affect seedling emergence
rate, nutrient uptake, root morphology, and crop yield [41]. As the plants grow, the effect
of soil moisture content on corn decreases while the impact of temperature increases, with
the explanation degree reaching 43.6% 150 days after corn sowing. The reason is that the
temperature decreases with corn plant growth, and the soil temperature are different under
different tillage and sowing methods, which affects the growth and development of the
plants in the later period. Hatfield et al. found that corn is a temperature-sensitive crop, and
even a 1 ◦C difference can greatly impact its growth and development [42]. As shown in
Figures 3c and 7c, the low-soil temperature may be the reason for the slow growth of stem
diameter and plant height in the late stages under NTS and STS treatment. In summary,
corn at different growth stages has a different sensitivity to soil physical properties. Under
NTS, SPR and moisture content were higher, which affected the early growth of corn, but
with the change of the sensitivity of corn growth to indexes, the early deficiency will be
made up in the middle growth of corn. With the temperature decreasing in the later period,
temperature becomes one of the main factors affecting corn growth, which is caused by the
differences in the cropping system and climate in northeast China.

5. Conclusions

The results of this study indicate that the short-term application of different tillage
and sowing methods has a significant impact on soil physical properties and plant growth.
High soil penetration resistance impeded early crop growth, but the PTS treatment method
reduced this resistance in the 0–40 cm soil layer. The effect of tillage on soil moisture content
was concentrated in the 5–15 cm soil layer, and both the NTS and STS treatments increased
soil moisture content. The impact of tillage and sowing methods on soil bulk density
was most pronounced in the 5 cm soil layer, with RTS treatment significantly reducing
surface soil bulk density. As the temperature decreased, its influence on plant growth
increased, and the STS treatment resulted in low soil temperature, which might inhibit
the later development of the crop. Among the measured plant characters, stem diameter
was found to have a strong correlation with yield. The results showed that the short-term
implementation of conservation tillage did not cause a significant decrease in corn yield
and that the short-term implementation of NTS treatment is considered feasible.
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Abstract: Bacteria of the genus Bacillus and related genera (e.g., Paenibacillus, Alicyclobacillus or
Brevibacillus) belong to the phylum Firmicutes. Taxonomically, it is a diverse group of bacteria that,
to date, has not been well described phylogenetically. The group consists of aerobic and relatively
anaerobic bacteria, capable of spore-forming. Bacillus spp. and related genera are widely distributed
in the environment, with a particular role in soil. Their abundance in the agricultural environment
depends mainly on fertilization, but can also depend on soil cultivated methods, meaning whether
the plants are grown in monoculture or rotation systems. The highest abundance of the phylum
Firmicutes is usually recorded in soil fertilized with manure. Due to the great abundance of cellulose
in the environment, one of the most important physiological groups among these spore-forming
bacteria are cellulolytic bacteria. Three key cellulases produced by Bacillus spp. and related genera
are required for complete cellulose degradation and include endoglucanases, exoglucanases, and
β-glucosidases. Due to probable independent evolution, cellulases are encoded by hundreds of
genes, which results in a large structural diversity of these enzymes. The microbial degradation of
cellulose depends on its type and environmental conditions such as pH, temperature, and various
substances including metal ions. In addition, Bacillus spp. are among a few bacteria capable of
producing multi-enzymatic protein complexes called cellulosomes. In conclusion, the taxonomy of
Bacillus spp. and related bacteria needs to be reorganized based on, among other things, additional
genetic markers. Also, the ecology of soil bacteria of the genus Bacillus requires additions, especially
in the identification of physical and chemical parameters affecting the occurrence of the group
of bacteria. Finally, it is worth adding that despite many spore-forming strains well-studied for
cellulolytic activity, still few are used in industry, for instance for biodegradation or bioconversion of
lignocellulosic waste into biogas or biofuel. Therefore, research aimed at optimizing the cellulolytic
properties of spore-forming bacteria is needed for more efficient commercialization.

Keywords: taxonomy; Firmicutes; spore-forming bacteria; cellulases

1. Introduction

Bacillus spp. and related genera, including Paenibacillus, Alicyclobacillus, or Brevibacillus,
are mostly Gram-positive and have the ability to produce spores and display metabolic
capabilities under aerobic as well as relatively anaerobic conditions (Figure 1). Due to their
characteristics, bacteria of this group have high resistance to environmental stresses such
as drought, water stress, UV radiation, or low nutrient content in the environment [1,2].
Bacillus spp. and related genera commonly populate the Earth and occur in a variety of
environments of both natural and anthropogenic origin [2–4].
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Figure 1. Scanning electron microscope (SEM) image of Paenibacillus polymyxa EG14 cultivated on
medium with 0.5% cellobiose: vegetative cell (a), endospores (b), cellulosomes (c) (own photo).

In recent decades, rapid population growth has resulted in a significant intensification
of agriculture, which has contributed to environmental pollution affecting both commu-
nity structure and physiology of most microbial groups in the soil [5–7]. Because of the
high cellulose abundance, organisms that have cellulolytic activity gained importance.
Cellulases are synthesized by almost all groups of systematic organisms including microor-
ganisms such as bacteria, fungi, protists, plants, and nematodes [8]. The bacteria capable of
producing cellulolytic enzymes include both aerobic bacteria, e.g., Butyrivibrio spp. and
Cellulomonas spp., as well as anaerobic bacteria, e.g., Clostridium spp. or Ruminococcus spp.
bacteria [9]. However, due to their resistance to unfavorable environmental conditions,
aerobic and relatively anaerobic, spore-forming bacteria of the phylum Firmicutes (i.e.,
bacterial strains of the genus Bacillus and related genera) are the most interesting [10]. So
far, hundreds of cellulolytic spore-forming strains belonging to the phylum Firmicutes
were isolated, including the genus Bacillus (e.g., B. subtilis) [11]; the genus Alicyclobacillus
(e.g., A. cellulosilyticus [12] and A. acidocaldarius [13]); the genus Geobacillus (e.g., Geobacillus
sp. HTA426) [14], or the genus Lysinibacillus (e.g., Lysinibacillus fusiformis) [15]. Despite the
large number of isolated strains, still only a small part of them is commercialized, e.g., in
the biodegradation of lignocellulosic waste.

