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Preface

A healthy planet is impossible without healthy soil. Due to declining productivity caused by

population growth and climate change, agricultural land reclamation is increasing, raising concerns

about increased soil degradation. Improving agricultural soil health is a critical issue. This Special

Issue "Feature Review in Agricultural Soils—Intensification of Soil Health" examines issues related to

soil conservation and fertility management for enhancing agricultural soil health.

Soil conservation techniques are important for reducing soil degradation, increasing soil

resilience, and promoting soil health. Published papers on this topic discussed the remediation

of saline-alkaline soils, the sustainability of rotational shifting cultivation, and the development of

soil contamination countermeasures. As for soil fertility management techniques, the following

were discussed: effective utilization of available nutrients accumulated in the soil to reduce the use

of chemical fertilizers; a fertility management system that evaluates soil nitrogen fertility; making

organic phosphorus available by enhancing phosphatase activity; making inorganic phosphorus

available using biochar; prevention and recovery of the deterioration of soil physicochemical

properties due to cultivation; the effects of organic soil amendments; and improving soil carbon

sequestration through organic matter management.

Ryusuke Hatano and Rosa Francaviglia

Guest Editors
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Editorial

Research Advances in Intensification of Soil
Health in Agriculture

Rosa Francaviglia 1 and Ryusuke Hatano 2,*

1 Council for Agricultural Research and Economics, Research Centre for Agriculture and Environment,
00184 Rome, Italy; r.francaviglia@gmail.com

2 Research Faculty of Agriculture, Hokkaido University, Sapporo 060-8589, Japan
* Correspondence: hatano@agr.hokudai.ac.jp

Soil supports the primary production of plants, which is the basis of the food chain,
and nourishes all living things on land. Furthermore, soil provides ecosystem-specific
services, such as biological production, atmospheric gas composition, water quality, and
biodiversity. In other words, without healthy soil, the planet cannot be healthy. Soil health
is defined as “the ability of the soil to sustain the productivity, diversity, and environmental
services of terrestrial ecosystems” [1]. However, of the nine key indicators of planetary
health that can sustain human society, seven—climate change (CO2 emissions), alteration of
biosphere integrity, (biodiversity loss), variation in freshwater (rivers flow and soil moisture
content), land system change (forest cover), alteration of biogeochemical fluxes (nitrogen
and phosphorus loadings), introduction of new pollutants (anthropogenic pollution such
as microplastics and radioactive wastes), and ocean acidification—are estimated to have
exceeded the “planetary boundary” of the safe operating zone, with only two remaining
within it: aerosol loading and stratospheric ozone depletion [2].

Agriculture contributes significantly to CO2 emissions through deforestation and the
destruction of natural grasslands, and is the main cause of biodiversity loss and increased
nitrogen and phosphorus loads. It is directly and indirectly related to the seven global
issues. While 30% of the Earth’s surface is used for agriculture and 10% is used for cropland,
23% of total land is degraded due to inappropriate soil management [3]. Furthermore, the
conversion of natural ecosystems into cropland has recently increased, particularly in South
America, Asia, and Africa [4–6]. One factor contributing to such expansion is the decline
in crop yields due to decreased rainfall [6]. However, in South America, the biological
productivity of cropland is lower than that of natural land, which has been pointed out
as a cause of land degradation. On the other hand, in Asia and North America, biological
productivity has increased on expanded cropland, but this has led to greater consumption
of water resources [4].

There is a significant correlation between the proportion of agricultural land in a
watershed and the nitrogen load discharged into rivers. Excessive application of nitrogen
chemical fertilizers increases N2O emissions. In particular, peatland drainage significantly
increases CO2 and N2O emissions. In other words, the expansion of agricultural land increases
the nutrient load in the hydrosphere and greenhouse gas emissions in the atmosphere [7].

Sustainable intensification is needed, meaning producing more food from the same
agricultural area while reducing environmental impact. To achieve this, it is important
to improve soil health on agricultural land. Soil health is essential for improving crop
productivity, strengthening ecosystem resilience, and reducing environmental impact, as
well as for achieving a balanced agricultural and natural ecosystem. The importance of
conservation agriculture, which maximizes natural soil functions and restores ecosystem
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services, is emphasized [8]. In recent years, it has been recognized that the carbon seques-
tration potential of soils has sufficient scope to prevent global warming [9], so conservation
agriculture approaches that sequester carbon in soils are gaining importance.

Therefore, this Special Issue, “Feature Review in Agricultural Soils—Intensification
of Soil Health”, examines issues related to soil conservation and fertility management
to improve soil health in agricultural soils. The collection includes three articles on soil
conservation (remediation of saline–alkaline soils [10], sustainability of rotational shifting
cultivation [11], and development of technologies of countermeasures to soil contamina-
tion [12]), and five articles on fertility management (fertility management system for soil
nitrogen fertility assessment [13]; basic research on soil phosphorus fertility assessment:
availability of organic phosphorus by enhancing phosphatase activity [14]; availability of
inorganic phosphorus by biochar [15]; effects of organic amendments: effects on soil physic-
ochemical properties [16]; and effects on soil carbon sequestration and soil structure [17]).

Intensification of soil health for soil conservation and restration: Soil conservation and
restoration are key techniques for reducing soil degradation, increasing soil resilience and
promoting soil health.

(1) For saline–alkaline soils, soil improvement measures closely related to soil health
have been developed and implemented, based on physical, chemical, and biological indi-
cators. The specific measures vary depending on regional characteristics, such as salinity,
alkalinity, soil ionic composition, pH, hydrological processes, groundwater levels, soil
properties, and regional policies. The three major Chinese regions with saline–alkaline
soils use different techniques depending on the region. However, with the maturation of
technology and the dissemination of information, comprehensive measures for various
saline–alkaline soils have been widely promoted [10].

(2) Fires associated with rotational shifting cultivation tend to reduce soil porosity,
clay content, cohesion, and cation-exchange capacity; increase sand content, pH, available
phosphorus, and organic nitrogen; and increase the diversity of some bacteria while re-
ducing fungal communities. Soil erosion is also a major concern. Effective management
strategies, including controlled burning, appropriate land zoning, and sustainable agricul-
tural practices such as agroforestry, cover crops, and crop rotation, are essential to mitigate
the negative impacts on soil health and microbial communities [11].

(3) The number of articles on soil health related to agricultural soil contamination
increased from 27 in 2020 to 54 in 2024 (Web of Science search), confirming the growing
interest in soil health. Furthermore, the article emphasizes the need to integrate the latest
AI-based technologies into soil health research, such as machine learning, natural language
processing, and computer visualization for monitoring soil contaminants. These tools
can be used as preventive measures to minimize the adverse effects of contaminants on
soil [12].

Improving soil health through soil fertility management: Soil fertility management
techniques require the restoration of soil physicochemical and biological properties, which
are depleted by cultivation, and appropriate fertilizer application. To reduce the use of
chemical fertilizers, it is important to effectively utilize the available nutrients accumulated
in the soil as well as ensure the appropriate use of organic resources.

(1) Improving soil health in agricultural fields requires a fertilization management
system that can adapt to variations in soil fertility within a region and within a field. As
part of the Japanese Hokkaido Clean Agriculture Project, the use of compost as a partial
substitute for chemical fertilizer reduces the amount of chemical fertilizer applied. Remote
sensing technology has also been integrated to address spatial variations in soil properties
between fields with different levels of nitrogen fertility. Specifically, for topdressing of
winter wheat, satellite imagery is used to estimate the nitrogen uptake in each field based
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on the NDVI, while simultaneously measuring nitrogen fertility through soil analysis. This
allows for optimal and variable nitrogen application levels within the field and enables
the development of waste-efficient nitrogen application techniques using variable-rate
fertilizer broadcasters [13].

(2) In soil, the main source of phosphorus is found in organic matter. Therefore, it
is important to enhance the activity of acid and alkaline phosphatase (APase), which is
essential for the release of phosphorus from organic matter through hydrolysis. Previous
research has demonstrated a strong correlation between APase and soil pH, with positive
effects of clay content, organic matter, microbial biomass carbon, and nitrogen. Proper soil
management practices, such as balanced use of organic fertilizer, optimal soil moisture
levels, reduced tillage, crop rotation, and the use of beneficial plant microorganisms, help
increase both APase activity and soil pH. Further research on the contribution of APase
activity to crop productivity is needed to apply phosphorus to fertilizer management [14].

(3) Inorganic phosphorus is also an important component of the soil phosphorus pool.
The effects of biochar application on the availability and mobility of inorganic phosphorus
depend on the biochar properties (raw material, pyrolysis temperature and time, C:N
ratio, pH, ash content, and phosphorus content) and soil properties (pH, soil texture,
and phosphorus content). Biochar application significantly increased various inorganic
phosphorus fractions and soil available phosphorus. Except for biochar derived from wood
residues with a high C/N ratio (>200), biochar significantly increased available phosphorus
(water-extractable soil phosphorus, Olsen phosphorus and phosphorus bound to soil
calcium compounds). Furthermore, application of biochar derived from crop residues
significantly increased soil phosphorus associated with iron and aluminum oxides [15].

(4) The application of organic soil amendments (compost, vermicompost, biochar,
olive pomace, etc.) plays a crucial role in improving soil physicochemical quality by
increasing soil organic matter content, promoting aggregate formation, and improving
soil structure in the short term. They have been shown to have positive effects on water
retention capacity, pH level, nutrient availability, and carbon sequestration. However, some
studies have not found any change in soil quality due to organic soil amendments. This
suggests that the effects of organic soil amendments vary depending on the initial level of
soil quality, the application rate of organic soil amendments, and the cropping system, and
that strengthening soil management at the local level is important [16].

(5) Improving soil health not only improves crop yields and reduces environmental
impacts but also achieves a positive carbon balance in the field (increasing soil carbon).
Fertilization management has been examined for this purpose. In four managed grasslands
across Japan, compost carbon application at a rate greater than 2.5 t C ha−1 y−1 was nec-
essary to maintain standard yields and achieve a net positive carbon balance. Although
compost application can reduce chemical fertilizer use, fertilization generates N2O emis-
sions, and an additional 1 t C ha−1 y−1 of compost carbon is estimated to be needed to
offset the greenhouse effect of N2O emissions. Without compost application, soil organic
carbon was expected to decrease. In these fields, the ratio of soil organic carbon to clay
content (SOC/Clay) dropped to less than 1/13 after 39 to 68 years, indicating significant
soil structural degradation [17].

In conclusion, proper organic matter management is essential to improving agricul-
tural soil health. Soils degraded by salinization, alkalinization, slash-and-burn farming,
and heavy metal contamination are prone to soil erosion due to sparse vegetation and poor
microbial activity. Protecting sparsely vegetated soils is a key challenge, and implementing
vegetation restoration technologies is a priority. Since vegetation recovery in degraded
soils takes a long time, it is crucial to identify the areas to be protected and introduce
technologies to accelerate restoration.
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Furthermore, improved agricultural fertility management is essential for sustainable
intensification. A sufficient supply of organic carbon and an adequate nutrient supply are
fundamental to improving soil health. Reducing the use of chemical fertilizers requires
developing fertility management systems that respond to the variability in soil fertility
across fields based on basic research on improving soil phosphorus and nitrogen fertility.

Author Contributions: R.F. and R.H. contributed equally to this article. All authors have read and
agreed to the published version of the manuscript.
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Abstract: Soil health directly impacts food security, so investigating contaminants is a topic
of interest for the anticipatory study of the action–effect correlation. This paper conducts
a systematic literature review through seven analyses, identifying researchers’ interest in
soil health using artificial intelligence tools. The first study examines the distribution of
articles over the years to assess researchers’ interest in soil health, and subsequently, the
same analysis is conducted regarding artificial intelligence (AI) methods. Additionally,
the productivity of authors, the distribution of articles by country, relevant publications,
and the frequency of keywords are analyzed to identify areas of interest associated with
soil health. Subsequently, the branches of AI and examples of applications that have
already been investigated in the specialized literature are identified, allowing areas that are
currently underexplored to be pinpointed. This paper also proposes a specialized analysis
using an algorithm specifically developed by the author for this investigation, which
evaluates the interdisciplinary potential of the articles analyzed in the literature. In this
way, the authors of the present research will propose new research directions that include
machine learning, natural language processing, computer visualization, and other artificial
intelligence techniques for monitoring soil contaminants. They will also suggest using
these tools as preventive measures to minimize the negative impact of contaminants on the
soil. The direct consequence is the protection of soil health and its effects on human health.

Keywords: AI in agriculture; AI for soil; soil contamination; ML for soil; ML for soil
monitoring; ML for soil prediction; ML for soil contaminants

1. Introduction

The agricultural sector, alongside the medical industry, is one of humanity’s most
important fields of activity. This is because the agricultural sector provides a vital compo-
nent of human existence [1]. For these reasons, current technologies are being explored
intensively to streamline crop production. One of the most intensively studied components
in the literature is the machine learning (ML) component of the artificial intelligence (AI)
field [2]. This field is actively integrated into many human activity sectors, and the agri-
cultural industry has also been included in the list of AI priorities. The ML component
contributes to the progress of the farm field by anticipating outcomes through the analysis
of different scenarios. This behavior allows farmers to identify the best scenario to achieve
the best harvest. One of the directions in which ML operates as a component of anticipating
crop evolution is related to soil health, including fertility, erosion, and the parameters that

Agriculture 2025, 15, 1280 https://doi.org/10.3390/agriculture15121280
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influence agricultural productivity. Soil health is a topic intensely debated by researchers
because it influences crop quality and consumer health.

This paper aims to be a review article, presenting a bibliometric and systematic analysis
of the scientific literature regarding the use of AI technologies in the field of soil health,
especially in the context of contamination and contamination prevention in agriculture. The
purpose of this paper is to map the trends and research directions related to AI technologies
used in soil health studies. In this way, gaps in the literature are identified and future
directions are proposed. This paper contains thematic reviews and literature syntheses,
as is typical of review-type works. Thus, concrete applications of AI in contamination
monitoring, organic carbon prediction, etc., are analyzed. Additionally, this paper includes
lists of references selected according to a WOS search protocol. The bibliometric nature
is also supported by the inclusion of figures with visual representations of academic
collaborations, co-keyword maps, annual publication distributions, etc. Additionally, the
use of the VOSViewer 1.6.20 tool for mapping research trends demonstrates the bibliometric
nature of the review.

The central objective of this study is to demonstrate the interdisciplinary nature of AI
tools in the agricultural field by identifying how ML models contribute to the assessment,
monitoring, prevention, and action regarding soil contamination. Soil health encompasses
a multitude of factors, including erosion, the decline of organic carbon, the use of chemical
fertilizers, and microbiological biodiversity. These are not the central factors of the present
work. These factors constitute contextual elements for the specialized literature. This
study focuses on the intersection between AI technologies and soil contamination, aiming
to highlight that the field has not been sufficiently explored to date and that researchers
should delve more into this dual approach of AI and soil health.

The authors emphasize, through the approaches in this work, the necessity of intensi-
fying interdisciplinary research between AI and soil health. Although this paper analyzes
all AI tools, the emphasis is on ML models, as they are primarily used in the assessment,
monitoring, prevention, and intervention of soil contamination. Therefore, the main focus
is on ML due to its predictive capabilities in agricultural and ecological fields. These
explanations justify the central purpose of this study, which is to demonstrate the necessity
of an interdisciplinary approach between ML and soil contamination.

This study will identify the factors influencing soil health and the ML elements that
anticipate each type of scenario. This paper aims to identify future research directions using
ML to find less-researched subdomains. This paper focuses particularly on soil pollution
from plastic, which directly affects consumer health in the long term.

This research paper has the following contributions:

1. This paper identifies the major factors influencing soil health. This research identifies
the soil contaminants and discusses their health implications for consumers.

2. This paper establishes correlations between the types of soil contamination that can
be addressed proactively through the AI component. Additionally, this paper evalu-
ates researchers’ interest in exploring AI technologies for preventive assessment and
proactive action for soil health.

3. This paper identifies the correlations between the problem typologies modeled
through AI and the problem typologies with direct implications on soil health. This
paper discusses the measures through which soil contamination level forecasts can
generate proactive measures to reduce the effects of pollution.

4. This paper outlines the less explored elements in the literature regarding soil health
treated in advance through AI.

6
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By achieving these four significant contributions, this paper will indicate future re-
search directions that can, in the long term, improve the techniques used in soil health
monitoring to increase quality and productivity.

The primary objective of this study is to analyze soil contamination, considering
preventive measures informed by AI technologies. Since the number of scientific papers
directly addressing this topic is limited, it has been observed that the current state of
research in which AI tools contribute to monitoring soil contaminants is insufficiently
explored at this time. The bibliographic selection includes studies directly related to soil
contamination and remediation, as well as works that address soil health, fertility, the im-
pact on the food chain, and preventive measures. In this way, this work provides the reader
with the necessary foundations for the further development of research in the preventive
direction. Identifying current gaps highlights the potential of underutilized AI technologies
concerning soil contamination. This study encourages future interdisciplinary research on
AI tools in predicting, monitoring, preventing, and intervening in soil contamination.

2. Literature Review

Soil health refers to how the ecosystem associated with the soil is managed. The
composition and functionality of the microbial communities in the soil influence the soil’s
health. The nutrient cycle, the decomposition of organic matter, and the overall fertility
of the soil constitute the microbial diversity in soil ecosystems [3]. They directly influence
healthy plant growth as well as soil productivity. Griffiths and Philippot [4] mention
that microbial diversity leads to the increased resilience and resistance of soil systems to
various disturbances [5]. In this way, healthy soil management is ensured. Specialized
works mention the importance of agricultural practices in soil health. The research by
Lense et al. [6] specifies crop rotation and intercropping practices to reduce soil erosion. In
this way, microbial diversity and activity are stimulated.

On the other hand, Raliya and Cappellari et al. [7,8] mention the excessive use of
chemical fertilizers, which tend to diminish microbial diversity. This leads to a decline in
soil health in the long term. Organic fertilizers, such as urine, have demonstrated benefits
for soil microbial health and promote a diverse microbial community to support nutrient
cycling and soil fertility [9]. The soil’s physicochemical properties influence microbial
communities’ structure and functionality. Imarhiagbe and Onwudiwe [10] present the
variations in soil properties at different depths. These variations have directly impacted
microbial diversity and activity through the interconnection between soil parameters and
microbial health. Abu-Qaoud et al. [11] explore the integration of microorganisms into
agricultural practices to improve soil quality by creating a favorable environment for
microbial populations that enhance plant growth and yield under stress conditions. Urban
soils are also explored in the specialized literature due to the unique challenges related
to contamination and degradation that negatively affect the microbial community and
soil health. The researches [12–14] study the efforts of urban greening through diverse
vegetation on microbial health, with positive implications for ecological stability and human
health. The incorporation of different types of vegetation in urban spaces to effectively
restore soil microbiota promotes a healthy soil system in urban landscapes.

2.1. Soil Contaminants

Soil pollution is an extensively studied phenomenon in the specialized literature. It
is interesting from the perspective of identifying sources, the direct impact on plants, the
overall impact on agriculture, and human health. Factors that pollute the soil include
heavy metals, pollution with polycyclic aromatic hydrocarbons (PAHs), pollution with
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phthalate esters (PAEs), pollution with microplastics (MPs) and macroplastics, and other
less-studied factors.

Heavy metals are the most common cause of soil pollution. They affect ecosystems
through accumulation and transfer in the food chain. The main identified toxic metals
include the following:

• Cadmium (Cd), which appears in high concentrations in agricultural soils in
China [15–17], Peru [18], and other regions;

• Lead (Pb), which is present in industrial and mining areas, such as Chile [19] and
China [15];

• Arsenic (As), which is identified in contaminated soils in China [20,21] and Serbia [22];
• Chromium (Cr), Copper (Cu), Zinc (Zn), and Nickel (Ni), which represent metals

associated with geogenic and farming chemical fertilizers [23], mining activities [16,19],
and industrial processes [17];

• Mercury (Hg), which is present in mining areas [16,24] and intensive agriculture [25].

Health risks include carcinogenic and non-carcinogenic exposure. Children represent
the most vulnerable group. The primary sources of contamination are anthropogenic
activities, including intensive agriculture, mining, and traffic [26,27].

PAHs are present in agricultural and urban soils in Bangladesh [28] and China [29].
PAHs originate from pyrogenic sources (biomass burning, coal) and petrogenic sources
(industrial activities). These persistent compounds accumulate in the soil and enter the
food chain. The direct consequences are visible at the level of plant and human health. The
carcinogenic risks are considered moderate, and higher concentrations appear in industrial
and coastal areas.

PAE compounds, such as di(2-ethylhexyl) phthalate (DEHP) and di-n-butyl phtha-
late (DnBP), are common pollutants in agricultural soils in Xinjiang [30] and the coastal
areas of South China [31]. These endocrine-disrupting compounds affect human health
through bioaccumulation in plants and soil. Higher concentrations are attributed to rapid
urbanization and intensive agricultural activities [32].

Microplastics affect agricultural areas through irrigation systems and organic manure.
Sharmin et al. [33] highlights the presence of various types of MPs (HDPE, LDPE, PP, PET,
PVC) and forms (fiber, film, fragment) in agricultural soils.

Mercury pollution is a specific topic analyzed regarding artisanal and small-scale gold
mining (ASGM) operations in Sudan [34]. The waste from amalgamation leads to extreme
pollution in mining areas and moderate levels in agricultural and residential areas. The
inhalation of mercury vapors is the main route of exposure and poses risks for children [35].

Zoghlami et al. [36] use deinking sludge (DS) and combined deinking sludge (DSC) as
a soil amendment and offers benefits such as improving soil fertility and waste management.
However, these materials may contain litter contaminants and can reduce soil porosity,
affecting soil health. The study by Moriarity et al. [37] evaluates the risks introduced by
the use of pesticides to the health of Indigenous communities in Australia and Canada.
Children are at increased risk of exposure to Pb and As. This paper mentions that pesticides
affect the health of agricultural soils. Ma et al. [38] assess exposure to herbicides (HBCs) in
black soil regions, with maximum detected values of 6288 ng/L. Acetochlor, fomesafen,
bentazon, and atrazine (ATZ) exhibit high detection rates. Non-carcinogenic risks are below
the acceptable limit (<1), but the carcinogenic risk associated with ATZ is 10−5 for children
and 10−6 for adults. Monitoring organic contaminants in the soil is a measure to support
soil health and human health [39].

Residual nanomaterials [40] and zeolite [41] are being investigated as solutions for
remediating contaminated soil. Nanobiochar (nB) and nano-water treatment residues
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(nWTRs) reduce heavy metal concentrations and improve soil fertility. Zeolite immobilizes
potential toxic elements (PTEs), reducing their availability for plants.

Microcystins (MCs) affect the health of the soil and fava bean plants by inhibiting
plant growth and contaminating the food chain [42]. The excess of fertilizers with NO3

increases the concentrations of nitrates and nitrites in soil, water, and food. Secondary
compounds, such as nitrosamines, are toxic. Kundu et al. [43] analyze the sources of
contamination that affect soil health. The soil contaminants, such as Pb, regulate their
mobility and bioavailability. In urban agriculture, the association of Pb with Al oxide
phases and phosphates suggests an increased immobility through natural “soil aging”
processes. Entwistle et al. [44] show that urban gardens are safe even at Pb levels 10
times above the recommended limits. Furthermore, the issue of these contaminants in
agricultural soils arises.

Pollution with hydrophobic organic compounds, such as petroleum hydrocarbons,
affects soil, water, and air and has toxic and carcinogenic effects on biota. These compounds,
resistant to degradation, persist in the environment, generating risks for human health and
ecosystems and affecting soil health [45]. Bioremediation methods, including solubilizing
agents and surfactants, offer ecological solutions for environmental decontamination that
should be intensively investigated in the specialized literature.

Air, water, and soil pollution cause diseases and premature deaths. Heavy metals, pes-
ticides, plastics, and over-fertilization affect the soil by reducing beneficial microorganisms
and contaminating groundwater. Volatile organic compounds (VOCs) emit greenhouse
gases and particles that exacerbate climate change and cause respiratory, cardiovascular,
and cancer-related diseases [46].

Figure 1 illustrates the main soil contaminant types, including traditional and emerg-
ing pollutants. Heavy metals (Cd, Pb, As, Cr, Cu, Zn, Ni, and Hg) represent inorganic soil
pollutants due to their high toxicity. PAHs, PAE, and VOCs represent organic contaminants
impacting human health and the environment. Additionally, Figure 1 includes petroleum
residues, pesticides, and herbicides, all common in agricultural and industrial areas.

Figure 1. Main source of soil pollutants and emerging contaminants. Note: PAE—phthalate es-
ter, PAH—polycyclic aromatic hydrocarbon, MC—Microcystins, MP—microplastic, VOC—Volatile
organic compound, DS—deinking sludge, DSC—deinking sludge combined.

MPs, nitrates, phosphates from fertilizers, and pharmaceutical residues including
DS and DSC highlight the emerging contaminants in Figure 1. MCs are a general fac-
tor that designates biologically active substances in very low concentrations. Overall,
Figure 1 brings together various sources of soil pollution, highlighting the complexity of
this phenomenon.
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2.2. Soil Health and AI

AI is a discipline subdivided into six categories, each dedicated to different aspects
of imitating human cognitive functions. These categories are represented by ML, natural
language processing (NLP), computer vision (CV), robotics, expert systems (ESs), and
evolutionary computation (EC). Figure 2 presents a synthesis of the main component
elements in AI classification.

Figure 2. AI conceptual subfields.

ML is one of the most studied subfields of AI [47]. This involves a series of algorithms
that allow machines to learn from large datasets and also enable them, through these algo-
rithms, to develop performance over time without being explicitly programmed [48–50].
In the category of ML algorithms, there are supervised learning, unsupervised learning,
reinforcement learning, and last but not least, semi-supervised learning [51,52].

NLP is an AI component that uses natural language to interact with computers and
humans. It enables speech recognition, sentiment analysis, and machine translation [53].
This field also relies on ML techniques to interpret and generate human language.

In addition to ML and NLP, another subdomain of AI is CV. This refers to the ability of
machines to interpret and make decisions based on visual data. This component overlaps
with deep learning (DL) through convolutional neural networks (CNNs). These represent
a specific type of DL model and are used in image classification, object detection, and facial
recognition [54–56].

Robotics is a component of AI in which intelligent agents are designed to perform a
series of physical tasks. Robots are used in sectors such as healthcare, manufacturing, and
logistics, where they can assist in performing complex tasks [57].

Additionally, the field of AI includes more specialized areas, such as expert systems
based on knowledge bases, inference engines, and rule-based systems [58]. There are also
fields such as evolutionary computation, which include genetic algorithms, evolutionary
strategies, and swarm intelligence [59–61].

The interdisciplinary approach between soil health and artificial intelligence tech-
niques is expanding within agricultural sciences. The application of advanced compu-
tational techniques is still in its early stages when analyzing and simulating soil prop-
erties. ML evaluates soil properties and predicts future crops based on soil conditions.
Imam et al. [62] demonstrate that ML models predict potato yields by analyzing the struc-
tures of microbial communities in the soil. The correlation between prediction and crop
yields was demonstrated in this study. In addition, specialized ML algorithms such as
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the random forest (RF) algorithm have shown the ability to quantitatively evaluate the
influence of certain soil indicators on agricultural productivity in the study by Su et al. [63].
Other algorithms, such as support vector machines (SVMs), have demonstrated soil fertility
evaluation through ML. Thus, the paper by Shevchenko et al. [64] highlights complex
relationships between soil characteristics and crop health. ML algorithms are integrated
into real-time applications for predicting and monitoring soil fertility in the context of [65].
This predicts crops based on soil fertility and weather conditions. Rosca et al. [66] inte-
grates the Internet of Things (IoT) and the RF algorithm to analyze environmental data
in real time. The practical implications of ML techniques are demonstrated in the paper
by Condran et al. [67], which monitors soil moisture and nutrient levels in irrigation and
fertilization optimization strategies. Additionally, Hengl et al. [68] show the importance
of RF algorithms in mapping soil properties with direct implications for agricultural prac-
tices. In this way, large volumes of data from soil-associated sensors, satellite images, and
environmental variables are exploited, which help in making informed decisions based
on real-time agricultural data. Moreover, the paper by Tripathi et al. [69] integrates DL
methodologies in assessing soil health by exploring large volumes of data. In this way,
researchers have discovered soil characteristics that contribute to plant health and pro-
ductivity. The dynamic soil models presented by Yang et al. [70] ensure ecological and
agricultural practices concerning soil health.

The use of NLP in soil health refers to agricultural productivity and ecosystem sustain-
ability. Singh et al. [71] demonstrated that the unbalanced use of fertilizers directly affects
soil health and, implicitly, human health. Textual data from farmers’ reports are analyzed by
integrating NLP technology into agriculture [72]. The article by Metwally et al. [73] ecolog-
ically evaluates, through specific techniques, how to discern patterns related to soil manage-
ment practices that positively influence soil health. For example, NLP groups soil property
data to identify site-specific management practices. In this way, Peter-Jerome et al. [74]
align agronomic interventions with the varied state of the soil in different regions.

The chemical, physical, and biological properties of soil are studied in relation to
agricultural productivity and ecosystem health in [75,76]. CV studies soil images to ex-
tract, through remote sensing techniques, values associated with moisture properties and
nutrient levels over extensive areas. This approach enables decision-making in farm man-
agement [77,78]. Using CV techniques can also measure soil organic matter through visual
and spectral analyses. The works by Zhou et al. and Jordán Vidal [79,80] mention the
implications of CV in improving soil structure through the analysis of moisture retention
and nutrient availability. CV algorithms trained on large datasets target soil characteristics
through automated analyses on specific soil health indicators. Ghazal et al. [81] describe the
application of fertilizers, irrigation needs, and crop rotation strategies as elements studied
through CV algorithms. The analysis of these algorithms can also extend to the analysis of
the soil microbiome. Venturini et al. and Babin et al. [82,83] mention the study of soil health
through these algorithms. Visualizing soil microorganism structures and distributions
through CV allows for understanding the relationships between soil microbial communities
and their health indicators. The growth and health of plants at the soil level are closely
correlated with the nutrient cycle and the decomposition of organic matter. Understanding
the complexity of these subsystems of soil ecology through CV algorithms requires the
analysis of chemical fertilizers that contribute to improving environmental quality [84].

The distribution and sources of heavy metals in the soils of the European Union (EU)
are investigated in many studies, which illustrate the concerns of researchers in the field.
Based on the LUCAS survey conducted by Ballabio et al. [85], it is shown that 5.5% of soil
samples exceed the critical threshold of 1 mg Cd/kg, with an average level of 0.20 mg/kg,
which is influenced by pH, texture, and the use of phosphate fertilizers. The paper by
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Fendrich et al. [86] presents research on arsenic concentrations in different countries in the
EU. This study identifies the RF-based model as the most accurate in mapping associated
risks. In the paper by Ballabio et al. [87], the concentrations of Cu are noted with values
of 49.3 mg/kg due to the use of Cu-based fungicides. Ballabio et al. [88] analyze Hg
concentrations in the EU and observes correlations with emissions from coal-fired thermal
power plants and mining areas.

Wang el al. [89] combine statistical methods and knowledge-based ML methods
to identify the main factors of soil contamination with HMs and PAHs in agricultural
areas of China. Additionally, for predicting the distribution of contaminants, the paper
by Salgado et al. [90] reported an R2 value ranging from 50.1% to 63.0% using the RF
algorithm. These results encourage the potential of these technologies in mapping soil
contamination.

Remote sensing is used in assessing the condition of oil-contaminated soils in [91,92].
They use images to investigate the increase in these values using a dataset of images from
the center of the Tamsag–Bulag oil field in Mongolia [91]. These investigations show the
use of the satellite monitoring of areas affected by extractive activities. Dean et al. [92]
investigate the impact of oil refining and storage on soil. This is based on images analyzed
using ML models. Monitoring soil quality in areas with limited data to manage soil
pollution can be achieved using ML techniques, as demonstrated in [93,94].

3. Methodology

The methodology for evaluating the impact of research on soil health will include
seven types of analysis, focusing on the papers published between 1 January 2020 and
30 April 2025. Documentation will be carried out through the Web of Science (WOS)
platform. This research aims to highlight directions that have not yet been investigated
or promise to significantly improve soil health but have not yet been extensively studied.
Through this approach, experts in the field can identify the directions to investigate in
future research.

The articles included in this analysis are cited in the reference section when they are ex-
amined in detail in the literature review or detailed analysis sections (Sections 4.6 and 4.7).
Additionally, synthesis articles were included in the research to highlight the researchers’
interest in the respective topic. The inclusion of review articles is justified by the fact
that they provide an overview of the current state of research, the interest of researchers,
research trends, existing gaps, as well as future directions of investigation that need to be
addressed in subsequent contribution works.

The evaluation of researchers’ interest in soil health regarding contaminants will be
studied through seven analyses. Each analysis will also conduct a comparative analysis of
researchers’ interest in soil health regarding AI technologies. The seven analyses include
the following:

1. The distribution of articles by year is investigated. This analysis aims to identify
whether interest has been ascending or descending in soil health related to the con-
taminants and, further, in the combination of soil health investigated through specific
AI methods.

2. Author productivity is investigated concerning soil health. This analysis is conducted
using the VOSviewer 1.6.20 tool through the co-authorship map, for which the mini-
mum number of documents per author will be set to 2 and the minimum number of
citations per author to 1. This reflects the author’s interest in exploring the topic of
soil health.

3. The distribution of articles by country is investigated to determine if there is a correla-
tion between countries with a high level of agriculture and the number of research
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articles conducted by those countries. Subsequently, research in the field is investi-
gated using AI tools to determine these countries’ interest in the agricultural sector’s
technological advancement while adhering to soil health standards. This analysis
highlights whether countries with a high level of agriculture have invested in soil
health research.

4. Publications that include the most research in soil health are investigated to provide
authors with an overview of publishers supporting efforts to improve soil health
through AI technologies and other auxiliary technologies. Thus, all searches in WOS
will be narrowed to the publishers that have published these studies.

5. The fifth analysis targets the frequency of keywords in research addressing soil health.
This search identifies the fields that relate to this type of issue. The investigation is
conducted through the co-occurrence map of keywords associated with each article
identified in soil health. This analysis highlights the co-domains of analysis, meaning
those related fields that address the issue of soil health. This study is conducted
through the clusters created by the VOSviewer 1.6.20 tool.

Figure 3 presents the methodology related to this first set of five analyses. This figure
shows that all these analyses are based on a WOS search that includes soil health elements
concerning contaminants and the agricultural field for the five years analyzed. The use
of AI technologies in addressing soil contamination is still in development at the time of
writing this material, as AI technologies themselves are rapidly advancing. In the WOS
searches, the authors of this material opted for an extended formulation to identify all
relevant reference works in the field, even if they do not use the exact terms “preventive
measures” or “contaminants”. This approach avoids excluding important studies solely
due to differences in terminology. This study is bibliometric in nature and maps the global
research trends of the AI versus soil health relationship. In addition to the bibliometric
approach, the authors contributed with a customized analysis of the current state of research
in the field and added their personal expertise to the area of soil health.

Figure 3. The methodology for the first set of five analyses.

6. Analysis number six presents the WOS branches of AI and examples of applications
identified in the literature that address soil health issues related to each branch. It will
highlight the branches that have not yet been explored.

7. The Cross-AI Components Innovation Potential (CAI-CIP) analysis is a customized
analysis that has not been conducted in any other review-type article. The CAI-
CIP analysis identifies the interdisciplinary, innovative potential of the evaluated
articles. To implement this analysis, the authors developed a program in C# that
assesses the potential for multidisciplinary innovation by semantically analyzing
articles between soil health and AI components. Thus, the key elements of the
analysis and an interdisciplinary semantic similarity are identified. This similarity
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is achieved using a predefined list of 200 AI techniques. This way, the relationships
between transversal concepts are identified according to the logical scheme in Figure 4.
Through this analysis, new research opportunities are discovered by highlighting
unexplored connections and prioritizing those studies that impact soil quality.

Figure 4. Logical flow of the CAI-CIP algorithm for analyzing soil health and contaminant research.

The algorithm presented in Figure 4 analyzes the abstracts provided by the general
search in WOS. It identifies the predefined AI technologies as components of all existing
technologies within these abstracts. Subsequently, the number of identified technologies at
each abstract level is calculated, and the correlation between the analyzed paper and the
number of identified technologies is saved. This algorithm allows for the analysis of AI
trends concerning soil health. The algorithm identifies AI technologies in research related
to soil health, contaminants, and agriculture. Thus, current research trends are explored
through AI technologies, allowing for further innovations in the field. Additionally, the
algorithm presented in Figure 4 analyzes the impact of AI technologies by the frequency
of their mention at the abstract level. In this way, the obtained results will allow for the
prioritization of research in specific directions, including AI technologies not mentioned in
the papers identified in the WOS search.

The initial search strategy was based on general terms, such as artificial intelligence
and AI. This initial approach acknowledged that this study’s purpose was not to conduct a
comprehensive analysis of every type of AI algorithm, but rather to identify general trends
in the application of AI in the field of soil health and its contamination. Moreover, most
scientific journals recommend using more general terms in the initial selection stage to
avoid the excessive fragmentation of the literature. In this way, the entirety of reference
works for the respective field is identified. The methodology initially aimed to highlight
the global level of interest in the integration of AI in agriculture and soil monitoring,
regardless of the specific type of technology used. Subsequently, the methodology included
conducting a detailed search regarding the specific technologies presented in Figure 2.
For this purpose, the WOS search expression is as follows:
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TS=(

(“soil health” OR “soil contamination”)

AND

(

“artificial intelligence” OR “AI” OR “machine learning” OR “deep learning” OR
“neural network” OR “convolutional neural network” OR “recurrent neural network”
OR “support vector machine” OR “decision tree” OR “random forest” OR “gradient
boosting” OR “natural language processing” OR “text preprocessing” OR “language
models” OR

“computer vision” OR “image processing” OR “object detection” OR “image
classification” OR “facial recognition” OR

“robotics” OR “motion planning” OR “sensor fusion” OR “autonomous navigation”
OR “human-robot interaction” OR

“expert systems” OR “knowledge base” OR “inference engine” OR “rule-based
systems” OR

“evolutionary computation” OR “genetic algorithms” OR “evolution strategies”
OR “swarm intelligence”

)

) AND PY=(2020–2025)

This expression refers to AI technologies in studies related to health and soil contam-
ination. The inclusion of all subfields and the most important algorithms identified in
the literature highlights the breadth of existing research and, furthermore, illustrates the
variety of AI applications in this interdisciplinary field.

To demonstrate the degree of fragmentation in the research, the search was reper-
formed to evaluate the impact of each AI component from Figure 2 on soil health through
searches in WOS. These searches were structured to include in the keywords ML, NLP, com-
puter vision, robots with AI, expert systems, and evolutionary computation. All searches
were limited to the period 2020–2025.

4. Results

Each type of analysis proposed in the methodology section will generate results whose
comments will highlight future research directions that specialists in the field should
address in an interdisciplinary manner. This interdisciplinarity refers to integrating AI
techniques in the preventive study of soil contamination. Alongside this idea related to soil
contamination, researchers should expand their searches for preventive simulations in the
actions they propose or undertake in the agricultural field concerning soil health.

4.1. Distribution of Articles by Year

The first search, “TS=((“soil” AND “health” AND “contaminants” AND “agriculture”))
AND PY=(2020–2025)”, generated a result of 217 articles on the WOS platform. The results
of the soil health query related to agricultural contaminants highlighted in Figure 5 show
the increased interest of researchers in this field. Thus, in 2020, there were only 27 studies,
while in 2024, the total reached 54 studies, with the trend continuing to rise.

The annual distribution of research primarily aims to illustrate the dynamics of re-
searchers’ interest in soil health, both in the general context of contaminants and agriculture,
as well as in the context of integrating AI technologies. Figure 5 compares the evolution of
the number of published papers between 2020 and 2025 based on the two initially proposed
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distinctive search strategies. These analyses regarding the number of publications are
standard for review articles and represent a way in which researchers are encouraged to
explore certain technologies.

Figure 5. Number of published papers by searched keywords in WOS (2020–2025).

The second search, “TS=((“soil” AND “health” AND (“Artificial Intelligence” OR
“AI”))) AND PY=(2020–2025)”, generated 222 articles in WOS. The second search targeting
soil health concerning AI techniques showed upward results regarding researchers’ interest,
increasing from seven articles in 2020 to ninety-two in 2024. The first quarter of 2025 has
already recorded 30 articles in the field of artificial intelligence on soil health.

These results reflect the researchers’ interest in soil health over the past 5 years, but
the results are low considering the volume of work in the specialized literature. Moreover,
the search that includes soil health concerning contaminants in the agricultural field and
AI “TS=((“soil” AND “health” AND “contaminants” AND “agriculture”) AND (“artificial
intelligence” OR “AI”)) AND PY=(2020–2025)” yielded only one article in WOS. This result
signifies the need to intensify research in the agricultural field regarding soil health and
contaminants through specific AI techniques.

4.2. Author Productivity and Co-Authorship Analysis

The analysis of author productivity started from the constraint of a minimum threshold
of two articles per author and at least one citation per author, so the work would be
considered a reference in soil health. The two initial constraints were established to limit
the authors’ scientific output and provide a clearer picture of the academic community’s
interest in soil health. The co-authorship network analysis in soil health studies is presented
in Figure 6. The VOSViewer 1.6.20 analysis divided the WOS results into two clusters.

The first cluster contains seven elements, while the second contains five. The first
cluster indicates the existence of a scientific community that is constantly active in soil
health. The second cluster indicates an emerging area of research where collaborations are
rarer or more recent. The ideas that emerge from this division into the two clusters highlight
the need to broaden the scientific community involved in soil health studies. Attracting
new specialists from various interdisciplinary fields, such as artificial intelligence, soil
biology, agricultural engineering, and meteorological engineering, along with fostering
international collaborations, could significantly expand research in soil health.
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Figure 6. Author collaboration map in soil health research (2020–2025).

The second approach interprets results regarding the productivity of authors in
soil health investigated through the lens of AI. The results provided a single cluster of
six authors, as seen in Figure 7.

Figure 7. Author collaboration network in AI-integrated soil health research (2020–2025).

Compared to the first approach, this limited result indicates a minimal base of re-
searchers who systematically publish in soil health within an AI approach. The fact that
there are no more clusters indicates no broad collaboration networks centered around AI
concerning soil health. Comparing these results with the approach that included terms
such as contaminants and agriculture, it can be observed that the community is much more
restricted, leading to the observation that the topic related to AI is much less explored. This
finding demonstrates that the potential for developing interdisciplinary research in soil
health using AI technologies is currently unexplored.

4.3. Geographical Distribution of Research Output

The analysis of the distribution of articles by country provided 24 items grouped into
four clusters. The analysis investigates the existence of a correlation between the level
of agricultural activities in a given country and the number of studies published by that
country in the field of soil health. The results are presented in Figure 8, where the countries
China, India, the USA, Pakistan, and Australia can be identified with a dominant number
of studies in the field.
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Figure 8. Geographical distribution of research on soil health and agriculture (2020–2025).

Countries with high agricultural production levels essentially correspond with the
results identified in this map. For example, China (the world’s largest agricultural country)
and the USA (the third-largest agricultural country in the world) are in the same green
cluster from Figure 8, with the highest number of research studies on soil health and
agriculture. Another noteworthy aspect is that India (the second-largest agricultural
country in the world) belongs to the second most important academic research cluster
(yellow marked), along with Saudi Arabia and Malaysia. The third cluster, colored in
red, includes countries such as Italy, Spain, England, South Korea, Denmark, Portugal,
Chile, Cyprus, and Canada, whereas the fourth cluster (blue marked) comprises Brazil,
France, Sweden, and Poland. Thus, the countries with high agricultural production are
simultaneously investing in soil health research.

Additionally, the map shows many connections among countries, suggesting collab-
oration among authors in the global academic community. These results highlight the
importance of international cooperation in addressing soil health issues. These observa-
tions serve as benchmarks for subsequent research that should explore the implications of
modern technology in optimizing agricultural systems, especially at the soil health level.

India, China, and the USA are the only countries that have provided results regarding
academic research related to the integration of AI techniques in soil health. These are the
only results grouped into a single cluster regarding the second approach. These results
reinforce the idea that other states should invest equally in soil health because this field is a
fundamental source of human life.

4.4. Identification of Key Publishers

Regarding identifying the leading publishers disseminating research in soil health, it
can be noted that in the first approach, where the theme is traditional, ecological, chemical,
and agricultural, publishers dominate (e.g., Amer Chemical Soc). In the second approach,
where the central element is AI, a series of differences emerge due to the transition to
technical publishers, such as IEEE or Taylor & Francis. Figure 9 presents the top publishers
in soil health research, while Figure 10 shows the prominent publishers in AI-augmented
soil health investigations.
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Figure 9. Publishers in soil health research focused on contaminants and agriculture (2020–2025).

Beyond these delimitations, the top publishers remain the same in both cases: Elsevier,
MDPI, and Springer Nature. These results show a noticeable increased interest from
technical publishers in a multidisciplinary approach, the dominance of top publishers who
stand out through the many articles disseminating soil health issues, and opportunities for
new publishers who should accept more and more of such interdisciplinary research.

4.5. Keyword Frequency and Thematic Mapping

This analysis focuses on the frequency of authors’ keywords in research dedicated to
soil health. This study is reported on the co-occurrence map of terms associated with each
article. Figure 11 presents the results obtained from the WOS query, processed with the
VosViewer 1.6.20 tool. In this figure, the 29 elements grouped into seven distinct clusters
can be observed.

The central cluster is “agriculture” and it is marked in green. This includes approaches
targeting microplastics, groundwater, environment, and degradation. Directly connected to
this cluster is the blue cluster, with “heavy metals” as its central element. This is associated
with the medical area, and in relation to this cluster is the purple one which targets the
soil and its derivatives. Connected with the “soil” cluster are the red clusters associated
with “soil health” and the yellow cluster, which has existing soil and water contamination
as its central element. This interconnection of the clusters demonstrates the need for
a simultaneous approach to agriculture in relation to soil health, contamination, water
pollution, and heavy metals. The results presented in Figure 11 illustrate the diverse
research themes related to soil health. These observations provide a global picture of the
dominant themes in the current literature. The observations that emerge from this analysis
focus on prioritizing interdisciplinary research, especially that which includes elements
of AI.
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Figure 10. Publishers in AI-integrated soil health research (2020–2025).

Figure 11. Keyword co-occurrence map in soil health research (2020–2025).
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In the second approach, the co-occurrence map of the authors’ keywords generated
22 elements grouped into five distinct clusters. These highlight the main directions of
research that address soil health through the lens of AI technologies (Figure 12).

Figure 12. Keyword co-occurrence map for AI-based soil health research (2020–2025).

The yellow cluster focuses on AI, ML, and advanced algorithms. This cluster is asso-
ciated with remote sensing, sensors, and IoT and demonstrates how digital technologies
integrate data from various sources to capture an image of soil health. This approach
enables informed decision-making. This cluster demonstrates how AI is a key tool in
modern research on soil health management. The red cluster is associated with disease
detection from the DL, precision, and sustainability systems perspective. The cluster high-
lights how AI combined with robotics reduces reliance on manual monitoring methods.
The purple cluster corresponds to soil health, microbiome, and bioremediation, with aca-
demic relevance highlighting the importance of integrating AI technologies in researching
these concepts that directly impact agricultural productivity. The blue cluster focuses on
AI algorithms, especially on ML combined with robotics technologies. The green clus-
ter is generated by the convergence of the advanced ML algorithms (Artificial Neural
Network—ANN, SVM) with the IoT field, applied in agriculture monitoring applications.
The results presented in Figure 12 highlight the trend of research in integrating AI at the
level of soil health research. These results reflect the potential of AI transformations in soil
health through the collaboration between engineering and ecology.

4.6. AI Branches and Applications in Soil Health

The authors analyzed the results of the WOS search for soil health related to AI and
identified seven branches of AI applications. The seven branches are summarized in Table 1
and discussed in the following sections:

1. The first branch focuses on monitoring and predicting soil health. In this category, AI
applications use predictive models employing the biological and physical properties
of the soil, as well as data from the microbiome, sensors, and satellite images. For
example, Kalantzopoulos el al. [95] monitor the soil in real time, allowing for the
automatic generation of recommendations regarding decisions aimed at soil actions.
Andrade et al. [96] use intelligent indices for soil quality assessment from microbiolog-
ical data trained with ML models. Papers by Novielli et al. [97,98] employ explainable
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AI (XAI) components to predict the sensitivity of microbial respiration to temperature.
This is an indicator of soil quality in the context of climate change.

2. The second branch focuses on analyzing the soil microbiome for fertility. Soil microor-
ganisms are responsible for its health and fertility. The analysis of metagenomic data
can be performed using AI tools, which build predictive models regarding microbial
interactions. AI tools can also analyze the impact of these interactions on nutrient
cycles. García el al. [99] study the use of AI to design probiotics and optimize micro-
bial consortia. This research analyzes the impact on the fertility and remediation of
degraded soils. Andrade el al. [96] argue for creating a universal soil quality index
using the microbiome and ML techniques.

3. Soil organic carbon is also predicted using specific AI techniques. The tools predict
soil organic carbon levels with direct implications for resilience. Minasny and McBrat-
ney [100] use global-scale soil carbon dynamics forecasting. This forecast optimizes
carbon sequestration strategies. The works [97,98,101] identify soils with a higher
probability of CO2 release. The analysis of this probability provides directions for
sustainable carbon management.

4. Soil contamination and remediation strategies are associated with the fourth branch
of applications. A consistent number of papers in the specialized literature ana-
lyze the implications of AI tools in detecting and remedying soil contaminants.
Algarni et al. [102] estimate the concentrations of heavy metals such as arsenic, copper,
cadmium, and lead using soil reflectance spectra.

5. AI techniques are also used to estimate soil quality from images. These techniques use
multispectral images obtained from drones or satellites. The study by Negiş et al. [103]
shows how AI tools interpret soil color, vegetation, and other visual indicators to
estimate organic matter, moisture, or texture parameters. Lithuania’s Soil Data Cube
system combines images with AI techniques to create thematic soil maps [104].

6. Estimating nutrient quantities in the soil is also integrated through AI tools in real time.
In this way, the growth level of the plants is directly controlled. Hossen el al. [105]
propose a system equipped with multispectral sensors that includes an AI component
trained with spectroscopy data. This system predicts the total nitrogen content in
the soil to optimize the timing and amount of fertilizer application. The study by
Kaur and Gupta [106] demonstrates the importance of these applications in increasing
food resources.

7. AI and IoT tools are used for soil moisture and water management. Most soil moisture
management applications use monitoring and prediction tools. Gaitan et al. [107]
integrate both types of tools in the real-time analysis of climatic parameters to gen-
erate reports and suggestions for farmers. The works [95,108,109] propose systems
that correlate humidity with plant growth for irrigation management and to reduce
water stress.

Table 1. Branches of AI applications related to soil health with corresponding references.

Type of AI Application References

Soil health monitoring and prediction [95–98,100,104,105,110–112]
Soil microbiome analysis for fertility and health [96,99,110,113]

Soil organic carbon prediction and carbon management [97,98,100,101]
Soil contamination and remediation (heavy metals, etc.) [102,114]

Soil quality estimation from remote sensing (UAV/satellite) [103–105,115]
Soil nutrient detection and management (N, P, K, etc.) [105,106,112]

Soil moisture and water management (AI + IoT) [95,107–109]
Note: UAV—unmanned aerial vehicle; N—nitrogen; P—phosphorus; K—potassium.
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This analysis highlights the importance of AI tools in soil health monitoring appli-
cations. The results presented in Table 1 highlight the need for further investigations
that bring together researchers from modern technology fields, such as AI and IoT, with
engineers from the agricultural sector.

4.7. Interdisciplinary Innovation Potential in AI-Soil Studies

The AI technologies identified by the CAI-CIP method indicate their frequency of
occurrence in research materials. The results are presented in Table 2.

Table 2. AI Technologies identified in soil health research and their frequency of use.

AI Technology Frequency of Use

ViT 79
NER 72
OWL 29
PCA 4

Selection 4
SHAP (Explainable AI) 3

ML 2
T5 2

Inception (CNN architecture) 1
NLP 1

BERT (Transformer model) 1
Transformers (general class) 1

Mutation (Genetic Algorithm) 1
RDF 1

Stemming 1
Clustering 1

GloVe (Word Embeddings) 1
GANs 1

LIME (Model interpretability) 1
SfM 1

Topic Modeling 1
Note: ViT—Vision Transformer; NER—Named Entity Recognition; OWL—Web Ontology Language;
PCA—Principal Component Analysis; SHAP—SHapley Additive exPlanations; T5—Text-to-Text Transfer Trans-
former; BERT—Bidirectional encoder representations from transformers; RDF—Resource Description Framework;
GloVe—Global Vectors; GAN—Generative Adversarial Network; LIME—Local Interpretable Model-agnostic
Explanations; SfM—Structure from Motion.

ViT is a technique for assessing soil quality, having been identified in 79 scientific
papers. This method analyzes satellite or drone images to monitor soil conditions visually.

NER and OWL appear as secondary methods, demonstrating the focus on natural
language processing and structured knowledge representation. NER is identified 72 times
and allows for the automatic extraction of information from textual descriptions. OWL
appears 29 times and facilitates the modeling of knowledge and the relationships between
concepts such as nutrients, microorganisms, and soil quality.

These results identify 20 AI technologies that are applied in soil quality research. The
results demonstrate that the field of image analysis is the preferred one in soil quality
analysis. The fact that AI technologies are applied in a fragmented manner, with a high
degree of dispersion, but also with varied purposes of monitoring, prediction, remediation,
and text analysis, suggests a lack of standardization between the two approaches, AI and
soil health. This article highlights this gap through the conceptual map of AI directions in
soil health from Table 2. The CAI-CIP results show that the technologies are underutilized.
This underutilization does not stem from a lack of potential but from the need for future
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strategic research directions. The analysis integrated a predefined list of 200 AI technologies,
which ensured a level of methodological originality not encountered in other works.

The detailed search for AI technologies yielded 497 papers. This result shows the
scientific interest in integrating these modern tools into agriculture. These technologies are
used in various applications such as monitoring, prediction, remediation, microbiological
analysis, nutrient detection, etc. Although the value of 497 may seem small, the huge
number of AI technologies included in the search actually demonstrates the fragmentation
of research. Analyzing the value of 497 papers reveals a lack of standardization and
fragmentation of approaches, which limits the replicability of the solutions. From these
considerations, there is a need for research development that combines AI with holistic
assessments of soil health. This result supports the need for future studies that incorporate
interdisciplinary collaborations and projects demonstrating the impact of AI technologies
in preventing soil contamination or remediating contaminated sites.

The results obtained from the WOS searches on components demonstrate the frag-
mentation of the research. Most of the research is conducted in relation to ML algorithms,
yielding 378 articles. The NLP search yielded three results, while computer vision gener-
ated six articles. These modest values once again demonstrate the need to intensify research
in the field of AI technologies. Additionally, the robotics sector in relation to AI and soil
health or soil contaminants includes only three articles, highlighting the need for future
directions in developing automated soil monitoring systems.

Regarding expert systems related to contaminants, only one article was obtained,
and it demonstrates a gap that should be addressed by integrating specific knowledge
into soil management decisions. The complete absence of results regarding evolutionary
computation indicates that computational technologies have not been explored in the
context of soil health.

5. Discussion

The results presented in this paper provide an overview of the application of AI-based
technologies in determining and predicting soil health. The paper included seven analyses,
each analyzing a different perspective.

1. The temporal interest analysis through the distribution of articles over the years shows
interest in soil health and contaminants, with the number of articles increasing from
27 in 2020 to 54 in 2024. This increase confirms researchers’ interest in studying soil
health issues concerning the impact of climate change and intensive agriculture. The
analysis dedicated to the AI component also shows an increase from seven articles
in 2020 to ninety-two articles in 2024, with thirty articles already published in the
first quarter of 2025. The evolution confirms the global trend of integrating modern
technologies into agriculture. This paper identified a single article that explicitly
combines the themes of soil health and contaminants with AI techniques. This gap
outlines a new research direction that the scientific community should be interested in.

2. The productivity of authors and collaboration analysis highlighted two main clusters
in soil health research. These clusters show a growing interest, but when the AI
component was integrated, the results identified a single cluster with only six primary
authors. This identification suggests that the application of AI in soil health requires
intense exploration in the coming years. This need should serve as a directive to
stimulate interdisciplinary collaborations and attract new researchers to collaborate
on soil health studies.

3. The geographical distribution of research confirms that countries with intensive agri-
culture (China, India, the USA, Pakistan, and Australia) dominate the field. Inte-
grating the AI component in WOS searches regarding soil health has suggested a
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strategic opportunity for other countries to develop technological projects concerning
agricultural productivity.

4. The publishers’ analysis showed differences between traditional research and AI
research. Classic publishers, such as Elsevier, MDPI, and Springer Nature, have
proven dominant in both cases. Regarding the less popular publishers, it was found
that traditional research belongs to technical publishers, while the AI area reflected
an openness to multidisciplinary approaches. These aspects are normal, considering
the interdisciplinary nature of AI components, and they outline a future development
direction, encouraging traditional publications to disseminate works that also contain
AI components.

5. The frequency of keywords and thematic directions were used to analyze the co-
occurrence of keywords. This analysis identified seven clusters in general research
and five clusters in AI research. In traditional research, the central element is repre-
sented by classic pollutants (heavy metals and pesticides), sustainable agriculture,
water recycling, biosolids, and pharmaceutical pollutants. These themes show the
researchers’ growing interest in ecological issues. In contrast, AI research has clearly
focused on advanced technologies concerning bioremediation. This direction indicates
that articles addressing the issue of soil health concerning AI simultaneously aim at the
necessity of modernizing agriculture through the integration of modern technologies.

6. The analysis of AI branches and their applications in soil health has led to seven main
branches. Thus, branches targeting monitoring, the prediction of microbiological
analysis, remediation, and water resource management, as well as other elements
reflecting fragmented implementation, were identified. This finding suggests a need
for methodological standardization to create specific tools for replicating systems in
the agricultural field, such as soil health.

7. The CAI-CIP analysis demonstrated the potential for interdisciplinary innovation.
It highlighted the use of ViT as a technology frequently employed in soil health.
This stems from the ability of these algorithms to analyze images and process subtle
elements identified at the image level. The fact that many of the 200 technologies
identified by the authors did not yield results highlights an unexplored area in the
specialized literature. This lack of homogenization highlights the increased need for
interdisciplinary collaborations in agricultural engineering concerning AI methods.

In this study, 217 original articles published between 1 January 2020 and 30 April 2025
were analyzed. The search conducted in WOS used specific terms related to soil health and
contaminants. The second search involved integrating AI into the field of soil health. The
result yielded 222 papers. From this collection of results, one article explicitly addresses
the relationship between soil contamination, agriculture, and the use of AI technologies.

The results of detailed searches regarding the subfields of AI applied to soil health
and contaminants show that ML stands out as the most active branch, with 378 studies
published between 2020 and 2025. Although this result suggests that researchers are inter-
ested in using ML for prediction, monitoring, remediation, and intervention regarding soil
contamination, the number is small compared to the number of existing ML algorithms.
Subfields such as NLP, computer vision, robotics, and expert systems have generated lower
results, and the interpretation of this low interest is correlated with the need to explore the
potential of these technologies in the field. Regarding the evolutionary computation com-
ponent, it provided zero articles, indicating a gap that could become a research opportunity,
considering the potential of genetic algorithms or evolutionary strategies in optimizing soil
remediation strategies and reducing associated costs.

This study’s main limitation is its exclusive focus on WOS data; however, integrating
publications from other alternative databases could have created confusion in identifying
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future development directives. Additionally, the CAI-CIP analysis may not fully reflect the
complexity of the analyzed articles. Another limitation is that AI research is continuously
evolving, which means that the analysis window does not reflect the field’s maturity for
the coming years.

As future development directions, the necessity of expanding international collabora-
tions, diversifying the AI technologies used in soil health studies, standardizing AI analysis
procedures in agriculture, and investigating data infrastructure to facilitate the integration
of data from satellite sensors or other local sources into a single system, as well as large-
scale pilot projects and case studies to demonstrate the impact of AI technologies in soil
contamination remediation and prevention, are emerging. This discussion section confirms
the progress in soil health and underscores the necessity of further integrating AI technolo-
gies to harness this field’s potential. The results of this research represent a starting point
for a new generation of interdisciplinary studies that will incorporate specific elements of
human health protection through soil health into a unique agricultural ecosystem.

6. Conclusions

This work investigated the current state of research dedicated to soil health. This
paper emphasizes the integration of AI technologies in the context of soil health. Seven
analyses were implemented to measure global scientific interest and identify the academic
communities involved in this collaboration to identify the degree of cooperation between
the two fields. Additionally, the paper mapped the geographical distribution and analyzed
the applied thematic and technological directions.

This study provides an overview of the progress made and identifies the gaps that
need to be addressed for a future where soil health is managed using AI techniques. The
first conclusion from this research is that interest in soil health has steadily increased over
the past five years. This increase reflects the recognition of the importance of protecting
soil as a resource for the ecosystem and global food security. The increase from 27 articles
in 2020 to 54 in 2024 confirms this trend. Analyses have also shown an increase in the
use of AI in the agricultural field. In 2020, there were seven articles, which increased to
ninety-two in 2024. This evolution underscores that the academic community perceives
modern technologies as viable solutions for contemporary agricultural problems. However,
the authors identified only one article that explicitly combines soil health themes with
contaminants and AI technologies during the analyzed period. This finding highlights the
acute lack of truly interdisciplinary studies.

The analysis of author communities highlighted two main clusters: the first was asso-
ciated with traditional soil health research, and the second included a smaller circle of six
authors who approached the issue of soil health through AI techniques. This finding reveals
interest in the field but also highlights the need to strengthen this academic community by
attracting a larger number of researchers from complementary domains.

From a geographical perspective, the research has shown that countries with intensive
agriculture dominate the research area. This aspect raises a red flag for other countries that
have opportunities to improve soil quality and thus intensify agriculture, including the
European Union, which has not yet been examined in this field.

The analysis of publishers that have disseminated research in soil health showed that
Elsevier, MDPI, and Springer Nature are at the top of researchers’ preferences. This research
shows a predilection for disseminating works that include AI techniques in technical and
multidisciplinary areas, which should encourage other publications to do the same.

The study on keyword frequency showed a thematic diversity regarding traditional
research concerning AI techniques. This aspect reflects an awareness of the need for
sustainable solutions, and in the area of AI, the confirmation of the potential of these
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technologies to revolutionize the way soil health can be managed and monitored has
been noted.

Another strong point of this research was the analysis of AI branches applied to
soil health. Here, seven branches were identified that provide a map of AI applications:
monitoring and predicting soil health, microbiome analysis, organic carbon prediction,
contaminant detection, soil image analysis, nutrient estimation, and water management.
The fact that the applications are fragmented suggests the need to capitalize on these
applications. The results of the CAI-CIP analysis demonstrated researchers’ interest in
technologies such as Vision Transformers; however, this interest highlighted the underuti-
lization of other technologies, indicating a significant opportunity for future research to
expand the repertoire of AI technologies used.

Analyzing these results, the future research directions are as follows:

1. Another directive for interdisciplinary collaboration should be to stimulate interdis-
ciplinary collaborations to create partnerships between AI experts and soil science
researchers and include agricultural practitioners in the development of integrated
solutions applicable on a large scale.

2. The AI technologies used should be diversified so that the entirety of them are inspected
in relation to soil health. The authors recommend inspecting ML, neural networks,
evolutionary algorithms, generative networks, or fuzzy systems in this category.

3. Methodologies should be standardized regarding the integration of AI in soil mon-
itoring and remediation so that results can be replicated and compared globally.
This standardization would allow for a meaningful comparison between research
conducted with the same purpose but in different environments.

4. Investments in infrastructure for the development of data platforms allow researchers
to study as many AI models as possible using information provided by sensors,
satellite images, and local reports so that advancements in the academic environment
support farmers.

5. Education should be another directive in which new generations of specialists possess
agricultural knowledge corroborated with digital skills, such as those specific to
integrating AI tools in agriculture.

In conclusion, this research confirms an increased interest in soil health and highlights
the necessity of integrating modern technologies through AI to study soil health. This paper
aims to serve as a methodological and thematic benchmark for future research. Also, it
seeks to strengthen the relationship between technology and environmental sciences, with
the common goal of the benefits generated by advancements in agricultural ecosystems.
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Abbreviations

The following abbreviations are used in this manuscript:

AI Artificial intelligence
ANN Artificial Neural Network
As Arsenic
ASGM Artisanal and small-scale gold mining
ATZ Atrazine
BERT Bidirectional encoder representations from transformers
CAI-CIP Cross-AI Components Innovation Potential
Cd Cadmium
CNN Convolutional neural network
Cr Chromium
Cu Copper
CV Computer vision
DEHP Di(2-ethylhexyl) phthalate
DL Deep learning
DnBP Di-n-butyl phthalate
DS Deinking sludge
DSC Deinking sludge combined
EC Evolutionary computation
ES Expert systems
EU European Union
GAN Generative Adversarial Network
GloVe Global Vectors
HBC Herbicide
HDPE High-density polyethylene
Hg Mercury
IoT Internet of Things
K Potassium
LDPE Low-density polyethylene
LIME Local Interpretable Model-agnostic Explanations
MC Microcystins
ML Machine learning
MP Microplastic
N Nitrogen
nB Nanobiochar
NER Named Entity Recognition
Ni Nickel
NLP Natural Language Processing
nWTR Nano-water treatment residues
OWL Web Ontology Language
P Phosphorus
PAE Phthalate esters
PAH Polycyclic aromatic hydrocarbon
Pb Lead
PCA Principal Component Analysis
PET Polyethylene terephthalate
PP Polypropylene
PTE potential toxic element
PVC Polyvinyl chloride
RDF Resource Description Framework
RF Random Forest
SfM Structure from Motion
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SHAP SHapley Additive exPlanations
SVM Support vector machine
T5 Text-to-Text Transfer Transformer
UAV Unmanned aerial vehicle
ViT Vision Transformer
VOC Volatile organic compound
WOS Web of Science
XAI Explainable Artificial Intelligence
Zn Zinc
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22. Belanović Simić, S.; Miljković, P.; Baumgertel, A.; Lukić, S.; Ljubičić, J.; Čakmak, D. Environmental and Health Risk Assessment
Due to Potentially Toxic Elements in Soil near Former Antimony Mine in Western Serbia. Land 2023, 12, 421. [CrossRef]

23. Sarim, M.; Jan, T.; Khattak, S.A.; Mihoub, A.; Jamal, A.; Saeed, M.F.; Soltani-Gerdefaramarzi, S.; Tariq, S.R.; Fernández, M.P.;
Mancinelli, R.; et al. Assessment of the Ecological and Health Risks of Potentially Toxic Metals in Agricultural Soils from the
Drosh-Shishi Valley, Pakistan. Land 2022, 11, 1663. [CrossRef]

24. Zhang, L.; Yang, Z.; Peng, M.; Cheng, X. Contamination Levels and the Ecological and Human Health Risks of Potentially Toxic
Elements (PTEs) in Soil of Baoshan Area, Southwest China. Appl. Sci. 2022, 12, 1693. [CrossRef]

25. Li, X.; Liu, N.; Meng, W.; He, J.; Wu, P. Accumulation and Health Risk Assessment of Heavy Metal(loid)s in Soil-Crop Systems
from Central Guizhou, Southwest China. Agriculture 2022, 12, 981. [CrossRef]

26. Alsafran, M.; Usman, K.; Al Jabri, H.; Rizwan, M. Ecological and Health Risks Assessment of Potentially Toxic Metals and
Metalloids Contaminants: A Case Study of Agricultural Soils in Qatar. Toxics 2021, 9, 35. [CrossRef]

27. Rosca, C.M.; Popescu, M.; Patrascioiu, C.; Stancu, A. Comparative Analysis of pH Level Between Pasteurized and UTH Milk
Using Dedicated Developed Application. Rev. De Chim. 2019, 70, 3917–3920. [CrossRef]

28. Sharmin, S.; Wang, Q.; Islam, M.R.; Wang, W.; Wang, Y.; Enyoh, C.E.; Rana, M.S. Assessment of Health Risks from Agricultural
Soils Contaminated with Polycyclic Aromatic Hydrocarbons (PAHs) Across Different Land-Use Categories of Bangladesh. Appl.
Sci. 2024, 15, 56. [CrossRef]

29. Li, R.; Cheng, M.; Cui, Y.; He, Q.; Guo, X.; Chen, L.; Wang, X. Distribution of the Soil PAHs and Health Risk Influenced by Coal
Usage Processes in Taiyuan City, Northern China. Int. J. Environ. Res. Public Health 2020, 17, 6319. [CrossRef]

30. Li, H.; Liu, H.; Liu, Z.; Su, H.; Simayi, S.; Liu, G. Distribution Features and Health Risk Assessment of Phthalate Pollutants in
Facility Soil and Agricultural Products in Xinjiang, China. Agronomy 2025, 15, 821. [CrossRef]

31. Xing, H.; Yu, X.; Huang, J.; Du, X.; Wang, M.; Sun, J.; Lu, G.; Tao, X. Characteristics and Health Risks of Phthalate Ester
Contamination in Soil and Plants in Coastal Areas of South China. Int. J. Environ. Res. Public Health 2022, 19, 9516. [CrossRef]
[PubMed]

32. Rosca, C.-M.; Rădulescu, G.; Stancu, A. Artificial Intelligence of Things Infrastructure for Quality Control in Cast Manufacturing
Environments Shedding Light on Industry Changes. Appl. Sci. 2025, 15, 2068. [CrossRef]

33. Sharmin, S.; Wang, Q.; Islam, M.R.; Wang, W.; Enyoh, C.E. Microplastic Contamination of Non-Mulched Agricultural Soils in
Bangladesh: Detection, Characterization, Source Apportionment and Probabilistic Health Risk Assessment. J. Xenobiotics 2024, 14,
812–826. [CrossRef]

34. Elwaleed, A.; Jeong, H.; Abdelbagi, A.H.; Thi Quynh, N.; Nugraha, W.C.; Agusa, T.; Ishibashi, Y.; Arizono, K. Assessment of
Mercury Contamination in Water and Soil from Informal Artisanal Gold Mining: Implications for Environmental and Human
Health in Darmali Area, Sudan. Sustainability 2024, 16, 3931. [CrossRef]

35. Popescu, C.; Gabor, M.R.; Stancu, A. Predictors for Green Energy vs. Fossil Fuels: The Case of Industrial Waste and Biogases in
European Union Context. Agronomy 2024, 14, 1459. [CrossRef]

36. Zoghlami, R.I.; Toukabri, W.; Boudabbous, K.; Hechmi, S.; Barbouchi, M.; Oueriemmi, H.; Moussa, M.; Bahri, H. Assessment of
Earthworm Viability and Soil Health after Two Years of Raw and Composted De-Inking Paper Sludge Amendment. Agriculture
2023, 13, 547. [CrossRef]

37. Moriarity, R.J.; Wilton, M.J.; Tsuji, L.J.S.; Sarkar, A.; Liberda, E.N. Evaluating human health risks from exposure to agricultural
soil contaminants using one- and two-dimensional Monte Carlo simulations. Environ. Res. 2025, 265, 120391. [CrossRef]

38. Ma, J.; Ren, W.; Wang, H.; Song, J.; Jia, J.; Chen, H.; Tan, C.; Teng, Y. Exposure Characteristics and Human Health Risk Assessment
of Herbicides in Water in a Typical Region of Northeastern China. Expo. Health 2024, 16, 1171–1184. [CrossRef]

39. Raimi, L.; Panait, M.; Sule, R. Leveraging Precision Agriculture for Sustainable Food Security in Sub-Saharan Africa: A Theoretical
Discourse. In Shifting Patterns of Agricultural Trade; Erokhin, V., Tianming, G., Andrei, J.V., Eds.; Springer Nature: Singapore, 2021;
pp. 491–509. [CrossRef]

40. Mahmoud, E.; El-Shahawy, A.; Ibrahim, M.; Abd El-Halim, A.E.-H.A.; Abo-Ogiala, A.; Shokr, M.S.; Mohamed, E.S.; Rebouh, N.Y.;
Ismail, S.M. Enhancing Maize Yield and Soil Health through the Residual Impact of Nanomaterials in Contaminated Soils to
Sustain Food. Nanomaterials 2024, 14, 369. [CrossRef]

41. Farooqi, Z.U.R.; Ahmad, I.; Abdul Qadir, A.; Murtaza, G.; Rafiq, S.; Jamal, A.; Zeeshan, N.; Murtaza, B.; Javed, W.;
Radicetti, E.; et al. Zeolite-Assisted Immobilization and Health Risks of Potentially Toxic Elements in Wastewater-Irrigated
Soil under Brinjal (Solanum melongena) Cultivation. Agronomy 2022, 12, 2433. [CrossRef]

30



Agriculture 2025, 15, 1280

42. Redouane, E.M.; Lahrouni, M.; Martins, J.C.; El Amrani Zerrifi, S.; Benidire, L.; Douma, M.; Aziz, F.; Oufdou, K.; Mandi, L.;
Campos, A.; et al. Protective Role of Native Rhizospheric Soil Microbiota Against the Exposure to Microcystins Introduced into
Soil-Plant System via Contaminated Irrigation Water and Health Risk Assessment. Toxins 2021, 13, 118. [CrossRef] [PubMed]

43. Kundu, M.; Krishnan, P.; Prasad, S.; Vashisth, A.; Duhan, S.; Reddy, K.R. Biosensing technology interventions for the detection of
nitrate and nitrite contamination in environment and foods. In Advances in Agronomy; Sparks, D.L., Ed.; Elsevier: London, UK,
2024; Volume 183, pp. 193–250. [CrossRef]

44. Entwistle, J.; Bramwell, L.; Wragg, J.; Cave, M.; Hamilton, E.; Gardner, A.; Dean, J.R. Investigating the Geochemical Controls on
Pb Bioaccessibility in Urban Agricultural Soils to Inform Sustainable Site Management. Geosciences 2020, 10, 398. [CrossRef]

45. Gao, H.; Wu, M.; Liu, H.; Xu, Y.; Liu, Z. Effect of petroleum hydrocarbon pollution levels on the soil microecosystem and
ecological function. Environ. Pollut. 2022, 293, 118511. [CrossRef] [PubMed]

46. Mahaveerchand, H.; Abdul Salam, A.A. Environmental, industrial, and health benefits of Moringa oleifera. Phytochem. Rev. 2024,
23, 1497–1556. [CrossRef]

47. Rosca, C.-M.; Stancu, A. Fusing Machine Learning and AI to Create a Framework for Employee Well-Being in the Era of Industry
5.0. Appl. Sci. 2024, 14, 10835. [CrossRef]

48. Jamieson, L.; Francisco Moreno-García, C.; Elyan, E. A review of deep learning methods for digitisation of complex documents
and engineering diagrams. Artif. Intell. Rev. 2024, 57, 136. [CrossRef]
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78. Davidovič, D.; Ivajnšič, D. Soil Moisture Index in Pomurje: An Example of Landsat 8 Satellite Data Use. J. Geogr. 2020, 15, 91–108.