The aim of the review is to summarize current knowledge of the taxonomy, ecology
and properties of cellulolytic bacteria and to find gaps, the filling of which may lead
to a better understanding of the ecology of Bacillus spp. and related genera, improving
taxonomy and to a better exploitation of the cellulolytic potential of the bacteria group.

2. Taxonomy of the Genus Bacillus and Related Genera

The genus Bacillus and related genera (e.g., Paenibacillus or Alicylobacillus) are a very di-
verse group of bacteria that belongs to the phylum Firmicutes. The phylum includes several
classes such as Bacilli, Clostridia, Mollicutes, and Erysipelotrichia. The group of bacteria
which is the subject of the review belongs to the class Bacilli. Currently, it is classified into
several families including Bacillaceae, Paenibacillaceae, etc. [16,17]. However, earlier, there
was only the genus Bacillus which was first described in 1874. One of the first species speci-
fied in the genus Bacillus is type species-B. subtilis. The species is also one of the best-studied
organisms belonging to the prokaryota and thus is extensively used as a model microor-
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ganism for Gram-positive bacteria. Also, in the past, B. subtilis was the model organism in
studies conducted to understand spore formation mechanisms [18,19]. However, despite
numerous and extensive studies on Bacillus and related bacteria, the overall phylogenetic
and evolutionary history of these genera remains unclear and relatively unexplored.

Initially, bacteria were identified by phenotypic methods using light microscopy and
staining techniques including Gram staining [20]. Other older techniques that remain
helpful nowadays include evaluation of bacterial biochemical properties, for example deter-
mining the metabolic profile, which can be used to differentiate between bacterial species.
An example of such identification methods is the API® 50 CHB/E system, which is based
on 50 biochemical tests that test the carbohydrate metabolism of the data from Bacillus spp.
and related genera [21]. On the other hand, an improved version for bacterial identification
using rapid tests is the Biolog OmniLog System. In addition to carbon source metabolism,
the method also includes 23 chemical tests that determine, for example, the bacteria’s toler-
ance to salinity or sensitivity to other chemicals [22]. In both cases, the obtained results can
be compared with databases and, to some extent, determine the taxonomic affiliation of the
studied bacteria. However, it was not until the development of sequencing techniques in the
1990s that major changes in the taxonomy of spore-forming bacteria occurred. Then, other
genera began to be separated from the genus Bacillus. Most phylogenetic studies are based
on 16S rRNA gene sequences [23]. Based on branching in phylogenetic trees, initial phylo-
genetic studies delineated and identified five clusters of Bacillus species [24]. One of these
clusters including B. subtilis was named Bacillus sensu stricto [24], while bacterial species
from the other clusters were subsequently reclassified to form the following genera: Paeni-
bacillus, Lysinibacillus Brevibacillus, and Geobacillus [23,25,26]. In subsequent years, based on
phylogenetic and phenotypic results, many other Bacillus species were reclassified to form
several new genera, for instance Aneurinibacillus, Alicyclobacillus, Alkalicoccus, Sporosarcina,
Gracilibacillus, Virgibacillus, Hydrogenibacillus, Ureibacillus, Solibacillus. [23,25,27,28]. The
bacterial genera listed above belong to different families, as shown in Table 1. For instance,
Alicylobacillus, along with Tumebacillus, Effusibacillus, Kyrpidia, and Sulfobacillus, have been
assigned to the family Alicylobacillace; a particularly important genus among those listed
is Alicylobacillus [29,30]. On the other hand, the Paenibacillace family includes 14 genera of
spore-forming bacteria of which Paenibacillus and Brevibacillus are the most interesting in
terms of potential industrial use [31].

Table 1. List of families assigned to the order Bacillales [17,23,29,32–39].

Family Name Proposed by Type Genus Other Example of Genus

Alicyclobacillaceae da Costa and Rainey Alicyclobacillus Effusibacillus, Kyrpidia, Tumebacillus

Bacillaceae Fischer Bacillus
Perribacillus, Weizmannia, Neobacillus,

Metabacillus, Ferdinandcohnia, Gottfriedia,
Heyndrickxia, Lederbergia

Caryophanaceae Peshkoff Caryophanon

Bhargavaea, Chryseomicrobium, Chungangia,
Filibacter, Indiicoccus, Jeotgalibacillus, Kurthia,

Lysinibacillus, Marinibacillus,
Metalysinibacillus, Metaplanococcus,

Metasolibacillus, Paenisporosarcina, Planococcus,
Psychrobacillus, Rummeliibacillus, Savagea,

Solibacillus, Sporosarcina, Ureibacillus

Desulfuribacillaceae Sorokin et al. Desulfuribacillus —

Listeriaceae Ludwig et al. Listeria Brochothrix
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Table 1. Cont.

Family Name Proposed by Type Genus Other Example of Genus

Paenibacillaceae De Vos et al. Paenibacillus

Ammoniibacillus, Aneurinibacillus group,
(Ammoniphilus, Aneurinibacillus, Oxalophagus),

Brevibacillus, Chengkuizengella, Cohnella,
Fontibacillus, Gorillibacterium, Longirhabdus,
Marinicrinis, Paludirhabdus, Saccharibacillus,

Thermobacillus, Xylanibacillus

Pasteuriaceae Laurent Pasteuria —

Sporolactobacillaceae Ludwig et al. Sporolactobacillus Caenibacillus, Camelliibacillus Pullulanibacillus,
Scopulibacillus, Sinobaca, Tuberibacillus

Staphylococcaceae Schleifer and Bell Staphylococcus
Abyssicoccus, Aliicoccus, Auricoccus
Corticicoccus, Gemella, Jeotgalicoccus