[CrossRef]
79. Zhou, M.; Wang, C.; Xie, Z.; Li, Y.; Zhang, X.; Wang, G.; Jin, J.; Ding, G.; Liu, X. Humic substances and distribution in Mollisols

affected by six-year organic amendments. Agron. J. 2020, 112, 4723–4740. [CrossRef]
80. Jordán Vidal, M.M. Criteria for Assessing the Environmental Quality of Soils in a Mediterranean Region for Different Land Use.

Soil Syst. 2023, 7, 75. [CrossRef]
81. Ghazal, S.; Munir, A.; Qureshi, W.S. Computer vision in smart agriculture and precision farming: Techniques and applications.

Artif. Intell. Agric. 2024, 13, 64–83. [CrossRef]
82. Venturini, A.M.; Gontijo, J.B.; Mandro, J.A.; Paula, F.S.; Yoshiura, C.A.; Da França, A.G.; Tsai, S.M. Genome-resolved metagenomics

reveals novel archaeal and bacterial genomes from Amazonian forest and pasture soils. Microb. Genom. 2022, 8, 000853. [CrossRef]
83. Babin, D.; Leoni, C.; Neal, A.L.; Sessitsch, A.; Smalla, K. Editorial to the Thematic Topic “Towards a more sustainable agriculture

through managing soil microbiomes”. FEMS Microbiol. Ecol. 2021, 97, fiab094. [CrossRef]
84. Ros, ca, C.-M.; Cărbureanu, M. A Comparative Analysis of Sorting Algorithms for Large-Scale Data: Performance Metrics and

Language Efficiency. In Lecture Notes in Networks and Systems, Proceedings of the Emerging Trends and Technologies on
Intelligent Systems, ETTIS 2024, Noida, India, 27–28 March 2024; Springer Nature: Noida, India, 2025; pp. 99–113. [CrossRef]

85. Ballabio, C.; Jones, A.; Panagos, P. Cadmium in topsoils of the European Union—An analysis based on LUCAS topsoil database.
Sci. Total Environ. 2024, 912, 168710. [CrossRef] [PubMed]

86. Fendrich, A.N.; Van Eynde, E.; Stasinopoulos, D.M.; Rigby, R.A.; Mezquita, F.Y.; Panagos, P. Modeling arsenic in European
topsoils with a coupled semiparametric (GAMLSS-RF) model for censored data. Environ. Int. 2024, 185, 108544. [CrossRef]

87. Ballabio, C.; Panagos, P.; Lugato, E.; Huang, J.-H.; Orgiazzi, A.; Jones, A.; Fernández-Ugalde, O.; Borrelli, P.; Montanarella, L.
Copper distribution in European topsoils: An assessment based on LUCAS soil survey. Sci. Total Environ. 2018, 636, 282–298.
[CrossRef] [PubMed]

88. Ballabio, C.; Jiskra, M.; Osterwalder, S.; Borrelli, P.; Montanarella, L.; Panagos, P. A spatial assessment of mercury content in the
European Union topsoil. Sci. Total Environ. 2021, 769, 144755. [CrossRef]

89. Wang, J.; Deng, Y.; Huang, Z.; Li, D.A.; Zhang, X. Identification of driving factors for heavy metals and polycyclic aromatic
hydrocarbons pollution in agricultural soils using interpretable machine learning. Sci. Total Environ. 2025, 960, 178384. [CrossRef]

90. Salgado, L.; López-Sánchez, C.A.; Colina, A.; Baragaño, D.; Forján, R.; Gallego, J.R. Hg and As pollution in the soil-plant system
evaluated by combining multispectral UAV-RS, geochemical survey and machine learning. Environ. Pollut. 2023, 333, 122066.
[CrossRef]

32



Agriculture 2025, 15, 1280

91. Gantumur, S.; Kharitonova, G.V.; Stepanov, A.S.; Dubrovin, K.N. Assessment of soil contamination using remote sensing data
in the Tamsag-Bulag oil field, Mongolia. In Proceedings of the Regions of New Development: The Current State of Natural
Complexes and Their Protection, Khabarovsk, Russian, 5–7 October 2021; p. 012013. [CrossRef]

92. Dean, J.R.; Ahmed, S.; Cheung, W.; Salaudeen, I.; Reynolds, M.; Bowerbank, S.L.; Nicholson, C.E.; Perry, J.J. Use of remote sensing
to assess vegetative stress as a proxy for soil contamination. Environ. Sci. Process. Impacts 2024, 26, 161–176. [CrossRef] [PubMed]

93. Wang, Y.; Zou, B.; Zuo, X.; Zou, H.; Zhang, B.; Tian, R.; Feng, H. A remote sensing analysis method for soil heavy metal pollution
sources at site scale considering source-sink relationships. Sci. Total Environ. 2024, 946, 174021. [CrossRef]

94. Anifowose, B.; Anifowose, F. Artificial intelligence and machine learning in environmental impact prediction for soil pollution
management—case for EIA process. Environ. Adv. 2024, 17, 100554. [CrossRef]

95. Kalantzopoulos, G.; Paraskevopoulos, P.; Domalis, G.; Liopa-Tsakalidi, A.; Tsesmelis, D.E.; Barouchas, P.E. The Western Greece
Soil Information System (WESIS)—A Soil Health Design Supported by the Internet of Things, Soil Databases, and Artificial
Intelligence Technologies in Western Greece. Sustainability 2024, 16, 3478. [CrossRef]

96. Andrade, V.H.G.Z.D.; Redmile-Gordon, M.; Barbosa, B.H.G.; Andreote, F.D.; Roesch, L.F.W.; Pylro, V.S. Artificially intelligent soil
quality and health indices for ‘next generation’ food production systems. Trends Food Sci. Technol. 2021, 107, 195–200. [CrossRef]

97. Novielli, P.; Magarelli, M.; Romano, D.; Di Bitonto, P.; Stellacci, A.M.; Monaco, A.; Amoroso, N.; Bellotti, R.; Tangaro, S. Leveraging
explainable AI to predict soil respiration sensitivity and its drivers for climate change mitigation. Sci. Rep. 2025, 15, 12527.
[CrossRef]

98. Novielli, P.; Magarelli, M.; Romano, D.; De Trizio, L.; Di Bitonto, P.; Monaco, A.; Amoroso, N.; Stellacci, A.M.; Zoani, C.; Bellotti,
R.; et al. Climate Change and Soil Health: Explainable Artificial Intelligence Reveals Microbiome Response to Warming. Mach.
Learn. Knowl. Extr. 2024, 6, 1564–1578. [CrossRef]

99. García, G.; Carlin, M.; Cano, R.D.J. Holobiome Harmony: Linking Environmental Sustainability, Agriculture, and Human Health
for a Thriving Planet and One Health. Microorganisms 2025, 13, 514. [CrossRef] [PubMed]

100. Minasny, B.; McBratney, A.B. Machine Learning and Artificial Intelligence Applications in Soil Science. Eur. J. Soil Sci. 2025,
76, e70093. [CrossRef]

101. Bhatt, R.; Hossain, A.; Majumder, D.; Chandra, M.S.; Ghimire, R.; Faisal Shahzad, M.; Verma, K.K.; Riar, A.S.; Rajput, V.D.;
Oliveira, M.W.; et al. Prospects of artificial intelligence for the sustainability of sugarcane production in the modern era of climate
change: An overview of related global findings. J. Agric. Food Res. 2024, 18, 101519. [CrossRef]

102. Algarni, S.; Tirth, V.; Alqahtani, T.; Kshirsagar, P.R. A Novel Hybrid IOT Based Artificial Intelligence Algorithm for Toxicity
Prediction In The Environment And Its Effect On Human Health. Glob. NEST J. 2023, 25, 12–22. [CrossRef]
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Abstract: Soil health has become increasingly important in recent years. The Hokkaido
government initiated its original administrative strategy referred to as “Clean Agriculture”
in 1991, before the concept of soil health and soil quality evolved in the 1990s. Also, Clean
Agriculture has been integrated with remote sensing techniques for spatial application
in arable fields. In this review paper, we summarized the scientific progress in Clean
Agriculture and the management of soil health using remote sensing. One of the main
pillars of Clean Agriculture is the minimal usage of chemical fertilizers and agrochemicals
to increase soil fertility through the proper application of organic matter. The other two
pillars are the sustainment and enhancement of the natural recycling function in agriculture
and the enhancement of a stable production safe and high-quality agricultural products
taking into account environmental harmony. These agronomic practices can increase soil
fertility, maintain water quality, mitigate climate change, and maintain human health, and
are similar to those in North America and the EU. Moreover, soil nitrogen fertility evaluated
by autoclaved nitrogen (AC-N) can be estimated in large-scale fields and areas via remote
sensing, which can facilitate variable nitrogen fertilization using variable-rate planters
or broadcasters. Furthermore, systems comprising the growth sensor and variable-rate
broadcaster can determine the additional nitrogen fertilization rates for winter wheat on
the fields, which enhances soil health over relatively large areas. Further research is needed
to expand the spatial utility of various Clean Agriculture techniques using multiperiod
satellite images.

Keywords: autoclaved nitrogen; Hokkaido Fertilizer Recommendations; soil diagnosis; variable
fertilizer application

1. Introduction

Soil health is an important concept associated with soil conservation, soil function,
environmental protection, sustainable agriculture, and human health [1]. The concept of
soil health evolved as an offshoot of soil quality in the 1990s [2,3]. Recently, the concept of
soil quality has been extended to crop productivity and fertility [4–7], water quality [8–10],
climate change and carbon sequestration [11–13], soil biodiversity [14–16], and human
health [8,17–19]. Because the functional knowledge and the effective assessment of soil
biodiversity are still limited, Lehmann et al. summarized soil health from four viewpoints:
sustainable crop production, water quality, climate change, and human health, and they
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discussed that soil biodiversity is related to all the viewpoints [1]. Nowadays, soil health is
a comprehensive concept of ecosystem services related to soils [1,20–22].

Similar to other regions worldwide, there has been considerable research on soil
health in Hokkaido, Japan, in terms of sustainable crop production [23] as well as soil and
water pollution [24]. Prior to these studies, the Hokkaido government developed “Clean
Agriculture” as its original administrative strategy in 1991 [25,26].

Clean Agriculture is defined as “An agriculture that sustains and enhances not only
the natural recycling function in agriculture but also a stable production of the feel-relieved
safety and high-quality agricultural products taking into account environmental harmony.
In this concept, efforts are made to apply soil amendments for example organic application,
and minimizes the usage of chemical fertilizers and agrochemicals” [25].

In the 1990s, given the vigorous international agricultural competitions such as the
GATT-Uruguay rounds, Clean Agriculture was launched to fortify the international com-
petitiveness and sustainability of Hokkaido agriculture. Its main aims are as follows: (1) the
conservation of the clean environment that Hokkaido takes pride in, (2) the promotion
of the appeal of Hokkaido agriculture, and (3) the reinforcement of the competitiveness
of Hokkaido agriculture [27]. As of 2024, more than 300 relevant techniques have been
developed [28], and Clean Agriculture is currently the basis for the agricultural practices
relied on to enhance soil health in Hokkaido [26].

In practice, the application of Clean Agriculture techniques depends on spatial vari-
ations in the field. Recently, remote sensing [e.g., satellites or unmanned aerial vehicles
(UAVs)] has increasingly been used to evaluate spatial variations in soil properties and
crop growth. Therefore, the coordinated application of both remote sensing and Clean
Agriculture techniques has been adopted, especially for the cultivation of arable crops in
Hokkaido. Several studies also pointed out the importance of remote sensing for the as-
sessment of soil health [1,29]. However, studies to manage soil health with remote sensing
are still limited.

Recently, many reviews of soil health have been published worldwide [30–32]. Nev-
ertheless, the relationship between Clean Agriculture and soil health, and the practice of
soil health using remote sensing have not been summarized yet. The objectives of this
paper are (1) to review the scientific progress of Clean Agriculture in Hokkaido from the
viewpoints that Lehmann et al. summarized [1] in comparison with other regions, (2) to
review the co-application of remote sensing techniques in arable fields in Hokkaido, and
(3) to suggest future research directions needed to further enhance soil health mainly for
arable fields.

2. Clean Agriculture and Hokkaido Fertilizer Recommendations
2.1. History of Clean Agriculture

In 1991, before Doran and Parkin [3] and Doran et al. [2] propounded the concept of
soil health, Clean Agriculture was originally advocated by the now deceased Dr. Satoru
Souma [27,33]. He established Clean Agriculture mainly on the basis of the concept of “Low
Input Sustainable Agriculture” in the United States of America (USA), and emphasized the
need for minimizing the usage of chemical fertilizers and agrochemicals by improving soil
fertility through the proper application of organic matter. In Clean Agriculture, fertilized
soil applied with an adequate amount of organic matter may decrease the need for chemical
fertilizers and agrochemicals. In the 1990s, Dr. Souma, the former director of Hokkaido Pre-
fectural Agricultural Experiment Stations, strongly encouraged the scientists he supervised
to perform experiments and studies to diagnose soil physicochemical properties, control
soil fertility through soil amendments, and minimize the usage of chemical fertilizers and
agrochemicals [27,33]. This scientific strategy continues to be applied as of 2025. The re-
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search outcomes have been uploaded and updated on the Hokkaido Research Organization
website [28], and summarized in Hokkaido Fertilizer Recommendations [34], which has been
continuously revised almost every five years. These documents have been utilized by
farmers, advisors, and professionals in other stakeholders. The Hokkaido government has
also promoted Clean Agriculture among farmers and consumers using a cartoon character
(Figure 1).

 

Figure 1. Cartoon character of Dr. Hatakeda (arable field in Japanese) and “clean-dane” (clean seeds
in Japanese), which has been used to promote Hokkaido’s Clean Agriculture.

Clean Agriculture is “NOT” organic agriculture which excludes any usage of chemical
fertilizer and agrochemicals. Clean Agriculture allows their minimal usage [33], aiming
for a 30% reduction of chemical fertilizers and agrochemicals used. The political direction
of Clean Agriculture resembles the current EU agricultural policy (Farm to Fork Strategy)
whose goals are a “20% reduction of chemical fertilizers and 50% reduction of agrochemicals
by 2030” [35], which align with the Japanese government’s policies of a “30% reduction of
chemical fertilizers and 50% reduction of agrochemicals by 2030” [35].

Clean Agriculture is supposed to be a realistic choice when thinking about the failing
example of Sri Lanka. The Sri Lankan government imposed organic farming in 2019, with
the complete prohibition of the usage of chemical fertilizers and agrochemicals nationwide.
However, the policy caused a 30% reduction in crop yield and a serious shortage of food
supply [36].

2.2. Hokkaido Fertilizer Recommendations: Practice of Clean Agriculture Based on Soil Diagnosis

Hokkaido Fertilizer Recommendations is a guidebook for applying fertilizers on the basis
of soil diagnosis results [34]. The first edition was published in 2002, and it has since been
revised three times (2010, 2015, and 2020). Before 2002, the guidelines (“Soil Diagnosis-
Based Application of Fertilizers in Hokkaido”) and the criteria (“Soil and Plant Nutrition”)
were published separately, but they were combined into one guidebook in 2002.

In Hokkaido Fertilizer Recommendations, the criteria for evaluating the soil in arable fields
were established (Table 1), such as topsoil thickness, effective soil depth, saturated hydraulic
conductivity, bulk density, available moisture, pH, available P2O5, and exchangeable K2O.
Similarly, Doran et al. [2] reported the utility of the following soil physical, chemical, and
biological factors for assessing soil health: texture, soil depth, infiltration, bulk density,
water retention, total organic carbon (C) and nitrogen (N), pH, electrical conductivity
(EC), extractable N, phosphorus (P), potassium (K), microbial biomass C and N, potential
mineralizable N (anaerobic incubation), and soil respiration. These criteria seem to be
the basis for the recent assessment of soil quality and soil health in North America [37]
and the EU [38]. Because Hokkaido Fertilizer Recommendations referred to the guidelines in
the USA, they share similar assessments to those in North America. However, there are
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some differences. For example, many soil physical properties are assessed in Hokkaido
compared with North America and the EU, although these are listed in other soil health
assessment guidelines such as USDA-NRCS in the USA [39] and AHDB-BBRO in the
UK [40]. In contrast, there are no indices for soil texture, soil organic matter, and cation
exchange capacity (CEC) in Hokkaido Fertilizer Recommendations because it is difficult for
farmers to improve them immediately. Moreover, exchangeable Na2O is not listed in
the Hokkaido Fertilizer Recommendations because the annual precipitation is much higher
than evapotranspiration in Hokkaido so that the risk of salinity is much less than in North
America and the EU. Furthermore, soil biological properties are listed in North America and
the EU but are limited in Hokkaido. Instead, autoclaved N (AC-N) content can alternatively
be utilized in Hokkaido.

Table 1. Healthy soil criteria for arable fields in Hokkaido [34], North America [37], and the EU [38].

Soil Properties Hokkaido’s Criteria Notes
North
America

EU

Topsoil thickness 20–30 cm Yes

Effective soil depths >50 cm Yes

Penetration resistance 16–20 mm Yamanaka penetration meter
equivalent to 0.94–1.57 MPa Yes

Solid phase 0.25–0.30 m3 m−3

<0.40 m3 m−3
Volcanic soils
Lowland and upland soils

Saturated hydraulic
conductivity 10−3–10−4 cm s−1 Yes

Bulk density 0.7–0.9 Mg m−3

0.9–1.1 Mg m−3
Volcanic soils
Lowland and upland soils Yes Yes

Coarse porosity 0.15–0.25 m3 m−3 Equivalent to a soil water potential of
0–3.2 kPa

Available moisture >0.1 m3 m−3 Equivalent to a soil water potential of
3.2–100 kPa Yes

Topsoil tilth/Soil structure >70% Weight proportion of soil clods
<20 mm

Groundwater level >60 cm Yes

Compaction <20 mm Yamanaka penetration meter at the
depth of 10 cm below plow horizon

pH 5.5–6.5 Soil–water = 1:2.5 Yes Yes

EC <0.3–0.8 dS m−1 Only for horticultural soils Yes

Available P2O5 100–300 mg kg−1 Truog method Yes Yes

Exchangeable K2O 150–300 mg kg−1 Ammonium acetate pH 7 extraction Yes Yes

Exchangeable MgO 250–450 mg kg−1 Ammonium acetate pH 7 extraction Yes Yes

Exchangeable CaO 1700–3500 mg kg−1 Ammonium acetate pH 7 extraction
for medium particle size Yes

Ratio Ca/Mg <6 Equivalent charge ratio

Ratio Mg/K >2 Equivalent charge ratio

Reducible Mn 50–500 mg kg−1 Ammonium acetate pH 7 extraction
with hydroquinone Yes
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Table 1. Cont.

Soil Properties Hokkaido’s Criteria Notes
North
America

EU

Hot-water extractable B 0.5–1.0 mg kg−1 Yes

Soluble Zn 2–40 mg kg−1 Hydrochloric acid extraction Yes Yes

Soluble Cu 0.3–8.0 mg kg−1 Hydrochloric acid extraction Yes Yes

Exchangeable Ni <5 mg kg−1 Ammonium acetate pH 7 extraction Yes

Hg, As, Cd − Controlled by Japanese law Yes

Aggregate stability − − Yes

Erosion − − Yes

Texture − − Yes Yes

Organic matter/C − − Yes Yes

Total N − − Yes Yes

Mineralizable N − Similar to AC-N Yes

CEC − − Yes Yes

Exchangeable Na2O − − Yes Yes

Microbial activity or soil
respiration − Correlated with AC-N Yes Yes

AC-N content is a widely used index for available N, with standard values that vary
depending on the crop, region, and soil type (as described later). According to the Hokkaido
Fertilizer Recommendations, the potential mineralizable N (anaerobic incubation) is also
applicable for testing the available N in rice paddies. Specifically, a mixture comprising
soil–water (10 g:20 mL) is sealed in a container and incubated at 40 ◦C for 7 days before
determining the NH4-N content. Different diagnosis values for anaerobically incubated N
have been set for each region and soil type. It has been reported that AC-N is significantly
correlated with microbial biomass C, glucosidase activity, and soil respiration [41,42].
Therefore, AC-N can be utilized as an index of the biological aspect of soil health conditions.

Although there are some differences between Hokkaido Fertilizer Recommendations and
the soil health assessment in other countries, the former contains relevant information
affecting soil health, including soil micronutrients (e.g., Mn, B, Zn, Cu, and Ni), soil nutrient
balance indices (Ca/Mg ratio, Mg/K ratio, base saturation, and Ca saturation), and crop
nutrition diagnosis values. Thus, the Hokkaido Fertilizer Recommendations are a practical
guide for maintaining healthy agricultural soil.

2.3. Wide Dissemination of AC-N as the Index for Available N

Clean Agriculture practices necessitate the accurate evaluation of soil N fertility. For
arable crops (e.g., wheat, sugar beet, and potato) and horticultural crops, Hokkaido Fertilizer
Recommendations use AC-N as the index for available N [34]. This index is easily determined
by autoclaving a mixture consisting of 8 g of soil and 80 mL of water in a flask at 105 ◦C
for 60 min and then digesting 20 mL of the filtrate according to the Kjeldahl method [43].
Earlier research indicated that AC-N can be easily and rapidly estimated by measuring
the absorbance of the filtrate at 280 nm [44] and performing a near-infrared spectroscopic
examination [45].

Although AC-N is more likely to overestimate soil N fertility than aerobically incu-
bated N [46], in most cases, the adaptability of AC-N for the N uptake and N fertilization
of individual crops was carefully examined before a soil diagnosis technique was dissem-
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inated (as described later). Therefore, AC-N is a widely applicable index for analyzing
agricultural soil.

3. Sustainable Crop Production

3.1. Sugar Beet

According to Hokkaido Fertilizer Recommendations, soil fertility must be enhanced
through the proper application of organic matter [34]. This guidebook provides details re-
garding how to decrease N fertilization rates when organic matter is applied. In particular,
the effects of accumulating N due to the consecutive application of manure are thoroughly
explained on the basis of long-term experiments for thirty years [47–49]. Moreover, Fueki
et al. [50] observed that the amount of N derived from the applied organic matter deter-
mined according to Hokkaido Fertilizer Recommendations (Table 2) was closely associated
with the residual amount of soil mineral N at a soil depth of 0–100 cm. Therefore, Fueki
et al. [50] scored the amount of organic matter and field practice in regard to N, called the
“N-score”. The sum of N-scores showed the highest correlation with the soil mineral N
stocks ranging from 44 to 750 kg ha−1 in commercial fields (r = 0.839, p < 0.01) compared
with the total soil nitrogen content (r = 0.388, p < 0.05) or AC-N (r = 0.397, p < 0.01) [50].
These results suggest that N-score could be representative of soil mineral N stocks in the
depth of 0–100 cm (Figure 2). These results correspond to those in the other regions. In the
USA, the sugar beet yield was maximized when the amount of N supplied (fertilizer N +
spring soil mineral N) was 150–200 kg ha−1 [51]. Therefore, Fueki et al. [23] demonstrated
that the N-score (+fertilizer N amount) can be used to predict the N uptake by sugar beet
(Figure 3). On the other hand, excess organic matter application did not increase N uptake
further as shown by × symbols (Figure 3), suggesting that excess organic matter applica-
tion did not contribute to the further increase in yields and promoted N loss [52]. Thus,
the N fertilization technique for sugar beet production was developed and disseminated.
Nowadays, farmers can decide N fertilization rates using the following equation:

N fertilization rates (kg N ha−1) = 210 − ∑ N-score (1)

Table 2. Examples of N-scores for the application of organic matter in fields [34].

Organic Matter Application/Field Practice N-Score

Cattle manure 1, single-year application 1.0 kg N Mg−1 manure
Cattle manure 1, more than 10 years consecutive
application 3.0 kg N Mg−1 manure

Cattle and pig slurry 1.3 kg N Mg−1 slurry
Cattle urine 2.5 kg N Mg−1 urine
Pig manure 3.7 kg N Mg−1 manure
Poultry manure 13 kg N Mg−1 manure
N fertilizer amount at sowing green manure 100% of N amount (kg N ha−1)
Incorporating sugar beet leaf 40 kg N ha−1

Converting from paddy rice field to arable field
within 2 years 10 kg N ha−1

1 In this study, cattle manure refers to cattle excrement without composting, composted cattle manure (several
years), and cattle manure mixed with bark.
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Figure 2. Vertical distribution of soil mineral nitrogen in six typical representative fields modified
after [50].

 

Figure 3. Relationship between N uptake by sugar beet and N-score + N fertilization rate [18]. ×,
excess organic matter (N-score exceeds 220 Mg ha−1 or consecutive applications more than 30 Mg
ha−1 yr−1), n = 18; •, confounding problems (diseased sugar beet or the topsoil is too hard), n = 13;
�, the others, n = 140, y = 0.68x + 100, r = 0.75, p < 0.001 [23].

3.2. Potato

In Hokkaido, different potato varieties that are suitable for the production of (1) fresh
market potatoes, (2) potatoes that are subsequently processed (e.g., the production of chips,
fries, croquettes, and salads), and (3) potatoes as starch resources have been developed.
Potatoes that are processed after harvest must have a high starch content, low reducing
sugar content, and high dry matter percentage to increase the processing efficiency and
production quality at processing plants. Generally, increasing the N uptake by potatoes
leads to an increase in tuber yield, but a decrease in starch content [53,54]. Additionally,
excessive N uptake adversely affects photosynthetic efficiency and also leads to lodging
as well as possibly increased susceptibility to diseases (e.g., late blight and soft rot) [55].
Therefore, optimal N fertilization management practices are needed to improve soil health
and increase the starch content.

First, potato plants were cultivated without applying N fertilizers, and soil diagnosis-
based techniques were used to measure N uptake. The results indicated that AC-N showed
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a higher correlation with N uptake (r = 0.54, p < 0.05) than with the soil mineral N (r = 0.26)
or incubated mineral N content (r = 0.47, p < 0.05) [53], reflecting the applicability of AC-N
for setting N fertilization rates for potato plants. However, the previous crops in crop
rotations are typically sugar beet and pulses, with more N derived from sugar beet residues
than from pulses. Accordingly, the previous crops as well as AC-N must be considered
when setting N fertilization rates. Another study, which involved fertilizer treatments of
potatoes used for processing and various previous crops, revealed that the marketable tuber
yields plateaued when the N uptake was 100–110 kg N ha−1 regardless of the variety, soil
type, AC-N, N fertilization rate, and fertilization method [56]. In addition, the N uptake
without N fertilization plateaued when the AC-N was 100 mg kg−1 when the previous
crops were pulses and green manure. However, the N uptake without N fertilization was
much higher when the previous crop was sugar beet rather than pulses or green manure.
Accordingly, N fertilization rates for the production of potatoes that will be processed can
be determined on the basis of AC-N and previous crops (Table 3) [56].

Table 3. N fertilization rates for potatoes that are processed to produce chips, fries, croquettes, and
salads [34].

AC-N Total N Fertilization Rates (kg N ha−1)

(mg kg−1) Following Sugar Beet Others

10–20 110 150
30–40 80 120
50–60 40 80
70–80 30 70
90–100 30 50
≥110 30 30

3.3. Winter Wheat

In Hokkaido, winter wheat is mainly cultivated for the production of medium flour (for
Japanese “udon” noodles) and hard flour (for bread). Notably, wheat varieties cultivated as
a source of medium flour are grown in more than 80% of the total winter wheat cropping
area in Hokkaido [57]. Medium flour contains less protein than hard flour. Moreover, the
N fertilization rate should be lower for the cultivation of wheat used to produce medium
flour. Additionally, excessive N fertilization leads to lodging, which results in a decrease
in the harvest efficiency of combine harvesters. Furthermore, because Hokkaido receives
snow in winter, soil mineral N is easily lost via infiltration and surface runoff due to
snowmelt in spring [24]. Therefore, the split application of N is required for sustainable
wheat production while maintaining soil health.

To determine the rates of additional N fertilization between the regrowth stage (after
snowmelt) and the panicle formation stage, appropriate soil diagnosis and target depth
analyses were conducted. These analyses revealed that N uptake at harvest was related to
the abundance of soil nitrate at a depth of 0–60 cm in the regrowth stage [58]. Hence, N
fertilization rates can be calculated on the basis of the target yield and the abundance of
soil nitrate at a depth of 0–60 cm (Table 4). Similar results were reported in other countries.
For example, the optimal N rate was in the range of 71–170 kg N ha−1 in the North China
Plain [59]. In Denmark, spring N application up to 150 kg N ha−1 did not increase the
remaining nitrate in the soil at harvest, but N application of more than 150 kg N ha−1

retained soil nitrate at harvest [60].
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Table 4. Additional N fertilization rates (kg N ha−1) determined according to the target yield of
winter wheat and the soil nitrate abundance in a depth of 0–60 cm in the regrowth stage [34].

Target Yield † Soil Nitrate Abundance in a Depth of 0–60 cm (kg N ha−1)

(Mg ha−1) 0 20 40 60 80 100 120 140 160

4.8 80 60 40 20 (20) ‡ (20) ‡ (20) ‡ (20) ‡ (20) ‡

5.4 100 80 60 40 20 (20) ‡ (20) ‡ (20) ‡ (20) ‡

6.0 120 100 80 60 40 20 (20) ‡ (20) ‡ (20) ‡

6.6 (140) ¶ 120 100 80 60 40 20 (20) ‡ (20) ‡

7.2 (160) ¶ (140) ¶ 120 100 80 60 40 20 (20) ‡

7.8 (180) ¶ (160) ¶ (140) ¶ 120 100 80 60 40 20
† Target grain protein content is set at 100 mg g−1. ‡ Minimum additional fertilization rates in the regrowth stage.
¶ Undesirable fertilization rates because they may lead to excessively high protein contents or lodging.

A new high-yielding variety (“Kitahonami”) that was subsequently developed re-
sponded differently to fertilization compared with previous varieties [61]. More specifically,
the additional N fertilization in the regrowth stage increased the yield, but it also resulted
in the excessive production of spikes, potentially leading to lodging, especially when the
tiller number in the regrowth stage was high. In contrast, the additional N fertilization at
the panicle-formation stage resulted in a moderate increase in spike number. Currently, it
is recommended that the additional N fertilization rate should be determined according to
the tiller number in the regrowth stage (Table 5).

Table 5. Determination of the additional N fertilization rate for winter wheat [34].

Region
Tiller Number at
Regrowth Stage

Additional N Fertilization Rates
(kg N ha−1)

(Stem m−2) Regrowth Panicle Formation

Eastern Hokkaido >1000 0 Decision from Table 4
≤1000 20–40 (=A) (Decision from Table 4) − (A)

Central Hokkaido ≥1300 20 0
800–1300 60 0 †

<800 60 40
† 40 kg N ha−1 for diluvial upland soils.

Additional N fertilization when the flag leaf appears increases the thousand grain
weight [61]. Therefore, a method for setting the additional N fertilization rate in this stage
is necessary. Fueki et al. demonstrated a close relationship between N uptake in the flag
leaf stage and N uptake at harvest [62]. They also developed a method for estimating the
N uptake in the flag leaf stage. Their findings suggested that the additional N fertilization
rates at this stage can be calculated using the following equations [34]:

N uptake in the flag leaf stage (B, kg N ha−1) = 0.004 × superior stem number (stem m−2) ×
leaf color value of the second leaf − 12

(2)

Predicted N uptake at harvest without additional N fertilization during the flag leaf stage (C, kg N ha−1)
= 0.58 × B + 66

(3)

Target N uptake at harvest (D, kg N ha−1) = 0.017 × target yield (kg ha−1) + 51 (4)

N fertilization rates for the flag leaf stage (kg N ha−1) = (D − C)/0.7 (5)

If farmers did not follow the additional N fertilization rates at the flag leaf stage
described above, the N uptake at the mature stage was higher than that when following the
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recommended fertilization practices, leading to excess protein contents based on Japanese
criteria for the medium flour [62]. These wheat grains lead to mineral N remaining in the
soil at harvest as well as economic loss to farmers because the grain price decreases.

4. Water Quality

Excess N application results in a high abundance of mineral N remaining in the soil,
which lowers crop quality as described in the previous section. Also, the high abundance
of mineral N results in N leaching, leading to eutrophication in groundwater, rivers, and
oceans [24,63–68]. In Japan, the national upper limit of nitrate concentration in groundwater
is 10 mg N L−1. Therefore, it was necessary not to exceed the upper limit of nitrate
concentration in agricultural fields.

To maintain water quality, various studies [24,63–68] on the nitrate concentration of
leached water in arable fields were conducted. Suzuki and Shiga [24] revealed that the
nitrate concentration of leached water did not exceed the upper limit for the N fertilization
rates recommended by Clean Agriculture without manure application (Table 6). Also,
manure application at 20 Mg ha−1 and the reduction of chemical N fertilizer by 20 kg ha−1

did not exceed the upper limit on average. However, manure application at 20 Mg ha−1

without the reduction of chemical N fertilizer exceeded the upper limit in all years. These
results suggest that the nitrate concentration did not exceed the upper limit under the
practice of Clean Agriculture. However, the excess N input could exceed the upper limit of
nitrate concentration.

Table 6. Nitrate leaching and concentration from arable fields [34], modified to English.

Year Percolation

No Manure Manure at 20 Mg ha−1

Recommended Chemical
Fertilization Rates

No Reduction of
Chemical Fertilizer

Reduction by
20 kg N ha−1

(mm)
Leaching

(kg N ha−1)
Conc

(mg N L−1)
Leaching

(kg N ha−1)
Conc

(mg N L−1)
Leaching

(kg N ha−1)
Conc

(mg N L−1)

2000 326 25.7 7.9 43.6 13.4 33.3 10.2
2001 391 17.2 4.4 40.6 10.4 32.2 8.2
2002 287 22.6 7.9 34.4 12.0 24.1 8.4
Ave. 335 21.8 6.5 39.6 11.8 29.9 8.9

To expand the previous studies, environmental N capacity and excess N input are
defined by the following equations [69]:

Environmental N capacity
(

kg N ha−1
)
= N output by harvest + Nitrate-N capacity for groundwater (6)

Excess N input = Total N input − Environmental N capacity (7)

where the nitrate capacity for groundwater is defined by the Japanese upper limit of nitrate
concentration in groundwater (10 mg N L−1) × percolation rate.