Macrococcus, Nosocomiicoccus, Salinicoccus

Thermoactinomycetaceae Matsuo et al. Thermoactinomyces

Baia, Croceifilum, Desmospora,
Geothermomicrobium, Hazenella, Kroppenstedtia,

Laceyella, Lihuaxuella, Marininema,
Marinithermofilum, Mechercharimyces,

Melghirimyces, Novibacillus, Paludifilum,
Planifilum, Polycladomyces, Risungbinella,

Salinithrix, Seinonella, Shimazuella,
Thermoflavimicrobium

Although studies using sequences coding 16S rRNA have led to the reclassification
of many species to new genera, according to many researchers, analyzes based on this
variable gene are not fully sufficient to correctly distinguish taxa at the species level [40–43].
Similarly to other taxa, the previous classification of order Bacillales and other related
orders was mostly based on 16S rRNA gene sequences. Moreover, research based on
this type of analysis contributes to the formation of various types of anomalies. The
occurrence of anomalies among the order is confirmed by the fact that several families
and genera forming spores and non-spores were placed in it. Such patterns suggest
that one gene marker is not sufficient to determine the phylogenetic structure of the
Bacillales order [41]. Phylogenetic analyses have also been carried out using several
other gene or protein sequences [44–46]. However, due to the relatively small number
of Bacillus species studied in these researches, the analysis is insufficient to elucidate
species relationships within this large genus. Consequently, Bacillus spp. is still a highly
heterogeneous genus characterized by extensive polyphyletic branching with other genera
of the family Bacillaceae [47,48]. Furthermore, as a result of the diverse branching of current
species in the genus Bacillus, it was difficult to limit the addition of new species to this genus,
even despite the large differences between the new species and the type species. Therefore,
more valid methods should be studied and used to delineate the genus Bacillus and limit
the placement of unrelated species within it [23]. For instance, comparative analysis of
whole genomes (based on NCBI available sequences/genomes) makes it possible to study
the evolutionary relations of species, and thus provide opportunities to identify molecular
markers (molecular synpomorphies) [23,49]. For example, molecular synapomorphies that
contain conserved insertions and signature deletions in protein sequences are good means
of differentiating species from the two major clades of the genus Bacillus, i.e., the “Subtilis
clade” and the “Cereus clade”. According to ICNP rule 56a, the transfer of a species
from the Cereus clade to a new genus may play some part in human health; therefore,
transfer to another species is not advisable. As evidenced by a comprehensive genomic
analysis of Bacillaceae species, 36 new genetic markers (i.e., conserved signature indels
(CSIs)) were detected [23]. Importantly, based on new CSIs, the monophyletic groups
found in all reconstructed or new phylogenetic trees were named as follows: Simplex,
Firmus, Alcalophilus, Niacini, Fastidiosus, and Jeotgali clades, and collectively included
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from 5 to 23 Bacillus species. In addition, researchers also performed a phylogenomic
analysis on various Firmicutes proteins including core and conserved proteins. Moreover,
the combined sequences of highly conserved proteins such as GyrB, GyrA, RpoC, RpoB,
UvrD, or PolA were also studied, and confirmed by an extended comparative analysis
of the genome of the above-mentioned protein sequences [23]. The authors of this study,
based on robust evidence from many lines of research (conducted in parallel) confirming
the existence of six distinct Bacillus clades, propose the transfer of species from these clades
to six novel genera of Bacillaceae family, namely Alkalihalobacillus gen. nov., Cytobacillus gen.
nov., Mesobacillus gen. nov., Neobacillus gen. nov., Metabacillus gen. nov., and Peribacillus
gen. nov. [23]. Moreover, as a result of the creation of these new genera, 103 erroneously
assigned species, that were insufficiently related to the genus Bacillus, were assigned to the
new genera. The results above constitute an important step in elucidating the taxonomy of
the Bacillus spp. and related genera. However, as indicated above, comprehensive studies
are still needed for the correct classification of Bacillus spp. and related species.

3. Occurrence of Spore-Forming Bacteria in Arable Soils

Bacteria of the genus Bacillus and related genera are widely distributed in the environ-
ment, e.g., in soil, air, water, animals, plants, or sediments [50–53]. This group of bacteria
plays a particularly important role in the soil, including the decay of matter [54], promotion
of plant growth, and protection against phytopathogens.

A very good and widely used tool for assessing the abundance of bacteria is the next-
generation sequencing (NGS), including 16S rRNA genes sequencing. However, due to the
still existing limitations of sequencing technologies, most studies present the abundance of
bacteria at high taxonomic levels, i.e., phyla or orders, and rarely present the abundance of
bacteria at the genus level, which is a subject to much greater error [55,56].

The phylum Firmicutes is one of the dominant phyla in cultivation soils. Its relative
abundance in the soil ranges from 2% to about 20% depending on agrotechnical practices
used, including crop rotation systems and fertilization type [57–61]. In general, the Fir-
micutes type is more abundant in soils from crop rotation than in soils from continuous
cropping [62–64]. The reason for these patterns is probably a greater influence of crop
residues and decomposing roots in the soil from crop rotation compared to monoculture
soil. For instance, in a greenhouse experiment, Li et al. [59] detected a higher number of
sequences assigned to the phylum Firmicutes in soil (Mollisol with sandy loam texture)
derived from rotation (tomato/potato-onion) compared to monoculture (tomato). The
same patterns were noted for the genus Bacillus. The abundance values obtained by the
authors at the level of the phylum Firmicutes and the genus Bacillus did not exceed 10%.
However, there are also cases where more Firmicutes are detected in monocultures than in
rotations, or in longer monocultures than shorter ones. For example, in the soil from the
Morrow Plots experiment (USA), the relative abundance of the phylum Firmicutes ranged
from a few to a maximum of 14%. Its abundance was dependent on soil management;
in this case, the highest value was recorded in soil from a maize monoculture, while the
lowest abundance of sequences assigned to the phylum Firmicutes was noted in soil from a
maize-soybean rotation [6]. Similarly, Zhao et al. [60] observed a significantly increased
number of sequences belonging to phylum Firmicutes in soil from 15- and 22-year continu-
ous cropping of cucumber in comparison with cucumber grown for only one year. Earlier,
Zhao et al. [65] noted similar patterns in continuous cropping of coffee. However, these
authors did not find specific reasons for this phenomenon [60,65]. Hence, further studies
are needed to find parameters that have a considerable role in shaping the abundance of
the phylum Firmicutes including Bacillus spp. and related genera, e.g., identifying detailed
correlations between physical and chemical properties of the soil and the abundance of
bacteria belonging to the phylum Firmicutes in differently managed soils. For example,
Alami et al. [66] observed robust correlations between the phylum Firmicutes and the
physicochemical properties of arable soil including continuous cropping of maize and
cabbage continuous cropping of cabbage (Hubei province, China); total phosphorus, avail-
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able potassium, and available boron contents were positively correlated with the phylum
Firmicutes. Furthermore, a study on the effect of continuous cotton cultivation (20 years)
on the bacterial communities of the soil showed a positive correlation between the number
of the OTUs of the phylum Firmicutes and the EC of the soil [66].

In addition, fertilization also affects the abundance of the phylum Firmicutes in the soil.
Particularly because most members of the phylum Firmicutes are considered copiotrophs
which are fast-growing microorganisms that prefer environments rich in C and N [67]. For
instance, Li et al. [68] also found a several percent abundance of the phylum Firmicutes in
fertilized soil (rice-rape rotation), and the highest number of OTUs belonging to the phylum
was found in soil fertilized with NPKS (NPK + straw). Similar values were also found by
Zeng et al. [58] who observed an abundance of the phylum Firmicutes at an average of
7% (the highest value was 10%) in soil fertilized with nitrogen fertilizer. Dang et al. [69]
observed a significant increase in the abundance of Firmicutes in soil fertilized with manure
(compared to the controls) across the globe, and detected a positive correlation between the
SOC content and the abundance of the phylum. Furthermore, Francioli et al. [70] noted
more OTUs assigned to the phylum Firmicutes in farmyard manure (FYM) fertilized soils
compared to mineral fertilization (in a long-term fertilization trial). Hartmann et al. [71]
also observed higher abundance of the phylum Firmicutes in long-term FYM fertilization
in comparison with mineral fertilization. Similar findings were noted in a study on the
effects of various treatments on the microbial community of bulk and rhizosphere soil [72].
Importantly, it was also found that manure fertilization is a factor influencing the bacterial
community (including the abundance of Firmicutes) more strongly than the method of
cultivation, including monoculture and crop rotation [31,73].

In conclusion, it should be noted that the abundance of bacteria of the phylum Firmi-
cutes in soil may also be influenced by other agronomic treatments such as the use of plant
protection agents. Thus, the study results may also have been caused by the heterogeneity
of agricultural practices, as previously recorded by Soman et al. [6]. Moreover, the discrep-
ancies in studies in this aspect may be an effect of the diversity of soils around the world,
e.g., in terms of physical properties.

4. Cellulolytic Properties of Bacillus Spp. and Related Genera

4.1. Cellulases

Cellulose is the most common (bio)polymer on earth, made of glucose linked by
β-1,4-glycosidic bonds. It contains two types of regions—crystalline and amorphous
regions [74]. Hence, an important group of microbes that are participating in the element’s
circulation in the soil are microorganisms that decompose cellulose [75]. Soil properties
such as pH, organic carbon content, nitrogen content, and moisture impact microbial
cellulose degradation. The process of cellulose degradation depends on the presence of a
complex of enzymes belonging to the class of O-glycoside hydrolases, including the three
main cellulases [74]. Cellulolytic enzymes include: (i) endo-β-1,4-glucanases (EC 3.2.1.4)
whose mechanism of action is based on random degradation of β-1,4-glycosidic bonds
in amorphous regions of cellulose–endoglucanase activity is measured using cellulose
derivatives, for instance, semi-soluble carboxymethylcellulose (CMC); the enzyme that
degrades CMC is carboxymethylcellulase (CMCase); (ii) exo-1,4-β-glucanases (EC 3.2.1.91)
that separate single molecules of glucose and cellobiose from reducing or non-reducing
ends of the cellulose. Exoglucanases include e.g., avicelase–microcrystalline–cellulose
(Avicel) degrading enzyme; and (iii) β-glucosidase whose mechanism of action is the
conversion of cellobiose into glucose (EC 3.2.1.21) [76,77]. The synergistic cooperation of
the above-mentioned enzymes and, in particular, the presence of a processive exoglucanase
is required for cellulose degradation [Figure 2].
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Figure 2. Mechanism of action of cellulases (own figure).

Cellulases have a modular structure that contains catalytic modules (CM) that act
synergistically and/or with non-catalytic modules, i.e., substrate-binding modules [78]. In
the case of cellulases, substrate-binding modules are called cellulose–binding modules (also
called carbohydrate-binding module) (CBMs) and they can have affinity for amorphous
or crystalline cellulose as well as binding to other similar polymers composed of carbon
chains [79]. Due to the enzyme’s ability to bind to cellulase, the local concentration of
the enzyme increases, resulting in better substrate degradation efficiency. Some CBMs
also have a structural function of stabilizing the catalytic module or altering its activity,
for instance by inserting a substrate molecule into a substrate pocket [79]. Although the
binding of cellulase by CBM is very stable, the enzyme can still diffuse across the substrate
surface and, in some cases, CBM can also catalyze the breaking of non-covalent bonds
located between the cellulose chains of crystalline cellulose [80].

4.2. Structural Diversity of Cellulases

Cellulases belong to the glycoside hydrolases (GH). The classification of GH is based
on similarities in amino acid sequence and is included in the carbohydrate-active enzymes
(CAZy) database. The CAZy database contains the CAZy families and subfamilies and
is very dynamically updated. Due to the large differences in amino acid sequences, the
GH group is remarkably heterogeneous and is divided into as many as 165 families [81].
The enzymes involved in cellulose degradation are classified in the following families of
glycoside hydrolases: endoglucanases in families 5, 6, 7, 8, 12, 44, 45, 48, 51, 64, 71, 74, 81,
87, 124, 128, exoglucanases 5, 6, 7 and 4, and β-glucosidases in families 1, 3, 4, 17, 30, and
116 [82,83].