Previous studies revealed that the excess N input was significantly correlated with the
nitrate concentration in groundwater on the municipal [69] and field [66] scales. Also, these
studies suggested that the N leaching was increased when the excess N input exceeded
0 kg N ha−1 [66,69], and N fertilization rates equal to the environmental N capacity did not
increase the N leaching. Therefore, Clean Agriculture sets the N fertilization rates without
surplus N at harvest. A similar concept has been adopted in Poland [70] and the USA [71].
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5. Climate Change

Agricultural soils are one of the important sources of greenhouse gas emissions [72].
On the other hand, soils also have the potential to mitigate climate change through appro-
priate agricultural practices [73,74]. It is expected that the increase in global soil organic
matter stocks by 4 per mille can compensate for the global anthropogenic emissions of
greenhouse gases [74]. In Hokkaido, the practice of Clean Agriculture did not change soil
organic carbon (C) stocks and contents for about 10 years at a depth of 0–0.15 m [75]. This
finding suggests that Clean Agriculture can maintain the soil organic C stocks and contents.

Nitrous oxide (N2O) is another important greenhouse gas, and fertilized soils are an
important source of N2O [72]. Mostly, the N2O emission is higher with higher surplus N in
soils [76–78]. Therefore, it is expected that the same strategy to reduce N leaching can be
taken to mitigate climate change.

In arable fields, the annual N2O emissions of conventional fertilization were 1.85 kg N
ha−1 yr−1 and 1.02 kg N ha−1 yr−1 for the fields of winter wheat and sugar beet for a three-
year average, respectively [52] (Table 7). On the other hand, the annual N2O emissions of
Clean Agriculture by a manure application of 30 Mg ha−1 and reduced chemical fertilization
of 30 kg N ha−1 were significantly decreased [52] (Table 7). In contrast, the excess manure
application of 90 Mg ha−1 increased N2O emissions (Table 7). Also, the yields of winter
wheat and sugar beet did not change significantly [52].

Table 7. Annual N2O emissions of conventional chemical fertilization without manure, with Clean
Agriculture, and with excess manure application [34], modified to English.

Crop Treatment

Application Rates
Crop Yield N2O Emission

Chemical N Fertilizer Manure
(kg N ha−1) (Mg ha−1) (Mg ha−1) (kg N ha−1)

Winter wheat Conventional 140 0 4.44 1.85
Clean Agriculture 110 30 6.06 0.22

Excess manure 110 90 5.45 3.83
Sugar beet Conventional 210 0 66.43 1.02

Clean Agriculture 180 30 66.61 0.51
Excess manure 180 90 76.33 1.21

In grassland, CO2, CH4, and N2O emissions from manure, slurry, and digestive
fluid application and reduced chemical fertilizer based on Clean Agriculture were com-
pared [79]. CO2 (heterotrophic respiration), CH4, and N2O emissions did not change among
treatments. On the other hand, the net ecosystem C balance (NECB) was significantly
lower for manure application (40.5 Mg CO2-eq ha−1 yr−1) than for chemical fertilizer only
(64.1 Mg CO2-eq ha−1 yr−1). The greenhouse gas balance (CO2 equivalent NECB, CH4,
and N2O) was mitigated 36.2%, 16.5%, and 27.0% for manure, slurry, and digestive fluid,
respectively, compared with chemical fertilizer only [79]. Furthermore, grass yield did not
change significantly [52,79]. Therefore, Clean Agriculture with manure application and
reduced chemical fertilizer can be an important strategy to mitigate climate change without
yield loss.

6. Human Health

There are various aspects of the effect of soil health on human health. Lehmann et al.
summarized the micronutrients for malnutrition, soil pollutants, and soil host pathogens [1].
In Hokkaido, the main issue related to human health is soil pollutants, especially heavy
metals. Although the contents of heavy metals are lower in the parent materials of Andosols
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than in the other soil groups [80], the control of toxic heavy metals in agricultural soils is
important in Hokkaido.

In paddy fields, the cadmium (Cd) contents in rice can be significantly changed by the
redox status. A pot experiment revealed that the Cd contents in rice grown (0.01 mg kg−1)
with flooding throughout the growing period was significantly lower than that in rice
grown (0.24 mg kg−1) without flooding [81]. Moreover, the flooding from transplanting to
three weeks before heading can significantly decrease Cd contents in rice from 0.23 mg kg−1

to 0.04 mg kg−1 in rice grown with the flooding for two weeks after heading [81]. Although
all of the results of Cd contents in rice were lower than the Japanese upper limit (0.4
mg kg−1), these results suggest that the Cd contents in rice can be lowered by water
management in paddy fields.

Moreover, organic matter application can be a source of heavy metals. Lime-treated
sewage sludge compost can be utilized for Clean Agriculture, but it contains zinc (Zn),
copper (Cu), arsenic (As), and Cd [82]. Therefore, the application of the compost should
be controlled. The application of the compost at 4 Mg ha−1 did not change Zn, Cu, and
Cd contents in rice compared with the case without compost application for a single year
in brown lowland soil and gley lowland soil (Table 8) [82]. Furthermore, the compost
application at 2 Mg ha−1 for three consecutive years did not change the Zn, Cu, As, and Cd
contents in rice compared with the case without compost application in brown lowland
soil, gley lowland soil, and peat soil (Table 8). Also, compost application at 2 Mg ha−1

did not change acid-soluble Zn (4.9−7.4 mg kg−1), acid-soluble Cu (2.3−5.4 mg kg−1),
acid-soluble As (2.0−5.4 mg kg−1), and total Cd (0.19−0.23 mg kg−1) contents in the soil
compared with the case without compost application in these three soil types. According
to these results, Clean Agriculture allows the application of lime-treated sewage sludge
compost with farmers recording the application rates and the actual heavy metal contents.

Table 8. Heavy metal contents in rice grains (mg kg−1) [82], modified to English.

Element Soil †
Compost (Single Year) Compost (3 Years)

Control 1 Mg 2 Mg 4 Mg Control 1 Mg 2 Mg

Zn BL 14.3 12.7 13.2 14.1 10.3 10.7 10.4
GL 17.9 17.9 17.8 17.7 15.8 15.8 15.4
PT 17.9 18.2 18.0 − 14.7 14.9 14.0

Cu BL 0.3 0.2 0.2 0.5 1.2 1.2 0.7
GL 1.8 1.9 2.4 2.0 3.3 2.9 3.4
PT 0.7 0.4 0.4 − 1.3 1.1 0.9

As BL − − − − <0.2 <0.2 <0.2
GL − − − − <0.2 <0.2 <0.2
PT − − − − <0.2 <0.2 <0.2

Cd BL ≤0.02 ≤0.02 ≤0.02 ≤0.02 <0.05 <0.05 <0.05
GL ≤0.02 ≤0.02 ≤0.02 ≤0.02 <0.05 <0.05 <0.05
PT ≤0.02 ≤0.02 ≤0.02 − <0.05 <0.05 <0.05

† BL, GL, and PT denote brown lowland soil, gley lowland soil, and, peat soil, respectively.

7. Remote Sensing

As mentioned in Section 3, various Clean Agriculture techniques (e.g., N fertilizer
management) have been developed in Hokkaido. However, many of these techniques
were developed for a single point within the field. To effectively apply Clean Agriculture
techniques in the arable fields of Hokkaido where each field exceeds several hectares, it is
important to consider the spatial variations in crop growth and soil fertility in many fields.
In this section, we introduce some studies that confirmed that remote sensing can facilitate
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the application of Clean Agriculture techniques in whole fields. Furthermore, we discuss
future prospects for remote sensing technology as part of Clean Agriculture initiatives.

7.1. Variable Additional N Application System for Wheat Using Growth Sensors

As shown in Equations (1)–(4), the appropriate additional N application rates for
“Kitahonami” wheat during the flag leaf stage can be estimated according to the N uptake
at that stage [62]. To apply this method throughout the arable field, the spatial variations in
N uptake within the field at a particular stage must be examined. Thus, a “variable addi-
tional N application system for wheat using growth sensors” was developed in Hokkaido
(Figure 4) [83].

 
Figure 4. Components of the variable additional N application system for wheat.

This system consists of growth sensors (CropSpec developed by TOPCON Corporation,
Tokyo, Japan) mounted on a tractor, a GPS, and a guidance system console. The system
is also characterized by sensing crop growth using active optical sensors. Generally, the
reflection intensity of crop growth obtained from satellite images is affected by sunlight
and aerosols. Therefore, to create an agricultural information map for N uptake using
image data, the reflection intensity and the actual measured N uptake for each image must
be calibrated. However, the active optical sensors that are used can obtain stable reflection
intensities without depending on sunlight. Hence, the reflection intensity can easily be
calibrated with the actual crop growth. In other words, once a calibration formula for the
reflection intensity and N uptake is created, it can be used to estimate the wheat N uptake
in other fields.

The console has a built-in input/output function for sensor values, a calibration
formula for sensor values and N uptake, and a formula to convert the N uptake during the
flag leaf stage into appropriate additional N application rates. The console performs the
following operations in real time: (1) input the sensor values determined by the growth
sensors, (2) convert the sensor values into the appropriate additional N application rates,
and (3) transfer the N application rates to the console terminal.

Field studies comparing the variable fertilizer (VF) application treatments using this
system and the conventional fertilizer (CF) application treatments (uniform fertilization)
revealed that the spatial variability in the grain protein contents was lower for the VF
treatments than for the CF treatments. Therefore, this system may be useful for restricting
the decrease in the wheat quality rank. Furthermore, this system can also be used to
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calculate variable additional N application rates at the panicle-formation stage of wheat.
Specifically, variable application rates are determined on the basis of the difference between
the mean N uptake in the field and the N uptake at each location, with data obtained from
growth sensors. As shown in Table 9, the studies conducted in six fields indicated that
the yield was on average 5% higher for the VF treatments (5.73 t ha−1) than for the CF
treatments (5.44 t ha−1). In addition, the coefficient of variance (CV) in the VF treatment
was lower than that in the CF treatment for each experiment, suggesting that variable
nitrogen application leveled out wheat growth within a field.

Table 9. Wheat yields for the variable and conventional fertilizer application treatments at panicle
formation stage [83], edited in English.

Field Year Treatment Yield CV ¶

(t ha−1)

A 2003 CF † 6.04 0.214
VF ‡ 6.07 0.204

B 2004 CF † 6.65 0.111
VF ‡ 6.96 0.070

C 2005 CF † 5.38 0.129
VF ‡ 5.91 0.114

D 2010 CF † 4.31 0.085
VF ‡ 4.23 0.078

E 2010 CF † 4.08 0.165
VF ‡ 4.29 0.130

F 2011 CF † 6.17 0.055
VF ‡ 6.89 0.040

Average CF † 5.44 0.127
VF ‡ 5.73 0.106

† CF: conventional fertilizer application. ‡ VF: variable fertilizer application. ¶ CV: coefficient of variance.

7.2. Variable Basal Nitrogen Application System Using AC-N Maps from Drone Images

As mentioned in Section 2.3, AC-N is used to evaluate soil N fertility in Hokkaido,
and methods for estimating the appropriate N application rates according to AC-N have
been established for various crops, including sugar beet and potato. In a previous study,
AC-N was found to be highly positively correlated with the soil humus content in each field
(Figure 5) [84]. In addition, the surface soil humus content in an arable field can be estimated
using bare soil images obtained from optical sensors [85]. Thus, a private company in
Hokkaido (Zukosha Co., Ltd., Obihiro, Japan) developed a system for determining the
variable basal N application rate using the map of AC-N obtained from images captured
by the optical camera of a UAV drone [26].

As an example of an AC-N map, Niwa et al. [86] acquired bare soil images of two
fields using a visible camera mounted on a UAV drone. These images were separated by
color bands of red, green, and blue (RGB) using an image analysis software (PC-MAPPING
Version 6.0, Mapcom Inc., Tokyo, Japan). The relationship between RGB and the measured
AC-N (Table 10) was investigated with regression analysis for each color band. Then, the
color band with the highest R2 was selected, and the AC-N map was generated by using
the images of a single band. The selected color band was not always the same. As shown
in Table 11, the blue (R2 = 0.47) and red (R2 = 0.79) bands were selected for fields A and B,
respectively.
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Figure 5. Relationship between AC-N and surface soil humus content under different field condi-
tions [84], edited in English.

Table 10. Actual measured contents of AC-N (mg kg−1) for each field surveyed [86], edited in English.

Field Maximum Minimum Average CV ¶

A † 110 45 77 0.257
B ‡ 145 76 100 0.202

† n = 16; ‡ n = 9; ¶ CV: coefficient of variance.

Table 11. Results of simple regression analysis of drone-based bare soil image data (red, green, and
blue) and AC-N [86], edited in English.

Field Color R2 † Slope p-Value

A Red 0.42 −1.08 0.007
Green 0.44 −0.97 0.005
Blue 0.47 −1.33 0.003

B Red 0.79 −0.82 0.001
Green 0.78 −0.84 0.002
Blue 0.75 −1.04 0.003

† R2: coefficient of determination.

The procedure for using this system is used is summarized as follows (Figure 6):

1. An AC-N map of the field is created using bare soil images taken by a UAV-drone and
actual AC-N measurements at several points.

2. The map of variable fertilizer application rates is designed on the basis of the AC-
N map, the above-mentioned methods for estimating N fertilizer application rates,
and the history of organic matter applications and field practices (Table 2). When
blended fertilizers are used, variable fertilizer application rates may sometimes be
determined after consulting with the user regarding the required phosphate and
potassium application amounts.
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3. The variable fertilizer application rates are transferred to the application (app) com-
patible with the Android mobile operating system developed by Zukosha Co., Ltd.
(Obihiro, Japan). This app can determine the current location using a GPS and trans-
fer the fertilizer application rates at the current location to the fertilizer applicator
terminal via a wireless LAN.

Figure 6. Overview of the variable basal N application system [26].

Recently, ISOBUS fertilizer applicators have been introduced. When using an ISOBUS
fertilizer applicator, the app and wireless LAN (Figure 6) are no longer necessary, thereby
simplifying the variable fertilizer application.

The utility of this system was investigated in three sugar beet fields comprising
volcanic soils in the Tokachi region of Hokkaido in 2015. Briefly, CF and VF treatments
were applied to experimental plots established in each field, after which the fertilizer
application rates and sugar beet yields for the treatments were compared.

The experimental results for all fields showed that the N fertilizer application rate was
on average 25% lower for the VF treatment than for the CF treatment. Moreover, in each
field, the sugar beet yield was on average 9% higher for the VF treatment than for the CF
treatment (Table 12). Furthermore, in 2017, a similar study was conducted for potatoes
in field C using the AC-N field map for variable fertilization in 2015. Compared with the
corresponding data for the CF treatment, the N application rate was 18% lower and the
marketable potato yield was 15% higher for the VF treatment.

This system has been adapted for various crops, with the AC-N field map applicable
for other years. Notably, this system has been introduced in arable fields (more than
1000 ha) in Hokkaido. Furthermore, a local agricultural high school has incorporated this
system into their classes.

As mentioned above, in Hokkaido, the technology of variable N application rates has
been developed on the basis of crop growth and AC-N so that it is compatible with Clean
Agriculture. Similar techniques have been developed on the basis of soil N status [87,88],
crop growth detected by sensors [89,90], and their combinations [91,92]. For example, Zhou
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et al. [87] measured soil total N contents using an on-the-go sensor attached to a tractor. On
the basis of the measurements, they generated a map of soil total N, and the N fertilization
rates were changed on the basis of the map of soil total N content. The maize grain yield
for VF (7275 kg ha−1) was higher than that for CF (6713 kg ha−1).

Table 12. N application rates and sugar beet yields for the variable and conventional fertilizer
application treatments [26].

Field
Average N Application Rates 1

(kg N ha−1)
Sugar Beet Yields 2

(Mg ha−1)

VF 3 CF 4 Ratio
(%; VF/CF)

VF 3 CF 4 Ratio
(%; VF/CF)

A 158 184 14.1 13.3 ± 0.7 12.2 ± 1.1 9.0
B 68 151 55.0 14.6 13.2 10.3
C 108 114 5.3 12.5 ± 0.6 11.7 ± 0.5 6.7

Average 111 150 24.8 13.5 12.4 8.7
1 N application rates for the VF treatment were 120–200 kg N ha−1 for field A, 40–175 kg N ha−1 for field
B, and 80–140 kg N ha−1 for field C. 2 Values represent mean ± standard deviation for fields A and C and
one replicate obtained from the harvester for field B. 3 VF: variable fertilizer application. 4 CF: conventional
fertilizer application.

There is another approach to delineating the management zone by the apparent
electrical conductivity (ECa) [93–95]. ECa is correlated with soil texture, soil moisture, and
soil nutrient status. For example, Sanches et al. [95] measured ECa using an electromagnetic
induction sensor pulled by a quadricycle. Then, an ECa map was generated by the ordinary
kriging interpolation method. The area with higher ECa was attributed to higher base
cation and humus contents compared with the area with lower ECa, suggesting that the
area with higher ECa was more fertile. Sugarcane yield showed that the area of higher ECa
was maximized with lower N fertilization rates compared with the area with lower ECa.
Therefore, the potential for the usage of ECa is high for variable N applications.

In contrast, ECa has not been listed in most of the soil health indicators including
Clean Agriculture (Table 1). Therefore, the compatibility of variable N application based
on ECa would be weak in Hokkaido. For the spatial extension of soil health, it is important
to determine N application rates using soil health indicators as well as N fertility. In this
context, the variable N application rates based on AC-N are preferable for soil health
because AC-N is correlated with soil microbial activity [41,42].

7.3. Determining Suitable Fields for Variable N Application

As shown in Figure 5, the surface humus content is highly correlated with AC-N for
each field. In other words, the variability of N fertility within a field can be evaluated on
the basis of the surface humus content. Focusing on this point, Niwa et al. [96] investigated
the relationship between image data for each wavelength band (RGB and near-infrared)
obtained from the satellite image (SPOT) of bare soil in April 2016 and the measured surface
humus contents at 64 locations in Hokkaido’s arable land. As a result, the highest negative
correlation (R2 = 0.71) was found between the red image data and the measured humus
contents, and the surface humus content map (10 m mesh) was generated from the satellite
image of the red band. In addition, the normalized difference vegetation index (NDVI)
(10 m mesh) of potato and sugar beet was obtained from satellite images (SPOT) taken in
early July 2016, which corresponds to the stage of complete foliage cover for sugar beet
and the flowering stage for potato. Using the obtained maps, the relationship between the
surface humus content and the NDVI was investigated in 123 fields. The year 2016 was
characterized by heavy rainfall in June.

51



Agriculture 2025, 15, 1192

As shown in Figure 7, some fields showed a positive correlation, while others showed a
negative correlation between surface humus content and NDVI. Approximately 40% of the
fields showed positive correlations between these two factors, and variable N application
is effective in these fields. However, approximately 20% of the fields showed negative
correlations. The soil with high humus content in the study area results from poor drainage
during heavy rainfall caused by the excessively high water-holding capacity. For this
reason, the drainage in the area with the high surface humus contents should be improved
in those fields with negative correlations. The application of a variable N fertilization rate
becomes unstable depending on weather conditions.

Figure 7. Relationship between surface humus content and crop growth (NDVI) for 10 m mesh
estimated from satellite images for each field [96], edited in English.
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As described above, variations in crop growth within a field are affected by various fac-
tors. Therefore, to conduct variable N application effectively, it is important to understand
in advance whether crop growth is affected by N fertility.

7.4. Current Limitations and Future Prospects for Remote Sensing Technology

We have described the technology of variable N application based on remote sensing.
In the future, it will be important to estimate various edaphic factors from remote sensing
information and to carry out cultivation management and soil improvement based on that
information. However, it is difficult to determine various edaphic factors from regression
analysis such as those shown in Table 11.

In recent years, more advanced methods such as machine learning have been inte-
grated with remote sensing, and studies on determining various edaphic factors have been
conducted [97–100]. For example, Morishita and Ishitsuka [99] took images of bare soils
using a UAV drone and attempted to estimate various soil properties by random forest
regression. As a result, they showed that particle size, pH (H2O), EC, and so forth, which
were difficult to estimate using conventional regression methods, can be estimated using
machine learning.

On the other hand, in recent years, satellite images, including those from Sentinel
(European Space Agency) and Landsat (National Aeronautics and Space Administration),
have been provided as open data. In terms of Sentinel-2, the 2A and 2B satellites equipped
with optical sensors can acquire images with a resolution of 10 m every 5 days. The
resolution of Sentinel-2 images is sufficient for revealing the variations in crop growth and
soil fertility within arable fields in Hokkaido. In other words, in Hokkaido, agricultural
information obtained from multiperiod satellite images can be distributed at a low cost.

Ishikura et al. [101,102] evaluated the variability of NDVI within a field in some wheat
fields at the panicle-formation and maturity stages using satellite images. As a result, they
showed that areas with relatively low NDVI in both stages showed poor water retention,
but areas with low NDVI in the panicle-formation stage and high NDVI in the maturity
stage showed poor drainage. Niwa et al. [103] evaluated sugar beet growth within a field
in rainy and dry years using NDVI from satellite images. As a result, it was found that
some areas of the surveyed fields had low NDVI only in rainy years. In those areas, it was
confirmed that the growth of sugar beet was restricted because of waterlogging, which
occurred only in a rainy year.

In this way, to understand various edaphic factors from remote sensing, it is impor-
tant to utilize multiperiod images as well as introduce new analysis methods such as
machine learning.

8. Conclusions

In Hokkaido, Clean Agriculture has been applied and refined since the 1990s on the
basis of soil diagnosis, appropriate amendment of organic matter, and minimal usage of
chemical fertilizers and agrochemicals. Clean Agriculture realizes sustainable crop produc-
tion, an increase in water quality, the mitigation of climate change, and the maintenance
of human health. Although each study has been conducted from the viewpoint of soil
quality, implementing Clean Agriculture integrating all of these study outcomes will lead
to enhanced soil health as well as soil health indicators in other countries. Moreover,
Clean Agriculture has been recommended by the Hokkaido local government, agricultural
experiment stations, agricultural extension centers, and other stakeholders. Thus, many
farmers have practiced Clean Agriculture in their own arable fields, which contributes to
the management of soil health in Hokkaido.
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Most farmers request soil diagnosis at only one point in their field. However, soil
properties spatially vary within arable fields in Hokkaido. Expanding the use of Clean
Agriculture techniques to promote soil health over wide areas will require the incorporation
of remote sensing technology into Clean Agriculture practices. Therefore, Clean Agriculture
should also be improved to be easily compatible with remote sensing. In the case of N
management for winter wheat, the N uptake at the flag leaf stage can be estimated using a
handheld NDVI sensor [104], which suggests the possibility of N uptake estimation using
satellite images. It is expected that farmers can decide on the N fertilization rate in each field
from satellite images in the near future. Although the decision of N fertilization rates by
soil diagnosis is accurate, some soil properties have low compatibility with remote sensing.
Therefore, further research is required to address the estimation of various soil properties
by remote sensing, leading to easy decision-making by farmers. It is expected that these
future outcomes of remote sensing and machine learning technologies increasingly enable
farmers and other stakeholders to maintain soil health.
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Abstract: Inorganic phosphorus (P) is a key component of soil P pools, influencing their
availability and mobility. Although studies on biochar’s effect on inorganic P fractions
in various soils are growing, a critical review of these findings is lacking. Herein, we
conducted a quantitative meta-analysis of 74 peer-reviewed datasets, drawing general
conclusions and confirming the absence of publication bias through funnel plot statistics.
The results showed that biochars can influence soil inorganic P fractions, with their effects
depending on biochar (i.e., feedstock, pyrolysis temperature and time, C:N ratio, pH, ash
and P content) and soil-related properties (i.e., pH, texture, P content). Specifically, the
addition of biochar significantly enhanced the diverse soil inorganic P fractions and P
availability (as indicated by Olsen-P). Only biochars produced from wood residues and
having high C/N ratios (>200) did not significantly increase the labile P fractions (water ex-
tracted soil phosphorus (H2O-P), Olsen-P, and soil calcium compounds bound phosphorus
(Ca2-P)). The application of biochars derived from crop residues significantly increased the
soil P associated with iron and aluminum oxides, while there was no significant effect on
manure- and wood residue-derived biochars. In addition, applications of low temperature
biochars and manure residue-derived biochars could increase the proportions of soil highly
stable P. We identified knowledge gaps in biochar production and its potential for soil
phosphorus regulation. Due to the complex processes by which biochar affects soils, more
systematic evaluations and predictive methods (e.g., modeling, machine learning) are
needed to support sustainable agriculture and environmental practices.

Keywords: soil phosphorus form; biochar properties; quantative analysis; soil texture;
phosphorus availability

1. Introduction

Phosphorus (P) plays a role in the cell development of all organisms as an indispens-
able element [1]. P supply in soil is essential for natural as well as managed ecosystems
because P often limits primary productivity [2,3]. This is due to the fact that only a small
fraction (<1%, predominantly as orthophosphate anion form) of the total P in the soil
solution is readily available for plant assimilation [3–5]. To meet the plant’s P requirements,
a variety of P-containing materials have been used as soil amendments to improve soil P
availability, among which the use of P fertilizer derived from non-renewable phosphate
rock has increased rapidly and has become dominant since the 1950s [6–8]. While around
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15 million tons of P fertilizer is globally applied to agricultural soils each year [9], less
than 30% of the P in fertilizers can be taken up by crops in the year after application [10].
Thus, more efficient P management in agroecosystems is required because P deposits are
finite and losses of excess P to natural environments can cause adverse effects such as
eutrophication [11] and biodiversity variation [12].

Soil P can be supplied not only by mineral fertilizers but also by organic materials from
sources such as agroforestry, the breeding industry, and human habitats. Recycling these
P resources has great potential to supplement or replace traditional fertilizers, promoting
more sustainable agriculture [9,13]. Among these potential new strategies, biochar has
gained significant interest in recent years because of its improvements in P management and
many other merits for soil quality enhancement [14–16]. Biochar is a carbon-rich material
produced through the process of pyrolysis, which involves heating organic biomass—such
as crop residues, wood, manure, or other plant materials—in a low-oxygen environment. It
is also worth mentioning that as carbon-neutral and environmental-friendly technologies,
biochar production and application also meet the trend of using wastes following the
concept of “waste to wealth” and are closely related to the themes of the sustainable
development goals (SDGs) [17,18].

Numerous studies have demonstrated that biochar has the potential to increase P
availability in soils [19–23]. Biochar itself is a relatively P-rich product because of the
recovery and enrichment of P during thermochemical treatment and thus shows a similar
fertilization effect as slow-release P fertilizer [24]. It was reported that the total P in a
biochar produced from animal bones could be 152.0 g kg−1 and that the water-extractable
P was 6.6 g kg−1 [25]. On the other hand, soil P availability is controlled by dynamics
of various transformation processes (e.g., sorption/desorption, precipitation/dissolution,
immobilization/mineralization) among different P forms that biochar application can
affect via direct and indirect ways [26–30]. Biochar may release P from Fe and Al oxides,
hydroxides, calcium carbonate (CaCO3), and Ca, Fe, and Al phosphates [31]. Phosphates
that are bound to free cations like Ca2+, Mg2+, Fe3+, and Al3+ also have great potentials to
feed the available P pool via dissolution processes, as stimulated by biochar application [9].
Although the enhancement of the soil available P pool by biochar has been well documented
and reviewed [7,9,23,32,33], a better understanding of P dynamics governing P availability
under biochar application requires separate investigations into the different forms of P
in soils.

Soil P occurs in inorganic and organic forms, both of which are associated with
the above-mentioned elements or compounds [28]. Compared to natural soils such as
grassland and forest, inorganic P pools and their transformation processes are dominant
for P supply in agricultural soils [4]. Thus, the investigation of diverse inorganic P fractions
in agricultural soils under biochar applications has received more attention. For example,
previous studies have indicated that straw-derived biochar enhances the proportion of
labile P in lateritic soils [34,35], while straw biochar promotes the transformation of labile
P into moderate soil P in calcareous soil [36]. A similar phenomenon was also found in
manure biochar application cases. Troy et al. [37] stated that 10 g kg−1 swine manure
biochar can increase the soil Morgan’s P content and total P leaching, but Laird et al. [38]
demonstrated that 20 g kg−1 swine manure biochar treatments enhanced moderately stable
P proportion and reduced total dissolved P leaching by 69%. The above cases implied that
the effect of biochar application on soil inorganic P may vary depending on biochar and soil
properties. It is noteworthy that biochars are fabricated from a variety of feedstocks using
diverse thermochemical conditions (e.g., duration time, pyrolysis temperature, atmosphere)
and have diverse properties (e.g., pH, hydrophilicity, aromaticity, and nutrient content) [39].
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Also, soils greatly differ in basic properties (i.e., pH, texture) and native P status, which can
substantially mediate the biochar effect on inorganic P fractions.

To date, two meta-analysis articles have revealed biochars’ effects on soil P avail-
ability [7,23], while results regarding biochar’s effect on diverse inorganic P fractions in
different soils have not been critically reviewed yet. Herein, we propose the scientific
question, which is how do biochar properties and feedstocks affect soil fractions and ul-
timately influence P availability? Therefore, a quantitative review is necessary to fill this
knowledge gap. Meta-analysis is an effective tool to achieve general conclusions as it
is a statistical method used to systematically integrate the published results. By using
this method, with comprehensive data analyses derived from 74 collected articles (incl.
673 independent observations) published from 1980 to 2022, we aim to (i) identify the
impacts of biochar on the concentration of P in different P fractions; (ii) explain the rela-
tionships among P availability, fraction content, and soil properties; and (iii) reveal the
potential mechanisms of soil P fraction transformation processes as affected by biochar
application. This research is important for optimizing biochar’s role in improving soil P
availability, enhancing nutrient efficiency, and promoting sustainable agricultural practices
while reducing environmental impact.

2. Materials and Methods

2.1. Database and Data Collection Criteria

The target publications were collected using the Web of Science (WOS), Google Scholar
(GS), and the Chinese National Knowledge Infrastructure (CNKI). Papers published from
1980 to 2022 were included in these databases. The search keywords included soil AND
phosph* AND avail* AND *char. The collected publications were further refined by
adopting the following categories: (i) articles which set un-amended soil as a control;
(ii) articles where all treatments were without P fertilizer addition; (iii) articles which
featured agricultural soils only; and (iv) articles where each treatment had at least three
replications and the data had standard errors. As a result, in total, 74 articles were collected
for further analysis. The software of GetData (version 2.24) was adopted for extracting the
data shown in the figure columns. Data on the soil variables measured in these studies
(Olsen-P, H2O-P, Al-P, Fe-P, Ca2-P, Ca8-P, Ca10-P, Residual P (R-P)) were obtained from
publications and included mean and standard errors of all treatments. “Olsen-P” refers
to NaHCO3 extractable P. Olsen-P primarily represents available P, which refers to P in
the soil that is loosely bound to soil particles and readily available for plant uptake. The
Olsen-P test extracts calcium-bound P (Ca-P), aluminum-bound P (Al-P), and some iron-
bound P (Fe-P), which are active forms of inorganic P that can be easily taken up by
plants [36]. For labile P, “H2O-P” refers to water-soluble P; “Ca2-P” refers to P bound
to calcium in a low-oxidation state. For moderate labile P, “Al-P” refers to P bound to
aluminum; “Fe-P” refers to P bound to iron; and “Ca8-P” refers to P bound to calcium in a
medium-oxidation state. For highly stable P, “Ca10-P” refers to P bound to calcium in a
high-oxidation state, and “Residual P (R-P)” refers to P that is not easily extracted by the
methods listed above [40]. Specifically, a total of 6 P fractions representing low stable soil P
(H2O-P, Ca2-P), moderately stable soil P (Al-P, Fe-P, Ca8-P), and highly stable soil P (Ca10-P,
R-P) were categorized in this meta-analysis. Besides the soil P availability and diverse P
fraction contents, the soil properties (i.e., soil texture, pH, Olsen-P), experimental duration,
and biochar properties (i.e., pyrolysis duration, pyrolysis temperature, feedstock type, C/N
ratio, pH, ash content, biochar application rate and duration) were carefully recorded in
the meta-analysis database. While general biochar properties, such as feedstock type and
pyrolysis conditions, were reported across the studies, specific chemical composition data
were not available for biochar types. Notably, the P quantities in this meta-analysis refer to
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the P contents in the soils amended with(out) biochar. P changes reflect both the original
soil content and the P added through biochar, capturing the overall impact of biochar on P
levels. Its effect on P dynamics is assessed by considering both soil and biochar-derived P.

Data were normalized to the same units for comparison. By using the bulk density of
the soil and the depth of the soil where biochar was applied, the data of biochar application
rate were converted into mass percentage content (%). The subgroups were grouped as
follows. The classification criteria used were primarily based on previous meta-analyses
(e.g., Glaser et al. [7]; Yuan et al. [39]; Jeffery et al. [41]; Gao et al. [42]) and adapted to align
with the dataset obtained in this study. The biochar raw materials were (1) crop residue;
(2) manure residue; and (3) wood residue. The pyrolysis temperatures were (1) <400 ◦C;
(2) 400–500 ◦C; and (3) >500 ◦C. The biochar C:N was (1) <50; (2) 50–200; and (3) >200.
The soil pH was (1) <5; (2) 5–7; and (3) >7. The application rate was (1) <1%; (2) 1–2.5%;
and (3) >2.5%. The experiment’s duration was (1) <3 month; (2) 3 months to 2 years; and
(3) >2 years. The pyrolysis time was (1) <1 h; (2) 1 h–2 h; and (3) >2 h. The biochar pH was
(1) <6; (2) 6–8; and (3) >8. The biochar ash content was (1) <15%; (2) 5–30%; and (3) >30%.
The soil Olsen-P was (1) <9 ppm; (2) 9–40 ppm; and (3) >40 ppm. The soil texture was
(1) coarse (sandy loam, sandy clay loam, loam); (2) medium (clay loam, loam, silty clay
loam, silty or silty loam); and (3) fine (clay, silty clay, sandy clay).

2.2. Meta-Analysis

The response ratio (RR) was employed to appraise the impacts of biochar amendment
on P availability and diverse soil P fractions’ content, which is the mean of the biochar-
treated soil divided by the mean of the control group without biochar. In addition, to avoid
the poor statistical properties of ratios, transformation of RR into the natural log of the
response ratio (ln(RR)) was performed as

lnRR = ln
(

XE
XC

)
(1)

where XE and XC represent the means of the treatment (with biochar application) and
control (without biochar application) groups, respectively.

The effect size was converted to %Change by using the following equation [39]:

%Change =
(

elnRR − 1
)
× 100% (2)

The effect sizes and 95% confidence intervals (CIs) were calculated using the Metawin
2.1 software of all the categorical groups with the random effect model. In total, 9999 itera-
tions were performed in Resampling tests [41]. We assessed the potential publication bias
and the stability of our meta-analysis results using the Egger test and fail-safe N test, as
detailed in Table S1 [39,43]. The importance and interactions of the variables explaining the
changes in each soil P fraction (shown in Tables S3–S10) were calculated using the boosted
regression tree (BRT) model, implemented with the ‘gbm’ package in R Studio version
1.2.5042 [44].

3. Results and Discussion

3.1. General Trend

Overall, biochar application remarkably enhanced the content of diverse soil inorganic
P fractions, except R-P, Ca8-P, and Ca10-P (Figure 1). As R-P, Ca8-P, and Ca10-P are relatively
stable forms of P in soil, as they usually combine with calcium to form insoluble minerals,
they are less susceptible to biochar addition in the short term. Biochar may affect more
water-soluble P and metal oxides loosely bound P [30,31]. To garner deeper insights into
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critical factors influencing soil availability and fractions, BRT model results were used to
processes the In RR data (Table 1). The results implied that biochar P content and soil pH
were important factors influencing the soil Olsen-P and H2O-P, respectively. Further, in
terms of moderate labile soil P, Al-P was mainly influenced by application duration, while
Fe-P and Ca2-P were greatly influenced by pyrolysis time and biochar pH, respectively.
Lastly, pyrolysis temperature, biochar pH, and soil pH were the most important factors
inducing changes in stable P (Ca8-P, Ca10-P, and R-P, respectively).