Sequence diversity can be related to a distinct modular architecture. It has been shown
that the domain architecture in fungi is not very complex. However, in bacterial cellulases,
there are many combinations of domain architectures, even though most sequences consist
of a single catalytic domain [84]. In terms of carbohydrate-binding modules, CBM2 is
related to the cellulolytic GH families and is found in the following families–GH5, GH12,
GH44, GH45, GH48, GH51, and GH74. So far, it has been shown that the common CBM2
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domain (in bacterial cellulases) in most cases binds cellulose, and less often chitin and
xylan. Importantly, CBM2 is often found together with other accessory domains including
CBM3 and CBM4, as well as catalytic domains [85]. In the terms of bacteria of the genus
Bacillus, B. licheniformis possesses the H1AD14 gene encoding an endoglucanase belonging
to the GH9 family and the cellulase has a CBM3 domain that is attached to the C-terminal
end and plays a significant role in substrate degradation [86]. CBM3 has also been de-
tected in a cellulase belonging to the GH9 family in B. pumilus [87]. Interestingly, Honda
et al. [88] found that a unique chitinase domain in B. thuringiensis enabled binding to both
crystalline chitin and cellulose, indicating that CBMs with affinity to multiple substrates
could contribute to the increased occurrence of multifunctional hydrolytic enzymes [88].
On the other hand, previously, in the B. subtilis IFO 3034, an endoglucanase was detected
that possessed a microcrystalline cellulose-binding domain but was unable to degrade
microcrystalline cellulose [89]. Also in species related to Bacillus spp. CBMs were detected;
in the Paenibacillus lautus BHU3 as many as four domains were detected, including CBM6,
CBM46, CBM56, and CBM9, showing affinity for amorphous cellulose [90]. The CBM9 was
also found in the genome of P. dendritiformis CRN1 [91].

Furthermore, cellulases belonging to different families have various protein fold
structures, including the (β/α)8 barrel fold, which is found in the GH5, GH44 and GH51
families, modified α/β barrel in family GH6, β-jelly roll—GH7 and GH12, the 7-fold
β-propeller (GH74), (α/α)6 barrel—GH8, GH9 and GH48, the superhelical fold—GH124,
and modified β barrel (GH45) [81]. Importantly, within a single GH family, structures
are globally conserved, but sequences can be remarkably different. For example, GH5,
one of the largest GH families, is currently divided into 166 subfamilies on the basis of
sequence similarity, with only eight residues conserved across the family, including two
catalytic glutamic acid residues [92]. In conclusion, GH families exhibiting different classes
of protein folds have evolved to bind and degrade the same substrate, indicating that
cellulolytic enzymes may have evolved independently and may be derived from many
evolutionary origins, but have converged functionally [81]. Similar patterns regarding the
evolution of cellulases can be inferred from the large number of cellulose-binding domains.

4.3. Cellulases Genes

Referring to the number of cellulases, it can be concluded that cellulolytic enzymes are
highly diverse, which is further manifested in the large number of genes that are responsible
for encoding these hydrolases. The number of genes encoding cellulases exceeds 100 [83,93].
As mentioned earlier, the reason for such a large number of cellulase-encoding genes may
be due to independent evolution [81]. In fungi, the genes encoding cellulases in bacteria are
located on a chromosome [94]. The spatial organization of these genes may differ between
microorganism species, for example, in the bacterial species Clostridium thermocellum there
is a random distribution, whereas in C. cellulovorans “clustered” distribution in a cluster
occurs [95,96]. The cellulosome gene cluster in C. cellulovorans is about 22 kpz in size
and contains nine genes encoding cellulosome domains with a putative transposon gene
in the flanking region. A similar organization was also detected in the chromosome
of the bacterial species C. acetobutylicum and C. cellulolyticum, suggesting the presence
of a common bacterial ancestor of the clostridia [97]. In contrast, in fungi the genes
encoding cellulases are usually distributed randomly, in which case each gene has its own
transcriptional regulation. Only in exceptional cases, e.g., in Phanerochaete chrysosporium
(fungus), the cellulase genes form a three-gene cluster [94].

In terms of Bacillus spp., in the genome of B. licheniformis [98] detected two clusters of
genes involved in the cellulose decomposition. For instance, in the genome of the strain
B. subtilis 168 no equivalents of the cluster were found. The enzymes encoded by the first
gene cluster are likely endoglucanases belonging to the GH9 and GH5 families, and the
probable cellulase–1,4-β-cellobiosidase belonging to GH48 and the potential β-mannanase
belonging to GH5. Importantly, β-mannanase (GH5) and endoglucanase (GH9) contain
carbohydrate-binding modules. In addition, with the exception of 1,4-β-cellobiosidase
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belonging to GH48, all gene proteins encoded have secretory signal peptides and all have
homologs with Bacillus spp. but other than B. subtilis [98]. Researchers also detected a
second cluster—encoding a probable β-glucosidase (from the family GH1). In addition,
a second β-glucosidase gene (from the family GH3) was found at an unrelated locus
in the genome. Importantly, the presence of these genes in the B. licheniformis genome
indicate the possibility of complete degradation of cellulose [98]. Furthermore, 4 genes
responsible for encoding β-glucosidase and 1 gene encoding endoglucanase were noted
in strain B. amyloliquefaciens TL106. The β-glucosidases encoded by these genes belong
to the GH1 and GH73 families, and the endoglucanase belongs to the GH5 family [99].
Moreover, Carbonaro et al. [100] analyzed the genome of Alicyclobacillus mali FL18 to find
new cellulose–degrading enzymes. The analysis revealed four genes belonging to the
GH1, GH9, GH51, and GH94 families, of which GH1 and GH94 legitimately hydrolyse
short oligosaccharides, and a gene from GH1 encodes a β-glucosidase. In addition, the
A. mali FL-18 genome also contained genes encoding two probable arabinofuranosidases,
which belong to GH51. Interestingly, A. acidocaldarius, which is a close relative of the
aforementioned species, also possesses two endoglucanases–CelA belonging to the GH9
family and CelB from the GH51 family [101,102]. At the same time, other authors have
detected a large number of genes encoding various GH enzymes in the P. polymyxa genome,
including cellulases belonging to GH 1, 3, and 5 [103].