Figure 1. Grand mean of all cases for diverse inorganic P fractions when biochar was applied
regardless of experimental conditions.

Table 1. Contribution rate (%) of explanatory variables in the boosted regression tree (BRT) model for
explaining the variation in soil P fractions.

Explanatory Variable Olsen-P H2O-P Al-P Fe-P Ca2-P Ca8-P Ca10-P R-P

Feedstock 0.48 0.00 0.04 0.00 0.09 0.43 2.06 0.00
Pyrolysis temperature 10.3 3.94 0.66 18.9 0.03 21.8 1.54 0.00

Pyrolysis time 6.00 0.69 0.66 17.5 1.34 6.38 2.38 0.00
Biochar C:N ratio 4.29 6.81 5.74 9.86 5.57 6.31 5.07 0.18

Biochar pH 7.59 7.68 7.11 1.69 30.4 9.59 18.1 0.07
Biochar ash 2.64 0.00 0.00 12.2 0.00 3.09 0.04 0.00

Application rate 8.39 8.42 7.46 23.9 0.08 10.8 15.2 0.25
Application duration 6.78 17.6 18.0 0.78 0.12 7.45 8.89 0.14

Biochar total P 19.8 13.6 10.9 0.69 0.04 0.00 10.2 0.13
Biochar Olsen-P 0.00 1.95 2.39 2.10 4.12 0.00 17.8 0.02

Soil pH 12.7 22.7 26.8 4.62 58.3 14.7 10.2 67.7
Soil Olsen-P 18.5 7.64 6.87 2.10 0.00 16.6 3.29 0.08
Soil texture 2.42 8.98 9.97 0.00 0.00 2.71 5.17 31.3

In addition, the results of funnel plot statistics showed that there was generally no
publication bias, suggesting that the results were not distorted by selective reporting.
Additionally, the fail-safe numbers greater than 5N + 10 for all subgroups further verified
the robustness and reliability of the meta-analysis (Table S1) [43].

Specifically, the percentage (%) of H2O-P was significantly improved (Figure 1), as
biochar has certain alkalinity and can introduce anions such as hydroxide and chloride
into soil to compete with P on soil P adsorption sites [35]. On the other hand, the activity
of P-soluble microorganisms (e.g., Lysinobacteria) enhanced by biochar application could
promote the conversion of organic P to water-soluble phosphate [6,35]. As shown in
Figure 1, the percentage change in moderately stable soil P (Al-P, Fe-P, Ca8-P) and highly
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stable soil P (Ca10-P, R-P) was smaller than that of more labile fractions like H2O-P and
Olsen-P, with the change generally decreasing as the stability of the P fraction increased.
Olsen-P is the most common indicator of soil P availability. Our results show that biochar
significantly enhances soil P availability, consistent with previous meta-analyses [23,34].

Although some studies have focused on biochar amendments used to improve plant
available P content [36,45], current research has emphasized the potential transformations
among inorganic P fractions. Biochar affects soil P both directly and indirectly. Directly,
it influences P availability through its nutrient content, which may result from mineral
changes during production (e.g., the formation of white lockite) and be gradually released
into the soil. Indirectly, biochar can alter soil properties like pH, cation exchange capacity
(CEC), and metal concentrations, which in turn affect P availability. However, these impact
processes could be implicated depending on experimental conditions including biochar
and soil properties and experimental durations (Figure 2, Table S2), which will be further
discussed in the following sections.

3.2. Biochar Properties
3.2.1. Feedstock

Our results showed that wood residue-derived biochar, compared to crop and manure
residue-derived biochars, produced no significant improvement in H2O-P and Olsen-P
(Figure 2). This may be attributed to the lower ash content and higher specific surface area
of wood residue-derived biochar, meaning that it can exhibit more adsorption and fixation
capacities of water-soluble phosphate [33]. Among these three types of biochar feedstocks,
manure residue-derived biochar enhanced H2O-P and Olsen-P to the greatest extent. This
may be due to the high P content of manure, which can be retained in biochar during the
pyrolysis process [46]. Other studies have also reported that, compared to cotton straw-
and corncob-derived biochars, chicken manure biochar has a significantly greater effect
on improving soil H2O-P and Olsen-P content [47,48]. Wang et al. [49] pointed out that
manure-derived biochar itself contains a large amount of soluble P, and the application of
1% pig manure biochar can increase soil Olsen-P by 1.89 times. Furthermore, they found
that the content of Olsen-P gradually increases during the 30-day cultivation period, which
is related to the release of P from biochar.

Crop residue-derived biochar significantly improved Al-P and Fe-P, likely due to its
higher content of inorganic elements like Al, Fe, and Mg, which promote the formation
of these compounds in soil [50–52]. It was also found that all types of biochar can signifi-
cantly improve residue P (R-P) content, with the most obvious improvement effect of the
manure residue-derived biochar (Figure 2). This could be attributed to the relatively high
P concentration and more sites for P sorption within the manure residue-derived biochar.
Further, the application of manure residue-derived biochars may stimulate microbial P
fixations in soil, as they could provide favorable conditions of pH and nutrients, as well as
more habitat positions for microorganisms [53,54].

The above results indicate that the feedstock indeed has great impacts on soil P
fractions. This would happen even within a certain feedstock type. For instance, Han
et al. [55] showed that biochar produced from soybean pods and straw, but not corncob
biochar, could significantly improve soil H2O-P content, because corncob biochar has a
larger specific surface area and stronger anion exchange performance. Given the diversity
of organic waste and biochar’s impact on soil P, future biochar production for agriculture
should balance both economic and ecological benefits.

64



Agriculture 2025, 15, 103

Figure 2. Effect of explanatory variables on content of Olsen-P (a), H2O-P (b), Al-P (c), Fe-P (d),
Ca2-P (e), Ca8-P (f), Ca10-P (g) and R-P (h) in soil. Symbols indicate the mean % change in effect size
with 95% confidence interval. The number after the name of group indicates the amount of pairwise
comparison. The red dotted line indicates the zero line. Orange, blue, and grey dots represent the
positive, negative, and no significant effects.
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3.2.2. Pyrolysis Temperature and Duration

Biochar pyrolyzed at relatively low and medium temperatures (<500 ◦C) was more
conducive to improving soil H2O-P, and medium temperature (400–500 ◦C) biochar had
the best improvement effect on Olsen-P (Figure 2). Since P volatilizes around 700 ◦C and
biochar is typically produced at lower temperatures, the P contained in biochar remains
similar to its original feedstock [56]. It is noteworthy that these P transformation processes
under different pyrolysis temperatures are also time-dependent (Figure 2). Our results
showed that as pyrolysis time increased, the percentage of soil Al-bound P decreased,
while soil H2O-P and R-P increased. This suggests that the transformation processes
of P contained in biochar may occur between different pools, and these processes are
dependent on pyrolysis temperature and time. Our results revealed that biochar prepared
at a relatively low temperature can enhance soil available P more effectively, which may be
because relatively stable P compounds were formed from other ‘labile’ P fractions at higher
pyrolysis temperatures. In addition, biochar fabricated at high pyrolysis temperatures may
exhibit high ion-binding strength through chemical adsorption, which may immobilize
nutrients into unusable forms [57]. Biochars produced at low to medium temperatures
have more oxygen-containing functional groups (e.g., hydroxyl, carboxyl, carbonyl) and
higher cation exchange capacity (CEC), making it easier for them to release P into the soil’s
available P pool [55,58]. Our study emphasizes a significant role of the pyrolysis conditions
of biochar in mediating P availability in soil since they greatly affect biochar properties and
in turn affect soil P pools and dynamics after application via direct and indirect pathways.

3.2.3. C/N Ratio

Biochar with a lower C/N ratio showed a more profound improvement effect on soil
H2O-P and Olsen-P, which may be related to the unstable C and relatively sufficient N
supply within biochar (Figure 2). Biochars with more available C and N compounds are
beneficial to soil microbe growth. Many studies have pointed out that the soil P solubilizing
bacteria (e.g., Pseudomonas and Bacillus species) can be improved after biochar addition [35,59].
Biochars with a higher C/N ratio are usually produced at a higher temperature and have
higher contents of mineral compounds, which would strengthen P immobilization and
therefore have greater potentials for decreasing soil P availability [55,59]. In contrast,
biochars with lower C/N ratios, often derived from non-woody materials (e.g., manure,
straw), contain relatively higher soluble N and P [60].

3.2.4. pH

Biochar with alkaline pH (>8) had a greater effect in improving H2O-P and Olsen-P
than biochar with acidic (<6) and neutral pHs (6–8). Most biochars are alkaline, as the
surface acidic groups (e.g., carboxyl, hydroxyl, and phenolic groups) will decrease and the
surface basic groups (e.g., lactones) will increase with increasing pyrolysis temperature [61].
In addition, mineral elements such as Na, K, Mg, and Ca remain as oxides or carbonates
during biochar production [62]. Zhou et al. [63] produced sawdust biochar at 300 ◦C and
600 ◦C, resulting in a pH of 4.05 and 7.96, respectively. They applied the same dosage of
biochar to soil (pH 4.34) and found similar increases in available P at 7 days. However, after
80 days, the available P in the alkaline biochar treatment was significantly lower than in the
acid biochar treatment. This may be due to the alkaline biochar promoting P precipitation
by minerals and/or P fixation by microorganisms in the acidic soil.

3.2.5. Ash Content

The high-ash-content biochar showed significantly higher improvement effects on
Al- and Fe-bound P, as well as Olsen-P (Figure 2). In addition to phosphate, the ash in
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biochar mainly consists of minerals such as sulfate, silicate, and chloride [64]. Thus, the
ash content in biochar may serve as a direct contributor to the availability of P; otherwise,
the remaining P would have high potential to be bound to Al- and Fe-containing minerals,
as indicated by the results of the present meta-analysis. Further, wood residue-derived
biochar usually has a low ash content. It was reported that the ash content of corn straw
and rice husk biochars is about 40%, which is much higher than the ash content of pine
biochar (11.6%) [65]. Thus, high-ash-content biochar has a similar effect on inorganic P
fractions as biochars pyrolyzed from cellulose-rich materials, rather than lignin.

3.2.6. Biochar Application Rate and Duration

Biochar application rate can generally magnify the effects of other biochar properties
mentioned above on soil inorganic P fractions. For example, Ippolito et al. [66] conducted a
6-month incubation experiment by applying switchgrass biochar (pH 5.8) to a soil with
a pH of 7.6, and the soil pH decreased by 0.2–0.4 units and the soil available P, as well as
the soil microbial growth, increased with increasing biochar application rate. The biochar
application improved the availability of Olsen-P, which decreased over time. In contrast,
stable P fractions (e.g., Al-P, Fe-P, Ca2-P, Ca8-P) increased from short-term (<3 months) to
medium-term (3 months–2 years), suggesting that precipitation and sorption processes may
occur over time. It was evidenced in another study that biochar application increased the
contents of Ca2-P and Al-P in soil after one rice season [67]. A longer application duration
may strengthen the biochar effect, which was supported by findings that 5-year biochar
application increased the contents of Ca2-P, Ca8-P, Al-P, Fe-P, and Ca10-P by 1.92 times,
2.61 times,1.87 times, and 0.43 times, respectively [68]. In addition to the time effect, it is
noteworthy that agronomy activities such as planting, irrigation, fertilization, and tillage
may also substantially affect the soil P dynamics and fractions.

3.3. Soil Properties

Soil properties can substantially mediate the biochar effect on P fractions. It was
found that soils with neutral pH showed higher soil water-soluble P content after biochar
application than alkaline and acid soils. This is probably due to the fact that high alkalinity
stimulates P fixation by metal oxides [42,69]. In addition, the precipitation of Ca-P in
alkaline soils could form series of products that reduce P solubility, resulting in low
P availability. Under relatively acidic conditions, the P newly introduced by biochar
application may be adsorbed on soil minerals or precipitate with aluminum and iron
oxides [34]. There is a significant difference in soil P retention in acidic and alkaline soils
amended with biochar as a P carrier [8,70]. Also, biochar can mediate other physicochemical
and biological processes that affect P availability in soils with different pHs. For instance,
the competition between dissolved organic matter from biochar and P in soil solution
at soil P adsorption sites will vary with soil pH. On the one hand, biochar can induce
changes in soil enzyme activities and/or microbial population dynamics that are sensitive
to soil pH change [71]. These together suggest that biochar should be used cautiously to
retain P in soils with different acidity. It is also noteworthy that there are exceptions to this
situation. For example, in fertile soils, when the soil is already saturated for P adsorption
sites, biochar application can cause the release of P from the fertile soil, thereby rapidly
increasing soil P availability [35]. While studying the pH effects of biochar on soil P, it is
necessary to consider this in conjunction with other relevant factors (e.g., soil P adsorption
saturation degree, soil and biochar characteristics, and the duration of biochar in soil).

The application of biochar in fine-textured soils can significantly increase Olsen-P
content by promoting aggregate formation, enhancing P adsorption and fixation, and
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reducing the risk of P loss [72]. The introduction of biochar can improve the stability of soil
aggregates and increase the content of large aggregates in soil [73].

3.4. Soil P Dynamics Influenced by Biochar

Previous studies have proved that most P is present as orthophosphate, pyrophos-
phate, and hydroxyapatite (Ca10-P) [74]. Studies have noted that biochar application could
commonly induce a rapid increase in the soil labile P and Ca10-P, which is in line with our
results (Figure 1). However, the less significant increase in moderate labile P (Fe/Al/Ca8-
P) is probably induced by indirect methods after biochar application. Manure-derived
biochars are particularly effective at enhancing soil available P fractions such as H2O-P
and Olsen-P, owing to their high intrinsic P content [20,37]. This biochar type also fosters
microbial activity that can facilitate P mineralization and solubilization [46]. In contrast,
wood-derived biochars, characterized by their low ash content, large surface area, and
higher porosity, exhibit superior P adsorption capacity [36]. Crop residue-derived biochars
contribute to improvements in aluminum-bound (Al-P) and iron-bound (Fe-P) P fractions,
due to their relatively high inorganic element content, which interacts with soil minerals to
stabilize P [35].

Pyrolysis conditions further modulate biochar’s effects. Low to medium pyrolysis tem-
peratures (<500 ◦C) produce biochars rich in oxygen-containing functional groups, higher
cation exchange capacity (CEC), and soluble P, which enhance soil P availability [33,37].
Conversely, biochars generated at higher temperatures (>500 ◦C) result in the formation of
more stable and less soluble P forms, favoring long-term P sequestration but potentially
reducing short-term availability [35]. Biochars with lower C/N ratios release more soluble
nutrients, promoting microbial growth and enzymatic activity, which facilitate P solubiliza-
tion [27]. The biochar pH also plays a critical role. Alkaline biochars (>pH 8) can increase
H2O-P and facilitate P release in neutral to acidic soils but may cause P precipitation or
immobilization over time in highly acidic soils [51].

High-ash-content biochars contribute to the retention of P in mineral-bound forms,
such as calcium phosphates, particularly in alkaline soil environments [35,36]. Application
rates and durations also influence these effects. In the short term, biochar addition tends to
increase soil available P by enhancing desorption and solubilization processes. Over time,
however, the dynamics shift toward the stabilization of P in forms that are less prone to
leaching, improving P retention [52]. The interplay between biochar and soil properties,
such as soil pH, texture, and mineral composition, further dictates the outcomes. For
example, in sandy soils with low P buffering capacity, biochar can significantly improve P
retention, while in clay-rich soils, its effects may be moderated by the native P dynamics
and existing mineral interactions [30,31].

4. Future Research Recommendations

The following aspects warrant attention in future research and field applications:
(1) the endogenous P contents of biochar produced from manure and sludge residues
were higher than that of other biochars, and attention should be given to the potential
risks associated with the soil P in manure or sludge biochar-amended agricultural soils.
However, studies evaluating P fractions and mobility in soils amended with these biochars
are not sufficient yet. (2) The duration of biochar application in soil could significantly
affect soil P forms, availability, and mobility through indirect ways. In addition, some
reports have claimed that applying biochar to soil is risky because it contains some harmful
substances such as heavy metals, organophosphorus, and inorganic pollutants, although
the concentrations of these toxins are usually below the permitted levels included in the
regulations of various organizations. Therefore, the effect of biochar duration/aging time
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on soil P fractions and mobility after application into different soils requires more systematic
investigations. (3) The physicochemical properties of biochar are highly different depending
on feedstock and pyrolysis conditions, and these series of properties play joint roles in
biochar’s effects on soil P fractions and dynamics. More comprehensive methods such as
model simulations and machine learning, together with verification of field experiments,
should be used for better understanding and practice.

5. Conclusions

From the current quantitative meta-analysis results, it can be seen that biochar prop-
erties, such as feedstock type, pyrolysis temperature, C:N ratio, pH, and ash content,
influence soil P fractions by interacting with soil minerals and organic matter. Biochars
from different feedstocks (e.g., wood, crop residues, manure) can affect the availability of
labile P (like H2O-P, Olsen-P) and more stable forms (such as P bound to iron, aluminum,
or calcium (hydr)oxides) in varying ways. High C:N ratio biochars, for instance, may have
limited impacts on labile P fractions, while biochars from crop residues can enhance P
associated with iron and aluminum oxides. In summary, the application of biochar has
shown an overall increase in the proportion of various P fractions, with the most significant
enhancement observed in the active P fraction. However, only slight improvements in
the moderately stable and stable P fractions were found. The effects of biochar on the en-
hancement and transformation of P fractions are driven by a combination of biological and
abiotic processes. Further systematic and in-depth research is needed to better understand
these mechanisms.
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Abstract: Fire, a prevalent land management tool in rotational shifting cultivation (RSC), has long been
debated for its immediate disruption of surface soil, vegetation, and microbial communities. While
low-intensity and short-duration slash-and-burn techniques are considered beneficial for overall
soil function, the dual nature of fire’s impact warrants a comprehensive exploration. This review
examines both the beneficial and detrimental effects of fire on soil properties within the context of RSC.
We highlight that research on soil microbial composition, carbon, and nitrogen dynamics following
fire events in RSC is gaining momentum. After fires, soil typically shows decreases in porosity, clay
content, aggregation, and cation exchange capacity, while sand content, pH, available phosphorus,
and organic nitrogen tend to increase. There remains ongoing debate regarding the effects on bulk
density, silt content, electrical conductivity, organic carbon, total nitrogen, and exchangeable ions (K+,
Ca2+, Mg2+). Certain bacterial diversity often increases, while fungal communities tend to decline
during post-fire recovery, influenced by the soil chemical properties. Soil erosion is a major concern
because fire-altered soil structures heighten erosion risks, underscoring the need for sustainable
post-fire soil management strategies. Future research directions are proposed, including the use of
advanced technologies like remote sensing, UAVs, and soil sensors to monitor fire impacts, as well as
socio-economic studies to balance traditional practices with modern sustainability goals. This review
aims to inform sustainable land management practices that balance agricultural productivity with
ecological health in RSC systems.

Keywords: fire; slash-and-burn; prescribed burning; rotational shifting cultivation; soil property;
soil microbial

1. Introduction

Fire is a significant ecological disturbance that can profoundly affect terrestrial ecosys-
tems. It plays a crucial role in shaping vegetation patterns [1,2], influencing nutrient
cycling [3–5], and altering soil physicochemical properties [6–8]. In many regions, fire is
also an integral component of traditional agricultural practices, such as rotational shifting
cultivation (RSC) [9]. Fire plays a multifaceted role beyond nutrient release; it aids in
controlling pests and diseases and shapes the landscape by influencing plant succession
and diversity [10]. Over time, repeated applications of ash contribute to preserving or
enhancing soil nutrient levels and organic matter content in agricultural systems that
employ crop rotation [11,12]. When these substances are combined with topsoil layers
through the process of rainfall, they become easily accessible for uptake by crops [13].
Additionally, burning makes the process of clearing land faster and easier for farmers
compared to using their own hands. After numerous cycles of cultivation and burning, the
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soil’s fertility declines, at which time farmers abandon that plot and shift to a new place,
resuming the cycle.

RSC also referred to as slash-and-burn or swidden agriculture, is a traditional farming
technique that has been practiced by indigenous and rural communities for
millennia [14–17]. Historically, shifting agriculture has been prevalent in various trop-
ical regions of South and Southeast Asia [18–20], as well as parts of Africa and South
America [16,21–23]. This traditional practice is crucial for many communities, as it ensures
food security, preserves cultural heritage, and supports biodiversity. However, popula-
tion growth in many regions has altered fallow periods and led to the overexploitation
of agricultural resources [24,25]. While shifting cultivation offers significant agricultural
benefits, it also sparks debate over its ecological impact, particularly concerning soil sus-
tainability and long-term environmental health [26–30]. RSC involves cyclically clearing
land—primarily using fire—cultivating crops, and then allowing the land to lie fallow to
recover. While fire can enhance soil fertility in the short term by releasing nutrients from
burned vegetation, its repeated use can lead to long-term soil degradation, including the
loss of organic matter, deterioration of soil structure, and disruption of essential microbial
communities.

In the context of RSC, the use of fire has evolved significantly due to technological
advancements and policy changes. Over time, technological progress has introduced new
methods that reduce dependence on fire, such as the application of fertilizers, mulching,
and incorporation [31,32], minimizing the need for extensive burning. Furthermore, pol-
icy changes and population pressures have increasingly influenced fire usage in RSC.
Many countries have implemented regulations to control or limit slash-and-burn as well
as prescribed burning, motivated by concerns over deforestation, soil degradation, and
environmental pollution. However, fire still serves as a crucial tool for clearing vegetation
and preparing the land for planting, a traditional agricultural method employed by some
indigenous and rural communities [33–35]. In Thailand, for example, the government
prohibited slash-and-burn in the 1960s [36], but enforcement of the ban was sporadic
until the 1980s. Currently, open burning is banned for short periods as part of hazardous
air pollution mitigation measures [37,38], particularly in Northern Thailand. However,
burning in RSC fields still occurs in some areas [39–43]. These fields are managed in fallow
cycles, where one plot is temporarily cultivated and then abandoned, while the cultivator
moves on to another plot. The village remains a permanent settlement without relocating
to new sites.

To achieve this, the impact of fire on soil physicochemical properties and soil microor-
ganisms was discussed. For this review, existing peer-reviewed articles were searched
using electronic databases such as ISI Web of Science, Scopus, and Google Scholar. Articles
published up to May 2024 were collected, focusing on the impact of fire on soil properties
and soil microorganisms. Keywords used for the search included ‘fire’, ‘burning’, ‘swidden
cultivation’, ‘slash-and-burn’, ‘shifting cultivation’, ‘rotational shifting cultivation’, ‘pre-
scribed fire’, ‘soil properties’, ‘microorganisms’, and ‘post-fire management’. We selected
only articles written in English and included those reporting both field and laboratory
studies. This review delineates the role of fire in RSC, its effects on soil properties, soil
erosion, and soil microorganisms, as well as soil recovery post-fire and mitigation and
management strategies. The aim of this review is to explore and discuss the dual nature
of fire’s impact on soil within the context of RSC. By examining both the beneficial and
detrimental effects, the review seeks to provide a comprehensive understanding of how fire
influences soil properties and to highlight sustainable practices that can mitigate negative
outcomes while leveraging positive effects.

Recent international research on the impact of fire on soil, particularly in the context
of RSC system, distribution, and ecological effects, has significantly increased over the past
two decades, as shown in Figure 1. The overall growth trend in publications reflects the
evolving patterns in research findings over time. A total of 75 publications were analyzed,
and Figure 1 illustrates the dynamics of publication numbers over the past 20 years.
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Between 1998 and 2005, the annual number of published papers remained below 10 papers.
However, there was a notable increase from 2006 to 2010, with publications rising from 5
to 13 papers. From 2010 to 2024, the growth curve shows an exponential trend, with the
number of publications increasing from 13 to 37 papers. This time series analysis provides
insights into research trends and highlights specific phases of research, particularly in areas
such as soil properties, microbial composition, soil carbon, and soil nitrogen. Notably, from
2006 to 2020, the majority of publications focused on soil properties. Since 2016, there has
been a significant rise in research topics related to microbial composition, soil carbon, and
soil nitrogen, indicating an emerging trend in these areas (Figure 2).

 
Figure 1. Global distribution of publications on the impact of fire in RSC across major countries
(n = 75). The numbers in bracket represents the number of papers from each country.

Figure 2. Number of publications on the impact of fire in RSC over 5-year intervals, color-coded by
research topic (n = 75).
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In our review, we identified a total of 422 keywords in the literature on this research
field from 1998 to 2024. Figure 3 visualizes the 30 keywords with the highest co-occurrence
and frequency. The most frequent keywords were ‘microbial composition’ (11 occurrences),
‘soil nutrient’ (10), ‘wildfire’ (9), ‘carbon’ (9), ‘prescribed burning’ (9), ‘fire ecology’ (8),
‘soil properties’ (7), ‘nitrogen’ (6), ‘soil chemical’ (5), and ‘soil physical’ (5). This analysis
highlights that current research priorities and emerging topics are centered around soil
microorganisms, feedback processes post-fire, and soil properties within the context of
agricultural management ecosystems.

 

Figure 3. Network of keywords based on the co-occurrence method for the study of the impact of fire
on soil in RSC (1998–2024).

The cycle of RSC begins with the selection of a suitable site in a previously fallow area.
Initially, vegetation cover is cleared using tools such as axes, machetes, and chainsaws
(Figure 4a). After clearing, the residues are left to dry for approximately one week to
two months, followed by burning to eliminate the vegetation residues, weeds, and plant
pathogens (Figure 4b). This burning process aims to release soil nutrients in the form
of ash (Figure 4c,d), temporarily enhancing soil fertility and supporting crop growth.
Subsequently, crops such as upland rice, tubers, vegetables, and flowers are planted and
tended until harvest time. After the harvest, the land is left fallow to regenerate its fertility,
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with this period varying from a few months to several years. The cycle then repeats with
the selection of a new site for cultivation.

Figure 4. Land clearing of RSC in Northern Thailand. (a) cutting, (b) burning, (c) after burning, and
(d) remaining ash and charcoal. Photos were taken by Noppol Arunrat.

2. Effects of Fire on Soil Properties

The impact of fire on soil texture, structure, and porosity can vary depending on the
severity of the fire, resulting in both positive and negative effects [44]. Fire can profoundly
alter soil structure by combusting organic matter [45] and directly affecting its physical,
chemical, and biological characteristics through heating and combustion [5,46–48]. Indirect
effects include modifications to biological, pedological, and hydrological processes [5,49,50].

In a fire, organic materials such as wood, soil, and leaves rapidly oxidize, releasing
various gasses into the atmosphere, including carbon dioxide and water vapor. This
process accelerates the conversion of carbon contained in organic matter into atmospheric
carbon dioxide, surpassing the rate at which natural decomposition processes [51]. Here,
we illustrate the physical changes in topsoil (0–30 cm) over various periods, from before
burning to after burning, in an RSC field where ash covers the surface soil. The residual
ash, visible as a black substrate, remained on the surface soil 6 months and 12 months post-
burning (Figure 5). Intense fires can completely destroy the organic layer on the surface,
while low-intensity fires may promote decomposition by releasing nutrients. However,
large and intense fires frequently have the opposite effect [52]. Although fires can enhance
nutrient availability for decomposition by releasing them from organic matter, uncontrolled
and repeated burning can lead to nutrient loss through volatilization or leaching [53].

77



Agriculture 2024, 14, 1660

Nutrient-poor conditions following a fire can reduce microbial activity and nutrient cycling
within the ecosystem, ultimately impacting soil health and productivity. These dynamics
highlight the complex interplay between fire intensity, nutrient cycling, and microbial
activity in post-fire soil recovery.

Figure 5. Soil profile (0–30 cm) at different periods of RSC in Northern Thailand. (a) before burning,
(b) 5 min after burning, (c) 6 months after burning, and (d) 12 months after burning. Photos were
taken by Noppol Arunrat.
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Alcañiz et al. [54] reviewed the effects of prescribed fires on soil properties, highlight-
ing that these fires have a less severe impact compared to wildfires due to lower soil heating
and fire intensity. Intense heat from fires can also lead to the breakup of soil aggregates,
which are groupings of soil particles contributing to its crumbly texture [49]. The com-
bustion process leads to the collapse of organic-mineral aggregates and the destruction of
organic matter, reducing both soil bulk density and porosity [55–59]. Despite this, bulk
density may also increase due to soil compaction and the loss of organic matter, while
porosity typically decreases as soil pores collapse [60]. Fire also affects soil structural
stability, particularly altering the distribution and stability of soil aggregates ≥ 4 mm,
described by Thomaz [61] as the formation of fire-hardened aggregates through rapid
physical-chemical processes like mineral fusion and recrystallization. Moreover, prescribed
burning conducted on moist soil significantly reduces heat penetration compared to dry soil
conditions [62,63]. However, intermittent low-intensity fires can promote soil aggregation
under specific conditions. The residual ash generated from combustion may contain oxides,
such as aluminum and silica, which act as binding agents among mineral particles. This
process facilitates the formation of soil aggregates, enhancing the cohesion and clumping
of soil particles over time [64].

Post-fire, organic matter, and volatile substances burning alter soil composition, often
increasing sand or silt content [65]. In general, fire tends to reduce the organic content
of the soil and disturb its structure, temporarily giving the soil a sandier and less ag-
gregated appearance. However, in specific ecosystems, long-term aggregation can be
promoted by periodic low-intensity fires. The texture of the soil can be influenced by
factors such as the frequency of fires, their intensity, and the characteristics of the surround-
ing environment [52]. Studies on slash-and-burn practices reveal varying impacts on soil
texture: an increase in sand content due to aggregate breakdown and particle loss during
combustion [33,55,56,66], fluctuating silt content influenced by fire severity and erosion
processes [33,52,57,67], and a decrease in clay content attributable to physical and chemical
transformations induced by fire [45,68].

Both RSC and prescribed burning significantly alter soil chemical properties, notably
nutrient availability, pH levels, electric conductivity (EC), and cation exchange capacity
(CEC). Fire can significantly affect soil EC due to the release of soluble ions from ash
and burned organic matter. The combustion of organic materials releases nutrients such
as nitrogen, phosphorus, potassium, calcium, and magnesium into the soil, temporarily
increasing their availability [42,45,68–70]. While low-intensity and short-duration fires may
not significantly alter some soil properties, they do result in notable increases in pH and
EC [41]. The ash produced from burning is rich in alkaline elements [71], which raises soil
pH and subsequently increases CEC [72]. The rise in pH is one of the most beneficial effects
of prescribed burning, as it enhances the availability of essential nutrients, particularly in
acidic soils [69]. The degree of pH alteration is contingent upon the severity of the fire,
as more intense burns result in higher amounts of ash, hence leading to more substantial
pH rises. The most significant elevations generally manifest in the upper layers of soil,
where there is a buildup of ash [45]. The EC often rises in the medium to long term as
soluble salts from ash accumulate, although there may be a short-term decrease as these
salts leach away [73]. The formation of biochar is also observed in cases of extremely high
temperatures, leading to the development of a more enduring alkaline nature compared to
ash alone [44]. Moreover, the high-porosity physical structure of biochar can increase the
soil’s water content [74].

Long-term impacts arise from the interactions between ash and carbonates, which fa-
cilitate the retention of pH and induce changes in the soil microbial community responsible
for organic matter breakdown [75–77]. This enhanced cation exchange capacity improves
the soil’s ability to retain essential nutrients, making them more accessible to plants.

Fires can have dual effects on soil nutrients: initially causing losses through volatiliza-
tion and combustion of organic matter or releasing nutrients like organic nitrogen from
burned plant material, which becomes available to soil microorganisms and plants. The
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breakdown of organic matter post-fire can release organic nitrogen [58] and increase the
availability of nitrogen, phosphorus, and potassium [12,33,54,55,58,67,78]. Generally, fire
temperatures vary from moderate to very high at the soil surface but have a short residence
time and rapidly decrease with soil depth [79]. Despite high temperatures, there is no
depletion of carbon content in the topsoil [58]. While combustion may lead to the loss of
some organic carbon, the charred residues left in the soil can contribute to long-term soil
carbon pools [8,80,81]. Organic and total carbon levels initially increase with the addition
of charred residues [41,55,80]. However, the volatilization of nutrients, which varies across
regions, can result in the depletion of labile soil carbon, nitrogen, and potassium pools
over time due to weathering processes [4,57,82]. Nitrogen dynamics are also significantly
affected by fire. Organic nitrogen often experiences a temporary increase following events
like fires [55,70,80], but total nitrogen tends to decline over time, largely due to processes
such as volatilization and soil erosion. While available nitrogen may show short-term
increases as fire releases nitrogen from organic matter, it typically declines in the long
term [55,66,82–84]. Phosphorus and potassium levels usually increase after a fire as these
nutrients are released from organic matter and minerals [12,33,56,67,78,84], although their
availability can fluctuate over time [55,85]. This loss of key nutrients in specific areas can
lead to decreased nutrient turnover in the long term, as observed in studies such as that
by Wang et al. [35]. Table 1 provides an overview of the effects of fire on changes in soil
physicochemical properties, as observed in studies of both slash-and-burn and prescribed
burning systems.

Table 1. Effect of fire on soil physicochemical properties.

Soil Properties Changes
Post-Fire

Period
References

Bulk density increase 5–15 years [56,60]
decrease 5–15 years [59,66]

Porosity decrease 0–7 years [55,59]

%Sand increase 0–2 years [33,66]

%Silt
increase 10–12 years [57]
decrease 5–15 years [66]

%Clay decrease 0–15 years [33,66]

Aggregation decrease 0–1 year [67,86]

pH increase 0–15 years [12,33,55,56,60,66,67,69,70,75,76,80,82,84–87]

EC
increase 5–15 years [33,55,56,66,67,69,80,84]
decrease 0–3 years [86]

CEC decrease 12 h after fire [67,88]

Organic carbon increase 0–1 year [47,55,88]
decrease 0–15 years [33,56,89]

Total C
increase 12 h after fire [80,87]
decrease 0–15 years [12,66,69,75,82,86,90,91]

Organic nitrogen increase 0–13 years [83]

Total N
increase 0–1 year [55,70,80]
decrease 1–7 years [55,66,75,82–84,86]

Available N
increase 0–7 years [55,80]
decrease 0–15 years [33,56,57,82,89]

Available P increase 0–15 years [12,33,56,67,76,78,84,85,88,90]

Available K
increase 0–20 years [56]
decrease 0–7 years [55,85,92]

Exchangeable ion
(K+, Ca2+, Mg2+)

increase 12 h after fire [66,67,69,80]
decrease 0–3 years [70,85]
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Fire significantly influences microbial activities (Table 2) that play crucial roles in soil
processes, including the decomposition of organic matter, nutrient mineralization, and
enzyme production. The impacts of fire on microbial activity are complex and varied,
with extreme temperatures and changes in nutrient availability substantially affecting
microbial dynamics [93]. High temperatures from fire can directly damage microbial cells,
leading to a significant decrease in overall microbial biomass immediately following the
fire [94]. However, the extent of the impact varies depending on fire severity and subse-
quent environmental conditions [95,96]. Low-to-moderate severity fires often stimulate
diverse microbial activities involved in decomposition, enzyme production, and nutrient
mineralization. Small, low-intensity fires can stimulate microbial activity and facilitate
nutrient mineralization by releasing organic nutrients such as nitrogen, phosphorus, and
sulfur into mineralized forms that are more available for microbial and plant consump-
tion [97,98]. However, in surface soils, microorganisms are often killed and organic matter
is consumed by combustion during intense fire events. Following such events, nutrient
mineralization rates slow down, and microbial activity is reduced [99]. Low-level fires may
improve microbial enzyme production by making enzymes bound to soil particles easier
to absorb. The heat from low-intensity fires causes structural alterations and increased
mobility of enzymes such as cellulases, proteases, and chitinases, allowing them to interact
with substrates and catalyze reactions vital for nutrient cycling [100]. Nevertheless, these
benefits are limited as the intensity of the fire increases. Temperatures over 200 ◦C can erad-
icate enzyme activity within surface soils. Conversely, high-severity fires can temporarily
inhibit several microbial processes until recovery [97]. Extreme burns not only eliminate
the existing enzymes but also negatively impact the quantity, variety, and activity of soil
microbial communities [101].

Fire also affects soil fungi and nitrogen-fixing bacteria. The intensity and duration of
flames, along with the fire regime—frequency and return interval—determine the extent of
this impact [102]. Arunrat et al. [103] found that bacteria exhibited greater sensitivity to fire
compared to fungi. Bacterial richness and diversity increased significantly and recovered
more rapidly than fungi one month after burning in RSC fields in Northern Thailand.
Some fungi, such as pioneer fungi (pyrophilous fungi), are fire-adapted and can survive
post-fire by colonizing and breaking down charred organic matter [104]. Mycorrhizal fungi,
which form symbiotic relationships with plant roots, are also affected by fire, altering
their diversity and abundance. Actinobacteria and Proteobacteria often become more
widespread after a fire, while other bacterial species may decline due to competition or
sensitivity to post-fire conditions [105]. High temperatures from fire can damage or reduce
the population of nitrogen-fixing bacteria, which are vital for nitrogen cycling within
ecosystems [106]. However, certain nitrogen-fixing bacteria adapted to fire conditions,
such as those associated with fire-adapted plants or residing in fire-resistant structures, can
persist or even increase in number following a fire event, including species like Clostridium
and Paenibacillus [107]. These changes influence plant establishment and growth during
post-fire recovery, ultimately altering the composition and dynamics of soil microbial
communities [104].

Table 2. Effect of fire on soil bacteria and fungi.

Microbial Parameter
Post-Fire
Recovery

Relate Factors References

Bacterial diversity and richness increase higher C source [88]
Actinobacteria increase higher N source [108]
Acidobacteria increase higher soil pH [75,77]
Proteobacteria increase higher P source [75–77]

Firmicutes increase higher soil pH [76]
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Table 2. Cont.

Microbial Parameter
Post-Fire
Recovery

Relate Factors References

Fungal community composition decrease lower C source [109]
Arbuscular Mycorrhizal Fungi

(AMF) decrease Lower MBC [110,111]

Ectomycorrhizal Fungi decrease lower C and N source [91,109]
Cellulolytic Fungi decrease lower C source [112]

Enzyme activities

Urease decrease denatured/lower N
source [55,86,113]

Phosphatase decrease lower P source [55,89,113,114]
β-glucosidase decrease denatured, lower MBC [86,89,90,113,114]

Microbial C utilization decrease Lower labile C [86,110,115]

Microbial Biomass Carbon
(MBC)

increase higher DOC [47,89,110]
decrease denatured/lower DOC [75,86,87]

DOC refers to soil dissolved organic carbon

3. Impacts of Fire on Soil Erosion

Fire disrupts soil structure by breaking down soil aggregates, resulting in a looser and
more granular soil texture prone to erosion. This is compounded by the formation of water-
repellent soil layers [7,116], which further exacerbates erosion by reducing water infiltration
and increasing surface runoff [117]. Are et al. [118] documented significant reductions in
structural stability, saturated hydraulic conductivity, sorptivity, and infiltration rate follow-
ing slash-and-burn practices. In prescribed burning, fires influence soil natural density, bulk
density, porosity, water repellency, and permeability, predominantly in the topsoil within a
5 cm depth [119]. Immediately following a fire, the soil’s susceptibility to erosion increases
dramatically due to the loss of vegetation and changes in soil properties [6]. Heating from
fires can induce significant changes in water repellency and structural stability, influenced
by fire intensity and initial soil characteristics [46,52,67,120,121]. Moreover, fire can increase
the soil’s susceptibility to wind erosion, which is associated with soil hydrophobicity. This
is due to water-repellent compounds released by burning vegetation [122,123]. Over the
long term, fire-induced changes in soil properties can have lasting effects on soil stability
and landscape morphology [54,69,124]. The degree of this effect is influenced by various
factors such as soil texture, slope grade, and rainfall intensity, with particles like clays
and ashes being the most susceptible to loss. The absence of proper gaps for regeneration
between repeated burns can accelerate erosion by inhibiting the complete restoration of
root systems and ground cover, which are essential for absorbing and dispersing runoff
energy [125]. Repeated fires can lead to persistent changes in soil structure and composition,
making the soil more prone to erosion even years after the initial fire event. The loss of
topsoil and nutrients can hinder vegetation regrowth, further perpetuating the cycle of
erosion [116,126].

In agricultural areas with sloping topography, the absence of proper management
practices can lead to uncontrollable runoff, causing erosion and the transport of both
particulate and dissolved nutrients downslope. Arunrat et al. [33] reported that average
soil surface loss ranged from 1.6 to 3.1 cm, with the highest loss observed during the rainy
season on the upper slope in RSC in Northern Thailand. The implementation of RSC
practices reduces fallow periods, limiting the time available for vegetation regeneration
and the restoration of soil organic carbon levels before subsequent rotations. Consequently,
erosion gradually reduces soil fertility by causing oxidation and the subsequent loss of
topsoil over time within these dynamic smallholder systems [9].
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4. Post-Fire Recovery, Successional Changes after Fire

Post-fire recovery and successional changes following agricultural burning are critical
for understanding the resilience and long-term health of affected ecosystems. The soil
recovery process after a fire is complex and varies based on several factors, including
soil characteristics, fire intensity, microbial communities, and prevailing environmental
conditions post-fire [105,127]. Creech et al. [128] found that after a fire with RSC, soil prop-
erties may take at least 6 years to return to pre-burn conditions, with changes in nutrient
levels and soil pH persisting post-burn. Aboim et al. [129] observed that maintaining
fallow plots for periods longer than 5 years can conserve soil quality in RSC in the Atlantic
forest region of Rio de Janeiro. In highly vulnerable ecosystems, such as pine stands, the
most significant changes in species composition and the lowest rates of post-fire plant
recovery were observed [130,131]. However, in revegetated woodland communities in
southeastern Australia, post-fire recovery has shown promising results. Pickup et al. [132]
found high survival rates of revegetation plantings and substantial recovery of soil function
to pre-fire levels within 5 years. Kutiel and Shaviv [133] observed that both bulk density
and aggregate stability experienced long-lasting impairments exceeding 15 years due to
the slow replenishment of organic matter. Similarly, Murdiyarso et al. [134] documented
persistent issues with bulk density and compaction in Indonesian soils over a duration
of 10–15 years, attributing these problems to the extended loss of organic matter caused
by repeated fires in RSC areas. Piché and Kelting [135] observed that surface soils recover
physical properties such as lower bulk density and higher macroporosity within 5–10 years.
However, subsoils displayed a legacy effect of agricultural compaction even 55–60 years
later. Arunrat et al. [43] reported that the total nitrogen stocks in soil under RSC in Northern
Thailand significantly decreased after burning and had not returned to pre-burning levels
even after 2 years.

Prescribed burning has minimal short-term effects on soil microbial community com-
position, likely due to limited soil heating and rapid post-fire vegetative recovery. Post-fire
impacts on soil properties can induce short-term microbial responses and shift soil nutri-
ent limitations [136–139]. Soil microbial activity plays a crucial role in nutrient recovery,
highlighting its importance in post-fire ecosystem restoration. Studies have revealed di-
verse temporal recovery patterns in soil microbial communities following burns associated
with RSC.

Leal et al. [51] observed that microbial biomass and activity in Amazon soils decreased
for 10–15 years post-fire. Similarly, Kutiel and Shaviv [133] found microbial recovery in
Israeli shifting plots extended beyond 15 years. In Thailand, Arunrat et al. [41] reported
significant changes in certain bacterial phyla, specifically Proteobacteria and Acidobacteria,
with soil bacterial communities beginning to recover during the rainy season despite
declining nutrient availability. Alpha diversity decreased immediately after the fire but
increased from the early rainy season until summer, with bacterial richness and community
diversity returning to pre-fire levels within a year.

Some species, such as mycorrhizal fungi, exhibit resistance to surface fires and con-
tribute to recovery [140]. Though severe burns can have long-lasting impacts, persisting for
10 years or more, Zhu et al. [141] found that burning led to relatively high bacterial diversity
but low fungal diversity, while mowing increased the abundance of Nitrospirae bacteria.
These findings underscore the complex and varied responses of soil microbial communities
to fire, emphasizing the need for long-term monitoring and tailored management practices
in different ecosystems.

Vegetation and plant communities play a crucial role in the soil recovery process after
fire, significantly influencing soil structure, nutrient cycling, and microbial activity. Post-fire
vegetation regrowth helps stabilize the soil, reducing erosion and promoting the retention
of nutrients [142]. For instance, Qiu et al. [143] found that vegetation restoration, including
the planting of trees and grasses, improved soil hydraulic properties and increased soil
infiltration capacity on the Loess Plateau in China. Additionally, the presence of plant
roots can enhance soil microbial activity by providing organic matter and root exudates,
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which serve as energy sources for soil microbes. Wang et al. [144] observed that coarse
root biomass and soil organic matter were strong predictors of soil infiltration capacity,
showing a significant positive correlation with infiltration rates after a severe forest fire in
Daxing’anling, Northeast China. Different plant species contribute varying amounts and
types of organic matter to the soil, influencing microbial community structure and function.
Randriamalala et al. [145] studied the slow recovery of endangered xerophytic thicket
vegetation after fire in Madagascar, highlighting the significant impact on soil as a driver of
plant biodiversity and the key role of shrub species growth in influencing diversity and
floristic composition along secondary succession stages. In RSC, the vegetation cover is
primarily designed by the farmer. Therefore, the successional process of biodiversity in
these areas is influenced by cropping practices and land management, as exemplified in
Northern Thailand (Figures 6 and 7). Overall, the complex and prolonged nature of soil
biological recovery after fire highlights the need for adequate fallow periods and targeted
management strategies to facilitate the complete restoration of soil biota and maintain
ecosystem functionality.

 

Figure 6. Post-fire rotational plots of RSC in Northern Thailand. (a) 3 months after burning,
(b) 6 months after burning, (c) 9 months after burning, and (d) 12 months after burning. Photos were
taken by Noppol Arunrat.
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Figure 7. Examples of vegetables and flowers in RSC in Northern Thailand. Photos were taken by
Noppol Arunrat.

5. Implications for Sustainability: Mitigation and Management Strategies

Effective mitigation and management strategies are crucial to minimizing the negative
impacts on soil health, biodiversity, and carbon emissions while promoting sustainable
agricultural practices. The practice of burning in RSC presents significant challenges and
opportunities for sustainability. This method involves clearing land by systematically
cutting down vegetation, followed by the controlled use of fire. Implementing careful burn
management strategies, such as regulated application and maintenance of buffer zones,
can help mitigate the risks of erosion caused by fires. The loss of vegetation that protects
soils from fire creates at least a short-term window of increased erosion risk, which can
alter long-term soil quality and productivity until cover is restored [146]. Arunrat et al. [43]
recommended three approaches for post-fire management in RSC: (1) leaving weeds and
grasses on the soil surface during vegetation cutting, (2) conducting burns in late winter or
early summer to reduce the complete combustion, and (3) constructing contour-felled log
erosion barriers using the trunks left after the fire to trap sediment and slow surface runoff.

Controlled burns in RSC fields are intentional and planned fires set by farmers as
part of their agricultural practices. Land zoning and establishing protected areas are
crucial for conserving valuable ecosystems and mitigating fire risks. Allocating distinct
zones for agriculture, forestry, and conservation helps prevent the expansion of RSC into
ecologically vulnerable areas. Protected areas act as buffer zones, mitigating fire spread and
safeguarding biodiversity. This methodology necessitates a thorough understanding of the
appropriate location, limited area, and vegetation cover to prepare the land for cultivation.
Additionally, conducting controlled burns in a sustainable manner requires taking into
account weather conditions and implementing safety procedures [147,148]. While burning
practices in RSC pose significant environmental risks, they also offer potential benefits if
managed with sustainable strategies [149,150]. Key measures include careful planning of
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burn locations, maintaining buffer zones, monitoring weather conditions, and following
safety protocols.

Rapid recovery, genetic adaptation, nutrient cycling, and organic matter decomposi-
tion are essential for restoring and functioning fire-affected ecosystems [151]. Some soil
microorganisms can quickly recolonize burned areas from less impacted or unburned
nearby regions [103,152]. Dispersal mechanisms like wind, water, or animal vectors aid in
moving microbes to fire-affected areas. This rapid rehabilitation preserves vital ecosystem
functions, facilitating plant regeneration. In post-fire pasture, soil organic matter is primar-
ily contributed by Brachiaria. At depths of 40–50 cm, alkyl and hydroaromatic compounds
accumulate in the pasture post-fire, while unspecific aromatic compounds (UACs) accu-
mulate in the pasture after burning. UACs and polycyclic aromatic hydrocarbons (PAHs)
are abundant in RSC practices, likely air-transported from the burn sites [48]. Over time,
soil microorganisms can genetically adapt to fire disturbances. Through natural selection,
some microorganisms develop traits that confer resistance or tolerance to fire, such as
heat resistance or the ability to metabolize fire-altered compounds. These genetic adapta-
tions enhance their survival and recovery in fire-affected soils, contributing to ecosystem
resilience [153].

Improperly managed RSC areas can lead to significant deforestation and biodiversity
loss. However, when executed with sustainable principles, these practices can enhance soil
fertility and biodiversity conservation. Conservation agriculture techniques, such as no-
tillage, cover cropping and mulching, and soil erosion protection, can reduce the need for
chemical substances. No-tillage reduces soil disturbance and improves moisture retention,
while cover cropping enhances soil fertility, decreases weed spread, and increases organic
matter content, promoting sustainable land management [154]. Extending the fallow
periods between agricultural cycles allows for the restoration and recovery of soil. Longer
fallow periods promote vegetation regeneration, replenishing organic matter and nutrient
levels, and enhancing microbial activity [150,155–157].

Alternative land management strategies can effectively minimize the adverse effects
of fire in these systems. A pivotal strategy involves transitioning from traditional practices
to agroforestry systems, integrating tree maintenance with crop production. Agroforestry,
integrating trees with crops, not only provides shade and mitigates soil erosion but also
contributes to biodiversity conservation and carbon sequestration, aligning with climate
action goals. Chowdhury et al. [158] demonstrated that agroforestry holds greater potential
for soil restoration after RSC compared to reforestation, showing significantly higher
concentrations of soil organic matter, available phosphorus, and exchangeable potassium
in agroforestry plots. Moreover, agroforestry extends the rotation period, thereby reducing
the frequency of land clearing and burning, and enhances carbon sequestration [149,159].

In conjunction with agroforestry, intercropping and crop rotation are effective agri-
cultural practices that contribute to soil conservation, nutrient cycling, and overall soil
health. These techniques have been extensively studied, revealing numerous ecological
benefits. Intercropping, the practice of growing multiple crop species in the same field,
offers significant advantages. It enhances soil carbon and nitrogen content, leading to in-
creased soil organic carbon and nitrogen levels compared to sole crops, thereby promoting
soil conservation through enhanced belowground productivity and root litter input [160]
Additionally, intercropping systems have been shown to improve soil fertility and microbial
activity essential for sustainable agriculture [161,162].

Crop rotation, which involves changing the types of crops grown in an area each
season, disrupts pest and disease cycles and improves soil quality. This practice helps
avoid the buildup of pathogens and pests while enhancing soil structure and fertility by
alternating deep-rooted and shallow-rooted plants [163]. Furthermore, crop rotations with
legumes, such as alfalfa and clover, significantly enhance soil organic carbon sequestration
and soil physicochemical properties, contributing to long-term soil sustainability [164]. Im-
plementing these practices can help maintain soil productivity, promote soil improvement,
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and ensure sustainable agricultural productivity, ultimately contributing to ecological and
economic benefits [165].

Education and awareness programs are essential for promoting sustainable land man-
agement practices among farmers, especially in the face of climate change. While RSC is
traditionally used by indigenous groups and has been inherently conservative, there is a
growing need to ensure these practices are sustainable in the long term. These programs
can equip farmers with the knowledge and tools necessary to adopt more sustainable
techniques, thereby enhancing the benefits of traditional methods and addressing climate
resilience. Engaging with indigenous communities in these programs ensures that tradi-
tional knowledge is respected and integrated with sustainable practices. This collaborative
approach fosters a sense of ownership and empowerment among local farmers, promoting
practices that benefit both the environment and local livelihoods. By aligning traditional
methods with modern sustainable practices and climate action strategies, education and
awareness programs can play a pivotal role in achieving long-term sustainability and
resilience in agricultural landscapes.

6. Future Research Directions

Future research in sustainable land management should focus on several key areas to
enhance our understanding and implementation of effective practices. A crucial avenue
is the development of technology and methodologies to investigate the interaction of fire,
soil characteristics, and soil microorganisms. Large-scale analysis using spatial techniques
such as remote sensing, unmanned aerial vehicles (UAVs), geographic information systems
(GIS), and field measurements can provide valuable insights into the interplay between
fire occurrences, land management, and soil degradation across extensive geographical
areas [166–168].

Monitoring and understanding soil properties in RSC can be significantly enhanced
with real-time information provided by soil sensor technology [169,170]. These sensors can
offer crucial insights into how fire and other land management methods affect soil prop-
erties, facilitating informed decision-making for sustainable land management. In-depth
studies on the dynamics of soil microorganisms and nutrient cycles can be advanced using
techniques such as stable isotope probing (SIP) and high-throughput DNA sequencing. SIP
allows researchers to trace nutrient flow through microbial communities by incorporating
isotopically labeled compounds into the DNA or RNA of active microorganisms [171].
High-throughput DNA sequencing enables comprehensive analysis of microbial diversity
and function by rapidly sequencing large volumes of genetic material from soil sam-
ples [141]. By integrating these advanced technologies and methodologies, researchers
can develop more effective and sustainable land management practices that address the
complex interactions between fire, soil characteristics, and soil microorganisms.

Last but not least, the socio-economic aspects of fire management in RSC should
focus on understanding the intricate balance between traditional practices, community
livelihoods, and sustainable land use. Investigations should delve into the socio-economic
drivers behind the use of fire in shifting cultivation, assessing how these practices affect
local economies, food security, and cultural heritage. Furthermore, research should explore
the effectiveness of community-based fire management strategies and their potential to
enhance resilience against environmental and economic pressures. By integrating socio-
economic analysis with ecological data, researchers can develop holistic fire management
policies that support sustainable development, improve the well-being of local communi-
ties, and preserve essential ecosystem services. Furthermore, the economic trade-offs and
challenges faced by communities in adopting sustainable fire management practices should
be thoroughly investigated. These multi-disciplinary approaches will provide valuable
insights into the long-term viability of RSC in the face of changing environmental and
socio-economic conditions.
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7. Conclusions

This review underscores the intricate effects of low to medium-severity burning,
including slash-and-burn and prescribed burning, on soil properties and microbial commu-
nities in RSC systems. These fire practices have dual impacts: while they initially cause
nutrient losses through volatilization and combustion, they also release essential nutrients
such as nitrogen, phosphorus, and potassium from burned vegetation, enhancing their
availability to soil microorganisms and plants. The breakdown of organic matter post-fire
further increases nutrient availability. Although high surface temperatures during burning
may affect soil carbon content, charred residues contribute to long-term soil carbon pools.
Recovery of soil properties and microbial communities post-fire is influenced by fire inten-
sity, soil characteristics, and environmental conditions. Fire affects soil microbial diversity
and activity, with low-severity burns generally causing minimal short-term changes due
to rapid vegetative recovery, while severe burns can lead to long-lasting alterations in
microbial community structure. For instance, some microbial species, such as fire-adapted
fungi and nitrogen-fixing bacteria, may show resilience or even increased numbers post-
fire, whereas others may decline. Understanding these dynamics is crucial for ecosystem
restoration and function.

Effective management strategies, including controlled burns, proper land zoning,
and sustainable practices such as agroforestry, cover cropping, and crop rotation, are
essential for mitigating negative impacts on soil health and microbial communities. Future
research should prioritize advancements in technology, such as remote sensing, UAVs, GIS,
and soil sensors, to better understand fire interactions with soil and microbial dynamics.
Techniques like stable isotope probing and high-throughput DNA sequencing can provide
deeper insights into microbial diversity and nutrient cycles. Additionally, exploring the
socio-economic dimensions of fire management can help balance traditional practices
with sustainable land use, enhancing community resilience and preserving ecosystem
services. This holistic approach is vital for achieving long-term sustainability and resilience
in fire-affected agricultural systems.
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Abstract: Intensifying soil health means managing soils to enable sustainable crop production and
improved environmental impact. This paper discusses soil health intensification by reviewing studies
on the relationship between soil structure, soil organic matter (SOM), and ecosystem carbon budget.
SOM is strongly involved in the development of soil structure, nutrient and water supply power, and
acid buffering power, and is the most fundamental parameter for testing soil health. At the same
time, SOM can be both a source and a sink for atmospheric carbon. A comparison of the ratio of
soil organic carbon to clay content (SOC/Clay) is used as an indicator of soil structure status for
soil health, and it has shown significantly lower values in cropland than in grassland and forest
soils. This clearly shows that depletion of SOM leads to degradation of soil structure status. On the
other hand, improving soil structure can lead to increasing soil carbon sequestration. Promoting soil
carbon sequestration means making the net ecosystem carbon balance (NECB) positive. Furthermore,
to mitigate climate change, it is necessary to aim for carbon sequestration that can improve the net
greenhouse gas balance (NGB) by serving as a sink for greenhouse gases (GHG). The results of
a manure application test in four managed grasslands on Andosols in Japan showed that it was
necessary to apply more than 2.5 tC ha−1 y−1 of manure to avoid reduction and loss of SOC in the
field. Furthermore, in order to offset the increase in GHG emissions due to N2O emissions from
increased manure nitrogen input, it was necessary to apply more than 3.5 tC ha−1y−1 of manure. To
intensify soil health, it is increasingly important to consider soil management with organic fertilizers
that reduce chemical fertilizers without reducing yields.

Keywords: organic fertilizer; soil carbon sequestration; soil health; soil organic matter; soil structure

1. Introduction

Since the Industrial Revolution, between 1750 and 2011, 555 GtC of CO2 has been
emitted [1]. This includes 375 GtC from fossil fuel combustion and 180 GtC from land use
change. Meanwhile, global warming is steadily progressing, with the temperature rise
above pre-industrial revolution levels expected to reach 1.5 ◦C by 2040, making heat waves
more likely to occur, and increasing the frequency of droughts and heavy rains that can
affect agriculture and natural ecosystems [2]. Due to conventional cultivation, cropland
around the world has significantly lower soil carbon content than natural ecosystems [3].
To mitigate this, efforts are underway to add carbon to agricultural soils and return them
to the level of natural ecosystems [4]. This has progressed with the proposal of the concept
of soil health [5].

The United Nations’ Food and Agricultural Organization (FAO) defines soil health
as “the ability of the soil to sustain the productivity, diversity, and environmental services
of terrestrial ecosystems” [6]. For the assessment of soil health, efforts have been made to
identify effective and measurable biological, chemical, and physical indicators that can be
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controlled through management [7]. Among them, soil organic matter (SOM) is the most
widely used [8]. According to Beillouin et al. [9], 15,857 studies on soil organic carbon (SOC)
have been reported in more than 150 countries. Of these, 6550 were related to SOC content
in land use, land use change, and climate change. The remaining 9307 were studies on the
relationship between SOC and soil chemistry, plant productivity, soil biology, greenhouse
gases (GHGs), soil physical properties, and water quality. 50% of them were studies on
fertility management. By country, the United States and China had the most, followed by
Brazil and Canada, Australia, India, and some European countries (UK, Germany, Spain,
and Italy), but some regions, such as Africa, have very scarce data available.

In a study on SOC stock, Georgio et al. [3] used data from a total of 1144 soil pro-
files from 78 papers published since 1960 [3]. They included SOC measurements from
managed land (n = 559 profiles) and natural (n = 585 profiles) in all soil types (Alfisols,
Andisols, Aridisols, Entisols, Gelisols, Inceptisols, Mollisols, Oxisols, Spodosols, Ultisols,
and Vertisols), except Histsols, across a range of mineralogy and vegetation types, with
mean temperatures ranging from −2.9 to 29 ◦C and annual precipitation ranging from 79
to 3806 mm y−1. These data also included data from the Land Use and Coverage Area
Frame Survey (LUCAS) [10], which was conducted uniformly by 28 European Union (EU)
Member States. LUCAS analyzed the physicochemical properties of the soil at 0–20 cm of
the topsoil at a total of 22,000 sites with various land uses (cropland, grassland, forest) in
EU countries three times in 2009, 2015, and 2018. The data are freely available from the
EUROSTAT website. Mäkipää et al. [11] reported on soil structural degradation using the
2009 LUCAS data.

In an ecosystem, there is an input of organic matter through the net primary production
of plants, and an output of organic matter through decomposition, leaching, erosion, and
harvesting of organic matter. A positive difference between the input and output causes
the accumulation of organic matter in the ecosystem. The accumulation of organic matter
in ecosystems is both an effect of removing carbon from the atmosphere and a process of
carbon sequestration, which captures carbon in plants and soil. In particular, soil carbon
sequestration is enhanced by increasing soil carbon content and soil depth distribution [12].

In ecosystems, capture of carbon from the atmosphere occurs through photosynthesis
by plants [13,14]. 80% of the carbon fixed in the ecosystem by plants through photosynthesis
is released into the atmosphere through the plants’ own autotrophic respiration and the
heterotrophic respiration of soil microorganisms, and the rest is retained in plant tissues [15].
In agricultural fields, plant carbon is added to the soil as residue. At the same time, organic
carbon can also be added by applying organic fertilizers such as animal manure. Soil
carbon loss occurs through heterotrophic respiration of soil microorganisms, which is the
microbial decomposition of previously formed carbon contained in SOM [16].

When fresh organic matter is added to soil, it is decomposed by soil microorganisms
and becomes microbial biomass, which combines with soil minerals to form organo-mineral
complexes and aggregates to stabilize the soil structure [17,18]. Building soil structure
increases field water capacity [19]. In the United States, a pedotransfer function has been
proposed that regresses available water by soil texture and SOC [20]. Mineral-associated
organic carbon (MOC) is difficult for microorganisms to decompose [21], and MOC is
essential for improving carbon sequestration in soils. On the other hand, the decomposition
process of organic matter produces GHGs such as CO2, CH4, and N2O [22]. If the emissions
of these gases into the atmosphere exceed the consumption through plant CO2 uptake,
microbial CH4 uptake, and microbial N2O reduction in ecosystems, global warming will
be exacerbated. In agroecosystems, harvesting removes organic matter from the field, so
there is no chance of it being retained as SOM. Harvesting therefore contributes to global
warming. On the other hand, inputting organic fertilizers such as manure or slurry can
increase soil organic matter, thereby mitigating global warming.

At the same time, plants need nutrients, especially nitrogen, to fix carbon. In agricul-
tural ecosystems, crops are obtained by inputting nitrogen as fertilizer. Organic agriculture
is considered a strategy to increase SOC in agricultural lands. However, a biogeochemical
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model estimates that organic agriculture without cover crops or manure (no nutrients at all)
would reduce carbon inputs to soils worldwide by 40% and reduce SOC by 9% [23]. Cover
crops increase SOC and crop yields, and a meta-analysis showed that the greatest increases
in yield and SOC were achieved with legume cover crops and nitrogen applications [24]. A
long-term experiment on the effects of combined crop rotation and fertilization in Prague-
Ruzyně since 1955 showed that SOC was maintained with more rotations and manure
applications [25]. Furthermore, a meta-analysis of 13,662 cases in China revealed that
increased SOC significantly increased yields of all three crops, maize, wheat, and rice, up
to a certain SOC value for each crop. However, the effect of increasing crop yield was only
one-fifth of that of nitrogen fertilization [26]. However, excessive fertilizer input increases
the outflow of nutrients into the hydrosphere, leading to eutrophication, and increases
ammonia volatilization and N2O emissions to the atmosphere [27]. It has been pointed out
that the nitrogen cycle has already exceeded the planetary boundaries that define the “safe
area for human activity” [28]. It is desirable to reduce the amount of chemical fertilizer
applied to agricultural soils. To address this issue, management techniques are being devel-
oped to reduce the amount of chemical fertilizers used by taking into account the amount
of nutrients such as nitrogen that are mineralized as organic matter added through cover
crops and compost decomposes [29,30]. Especially, soil N2O is emitted during the processes
of nitrification and denitrification, and since denitrification is a reaction that accompanies
the decomposition of organic matter, it is possible that organic matter application increases
N2O emissions, and so proper management of nitrogen fertilizer is important.

SOM is central to soil function. Accumulation of SOM improves water retention,
permeability, and aeration by building soil structure, and enhances acid buffering, carbon
sequestration, and plant nutrient storage and supply. It can be said that it is the most
important factor of soil health [8]. SOM is the product of the net ecosystem carbon budget,
the difference between carbon inputs (photosynthesis, organic inputs such as manure, and
deposition) and carbon outputs (respiration by plants and microorganisms, harvesting, and
erosion). Therefore, maintenance of SOM in agricultural land strongly depends on ecosys-
tem carbon and nutrient management practices. It is recommended that to improve soil
health, the amount of chemical fertilizers applied is reduced by using nutrients provided
by organic matter application.

Supplying organic matter to soil using conservation farming methods promotes the
formation of MOC, improves soil structure, achieves soil carbon sequestration, improves
soil nutrient and water supply, and directly reduces environmental impact (Figure 1).

Johannes et al. [31] clarified that the SOC/Clay ratio can be an indicator of soil structure
status, and soil with an SOC/Clay ratio of 1/13 or less is considered to have a degraded soil
structure. Based on this indicator, Mäkipää et al. [11] showed that agricultural soils in the
EU were more degraded than grasslands and forests. Soils that have been degraded due
to carbon loss need to be restored by applying conservation farming practices. However,
the SOC/Clay ratio is an indicator of soil degradation, but does not specifically estimate
the increase or decrease in SOC. Therefore, to know the effect of conservation farming
practices on the improvement of soil health, carbon balance and GHG balance need to be
measured independently.

In this paper, we first discuss recent findings on soil carbon pools and soil carbon
accumulation, and the concept of the SOC/Clay ratio as an indicator of soil structure
degradation based on the mechanism of soil organic matter accumulation. We then present
actual examples of measuring carbon and GHG balances through fertility management
with organic matter application and use them to evaluate the soil structure degradation
indicator using the SOC/Clay ratio. We also discuss how to mitigate the impact of fertility
management with organic matter application on N2O emissions. From the above, we clarify
that intensification of soil health through strengthening soil structure by organic matter
application improves soil carbon sequestration and GHG balance.
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Figure 1. Effects of soil organic matter improvement managements [8] on soil carbon sequestration [4],
nutrient and water supply improvement [32,33] and environmental impact reduction [34–36].

2. How Much Organic Matter Can Soil Store?

Ecosystems emit 8.9 GtC y−1 annually (fossil fuel combustion 7.8 GtC y−1, land use
change 1.1 GtC y−1), and each year 4 GtC y−1 is added to the atmosphere as CO2 [1].

There are two types of SOC, mineral-associated organic carbon (MOC) and particu-
late organic carbon (POC). POC is non-mineral-associated organic carbon such as peat.
MOC is known to be stable and difficult for microorganisms to degrade [21]. Wang
and Kuzyakov [37] summarize the mechanism of MOC formation as follows: (i) ligand
exchange, (ii) electrostatic attraction, (iii) hydrophobic partition, (iv) cation bridging, (v) co-
precipitation, and (vi) physical trapping by microaggregates. Globally, MOC accounts for
34–51% of SOC, but in mineral soils it accounts for ~65% [38]. Georgiou et al. [3] found that
soils containing mainly low-activity minerals, such as kaolinite, can adsorb up to 48 gC/kg
clay + silt, and soils containing mainly high-activity minerals such as smectite can adsorb
up to 86 gC/kg clay + silt. Using these values for the world’s soils to determine the MOC
content, they showed that most of the world’s soils are unsaturated in MOC. According to
the report, the SOC at a depth of 1 m in mineral soil, excluding tundra due to insufficient
sample sizes, is 1401 GtC, of which the MOC is 899 GtC, and 50% of this exists within the
top 30 cm surface layer (Table 1). The maximum amount of MOC (MOCmax), which is
calculated from the amount and type of soil minerals, is estimated to be 4596 GtC, and
clay minerals can still contribute 3680 GtC. However, if the amount of carbon input is set
at the level of the current natural ecosystem, then the SOC content can only accumulate
carbon up to the level of the current natural ecosystem, so the MOC that agricultural soils
can accumulate is 433 GtC. However, this amount is equivalent to 78% of the ecosystem
carbon loss of 555 GtC (375 GtC from fossil fuel combustion and 180 GtC from land use
change) since the Industrial Revolution [1]. Furthermore, the deeper soil layers have a
large potential for MOC, and it is possible to increase MOC by adding organic matter to the
lower layers by deep tillage or cultivating crop varieties with deep root systems. No-tillage
increases surface carbon but has been shown to reduce carbon in the subsoil [39]. On the
other hand, using deep-rooted oats as a cover crop reduces the hardness of the subsoil, and
the roots of the succeeding cash crop also become deeper [40]. The results of 103 carbon
addition experiments around the world show that the carbon sequestration rate increases
as the degree of MOC saturation (the ratio of MOC to potential) decreases; the rate in soils
with only 10% SOC saturation is three times higher than soils with 50% [3].
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Table 1. Global carbon stocks (excluding tundra due to insufficient sample sizes). Mineral-associated
organic carbon (MOC), soil organic carbon (SOC), mineralogical carbon capacity (MOCmax, which is
calculated from the amount and type of soil minerals) and MOC deficit (to the mineralogical capacity
and natural land average environmental limit) totaled over all given land-use categories (except
tundra) globally [41].

Depth MOC SOC MOCmax
MOC Deficit Relative to

MOCmax
MOC Deficit Relative to Natural

Land Average C Saturation

cm GtC

0–30 448 700 1443 990 286
30–100 451 701 3153 2690 147
0–100 899 1401 4596 3680 433

3. Assessment of Soil Structure Based on Soil Organic Matter Accumulation Status

Mäkipää et al. [11] showed that there was no correlation between SOC and clay, silt, or
sand content in the top 0–20 cm data of 21,859 European soils (LUCAS soil data, 2009 [10]).
In cropland, grassland, and forest, the median SOC content was 14.2, 15.8, and 18.2 g kg−1,
respectively, while the median clay content was 210, 150, and 70 g kg−1, respectively. Thus,
grassland and forest contain more SOC than cropland, despite having less clay content.

Asano and Wagai [17] investigated the relationship between soil particle size and soil
carbon content using allophanic Andosol in Japan. They found that more than 95% of
the total C was present as >53 μm aggregates with wet sieving of the aggregates alone,
and even after mechanical shaking to break up the water-resistant aggregates, the >53 μm
and 2~53 μm fraction contained 37% and 41% of the total C, respectively. Furthermore,
when these were completely dispersed by using ultrasound sonication energy, 63% of the
total C was present in micro organo-mineral complexes of <2 μm. The C/N ratio of the
organic matter was low at 6–10, and microbial decomposition products enriched in stable
C and N isotopes (13C and 15N) were predominant. From these findings, it is thought that
plant debris supplied to the soil, after being decomposed by microorganisms, preferentially
binds to organo-mineral complexes and becomes occluded in aggregates, forming strong
aggregates [18].

Beare et al. [42] compared the effects of conventional tillage (CT) and no-tillage (NT)
on SOC content and aggregate stability, and found that the SOC content in top 5 cm
soil was 18% higher in NT than in CT, and that aggregates larger than 250 μm were
significantly more abundant in NT than in CT. In other words, it is thought that tillage
increased decomposition of SOC, reduced the production of organo-mineral complexes,
and inhibited the growth of aggregates.

Since organo-mineral complex formation is the mechanism of aggregate formation,
clay content is an important soil quality. Dexter et al. [43] suggested that clay retains
maximum SOC when the SOC/Clay ratio is 1/10. Following this idea, Johannes et al. [31]
investigated the relationship between the soil structure condition and the SOC/Clay ratio
of 161 Swiss agricultural soils. The soil structure condition was measured using the visual
method of Ball et al. [44], and classified the condition as “very good”, “good”, “adequate”
and “bad”, using the SOC/Clay ratio of 1/8, 1/10, and 1/13 as thresholds (Table 2). When
determining the soil structure condition using the SOC/Clay ratio, grasslands tended to
have a good structure of 1/8 or higher. On the other hand, in upland fields, fields with
conventional tillage (CT) tended to have a bad level of less than 1/13, while fields with
no-tillage (NT) showed a wide variation, averaging around an adequate level of 1/10.

Based on these results, it is reasonable to aim for a SOC/Clay ratio of 1/10 as a rational
target for organic carbon for soil management. Using this index, Prout et al. [45] evaluated
the soil structure condition from the SOC/Clay ratio in the surface layer 0–15 cm of England
and Wales, covering 3809 sites under arable land, grassland and woodland, and found that
38.2, 6.6 and 5.6% of arable, grassland and woodland sites, respectively, were degraded.
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Table 2. Expected structure quality as a function of the SOC/Clay ratio [31].