Finally, it is worth adding that most of the cellulases described in metagenomic studies
(different environments) have less than 70% homology with known cellulolytic enzymes,
and some of them have no significant similarity to other glycosyl hydrolases, indicating
that large numbers of new cellulolytic enzymes are still being found [104]. Moreover,
approximately 40% of sequenced bacterial genomes contain at least one cellulase gene, but
only 4% of these bacteria are known as true cellulase bacteria due to low cellulase diversity
or a lack of gene expression [83].

4.4. Cellulosomes

Some bacteria exhibiting cellulolytic activity are capable of synthesizing and secreting
enzyme multicomplexes called cellulosomes; the secreted proteins outside the bacterial
cell take the form of spherical structures. Sometimes, individual cellulosomes are joined
together to form so-called polycellulosomes. A single complex may contain up to a dozen
proteins with different activities, including endoglucanase, cellobiase or hemicellulase,
and lichenase [105,106]. Interestingly, most of the research on cellulosomes concerns the
cellulosomes of the phylum Firmicutes [83]. First studies on cellulosomes were carried
out on the anaerobic Clostridium thermocellum. As shown, C. thermocellum is capable of
synthesizing an enzyme complex of more than 2000 kDa, which consists of fourteen differ-
ent proteins with molecular weights ranging from 45 kDa to 210 kDa [107]. For instance,
15 genes encoding the presence of endoglucanases, two genes responsible for the expression
of xylanases, two genes encoding cellobiase, and one gene encoding lichenase were detected
in C. thermocellum strain NC1B 10682 [108]. Cellulosomes have also been detected in Bacillus
spp. and related genera. However, to date, little research has been conducted on these
genera. For instance, B. megaterium was found to be capable of producing a cellulosome
(celluloxylanosomes) exhibiting avicelase, CMCase, and xylanase activity. In addition, van
Dyk et al. [105] noted that the B. licheniformis SVD1 strain was capable of synthesizing
multi-enzyme complex (MEC) with hemi-cellulolytic activity. The total molecular mass
of the complex was about 2000 kDa. The enzymes included in the MEC hydrolyzed such
compounds as xylan, mannose, pectin, and carboxymethylcellulose. However, the MEC
was not able to bind Avicel cellulose and, despite several similarities to the cellulosome,
was ultimately not identified as such [105,109]. Waeonukul et al. [110] studied an enzymatic
complex from P. curdolanolyticus B-6 (in culture on Avicel microcrystalline cellulose). A
single cellulosome had the ability to hydrolyze the Avicel cellulose and insoluble xylan.
The researchers noted that the complex included such enzymes as avicelase, CMCase,
cellobiohydrolase, β-glucosidase, xylanase, α-L-arabinofuranosidase, and β-xylosidase.
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The total mass of the multicomplex was about 1600 kDa. Importantly, the isolated cel-
lulosome degraded lignocellulose efficiently. In terms of the genus Paenibacillus, using
transmission microscopy, cellulosome production was detected in P. polymyxa strains EG2
and EG14 [111,112]. Besides, using scanning electron microscopy, protuberances were
observed indicating cellulosome production on the cell surface in the thermophilic strain
Brevibacillus sp. JXL [113].

4.5. Cellulase Activity

Cellulose decomposition starts when cellulase adsorbs to cellulose. Referring to previ-
ous subsections, it should be stated that bacteria of the genus Bacillus and related genera
are capable of producing several types of cellulases including CMCase, FPase, or Avicelase.
Different bacterial species have distinct activities of cellulolytic enzymes, and significant
differences within the same species or strains may also occur due to discrepancies in
culture conditions of the studies conducted on the topic. For instance, Acharya and Chaud-
hary [114] observed a CMCase activity of 0.300 U mL−1 in Bacillus licheniformis MVS1
(medium with beef extract). While Shajahan et al. [115], using response surface method-
ology in Bacillus licheniformis NCIM 5556, recorded a CMCase activity of 42.99 U mL−1

(medium contained CMC—19.21 g L−1, CaCl2—25.06 mg L−1, Tween 20—2.96 mL L−1,
and temperature 43.35 ◦C).

The type of cellulose, medium composition, temperature and pH are most important
for cellulase activity [2]. So far, depending on the strains, it has been found that the type of
cellulose used as substrate induces cellulolytic activity to a different extent. For instance,
Sadhu et al. [116] observed that carboxymethylcellulose better induced Avicelase and
CMCase production by Bacillus sp. MTCC10046 compared to other substrates including
sucrose, starch, glucose, or maltose. Also, Akaracharanya et al. [117] recorded higher
cellulase activity of Bacillus sp. P3–1 and P4–6 in culture based on CMC medium, compared
to culture with cellulose powder-containing medium. Similar patterns were also reported
by Thomas et al. [118] who observed that CMCase activity by Bacillus sp. SV1 was higher
in the CMC medium, compared to Avicel cellulose-containing medium and other carbon
sources, including mannitol, glycerol, lactose, or chitin. In addition, CMCase and Avicelase
activities were also obtained by Dobrzynski et al. [2] who noted the highest activity of
the two enzymes in the cultures of Bacillus sp. 8E1A with CMC. However, in the case of
FPase (cellulose saccharifying enzyme), the highest activity value was recorded for the
culture of the studied strain with Avicel cellulose. Mihajlovski et al. [119] also reported
slightly higher FPase activity in P. chitinolyticus CKS1 in a medium supplemented with
Avicel compared to cultures with CMC. Similarly, in the case of thermophilic Bacillus sp.
K-12, Kim and Kim [120] noted that FPase activity was higher when the strain studied by
the authors was cultured in Avicel microcrystalline cellulose medium compared to other
carbon sources. Interestingly, in contrast to previously cited reports, the strain Bacillus sp.
K-12 also had high CMCase and Avicelase activity in cultures with Avicel cellulose. It is
worth mentioning that the differences between studies may result from a number of factors
including culture conditions.