SOC/Clay Expected Soil Structural Quality

>1/8 Very good
1/10 < SOC/Clay < 1/8 Good

1/13 < SOC/Clay < 1/10 Adequate
<1/13 Bad

Furthermore, Mäkipää et al. [11] evaluated the soil structure condition using the
SOC/Clay ratio of 2009 LUCAS soil survey data. As a result, 51.0%, 15.7%, and 4.2% of
cropland, grassland, and forest, which account for 44.6%, 21.8%, and 28.6% of the total land
cover, have been degraded, respectively, and the degree of degradation was particularly
strong in areas with dry summers.

Mäkipää et al. [11] examined the relationship between this deterioration of soil struc-
ture and soil carbon loss based on the monitoring data of the SOC stock changes in agri-
cultural soils for the national greenhouse gas inventories [11,46]. However, no significant
relationship was found between them, and it was inappropriate to use the deterioration
index of soil structure as an index of soil carbon loss. However, the evaluation of soil
structure condition by SOC/Clay ratio shows interesting trends when viewed by soil type.
The results indicate that despite being rich in highly active clay minerals, Vertisols were the
most degraded, which was likely due to cumulative loss of soil carbon due to intensive
and long-term agricultural use. Next, Calcisol and Solonchak, found in degraded arid and
semi-arid regions, are soils containing high concentrations of calcium and sodium salts,
respectively, suggesting the effects of limited productivity in these soils. On the other hand,
the podzols under forests usually have sandy soils that are not particularly rich in clay,
but the degree of soil structure deterioration was small. This is because Podsols typically
have a cool climate, low microbial activity, and a high supply of organic carbon from the
forest to the soil. Soil structure deterioration is strongly influenced by SOC dynamics due
to climate and land use.

Additionally, allophanic soils (i.e., Andosols) containing large amounts of amorphous
minerals can form stable Al and Fe complexes and accumulate SOC [47,48]. Regarding
organic matter accumulation, sheet silicates (clays-OH) have the strongest correlation
with phenolics, Fe (Fe-O) and Al (Al-O) oxides have a correlation with polysaccharides,
and these saccharides were found to capture carbon from microbial necromass, which
increased with the addition of organic matter [49]. This indicates that Fe and Al oxides
promote organo-organic interactions in soils, providing the basis for large organic matter
accumulation in allophanic soils. Furthermore, it has been shown that Fe and Al oxides
increase their positive charge as the pH decreases, thereby capturing more negatively
charged carboxyl groups [37].

4. Suppressing the Consumption of Soil Organic Matter and Increasing Soil
Organic Matter

To prevent SOC from being depleted and to recover and increase SOC from depletion,
it is necessary to increase the amount of organic matter input to the soil and to suppress
excessive organic matter decomposition.

No-tillage and the application of mulch are effective ways to prevent excessive organic
matter decomposition. On the other hand, to increase the amount of organic matter input
into the soil, it is effective to apply organic fertilizers and introduce cover crops. Effective
methods include applying biochar, restoring degraded land, linking crop cultivation and
livestock farming, planting trees, preserving urban ecosystems, and building complex
systems for biofuel production. Conservation farming techniques such as organic farming,
agroforestry, ecosystem restoration, and infrastructure development have been developed
for these practices [8] and these were further important to maintain regional circular
economies during global emergencies such as the COVID-19 pandemic which induced
heavy disruption of the supply chain of agricultural materials like chemical fertilizers.
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As mentioned earlier, the carbon sequestration rate increases as the MOC saturation
(the ratio of MOC to the potential) decreases [3], and microbial biomass becomes the MOC
through microbial necromass [18,49]. Therefore, inputting fresh organic matter to soils with
a low SOC/Clay ratio is more effective in increasing MOC and improving soil structure.
Furthermore, considering that the SOC/Clay ratio is lower in the subsoil, cultivation of
deep-rooted crops is considered to be effective for increasing MOC.

The application of conservation farming methods has the effect of improving soil struc-
ture, sequestering carbon, supplying soil nutrients and water, and reducing environmental
burden (Figure 1). By suppressing the depletion of soil organic matter, the SOC/Clay ratio
is improved, improving the soil structure status. At the same time, this is nothing but an
increase in the amount of soil carbon sequestration. According to Minasny et al. [4], soil
carbon content at 30 cm worldwide is estimated to increase by more than 4 per 1000 (0.4%)
in the first 20 years following introduction of conservation farming practices [4]. Based on
this, they showed that increasing the carbon content by 4 per 1000 could absorb all 4 Gt of
carbon that remains in the atmosphere each year. An increase in soil carbon of 4 per 1000 in
the top 1 m of agricultural soil will result in SOC sequestration of 2–3 GtC y−1.

Increasing the input of organic fertilizers into the soil and efforts to improve the soil
structure will improve the supply of nutrients and water from the soil to plants. Improving
water supply improves the efficiency of rainfall use by improving water retention, water
permeability, aeration, and rhizome development, as an increase in soil organic matter
content improves soil structure [50]. Rooting reaches its maximum when the matric
potential is around −10 kPa [32]; when it is wetter than that, there is a lack of air, and
when it is drier than that, there is a lack of water and the soil hardness increases, making it
impossible for roots to penetrate. Therefore, increased water retention improves rooting.
In addition, nitrogen mineralization and nitrification reach their maximum at a water
saturation level (WFPS) of 60%, mineralization and nitrification decrease as WFPS increases
above this level, and denitrification becomes dominant when WFPS exceeds 80% [33].
Therefore, here too, the development of soil structure leads to an increase in nitrogen
supply power. From the above, it is thought that the effects of applying organic fertilizers
are more pronounced during droughts [51].

At the same time, the application of organic fertilizers is also expected to have the
effect of reducing environmental impact. Nutrient supply from organic fertilizers occurs
with mineralization, so the synchronization rate with plant nutrient requirements is higher
than chemical fertilizers, and it is effective in suppressing nitrate leaching and N2O emis-
sions [34]. Because chemical fertilizers are usually applied out of synchronization with
plant growth, they easily cause nitrate leaching, ammonia volatilization [35], and N2O emis-
sions [36]. High concentration of chemical fertilizers can also cause seedling injury [52] and
acid disorders of crops [53]. On the other hand, application of organic fertilizer increases
CEC, which in turn buffers against acids and prevents a decrease in pH [54].

5. Measurement and Evaluation of Soil Carbon Balance and Greenhouse Gas Balance

According to Mäkipää et al. [11], the SOC/Clay ratio indicates the state of soil structure
degradation but does not indicate the dynamic of whether it is improving or degrading.
Therefore, to show the effect of soil carbon management on soil health, it is essential to
estimate the actual soil carbon balance and GHG balance.

Figure 2 shows a schematic diagram of net ecosystem carbon balance (NECB) and
net GHG balance (NGB) regarding GHG emissions and uptakes, harvesting and organic
fertilizer application.
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Figure 2. Schematic illustration of net ecosystem carbon balance (NECB) and net greenhouse gas
balance (NGB) in agroecosystem.

NECB is a source of SOM and is obtained as net ecosystem production (NEP) [55] and
can be written as follows [56]:

NECB = NEP + Cinput − Coutput (1)

where Cinput is the amount of carbon input to the ecosystem, such as the application of
organic fertilizers, and Coutput is the amount of carbon output through harvesting and
erosion. NEP is the difference between net primary production (NPP) of plants and organic
matter decomposition by soil microorganisms (Rh), as follows:

NEP = NPP − Rh (2)

From the above, NECB can be obtained by measuring these parameters in the field.
NEP can be estimated using a biometric method that measures plant production by cutting
and the amount of SOC decomposed during that period using the chamber methods. At
the same time, it can be estimated using micrometeorological methods such as the eddy
correlation method [57], which measures and integrates the inflow and outflow of CO2
between the atmosphere and ecosystem. These can be combined to obtain the net plant
root production and plant respiration rate [15].

Furthermore, the CH4 and N2O fluxes in the ecosystem are measured using the
chamber method and converted into CO2eq (GWPCH4 and GWPN2O, respectively), and
the negative NECB is converted into CO2eq as the ecosystem CO2 flux (GWPCO2), and
the Global Warming Potential (GWP) is calculated by the sum of these three parameters
as follows:

GWP = GWPCO2 + GWPCH4 + GWPN2O (3)

The coefficients for CO2eq conversion of CO2, CH4, N2O fluxes are 1 for CO2, 28 for
CH4, and 265 for N2O [1].

GWPCO2 = NECB × (44/12) × 1

GWPCH4 = CH4 × (16/12) × 28

GWPN2O = N2O × (44/28) × 265
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Furthermore, negative values of GWP can be evaluated as the NGB of the ecosystem.

NGB = −GWP (4)

Since CH4 is mainly produced under anaerobic conditions as the final step in the
anaerobic decomposition of SOM, CH4 emissions primarily occur in oxygen-limited soils
such as wetlands [58]. On the other hand, in well-drained upland soils, CH4 is normally
consumed by oxidation, although it is affected by NH4 oxidation [59]. N2O emissions are
strongly influenced by the application of nitrogen fertilizers, either chemical, inorganic, or
organic fertilizers [60]. N2O is produced both under aerobic conditions due to nitrification
and under anaerobic conditions due to denitrification [61]. How nitrogen fertilization and
carbon inputs are managed is key to achieving adequate soil carbon sequestration and
environmental conservation and ensuring sustainable crop production, and is detailed in
the next section.

6. Proper Application of Organic Fertilizer and Its Effects on Carbon and GHG Balance

Crop growth is limited by the least abundant of the essential elements. Organic
fertilizers do not provide an ideal balance of elements for crop growth. Generally, livestock
manure has a high potassium content, and the mineralization rate of potassium is higher
than that of phosphorus and nitrogen, so if we try to provide the required amount of
nitrogen and phosphorus with manure alone, too much potassium will be added. Therefore,
as a strict fertilization design for organic fertilizer, the amount of organic fertilizer to
be applied should be such that the amount of mineralized nitrogen, phosphorus, and
potassium from organic fertilizer is not excessive relative to the element requirements of
plants. The missing elements are supplemented with chemical fertilizers [29].

Using this fertilization method, we investigated the effects of three organic fertilizers,
manure, slurry, and digestive fluid, on crop growth and GHG emissions in a managed
grassland of an Andosol in southern Hokkaido for three years [22]. The results showed
that the chemical fertilizer nitrogen application rate in the organic fertilizer treatments was
reduced by 10% for manure, 19.7% for slurry, and 29.7% for digestive fluid compared to
chemical fertilizer only, but there was no significant difference in grass yield between the
fertilizer treatments. Three years of NECB resulted in significantly less carbon loss with
organic fertilizer treatment than with chemical fertilizer only. NGB when using organic
fertilizers was reduced by 16.5% in slurry, 27.0% in digestive fluid, and 36.2% in manure
compared to treatment with chemical fertilizers only. The main effect was due to carbon
storage, that is, NECB reduction accounted for more than 90% of the NGB reduction.
Manure and digestive fluid reduced N2O emissions compared to chemical fertilizer only,
but slurry increased N2O. CH4 was so small that it could be ignored.

This fertilization method was applied to grasslands in four different climates from
Hokkaido to Kyushu in Japan, and NECB, N2O, and CH4 emissions were measured for
three years. As a result, annual NECB and NGB were found to have a significant positive
correlation with the amount of carbon applied through manure as shown in Figure 3 [62].
In other words, the NECB was positive when the amount of manure carbon applied was
2.5 tC ha−1 y−1 or more, and grassland became a net carbon sink. However, the NGB only
became positive when the amount of manure carbon applied reached 3.5 tC ha−1 y−1 or
more. This is because applying manure increases the generation of N2O, so increasing the
amount of manure carbon applied by an additional 1 tC ha−1 y−1 will offset the increase in
N2O and contribute to suppressing global warming.

Figure 4 shows the breakdown of NECB in the four grasslands in Japan shown in
Figure 3 for the manure plot and the chemical fertilizer-only plot (i.e., the amount of Manure
applied is 0). Net ecosystem production (NEP) was positive in both the chemical fertilizer
plot and the manure plot. This indicates that these grassland ecosystems accumulate carbon
in their natural state. However, NECB was negative in chemical fertilizer plots. This shows
that producing grass using only chemical fertilizers in these grasslands decreases carbon
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in the ecosystems. As seen earlier, in the manure plot, NECB could be made positive by
applying more than 2.5 tC ha−1 y−1 of manure.

Figure 3. Relationship between manure application rate and net ecosystem carbon balance (NECB)
and net greenhouse gas balance (NGB) in Japanese managed grasslands at Nakashibetsu (NKS),
Shizunai (SZN), Nas-Shiobara (NSS) and Kobayashi (KBY) (produced from [62]).

Figure 4. Breakdown of net ecosystem carbon balance (NECB) in four grasslands in Japan: net ecosys-
tem production (NEP), carbon imported through manure application (Manure), carbon exported
through harvest (Harvest); Nakashibetsu (NKS), Shizunai (SZN), Nas-Shiobara (NSS) and Kobayashi
(KBY) (Produced from [62]).

The SOC/Clay ratio of the cultivated soil in this field was 1/2.3, 1/1.5, 1/5.4, and 1/1.8
for NKS, SZN, NSS, and KBY, respectively. These soils are in a “very good” soil structure
condition based on the SOC/Clay ratio index (SOC content was 5.30%, 2.55%, 3.45%, and
5.30%, respectively, and clay content was 12%, 3.7%, 18%, and 9.5%, respectively). However,
if grass is produced using only chemical fertilizers and carbon is taken out by harvesting the
grass, NECB becomes negative and soil carbon is depleted, decreasing the SOC/Clay ratio.

Table 3 shows the results of estimating how soil carbon would be lost in the four
grassland soils if no manure was applied. The number of years that the SOC contained in
0–35 cm of soil will decrease due to NECB without adding the current manure is calculated
as “until SOC disappears” and “until the SOC/Clay ratio is 1/8 (good)”, “until 1/10
(appropriate)”, and “until 1/13 (deterioration)”. However, the reduction in SOC was
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assumed to occur linearly at the current rate of carbon loss (NECB values at chemical
fertilizer-only plots). As a result, soil carbon disappears in 55 to 78 years when cultivated
without manure. During this period, the soil structure deteriorated, but it took 31 to
65 years for the SOC/Clay ratio to reach a level of 1/10, which is an acceptable level for
agricultural soil. It is estimated that it will take 39 to 68 years to reach 1/13 (Table 3). It
takes quite a long time for it to deteriorate, but once it starts to deteriorate, it appears to
deteriorate rapidly.

Table 3. Estimated number of years until SOC disappears and reduces to the level of SOC/Clay ratio
of 1/8, 1/10 and 1/13 by using Clay and SOC contents in 0–35 cm soil depth and net ecosystem
carbon balance (NECB) in Japanese managed grasslands at Nakashibetsu (NKS), Shizunai (SZN),
Nas-Shiobara (NSS) and Kobayashi (KBY).

Number of Years until the SOC Reduces to:

Clay SOC NECB 0 SOC/Clay Ratio

Site (0–35 cm) (0–35 cm) 1/8 1/10 1/13

t/ha tC/ha tC/ha/y Years

NKS 272 120 −1.80 67 48 52 55
SZN 126 87 −1.57 55 45 47 49
NSS 720 138 −2.10 66 23 31 39
KBY 282 157 −1.99 79 61 65 68

7. Controlling N2O Emissions

It is necessary to increase carbon input to soil to offset N2O emissions, but increas-
ing organic matter application may also exacerbate nutrient imbalances. In this sense,
fertilization management that suppresses N2O emissions is important.

Soil N2O is produced as a by-product by nitrification processes and as an intermediate
product by denitrification processes. Therefore, N2O emissions increase with increasing
N application and N mineralization [63]. Nitrification requires aerobic conditions and
NH4

+, while denitrification requires anaerobic conditions and NO3
− and organic car-

bon [64,65]. Through nitrification and denitrification, N2O is also produced as a by-product
and intermediate product. Since nitrification and denitrification are affected by soil mois-
ture [33], N2O production is also affected by soil moisture [61]. N2O production starts at
30% of WFPS, peaks at 60% to 70% of WFPS, and decreases when WFPS exceeds 80%, with
N2 predominating.

In nitrification and denitrification, NO is also emitted along with N2O, but in the
nitrification process, NO production is dominant, and the N2O-N/NO-N ratio is less than
1. In the denitrification process, N2O production is dominant, and the N2O-N/NO-N
ratio is greater than 100 [66]. In actual fields, investigation of the behavior of NO3

− is
important to understand the production and emission of N2O. For example, in an onion
field of structured clay soil, the above-ground parts and roots are supplied as residue
during harvest. It has been reported that when the soil is moist due to rainfall during the
harvest season, a large amount of N2O is emitted, accounting for up to 70% of the annual
emissions [67]. At this time, N2O-N/NO-N exceeded 100, indicating that denitrification
was predominant. This indicates that the supply of residual organic matter and rainfall
in the onion fields caused denitrification, and the excess NO3-N left behind is thought
to increase N2O emissions. Similarly, organic fertilizers can significantly increase N2O
emissions if excess NO3

−N remains. A comparison of chemical fertilizer treatment and cow
dung manure application in grassland showed that N2O emissions increased in the manure
application plot [68]. However, there was no significant difference in the relationship of
N2O flux to soil temperature and soil moisture between the chemical fertilizer-only plot
and manure plot, and a peak of N2O flux was observed at 18 ◦C of soil temperature or
above 70–80% of WFPS. Also, since the N2O-N/NO-N ratio was higher when the N2O
flux was high for both plots of chemical fertilizer only and manure, it was thought that
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denitrification was the main process for N2O emission in both plots. Furthermore, the
amount of surplus mineral nitrogen (amount of mineral nitrogen applied + amount of
mineralized nitrogen—amount of plant nitrogen uptake) showed a significant correlation
with N2O emissions. These results suggest that the cause of N2O emissions was the residual
amount of mineral nitrogen.

Manure releases nitrogen as organic matter decomposes, but in the case of cow manure,
the annual decomposition rate of organic nitrogen is less than 20%. However, as mentioned
earlier, manure contains potassium with a high release rate. Manure is applied in such an
amount that the amount of NPK mineralized does not exceed the amount required by the
plants, and the lack of mineralization is supplemented with chemical fertilizers. However,
since mineralization occurs from organic fertilizers even after the second year, continuous
application of manure can reduce the amount of chemical fertilizer supplements. Jin et al.
(2010) reported that chemical nitrogen fertilizer supplements became zero after 4 years,
and N2O emissions were lower in the manure plot than in the chemical fertilizer plot [54].
Additionally, in manure plots, soil pH rarely changes above 5. On the other hand, in the
chemically fertilized plots, the soil pH dropped to 4 after three years.

Annual N2O emissions from grasslands and corn fields were negatively correlated
with decreasing mean soil pH when nitrogen was applied to fields, regardless of whether
or not manure was applied, when soil pH was less than 6 [36]. Incubation experiments
have found that there is no N2O release at high limestone soil pH above 7 [69]. This is
because the optimal pH of incomplete denitrifying bacteria, which causes N2O release, is
lower than pH 6.5, which is the optimal pH of complete denitrifying bacteria. Therefore, to
suppress N2O emissions, it is necessary to raise the soil pH to 6.5 or higher. Maintaining
soil pH by applying organic fertilizers is one of the strategies to reduce N2O emissions
and maintain soil health. In addition, crop residues and organic fertilizers with high
C/N ratios had significantly lower N2O emissions per mineralized nitrogen (i.e., emission
factors) [22,70–72]. Considering the use of organic fertilizers with high C/N ratios is also
important from the perspective of soil carbon sequestration.

As mentioned above, organic matter application maintains SOC and contributes
to maintaining good soil structure. The direct effect of improving soil structure is the
improvement of nutrient and water supply (Figure 1). This improves the nitrogen balance
and suppresses N2O emissions [68]. In addition, fertilization methods that reduce chemical
fertilizers by applying organic matter also suppress N2O [22].

8. Conclusions

It has become clear that the maintenance effect of soil structure by soil organic matter
is essential for soil health. Agricultural soil has clearly lost organic matter due to past
cultivation, and the SOC/Clay ratio, which is an index of soil structure condition, is
significantly more likely to fall below the deterioration limit of 1/13 in cropland than in
grassland or forest. It has become clear that agriculture has been damaging the health of
the soil. On the other hand, it was also shown that agricultural soils have the potential
capacity to sequester 78% of the 555 GtC released into the atmosphere since the Industrial
Revolution as soil organic matter. Soil management that increases rather than decreases
soil carbon is necessary. To achieve this, the net ecosystem carbon balance (NECB) must be
made positive. In four undegraded managed grasslands from north to south of Japan, it
was necessary to apply more than 2.5 tC ha−1y−1 of compost carbon to maintain standard
yields and achieve positive NECB. Although it is possible to reduce the amount of chemical
fertilizer applied by applying compost, N2O is emitted as a result of fertilization, so it
is necessary to achieve carbon sequestration to offset the greenhouse effect caused by
this N2O emission. It was shown that this can be achieved by applying an additional 1
tC ha−1y−1 of compost. It has also been recognized that the continuous use of organic
fertilizers has a large effect on reducing N2O emissions. It is increasingly important to
consider soil management using organic fertilizers, which reduces the need for chemical
fertilizers without reducing yields.
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Abstract: Soil salinization is a significant threat to soil health, especially to the agricultural ecosystem;
it reduces vegetation biomass, destroys ecosystem diversity, and limits land use efficiency. This
area of investigation has garnered extensive attention in China, especially in the arid and semi-
arid areas, totaling 7.66 × 106 ha. A variety of theoretical research and technology developments
have contributed to soil water and salt regulation and the screening of salt-tolerant varieties to
improve nutrient utilization efficiency and microbial control and reduce ecological problems due
to saline-based obstacles. These techniques can be classified into physical treatments, chemical
treatments, biological treatments, and combined treatments; these different measures are all aimed at
primarily solving saline–alkali stress. In general, the improvement and utilization of saline–alkali soil
contribute to soil health improvement, concentrating on high-quality development, food security,
ecological security, cultivated land protection, and agricultural upgrading. However, the risks of
various technologies in the practical production process should be highlighted; green and healthy
measures are still expected to be applied to saline–alkali land.

Keywords: soil health; saline–alkaline land; measures; risk

1. Introduction

The term “saline–alkali soil” describes a range of soil types that contain abnormally
high concentrations of soluble salt ions. These ions have a negative impact on the physical,
chemical, and biological properties of the soil and plant growth features. Saline soil mainly
refers to soil anions from chloride and sulfate, and alkaline soil mainly refers to soil anions
from carbonate and bicarbonate [1]. Soil salinization and alkalization have already reduced
soil health, and the FAO describes “salinization” as one of the biological chemical indicators
of soil health [2], characterized by high pH, soluble salts, and nutrient holding capacity and
availability. Furthermore, soil salinization and alkalization reduced functional microbial
biomass and activity in farmland soil [3]. Alarmingly, the global extent of saline and sodic
soils had expanded to 424 million ha of topsoil (0–30 cm) and 833 million ha of subsoil
(30–100 cm) in 2021 [4], having changed from approximately 800 million ha in 2010 [5],
indicating a rising trend over the past decade that is anticipated to persist [4]. This has
emerged as a pressing global environmental concern, particularly in arid and semi-arid
regions [6]. Fortunately, in China, the area of saline–alkali soil shows a decreasing trend,
which is a testament to the effective improvement and utilization efforts undertaken in
recent decades. According to the second national soil survey, the area of saline–alkali soil
is 3.69 × 107 ha, accounting for 4.88% of the total available land [7,8]. The third national
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soil survey revealed a reduction down to 7.66 × 106 ha of saline–alkali soil in China, with
this occupying 5.99% of the total available land [9]. Saline–alkali soil is predominantly
distributed in three major regions. Firstly, the arid and semi-arid areas of the mid-west,
such as Xinjiang, Qinghai, Inner Mongolia, Ningxia, and other areas, account for 96.1% of
the total saline–alkali land, which is classified as the chloride–sulfate type [10,11]. Secondly,
the northeast regions, including Jilin, Inner Mongolia, Heilongjiang, and other areas, are
mainly composed of soda saline–alkali land dominated by carbonates, accounting for 3.2%
of the total saline–alkali land [12,13]. Lastly, the eastern coastal region, encompassing
Shandong, Jiangsu, and Hebei, which is dominated by chloride-type saline–alkaline soil,
accounts for less than 1% of the total saline–alkali land [14,15]. This proves that there is
great potential for saline–alkali soil improvement and utilization in China.

Saline–alkali soil improvement and utilization has always been a significant scientific
and commercial problem and is of great importance for soil health. Saline–alkali soil is also
of great importance to the environmental protection and sustainability of agriculture in
China [16]. There is a high population but a limited quantity of land resources; meanwhile,
the demand for land resources for economic development is increasing [17], which causes
pressure and challenges to sustainable agricultural development. Therefore, salinity and
alkalinity reduction play an important role in agricultural production development, land
productivity improvement, food security, and cultivated land expansion in China [18].
Meanwhile, saline–alkali soil is an important part of the terrestrial ecosystem [19], and its
physical, chemical, and biological properties, as well as the ecosystem material and energy
cycling processes, are different from those of other soils [20].

Generally, the improvement and utilization of saline–alkali soil is of great importance
in China due to the limited arable land resources and the growing demand for agriculture,
and its great significance for improving soil health. In fact, saline–alkali farmland has
already been confirmed as one of the main types of low- to medium-yield farmland in
China, which is crucial for national food security. In recent years, a large number of
studies have been conducted to explore appropriate improvement measures, which is the
first step in the reclamation of saline–alkali soil. Further research is required to elucidate
the laws of water and salt transport, finally revealing the quality and productivity level
of the improved saline–alkali soil. Therefore, in this review, we have summarized the
improvement measures for saline–alkali soil, the soil water and salt transport processes,
and the fertility and yield of saline–alkali soil. In the last section, we put forward some
expectations for the improvement and utilization of saline–alkali soil in China.

Therefore, the summary of the relevant research on saline-alkali land in China is of
great significance for guiding sustainable development and utilization. We used Web of
Science and China National Knowledge Infrastructure to search peer-reviewed publications
between January 2001 and December 2023, including research papers, reviews, and meta-
analyses, which are related to saline–alkali land in China. Different combinations of terms
were used, such as “saline–alkaline soil”, “saline soil”, “alkaline soil”, “soil salinization”,
and “salt-affected soil” in the title, abstract, or keywords. We only selected papers reporting
field and laboratory studies on the saline–alkaline soil of China, which could contribute
the soil health improvement. We mainly discussed improvement measures, the soil water
and salt transport process, nutrient change, and yield improvement in saline–alkali soil.
Although there are many related research articles and reviews, a comprehensive analysis
specifically focused on the improvement measures and their effects on soil water, salt,
nutrients, and yields for agriculture is yet to be conducted, especially the different changes
in saline–alkali soil caused by different measurements, the water and salt transport process,
and the enhancement mechanism of nutrients and yields. Based on the review of research
on saline–alkali soil, prospects for saline–alkali soil research in China are proposed.

2. Improvement Measures for Saline–Alkali Soil

In general, the improvement and utilization of saline–alkali soil can be divided into
three parts: physical measures, chemical measures, and biological measures; these are
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important ways to improve soil health, corresponding to soil health indicators to a high
degree [2].

2.1. Physical Measures

Physical measures are always used to change the boundary and/or soil profile con-
ditions, as shown in Figure 1, and this is highly related to the saline–alkali soil physical
properties, which can reflect the flow patterns of mass and energy in the soil environment,
finally determining plant development and microbiological activity [21]. Its essence is
to change the upper and lower boundary conditions of the soil, and it is related to soil
water-gas parameters. First, the upper boundary conditions, such as agronomic measures
(including film mulch, buried layer, and irrigation) and drainage management (e.g., flood
irrigation and drip irrigation), are used to change the soil water and heat flux between the
soil and air. Second, the cultivation layer conditions in the soil profile, including tillage (e.g.,
rotary tillage and deep vertically rotary tillage) and agronomic measures (e.g., buried layer),
are typically applied to improve the physical soil properties of the topsoil. The bottom
boundary condition, such as subsurface drainpipes, shafts, and drainage ditches, controls
the groundwater level. New methods for the physical control of salinization have emerged,
such as degradable liquid films, biomass materials, and porous adsorption materials, which
have developed alongside technological progress.

Figure 1. Some physical measures in the saline–alkali soil.

Based on the upper boundary conditions, there are many studies regarding the effect of
mulch on soil water and salt. Mulch significantly reduces soil–water evaporation, controls
and reduces soil moisture loss through evaporation, limits the upward migration of highly
mineralized groundwater under capillary action, and inhibits surface salt accumulation.
Mulch also shows a significant effect on soil water storage and salt suppression [22–24].
Plastic film significantly increases soil moisture and decreases salinity in the top 20 cm,
especially during the seedling stage [25]. Furthermore, plastic mulching improves plant
height and leaf area index, and the yield with mulch is also significantly higher than that
without mulch [26]. Mulch types, such as plastic mulch, sand mulch, and straw mulch, have
also been introduced for saline soil reclamation, and different mulch types show varying
degrees of reduction in electrical conductivity; they can also increase the soil temperature
and nutrient availability [27].

Flood irrigation, drip irrigation, saline water, and brackish water irrigation are the
most commonly used irrigation methods. Flood irrigation has already been used in the
Hetao Irrigation District of Inner Mongolia, China. Autumn irrigation is a traditional
salt reduction method in this area, which is not only related to the amount and duration
of irrigation water but is also closely linked to the soil freeze–thaw process [28]. Drip
irrigation can effectively alleviate soil water shortages [29], and it is used to create a
favorable soil water and salinity content in the root zone [30]. Saline water irrigation is
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recommended in arid and semi-arid areas where freshwater is limited [31], but it requires
effective drainage measures; otherwise, it may increase the mineralization of groundwater
and cause secondary salinization. Spring irrigation maintained the yield of spring maize
when the salinity of irrigation water was <3 g/L, but it was also found that brackish water
irrigation may lead to salt accumulation in the soil profile [32].

Plow layer regulation is also important for saline–alkali soil reclamation. Deep vertical
rotary tillage management is one of the main tillage techniques widely used in saline soil,
and it has the ability to efficiently lower pH, bulk density, and soil solution conductivity,
and enhance soil structure [33]. In coastal saline zones, tillage—such as rotational tillage
to a depth of 15 cm and deep tillage to a depth of 25–30 cm—is an effective management
strategy for enhancing soil qualities, encouraging plant productivity, and raising financial
advantages [34]. Straw is one of the most commonly used materials as the buried layer. A
buried maize straw layer significantly decreases salt accumulation in the offseason [35], as
the buried layer contributes to breaking the continuity of upward capillary movement and
salt accumulation [36]. However, we notice that soil water content decreases significantly
above the buried layer, so the buried layer must be combined with mulch [37].

Field research in Xinjiang, China, found that subsurface pipe drainage combined with
drip irrigation greatly lowered the soil salt content, and the soil salt content decreased as the
subsurface pipe spacing decreased after drip irrigation, which was conducted at a soil depth
of 0–200 cm [38]. Shafts are always combined with subsurface pipes to collect infiltrated
water. Traditional methods of reducing soil salinity include drainage ditches; open ditch
drainage treatment was shown to have a stronger desalination impact than subsurface pipe
drainage [39], although other research suggested the ability of ditch drainage to reduce soil
salinity was only moderate [40].

In general, physical measures require lots of different agricultural machinery and
are usually used to intervene in the process of water and salt transport, including soil
water infiltration, surface runoff, water–heat exchange between air and soil, etc. Physical
measures are the most important methods applied in saline–alkali soil reclamation, which
has been widely used, and it is one of the important ways to improve saline–alkali soil
health through ameliorating the soil structure, infiltration rate, water holding capacity,
etc. Different areas with soil salinization call for different physical measures, one or two
measures as the main approach, supplemented by supporting measures, such as water-
saving irrigation combined with tillage, film mulch plus buried layer, and or deep tillage.

2.2. Chemical Measures

As shown in Figure 2, there are many soluble ions in saline–alkali soil, and they can be
divided into two categories according to the characteristics of salt ions. One is saline soil,
which consists of Na+, K+, Cl−, SO4

2−, etc., and the other mainly contains Na+, HCO3
−,

CO3
2−, etc., and is defined as alkali soil with a high pH value. Soil conditioners are used to

improve ion exchange, acid–base neutralization, and ionic balance. These are referred to as
chemical measures [41]. The balance of the K+/Na+ ratio in soil plays an important role in
maintaining crop growth [42]. The most commonly used soil conditioners mainly include
calcium-containing compounds such as gypsum, which works more efficiently in alkali
soil, helping to decrease pH [43], as well as acidic materials, such as potassium dihydrogen
phosphate, ferrous sulfate, and aluminum sulfate, and organic acids such as humic acid and
furfural residue. In the saline–sodic soil of China’s Songnen Plain, flue gas desulfurization
gypsum has been widely used due to its effects on pH, electrical conductivity, and the
reduction in exchangeable sodium percentage [44]. The dissolved Ca2+ after gypsum
application can exchange Na+ in soil colloids, reducing the exchangeable sodium adsorbed
by soil colloids [45]. Many studies have confirmed that gypsum application can improve
soil yield [46–48]; however, the excessive use of gypsum can inhibit plant growth and
reduce yield [49].
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Figure 2. The chemical process in the saline–alkali soil.

Acidic materials are used to improve the neutralization reaction; they mainly affect
HCO3

−, then Na+ and Cl−, and the pH is reduced by 10–20% [50,51]. A substantial
phosphate precipitate was produced in alkaline soil [52], but the addition of acid phosphate
suppressed alkaline stress through the neutralization reaction. Humic acid fertilizer may
also have an impact on bacterial and fungal community structures, particularly at the
harvest stage when soil nutrient availability and root nutrient absorption are enhanced
in saline soil. [53]. The application of humic acid amendments improved the yield and
quality of sugar beets in saline–alkali soil, with the yield and sugar production of sugar
beets increasing by 11.29% to 32.54% and 13.50% to 38.61%, respectively [54].

Biochar is one of the most used soil conditioners in saline–alkali soil. Quite apart
from improving soil structure, biochar addition can replace excess exchangeable sodium in
saline–alkali soil by increasing soil organic carbon and cations, thereby reducing the soil’s
electrical conductivity and salt content [55]. However, biochar with a high pH can increase
soil pH [56]. Three different pH levels of corn straw biochar (pH = 8.01), wheat straw
biochar (pH = 6.93), and peanut shell biochar (pH = 7.71) were applied in saline–alkali soil.
The application of wheat straw biochar with the lowest pH significantly reduced saline
soil pH, confirming that the pH difference between biochar and saline–alkali soil may be
the main reason for soil pH changes [57]. Furthermore, the carboxyl and other functional
groups of biochar alleviate saline–alkali stress on saline–alkali plants [56]. Additionally,
biochar altered the C:N ratio in saline–alkali soil [58,59]. The addition of peanut shell
biochar in coastal saline–alkali soil reduced the absorption of Na+ by Kosteletzkya virginica,
enhanced the absorption of K+, and improved potassium use efficiency [60]. Soil K+ content
increased by 34.1% and 70.2% when 2% and 2.5% woody biochar was applied to saline–
alkali soil, respectively [61]. Biochar also affects physical processes, and a low biochar
application rate reduces soil water evaporation, but not at a high biochar application rate.
A high application rate clearly demonstrates an increase in the soil’s ability to store water
while decreasing the surface soil’s salinity and sodium adsorption ratio [62].

In addition, some polymer materials are also applied to the improvement and utiliza-
tion of saline–alkali soil. Polyacrylamide ameliorates saline soil structure, especially the
macroaggregate (>0.25 mm) content in coastal areas, improves soil hydraulic properties,
and alleviates salt stress [63]. Overall, chemical measures have an obvious effect on soil im-
provement over a short time, but chemical amendments examine a wider range of potential
problems for secondary pollution, and a lifecycle assessment is recommended to evalu-
ate their safety, economy, and long-term effectiveness [41]. A pot experiment confirmed
that applying chemical amendments improved soil health, and actually, the combined
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application of chemical and organic materials was better at improving saline–alkali soil
health [64].