Another important factor that affects the activity of cellulases produced by Bacillus
spp. and related genera is temperature. According to the studies cited below, the optimum
temperature range for cellulase activity ranges from 20 ◦C to 80 ◦C, depending on the
strain and type of enzyme. For instance, Kazeem et al. [121] observed that a temperature of
20 ◦C is optimal for the production of FPases in the strain B. licheniformis 2D55. Cellulases
produced by B. pseudomycoides (grown on sugarcane bagasse medium) have a slightly higher
optimal temperature −40 ◦C (within 72 h of incubation) [122]. Interestingly, Li et al. [123]
detected optimal cellulase activity in the thermophilic strain at 50 ◦C, and below this value
the activity of enzymes significantly decreased. On the other hand, optimum temperature
values for cellulase activity exceeding 70 ◦C have been recorded for activity of CMCase
and Avicelase produced by Geobacillus thermoleovorans T4 (70 ◦C) and CMCase produced
by Bacillus sp. DUSELR13 (75 ◦C) [124,125]. Similar patterns for Bacillus sp. 8E1A were
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observed by Dobrzyński et al. [2]. Importantly, thermophilic cellulases can potentially be
used in various industries including textile, biofuel, and agriculture [2].

In terms of the optimal pH for cellulase activity, the range of values is as wide as for
temperature; according to current reports, the highest activity of cellulases produced by
Bacillus spp. and related genera is recorded in the pH range from 3 to 10. For example,
Mihajlovski et al. [119] observed that the avicelase produced by the strain was most active
at about pH 5. Similar results were reported by Seo et al. [126] whose B. licheniformis strain
produced cellulases with high activity in the pH range of 4.0–6.0. While, in a study by
Dobrzynski et al. [2], the highest CMCase and Avicelase activities were noted at pH 7.0 and
FPase at 6.0. Interestingly, the highest cellulase activities produced by the bacteria of the
genus Bacillus were also detected at pH 9.0 [127]. Previously, similar patterns were also
obtained, as shown in Table 2.

Table 2. Optimum temperature and pH for celullolytic activity.

Strains Egzoenzymes Temperature Optimum pH Optimum References

Anoxybacillus sp. 527 Avicelase 70 ◦C 6.0 [113]
Anoxybacillus flavithermus EHP2 CMCase 75 ◦C 7.5 [26]

Bacillus sp. K1 CMCase 50 ◦C 6.0 [128]
Bacillus sp. KSM 330 CMCase Avicelase 45 ◦C 5.2 [129]
Bacillus sp. No.1139 CMCase 50 ◦C 9.0 [130]

B. licheniformis CMCase 65 ◦C 6.0 [131]
B. subtilis YJ1 CMCase Avicelase 50–60 ◦C 6.0 [132]

Paenibacillus sp. B39 CMCase 60 ◦C 6.5 [133]
Paenibacillus terrae ME27–1 CMCase 50 ◦C 5.5 [134]

Importantly, the differences between the optimal conditions for the activity of cellu-
lolytic enzymes result from the large variety of cellulases produced by the spore-forming
bacteria of the genus Bacillus and related genera.

Moreover, the activity of cellulases is also affected by other parameters of the media
or solutions. Gaur and Tiwari [135] found that the cellulase activity of B. vallismortis RG-
07 was stimulated by Tween-60, Ca2+, mercaptoethanol, and NaClO. While the cellulase
activity of Lysinibacillus xylanilyticus was stimulated by the presence of CaCl2 nanoparticles
in medium [136].

Importantly, some of the spore-forming strains of cellulolytic bacteria are already
being used to convert lignocellulosic waste. For instance, the activity of P. polymyxa
ND24 was studied in a 5-L laboratory bioreactor where the cellulosic substrate in the
medium was sugarcane bagasse; the strain showed the highest endoglucanase activity
after 72 h of incubation. The sugarcane hydrolysate was then used for biogas production;
the authors suggest that the obtained results support the use of P. polymyxa ND24 for
cost-effective bioprocessing of lignocellulosic biomass [137]. In turn, other authors have
used strains from the genus Bacillus to treat rice straw in order to increase the biomethane
fermentation efficiency. The study, using multiple strains, demonstrated that the use of
mixtures of different bacterial strains was more effective than the use of single bacterial
strains, due to an increase in the pool of cellulases present in the process. Finally, the
authors concluded that the choice of a mixture of strains from the genus Bacillus, which
decompose lignocelluloses, can be robust catalysts for the processing of biomass from these
wastes [138].

However, despite such a large number of bacterial strains of the genus Bacillus and
related ones that produce cellulases, there is still little research on the practical aspect of
their use, including the utilization and conversion of lignocellulosic biomass. Nevertheless,
potentially, cellulolytic bacteria of the genus Bacillus spp. and their cellulases can be used:
(i) in the textile industry (for instance for biostoning of jeans); (ii) in biorefining; (iii) in biogas
and biofuel production; (iv) in agriculture including biodegradation of lignocellulosic
waste and biocontrol of fungal phytopathogens; (v) in the paper industry (coadditive in
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pulp bleaching); (vi) in detergents (cellulose-based detergents); (vii) in the food industry
including release of the antioxidants from fruit and vegetables, and improved texture and
quality of bakery products; (viii) and for improving carotenoids extraction or improving
olive oil extraction [139,140].

5. Promoting Plant Growth by the Bacteria of the Genus Bacillus and Related Genera

Bacteria of the genus Bacillus and related genera are also classified as plant growth-
stimulating bacteria [53,141–143]. Bacteria from this group are capable of promoting plant
growth either directly or indirectly. Mechanisms of direct promotion of plant growth
include i.a. production of phytohormones including indole-3-acetic acid (IAA), cytokinins,
and gibberellins, production of nitrogenase thanks to which bacteria fix atmospheric
nitrogen (N) and make it available to plants, and the possibility of solubilizing phosphorus.
Indirect mechanisms, on the other hand, include for instance production of antibiotics
including cyclic lipopeptides, and enzymes degrading fungal cell walls [144–147].

So far, plant growth-promoting abilities have been detected in a very large number of
bacteria belonging to the genus Bacillus or related genera. Bacteria from this group have
promoted plant growth both under controlled and field conditions. Because of the greater
value of studies under field conditions, several examples of such studies are presented in the
review. For instance, inoculation of rice seedlings with B. pumilus TUAT-1 supplemented
with N fertilizer led to an increase in height, biomass, and chlorophyll content of rice
plants [148]. Besides, Ali et al. [149] showed that B. cereus (potassium solubilizing strain)
increased the plant’s height and shoots’ dry weight. Importantly, compared to plants that
were not inoculated, the application of the strain resulted in an increase of about 20% in
potato yield. Moreover, the application of Paenibacillus triticisoli BJ-18 led to an increase
in N, P, and organic matter contents in soil and enhanced nitrogenase activity and wheat
yield [150]. Interestingly, in comparison to the control, the application with the strain also
increased the biodiversity of rhizosphere bacterial communities and led to an increase
in the abundance of the genus Paenibacillus in the inoculated soil, which also resulted in
a high abundance of genes encoding nitrogenases. Furthermore, the inoculation with P.
triticisoli BJ-18 also increased the abundance of native plant growth-stimulating bacteria of
the genera Bacillus and Podospora [150].

Besides Okoroafor et al. [151], after applying B. velezensis FZB42 (formerly B. amyloliq-
uefaciens FZB4) in maize and common sunflower cultivations, detected over 20% increase in
biomass production in each of the crops. Moreover, inoculation with the tested preparation
increased the bioavailability of soil elements. Interestingly, the study on winter wheat culti-
vation by Stepien et al. [152] is an example of a field experiment with Bacillus and related
bacteria. The researchers demonstrated that the combination of mineral fertilization and
three bacteria-Paenibacillus azotofixans, B. megaterium, and B. subtilis-significantly increased
wheat grain yield compared to the application of mineral fertilization alone. In addition,
the bacteria significantly increased the leaf greenness index SPAD at two time points, and
together with NPK fertilization, significantly increased the content of two forms of nitrogen
(N-NO3 and N-NH4) and phosphorus in the soil.

Another example of research using a bacterial consortium with Bacillus spp. is an
experiment using B. cereus AR156, B. subtilis SM21, and Serratia sp. XY21 (BBS) strains
applied to phytophthora-infested sweet pepper [153]. Compared to the control, the ap-
plication of BBS reduced the occurrence of phytophthora blight and enhanced the fruit
quality and soil properties. BBS also significantly increased the abundance of the bacterial
genera Burkholderia, Comamonas, and Ramlibacter, which were negatively correlated with
disease severity; moreover, the abundance of these genera were associated with organic
carbon, ammonia nitrogen, potassium, and available phosphorus. These patterns sug-
gest that changing the bacterial community improved the soil properties and reduced the
phytopathogen development.

Importantly, there are still not enough studies in field conditions, especially those
showing the effect of the inoculants used on the native microbiota whose biodiversity and
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taxonomic composition have the greatest influence on the biochemical processes of the
soil. Finally, field studies with a wide range of parameters will bring inoculants closer to
commercialization. However, there are already quite a number of commercial prepara-
tions containing Bacillus and related bacteria, for example biofertilizers, biofungicides, or
biopesticides (listed in Table 3).

Table 3. Commercial preparations containing Bacillus and related bacteria.

Bacteria Application Mechanism
Commercial

Biopreparation
Reference

B. subtilis C-3102 biofertilizer for example: IAA production Thervelics® [154]
B. subtilis biofertilizer phosphate solubilization BCMF [155]

B. megaterium (combination with
Azotobacter chroococcum,
Azospirillum brasilense)

biofertilizer phosphate solubilization Azoter® [156]

P. azotofixans, B. megaterium and
B. subtilis biofertilizer nitrogen fixation no information available [152]

B. velezensis D747 biofungicide cyclic lipopeptides Double Nickel 55™ [157]

B. velezensis FZB42 biofungicide antibiotic substances
(polyketides and lipopeptides) Taegro® [157]

B. velezensis QST 713 antifungal and
antibacterial product antibiotic substances Serenade®ASO [158]

B. thuringiensis var. kurstakivar biopesticide crystal proteins
(Cry) production BT-Biox WP® [159]

B. firmus I-1582 biopesticide protection against nematode
infection VOTiVO® [160,161]

6. Conclusions

In summary, bacteria of the genus Bacillus and related genera constitute an important
group of bacteria that populate soil and other environments in large numbers, but their
taxonomy is still inadequately defined, due to, among other things, their great diversity and
the selection of insufficiently suitable molecular and biochemical techniques to determine
their relationship. Among this group of bacteria, cellulolytic bacteria are one of the most
important, but knowledge about their occurrence in the soil environment is still limited,
which is caused by methodological difficulties faced by scientists studying it. Most studies
on the presence of cellulolytic bacteria in the soil are limited to determining the abundance
of genes encoding cellulase, which, due to the diversity of these genes, makes it impossible
to determine the abundance of individual groups of cellulolytic bacteria.

Moreover, despite dozens of isolates of Bacillus and related bacteria showing cellu-
lolytic activity, still few of these bacterial strains are used, for example, to degrade lignocel-
lulosic waste. Importantly, the amount of lignocellulosic waste generated by agriculture and
other industries is steadily increasing, which, in an era of progressive agriculture and other
industries generating large amounts of such waste, poses a huge environmental problem.
Therefore, researchers should focus on studying the cellulolytic bacteria, e.g., in biogasifica-
tion processes or other conversions, which could contribute to the commercialization of
these bacteria.
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