Above all, chemical measures aim to change the chemical processes in saline–alkali
soil, and chemical amendments would improve ion content and reduce pH, but the environ-
mental effects and influence characteristics should be evaluated and quantified because the
exogenous materials may pollute soil, with these affected by the addition of compounds to
saline–alkali soil. The implementation of chemical measures depends on the main chemical
and nutrient characteristics in the soil, such as calcium-containing compounds usually
applied to alkali soil, humic acid, and furfural residue are widely used in saline–alkali soil,
which suffers from low soil organic matter.

2.3. Biological Measures

Biological measures refer to salt tolerance improvement and adaptive planting in
saline–alkali soil. Root growth and root exudation improve soil physicochemical properties,
increase the dry matter accumulation of plants, and remove salt from the soil through crop
harvesting. There are three parts of biological measures: plant salt tolerance, soil fertility
improvement via plant growth, and desalination via plant harvesting [60]. There are
many salt-tolerant plants in the ecological environment, such as Spartina anglica, Phragmites
australis, Suaeda salsa, Salicornia europaea, Sesbania cannabina, Tamarix chinensis, Imperata
cylindrica, Pennisetum alopecuroides, Setaria viridis and Cynodon dactylon [41,65].

These salt-tolerant plants have been used as pioneer plants for the reclamation of
saline–alkali soil, especially in heavily saline–alkali soil. In fact, Tamarix, Siberian white
thorn, and sand jujube can reduce soil salinities, pH, and bulk densities. Their root exu-
dates increase soil micro-organisms and enhance the activities of soil cellulase, urease, and
dehydrogenase [66]. Planting salt-tolerant trees improves the physical and chemical prop-
erties of the soil to varying degrees. The results showed that, after planting, the electrical
conductivity was reduced by 70–80%, the content of soil microaggregates (0.25–0.053 mm)
was improved by 5.0–5.9%, the bare soil particle size was less than 0.053 mm, and electrical
conductivity was 1.65 dS/m [67]. The dry salt discharge and plant salt accumulation
theories were proposed to alleviate the stress of saline–alkali soil. This involves retaining
low-lying areas near saline–alkali farmland for excess irrigation water and high-salinity
groundwater accumulation, allowing the salt to accumulate in low-lying areas or be ab-
sorbed by plants [68,69]. In dry salt discharge systems, halophytes promote soil water
and salt transport through transpiration, dispersing soil salt in open spaces and effectively
improving the efficiency of salt accumulation in saline–alkali wasteland [70,71]. The results
showed that Salicornia europaea and Salicornia salsa can remove 4.7 Mg/ha and 5.2 Mg/ha
of salt from heavy saline soil, respectively. The accumulation efficiency of Salicornia europaea
plants for Na+ and Cl− is 2.2 to 2.3 times that of Salicornia salsa [72]. Plant salt accumulation
contributed to the biological adaptability improvement of saline soil, but further observa-
tions of long-term effectiveness are needed due to the frequent salt exchange between soil
and groundwater in saline soil areas.

A review concluded that saline–alkali soil mostly inhibited plant growth and devel-
opment through pH and ionic osmosis [73]. Alkaline pH stress limited root growth by
reducing the ethylene and auxin content [74]. Salt-tolerant plants’ root and/or leaf cells
have the ability to regulate osmotic pressure; some plants’ root exudation could isolate the
plants from the salt stress [42], and the metabolites, such as sucrose, amino acids, alkaloids,
flavonoids, and carotenoids, could also help to deal with the stress of saline–alkali soil [75].
According to metabolome research, the halophytes Suaeda salsa and Salicornia europaea have
significant quantities of branched-chain amino acids, which may help them withstand
high saline–alkali stress [76]. In fact, the transgenic technique has already been applied to
improve the salt tolerance of plants; for instance, the OsLOL5 gene increases transgenic
rice’s tolerance to saline–alkali soil by upregulating OsAPX2, OsCAT, Os-Cu/Zn-SOD,
OsRGRC2, and ROS detoxification [77]. The decreasing cost and increasing efficiency of
genomics have revolutionized the understanding of the mechanism of biological processes
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and brought new possibilities and options to the salt tolerance of plants and high-yielding
crops [42]. The P. tenuiflora genome improves the salinity and drought tolerance of ce-
reals [78]. The manufacture of secondary metabolites, the hormone signal transduction
system, and antioxidant enzymes may play a role in the tolerance of saline–alkaline soil,
which is associated with differentially expressed genes [79].

Soil micro-organisms are the main participants in soil nutrient cycling; moreover,
bacteria are one of the most important micro-organisms in saline soil, which affects soil
health [80] because the micro-organisms contribute to soil ecological function stability. The
reclamation of saline–alkali soil using micro-organisms has been confirmed as a useful
method [81]. In the fertilizer market, microbial fertilizers are mainly divided into three
categories: agricultural microbial agents, composite microbial fertilizers, and bio-organic
fertilizers [81]. Agricultural microbial agents are fertilizer complexes with special species
and porous substances such as peat [82]. Composite microbial fertilizers mainly consist of
two or more effective bacterial strains [83]. Bio-organic fertilizers refer to the fermentation
products of effective bacterial strains and decomposed organic matter, such as manure
from poultry and livestock. Microbial fertilizers significantly improve the excretion of Na+

and uptake of K+ by plants, thereby increasing the K+/Na+ ratio in soil and improving
plant nutrient absorption [84]. For instance, microbial fertilizers secrete extracellular
polysaccharides on the surface of plant roots, which form bacterial biofilms that protect the
roots from sodium chloride stress [85]. Volatile organic compounds released by microbial
fertilizers cause a number of physiological changes in plants and increase their resistance to
salt and alkali [86]. Moreover, inoculation of indigenous microalgae has been recommended
as an eco-friendly and sustainable method [87].

In conclusion, biological measures contribute to salt removal, plant growth, and
the integrated effects of micro-organisms, which are closely related to soil ecosystems,
and it is important for keeping and/or improving saline–alkali soil health, but there are
limited mature and promotable biological measures, for they are governed by biological
adaptability and environmental friendliness; moreover, the efficiency of biological measures
requires co-operation with other measures.

2.4. Advantages and Disadvantages of Different Measures

Based on the above content, we have summarized the advantages and disadvantages
of different measures. As shown in Table 1, physical measures are widely used in various
areas, and their principles and methods are simple and mature; however, they have highly
relied on agricultural machinery, so their promotion and application are still limited.
Chemical measures are more effective, especially in moderately and severely saline soils
with poor soil structure and nutrient depletion; however, there are problems such as
having only a single effect, short duration, and their use may result in secondary pollution.
Theoretically, biological measures have been recommended as eco-friendly and sustainable
methods as the plants and soil micro-organisms are important parts of the ecosystem;
however, different species of salt-tolerant plants and/or micro-organisms have different
climatic and environmental requirements, and inappropriate operation may reduce their
improvement effect, meaning their efficiency requires co-operation with other measures. In
general, film mulch and irrigation widely used in the arid and semi-arid areas of central and
western China; gypsum added in alkali soil of northeast China; subsurface pipe drainage
applied in the eastern coastal saline–alkali soil, which is determined by their saline–alkali
characteristics (Table S1).
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Table 1. The advantages and disadvantages of different measures.

Measures Advantages Disadvantages

Physical measures Strong operability, simple method, Strong
applicability, etc.

Water source demand, large engineering
quantity, costly, etc.

Chemical measures Material variety, producing effects
quickly, etc. Short duration, secondary pollution, etc.

Biological measures Eco-friendly, sustainable, etc. Time-consuming, regional specificity, etc.

3. Soil Water and Salt Changes in Saline–Alkali Soil

Water and salt transport in saline–alkali soil is an essential issue during improvement
and utilization (Figure 3), and soil water and salt are fundamental indicators of soil health.
However, high soil water and salt stress deteriorate soil quality and inhibit the growth
of plants and soil biological properties [88,89], so the regulation of soil water and salt is
included in the management of soil health. Based on the decision regarding water and
salt database management, soil water and salt monitoring and simulation proceed from
the initial data analyses to any final decision-making. There is a common Chinese saying:
“Salt comes with water, and salt goes with water”, which indicates that water is the driving
force of salt. Numerous elements, including tillage, soil conditioner, irrigation, soil texture,
groundwater, and climate, all have an impact on it. Ion exchange between soil particles
and soil solution, diffusion in soil solution, and movement with bound water and pore
water in soil are the four methods through which salt is transported with water in soil [90].
The potential energy theory is applied to study water and solute transport problems in
saturated and unsaturated soils. Based on the water–salt balance theory, a simple soil–
water–salt dynamic prediction model is proposed, which is characterized by avoiding
the details of unsaturated water movement as much as possible when studying the salt
movement process in unsaturated zones [91]. Furthermore, saline–alkali soil reclamation
involves the control and management of water and salt movement [90]. Hence, the central
issue of saline–alkali soil is soil water and salt transport under various factors. Below, we
summarize some of the aspects involved in soil water and salt transport, such as models,
irrigation, buried layers, freezing, and thawing, which are highly discussed in China.

 
Figure 3. Aspects of soil water and salt transport in saline–alkali soil.
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3.1. Soil Water and Salt Simulation and Monitoring

In order to gain a better understanding of the continuous changes in water and
salt, model simulation is an effective method, such as HYDRUS, SWAT (Soil and Water
Assessment Tool), DRAINMOD (A Hydrological Model for Poorly Drained Soils), SHAW
(Simultaneous Heat and Water Model), and COMSOL (COMSOL Multiphysics). HYDRUS
is widely used in the study of saline–alkali soil; it can effectively simulate the transformation
of water, multi-component solutes, and heat in both saturated and unsaturated zones [92],
such as coastal saline soil under film mulch and buried layers [93], the unsaturated root
zone of raised land [94], saline water irrigation under subsurface drainage conditions [95],
root water uptake calculations [96], and subsurface pipe drainage in reclaiming coastal
areas [97]. There is much research on soil solute transport in agricultural systems, while
soil solute transport in other ecosystems is limited. Moreover, the root uptake of soil water
and nutrients is a key factor affecting the transport of solutes in saline–alkali soil, and the
coupling relationship between crop growth and the absorption of water, nutrients (solutes),
and solute transport by crop roots are rarely considered. Moreover, almost all models need
lots of measured soil parameters, which determine the accuracy of the model, and the
accuracy and effectiveness of model applications vary depending on the characteristics of
climate, hydrological conditions, and topography. In conclusion, improving simulation
accuracy based on a coupling relationship is an urgent problem that needs to be solved,
especially in the theory of water and solute transport in the future.

Remote sensing and near-earth sensing technology are important methods for the
multi-element, multi-scale, and integrated monitoring of soil salinization [41]. Examples
include aviation/satellite optical/microwave remote sensing images [98], magnetic earth
conductivity meters [99], ground penetrating radar [100], time-domain reflectometers
(TDR), and frequency-domain reflectometers (FDRs) [101,102]. For instance, a remote
sensing monitoring model analyzed the spatial dynamics and main factors of soil salin-
ization in the agricultural areas of northern Xinjiang [103]. The combination of the SWAP
(Soil–Water–Atmosphere–Plant), GIS (Geographic Information System), and RS (Remote
Sensing) models was used to explain the distribution of soil water and salt spatiotemporal
evolution at the regional scale under water-saving irrigation conditions [104]. A linear
regression model was constructed between magnetic- induced earth conductivity and soil
salinity, quantitatively evaluating the spatiotemporal evolution of soil salinization in the
Yangtze River Estuary region over the past 10 years [105]. Landsat imagery and magnetic
conductivity meter (EM38) data were combined for the study of the spatial variability of
regional soil salinity [106]. A soil salinization monitoring model was constructed using un-
manned aerial vehicle multispectral remote sensing and GF-1 satellite remote sensing data,
and a further-improved TsHARP scale conversion method was applied to soil salinization
monitoring through unmanned aerial vehicle and satellite remote sensing upscaling [107].
Overall, model simulation, remote sensing, and near-earth sensing technologies are im-
portant ways to accurately quantify soil water and salt transport in saline–alkali soil, and
future research should strengthen the collection of observation data at different scales
and construct universal scale conversion functions, especially under spatiotemporal hy-
drological processes, changing climates, special topographic and geological conditions,
etc.

3.2. Soil Water and Salt Dynamics under Irrigation

Irrigation is the driving force of soil water and salt transport in saline–alkali soil, as
shown in Figure 3. In northwest China, 225 and 300 mm of winter irrigation are advised in
order to desalinate the soil, promote cotton growth, and save water [108]. Film mulching
plus irrigation also contribute to salt reduction in the root zone, especially in heavily saline
soil [109]. It was observed that throughout the irrigation period, the soil salt distribution
was more consistent below the top of the ridge than it was below the furrow. Subsequent
research using saline water and mulched furrow irrigation revealed that the soil salt content
of the surface soil layer beneath the top of the ridge was lower during the irrigation period
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than that below the bottom of the furrow [110]. Micro-sprinkler irrigation was confirmed
as a potential method for alleviating soil salinization, especially in coastal saline soil in
northern China [111]. A meta-analysis indicated that drip irrigation generally decreased
soil salt content in the root zone by 37.7% relative to flooding irrigation, and a flow rate
of 2–4 L/h was recommended in drip emitters, which could have a positive effect on salt
control. Furthermore, the salinity of irrigation water should be lower than 2 dS/m [18].

Saline water irrigation is very important for agriculture in the arid regions of north-
western China [32]. It was demonstrated that saline irrigation with a salinity below
10.6 dS/m can lessen freshwater shortages during a lengthy 15-year period of saline water
irrigation [112]. After 2 years of saline water irrigation under a subsurface drainage system,
the soil salinity reduced annually, and there was no salt buildup in the topsoil [113]. The
ridge planting system was more effective under drip irrigation with saline water when
planting small shrubs and herbaceous plants in the coastal saline soils [114]. Nevertheless,
a study also discovered that following saline irrigation, soil salinization did not increase
(<1.0 dS/m) in the 40–60 cm soil depth, where a large number of lateral roots also ger-
minated and spread horizontally, but it did significantly accumulate in the topsoil (crust
and 0–10 cm soil layers) [115]. Regardless of the salinity of the irrigation water, heavily
saline soil changed to a weakly salinized or even non-saline profile at 0–1 m [116]. The
average soil salt concentration in the 1.0 m profile was 336% and 547% of the initial level
after 3 years of irrigation with moderately salted and highly salted water, respectively [117].
Generally, various irrigation methods were applied to soil desalination and soil water
improvement in the root zone, especially in the arid and semi-arid regions of China.

3.3. Soil Water and Salt Dynamics under Freezing and Thawing

An essential process in saline–alkaline soil is freezing and thawing. Water migrates
towards the freezing front mostly due to temperature gradients in the water [118]. In the
course of cooling, salt and water go toward the cold end [119], and the area with a high
salt content will melt first, followed by the low-salt-content area. This phenomenon is
caused by the different freezing points, resulting in salt leaching in the surface layer [120].
However, there are different results regarding the thawing process and salt reduction. It
was suggested that soil salinization can occur because more salt is collected in the top soil
during the freezing phase than salt leached during the warming period [121]. Particularly
in coastal saline soil, the initial water content and bulk density of the soil can also have
an impact on the water infiltration and desalination of melting salty ice water. As the
original soil water contents and bulk densities diminish, the top soil’s salt content also
decreases [122]. It was also found that meltwater from saline ice can contribute to the
successive infiltration of water with different salinity, resulting in the desalination of
coastal saline soil [123]. In the topsoil layers, the soil water content in the upper layer is
greatly under the effect of salt-free ice compared to saline ice, but at the deeper soil layers,
the situation is reversed [124]. Furthermore, the infiltration rate is faster with saline ice
meltwater compared to salt-free ice meltwater when infiltrating into saline soils, and this
effect increases with ice salinity level and decreases with ice sodium adsorption ratio [125].
An essential component of soil water and salt transfer occurs when ice and salt undergo
phase transitions in saline soils. The findings demonstrated that salt-free soils have less
liquid water content and a higher concentration of salt solution as a result of the phase
transition between ice and water [126].

3.4. Soil Water and Salt Dynamics under Buried Layers

Previous research has mainly focused on the continuous soil layer, and salt accumu-
lation in the surface layer is the main reason for salt stress, which is caused by capillary
action. In order to address this problem, a buried layer is an effective method that has been
used in recent years to separate the surface and subsoil, which breaks the continuity of cap-
illary movement and changes soil water and salt migration between the upper and lower
layers of soil [36]. The buried layer mainly aims to prevent soil water evaporation and
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salt accumulation [127]. There are many materials that are used as buried layers, such as
straw, wood fiber, biochar, and peat, and straw is the most commonly used buried material.
Different buried materials, amounts, and depths contribute to the different characteristics of
water and salt transport. A buried straw layer can improve soil water storage in the topsoil
by retarding the infiltration process [35] due to the overburden weight compaction effect
caused by the buried layer [128,129]. Both a buried straw layer and a buried straw layer
plus film mulch could significantly decrease the salt salinity of the top 0–40 cm, especially
at the sowing stage of sunflower, and a buried straw layer plus film mulch effectively
reduced salt content throughout the growth period [35]. They discovered that adding
a layer of straw and gypsum from flue gas desulfurization decreased the salinity and
alkalinity of the soil [130]. In comparison to the other methods, the combination of straw
layer burial (6.0 t/ha) and surface mulch (3.0 t/ha) was demonstrated to be an effective
method of returning straw [131]. A buried wood fiber layer plus plastic film mulch was
also applied in coastal saline soil, which decreased water stress and increased efficiency
in water utilization throughout the growth season, controlling soil salt content to below
2 g/kg [93]. A buried peat layer reduced the infiltration rate by 68.3% compared with the
control, and the buried peat layer increased by 11.9% the 0–20 cm soil water content at
the end of the infiltration stage [132]. Buried depth is another factor that affects soil salt
and water. For buried layer depths of 30 cm and 50 cm, researchers discovered that when
the buried layer was 30 cm deep as opposed to 50 cm deep, the amount of soil water in
the 0–30 cm depth decreased more quickly. The wood fiber and biochar layers may both
prevent surface soil from becoming too salted [36]. A buried layer is a proper method for
soil salt reduction; however, the buried layer limits water’s upward movement, and it has
difficulties in its operations. Finding effective ways to achieve salt inhibition is one of the
topics for the future.

4. Nutrients in Saline–Alkali Soil

Nutrients are important indicators of soil health, including the chemical and bio-
logical aspects of nutrient holding capacity, chemical availability, the C:N ratio, and the
organic matter in the biological aspect, which are defined by FAO [2]. Saline–alkali soil
improvement and utilization are limited by poor nutrients. Considerable research has been
conducted on soil fertility in salinized land. Soil organic carbon, nitrogen, and phospho-
rus are important nutrient components in soil. However, studies have shown that soil
organic carbon content in the most saline soil is less than 1% [133]. The nitrogen utiliza-
tion efficiency of urea in saline farmland is 14 to 29%, while the phosphorus utilization
efficiency is 10 to 25%, which is lower than that of conventional farmland [134]. Generally,
for saline–alkali soil as one of the main types of low-to-medium-yield farmland in China,
soil fertility and/or nutrient storage capacity improvement is of great significance for grain
yield increase, carbon sequestration, and increasing soil organic matter. However, the
primary factors limiting agricultural productivity are soil salinity and alkalinity [135].

Improving soil fertility and nutrient storage capacity is of great significance to increas-
ing grain production and reducing carbon emissions, especially in saline–alkali soil, as
it is severely lacking in nutrients. We find that advances in soil salinity, alkalinity, and
nutrients will soon follow, especially regarding the inhibitory mechanism of salinization on
soil nutrient storage, the mutual feedback mechanism between soil structure adjustment
and nutrient storage capacity expansion, the carbon and nitrogen stabilization mechanism
of agricultural and livestock waste resource utilization, and the principle of organic car-
bon regulation and carbon sink capacity enhancement in saline farmland soil. We also
notice that limited studies explain whether to reduce salt first or increase soil nutrients
first; theoretically, soil nutrients could be improved after salinity reduction, but there are
many studies that confirmed that exogenous organic matter addition contributed to salinity
reduction. In this study, we think there is a positive interaction between salinity reduction
and soil nutrient improvement when one of them first comes into play, along with the
other.
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4.1. Soil Organic Carbon and Its Improvement in Saline–Alkali Soil

The soil organic carbon (SOC) content in most saline soils is lower than 1% due to high
soil salinity [133]. Soil salinization significantly reduces soil organic carbon and microbial
biomass carbon by 20.6% and 36.5%, respectively [136]. The mean soil organic carbon
density of natural saline–alkaline wetlands is generally lower than that in other wetlands in
China [137]. It has been confirmed that saline–alkali soil amelioration can sequester more
carbon [45], and micro-organisms and rhizosphere enzyme activity are what propel the
conversion of organic and inorganic carbon in saline–alkaline soil [138].

In saline–alkaline soil, fertilization techniques are useful for controlling soil organic
carbon [139]. Combining chemical fertilizer with sheep dung, corn straw, fodder grass, and
granular corn straw increases the amount of organic waste applied to the soil, particularly
in the free light fraction and organic carbon in the occluded fraction [140]. While adding
nitrogen boosts aboveground biomass and encourages plant development, it has little effect
on soil organic carbon stores [141]. Under organic supplements, such as humic acid plus
organic amendments and biofertilizer plus organic amendments, the soil organic carbon
and total C content of the 0–40 cm soil layer increase by 9–40% when compared to chemical
fertilizer [135]. Furthermore, researchers concluded that soil pH was a decisive factor over
the soil organic carbon in saline–alkali grassland [141]. Sludge-based vermicompost and
other organically modified soils were achieved by reducing pH and salinity and increasing
soil organic carbon content [140]. When there is enough carbon supplied, fungal diversity
decreases, resulting in limited CO2 emission and ensuring the input of carbon [142]. In
the salinization areas of Inner Mongolia, China, the application of conditioners, such as
those containing marlstone and enzymes, increased the dissolved organic carbon and
fractionated organic carbon content, as well as the number of aggregates of size >0.25 mm,
when compared to soil planted with Jerusalem artichoke alone [143]. Deep tillage reduced
soil organic carbon accumulation, but the addition of vermicompost compensated for this
reduction, significantly increasing soil organic carbon content in the saline–alkali soils [144].
Using biochar is an important way to increase soil carbon. Mineral-associated organic
carbon and soil organic carbon increased with the duration of biochar application, but the
particulate organic carbon content did not [145]. Rice planting contributed to an increase in
soil organic matter by enriching soil microbiome diversity [146]. Planting duration also
improved soil organic carbon content. It was confirmed that the carbon pool management
index and carbon pool index increased with the increase in rice planting duration in the
saline–alkali paddy fields in western Jilin, China [147]. However, not all soil amendments
could improve soil organic carbon. Gypsum addition significantly reduced dissolved
organic carbon by about 36–47%, whereas gypsum and biochar amendments could enhance
the stability of soil organic matter in saline–alkaline paddies [43].

There are other factors that can further influence soil organic carbon in saline–alkali
soil, such as irrigation, freezing and thawing, mulching, and the number of reclamation
years. While salty water irrigation at low concentrations had no effect on soil carbon
sequestration, high concentrations of saline water were detrimental to soil carbon seques-
tration [148]. The features of the saline–alkali soil in wetlands and the distribution of
carbon may be impacted by freeze–thaw cycles. With repeated cycles, the amounts of
water-soluble organic carbon, microbial biomass carbon, and rapidly oxidized organic
carbon increased, decreased, and then eventually achieved a steady state [149]. Mulching
with polyethylene decreased soil organic carbon by 16% and 6%, respectively, with and
without organic amendment [150]. Mulching needs to be carried out in conjunction with
subsurface organic amendment. Although reclamation time did not increase the amount of
carbon in the soil, it did convert particle organic matter into organic matter linked with
minerals [151].

4.2. Soil Nitrogen in Saline–Alkali Soil

Nitrogen is important in saline–alkali soil. Saline–alkali soil yield and economic
benefits are highly related to N application and the soil salt content. When soil salinity
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is more than 3.5 g/kg, planting is not advised; however, N treatment might boost crop
production and economic advantages when soil salinity is between 1.8 and 2.9 g/kg. When
the soil salinity is between 2.9 and 3.5 g/kg, the net economic benefit is negative [152].
The nitrogen use efficiency of cotton was 26.1–47.2%, and the residual N in the soil was
7.7–14.9%, which was contributed via 15N-labeled fertilizer addition [153]. The soil nitrogen
content in saline–alkali soil is influenced by multiple factors, and salinity, soil amendments,
and irrigation are concluded below.

Soil salt mainly affects the migration and transformation process of nitrogen, such
as nitrogen leaching and ammonia volatilization, and it restrains the root uptake of nitro-
gen [154]. Nitrate leaching occurs when the soil matric potential thresholds are higher
than −20 kPa; excessive N fertilizer contributes to nitrate leaching [155]. Soil salinity
promoted NH3 volatilization by about 19.50–22.78% of the N input, and nitrate leaching
was 32.89–43.84% in the saline soil of the Yellow River Delta, as calculated using Hydrus-
2D [156]. One study found that N loss in the top soil is highly determined by anammox
and linked to denitrification in the deep layer, especially in coastal saline–alkali soil. Fur-
thermore, anammox took up 40–87.5% of total N within 0–50 cm soil, and it declined
at lower than 50 cm [157]. A field experiment showed that the cumulative emissions of
N2O increased with the increase in soil salt content in the Hetao Irrigation District of
Inner Mongolia, China [158]. The transformation of soil nitrogen is mostly fueled by soil
microorganisms, and there is a considerable positive correlation between urease activity
and soil nitrogen [159]. It was found that reducing nitrogen fertilizer application could
retain more NH4

+-N, contributing to limited nitrate leaching, which is very important in
reducing environmental pollution [160].

Different soil amendments also affect nitrogen migration and transformation. Biochar
application decreased denitrification rates by 23.63–39.60%; polyacrylamide reduced deni-
trification and ammonia volatilization rates by 9.87–29.08% and 11.39–19.42%, respectively,
whereas the ammonia volatilization rates rose by 9.82–25.58% [161]. Biochar consider-
ably raised the NH4

+-N contents by 80.08% in saline–alkaline soil and encouraged the
conversion of NH4

+-N into NO3
−-N [162]. Biochar could reduce NH4

+-N leaching by
improving crop nutrient absorption and utilization [163]. Moreover, there were increases
in total nitrogen (9–198%) and available nitrogen (12–49%) after biochar application [164].
Vermicompost and humic acid fertilizer showed a trend of reducing N2O emissions in
saline–alkali soil, which contributed to increasing nosZ gene copy numbers, especially
in the macroaggregate microbial community [165]. Nitrogen and straw addition signifi-
cantly reduced the soil salt content and increased the nutrient contents [166]. Legumes are
suitable for saline soil reclamation, as they can increase the soil nutrient content due to
nitrogen-fixing bacteria improvements [167]. Applying humic acid and gypsum in tandem
at a weight-based ratio of 1:3 did not result in an increase in nitrogen leaching [168]. Earth-
worms and arbuscular mycorrhizal fungal hyphae contributed to a reduction in soil salinity
and an increase in NO3

−-N, NH4
+-N, microbial biomass nitrogen, and the abundance of

nifH and AOB amoA genes [169].
Irrigation affects soil mineralization rate. The organic nitrogen mineralization rate

was lowered by using brackish water irrigation; the nitrogen mineralization rate and net
nitrogen mineralization rate were lowered by 41.07% and 11.62%, respectively [170]. A
10-year field experiment concluded that long-term saline water irrigation significantly
increased soil NH4

+-N concentration and inhibited N2O emission, and it decreased soil
NO3

−-N and total nitrogen content due to the effect of saline water irrigation on the
denitrifying bacteria community [171].

4.3. Soil Phosphorus

Phosphorus plays a crucial role in plant nutrition and soil fertility and is a key element
in photosynthesis and respiration, as well as nucleic acid and membrane synthesis [172,173].
The deficiency of available phosphorus limits plant production and the development of
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agriculture [174,175], especially in saline–alkali soil with a high pH and low phosphorus
solubility, where plants suffer from salt stress and phosphorus deficiency [176].

Saline–alkali soil affects the effectiveness of phosphorus in two ways. Firstly, soil salt
reduces the effectiveness of phosphorus by enhancing the adsorption of phosphorus, and
this varies depending on the soil texture [177]. There is a chemical reaction between Ca2+ or
Mg2+ and phosphate ions, and they then combine with hydroxyl and oxy groups to change
into hydroxyphosphates and fluorophosphates that are not available to plants. Secondly,
salt ions affect the absorption of phosphorus via the cell membrane, especially Cl- [178]. Salt
ions also restrict the mineralization and decomposition of organic phosphorus and reduce
the effectiveness of organic phosphorus [179]. The exogenous addition of phosphorus is
a promising strategy to improve plant salt tolerance. After phosphorus application, the
plant K+/Na+ ratio in the leaves, stems, and roots of two alfalfa varieties significantly
increased, which indicated that phosphorus fertilizer improved the salt tolerance of the
plants [180]. However, it was also found that whether phosphorus addition can enhance
plant salt tolerance depends on the water use efficiency and salt content [181]. Therefore, the
comprehensive effects of salt stress and phosphorus deficiency will ultimately determine
the plant’s salt tolerance.

Strategies for improving the effectiveness of phosphorus are of great importance
in saline soil, and they can also be divided into three methods, according to Section 2.
Cultivation measures can improve soil physical structure, reduce the toxicity of salt to plant
roots, and promote plant phosphorus absorption. Moreover, physical measures strengthen
phosphorus cycling by improving the soil structure of saline soil, enhancing ventilation and
permeability, and increasing plant species diversity [182]. Soil amendments also promote
phosphorus availability. Phosphogypsum could reduce the pH of the surrounding soil,
which is beneficial for the dissolution and release of inorganic phosphorus [183]. The
application of mineral phosphorus and organic fertilizer not only significantly increases
the available phosphorus content but also improves the yield [184]. However, the chemical
fertilizer of calcium superphosphate with organic fertilizer and amendment (CaSO4) did
not improve the effective phosphorus content in moderately saline soil due to the formation
of calcium phosphate [185]. Reducing urea addition also improves available phosphorus
content [186] and improves alkaline phosphatase activity in the 0–10 cm soil layer [187]
and reducing 30% of the nitrogen content via fulvic acid addition improves the activation
and cycling of phosphorus by reducing Ca2-P and Ca8-P [188]. Biochar addition also
increases the effective phosphorus content by 40.72–84.8% compared with conventional
phosphorus application [189]. The inoculation of marine phosphate-solubilizing bacteria
increased soil available phosphorus content by 12.5%, and it increased by 61.2% when
marine phosphate-solubilizing bacteria were combined with organic amendments [190].
Phosphorus leaching was reduced, and phosphorus availability increased via the combined
use of phosphorus-accumulating and phosphorus-solubilizing bacteria [191]. Paenibacillus
sp. C1, a saline–alkaline-tolerant bacterial strain, was found to have good characteristics
in terms of acid production and phosphorus dissolution, especially in high salinity and
alkalinity soil [192].

In general, the application of phosphorus fertilizer is an effective way to improve
soil phosphorus availability and crop yield, but the application amount in saline–alkali
soil should be adjusted according to the soil’s physical and chemical properties and any
amendment.

5. Yield Improvement in Saline–Alkali Soil

The ultimate goal of improving and utilizing saline–alkali soil is increased production,
and different improvement measures and regions have shown varying results. We sum-
marized the results related to yield under different improvement measures in three main
saline–alkali regions; it was clearly shown that crop yields in saline–alkali soil increased
under effective improvement measures. Many studies have confirmed that a high yield

124



Agriculture 2024, 14, 1210

is contributed via the combined effect of multiple measures, such as mulching, irrigation,
tillage, and soil amendments.

Many studies have confirmed that yield is improved by mulch plus irrigation; the de-
tails are shown in Table 2. Mulch plus irrigation was the main reason for yield improvement
due to salt leaching under irrigation; mulch reduced soil evaporation, which could reduce
salt stress and improve soil water content, thus ensuring crop growth. It was found that salt
stress limited cotton yield by 5.2% for every unit increase in soil EC when EC was above
7.7 dS/m [193]. Brackish water and/or saline water have been applied in saline–alkali soil
due to the limiting fresh water; although the yield was improved by using these methods,
there is a high risk of mineralization in groundwater and secondary salinization. Obtaining
a sufficient supply of fresh water is an urgent problem in this area; maybe economic brack-
ish water and/or saline water desalination is the proper method. Moreover, increasing soil
organic matter and reducing salt accumulation by using cattle manure [194] and a buried
wood layer [93] could also contribute to yield improvement.

Table 2. Yield under mulch combined with other measures.

Measures Yield Location Crop Reference

Brackish water irrigation 6.0–8.0 Mg/ha 37◦31′ N, 116◦30′ E Winter wheat [195]
Brackish water irrigation 3.0–9.0 Mg/ha 37◦31′ N, 116◦30′ E Summer maize [195]
Brackish water irrigation 11.7–15.5 g/plant 41◦35′ N, 86◦10′ E Lint yield [196]

Drip irrigation 5100–6200 kg/ha 40◦53′ N, 86◦56′ E Seed cotton [197]
Drip irrigation with saline water 1250–3100 kg/ha 44◦19′ N, 85◦59′ E Seed cotton [198]

Cattle manure 5124–6197 kg/ha 38◦46′ N, 117◦13′ E Maize [194]
Wood fibre layer 1000–1232.7 kg/ha 37◦45′ N, 118◦59′ E Seed cotton [93]

Table 3 shows yield improvement under tillage plus mulch or irrigation; it indicates
that tillage methods, such as traditional tillage, deep tillage, and smash ridge tillage,
represent an important way to affect crop yield in saline–alkali soil. These methods
are used to loosen soil; deep tillage and smash ridge tillage can break the plow bottom
layer, which contributes to plant root development and improves salt leaching. Tillage is
indispensable in saline–alkali soil. Due to the uneven distribution of salt ions and rough
ground, no-tillage recommended by some studies cannot be adopted in saline–alkali soil
reclamation. The details show that traditional tillage with straw mulching could ultimately
increase grain yield by 11.3% when compared to no-tillage or mulch [199]. Deep tillage
with straw mulch could also contribute more to yield improvement than deep tillage with
no mulch [200]. Moreover, it was found that crop yield increases with an increase in smash
ridge tillage depth, and when compared to conventional tillage, the yield rose dramatically
from 65.24% to 84.14% when using smashing ridge tillage at 60 cm [201]. Ridge planting
Lycium barbarum L. with drip irrigation in saline soil guarantees a yield close to the local
farmland (~900 kg/ha), which was applied in the saline–sodic wasteland of Ningxia [202].
Breaking the plow bottom using a subsoiling technique in alkali soil can effectively reduce
salt content and increase crop yield [203].

Table 3. Yield under tillage combined with other measures.

Measures Yield Location Crop Reference

Traditional tillage and mulch 4655–5331 kg/ha 36◦46′ N, 117◦13′ E Maize [199]
Deep tillage 10,168–12,288 kg/ha (shoot biomass) 41◦04′ N, 108◦00′ E Sunflower [200]

Conventional tillage 2700–5100 kg/ha 79◦25′ N, 40◦01′ E Seed cotton [201]
Tillage with irrigation amount 45–908 kg/ha 38◦47′ N, 106◦20′ E L. barbarum L. [202]

Soil amendment has been widely used in saline–alkali soil, which also contributes
to yield improvement. This mainly improves soil structure, increases soil organic matter,
and exchanges water-soluble ions. Biochar has been widely used in saline–alkali soil,
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but the addition of different amounts and types of biochar may result in different yields
(Table 4). As a porous material, biochar can enhance the porosity and water-holding
capacity of saline–alkali soil and reduce soil bulk density due to its large surface area and
pore structure. The inorganic components contained in biochar, such as Ca2+ and Mg2+,
could reduce the content and relative proportion of soluble Na+, thus reducing soil EC
and improving yield. The organic carbon and nutrients of biochar can also increase the
soil’s organic carbon and nutrient content in saline–alkali soil. Gypsum is usually used
in alkali soil for a high yield (Table 4). Desulfurized gypsum has been suggested as a
useful soil amendment, particularly in northeast China, west of the Songnen Plain [204].
The dissolution of desulfurized gypsum produces Ca2+, which displaces exchangeable
Na+ in the soil, thereby reducing the pH value and soil alkalinity and improving soil
physicochemical properties. Desulfurized gypsum can enhance the ion adsorption capacity
of soil. Chemical polymer materials, such as polyacrylamide, could improve the formation
of soil aggregates and enhance soil water retention capacity, ultimately increasing crop
yield (Table 4).

Table 4. Yield of saline–alkali soil under soil amendments combined with other measures.

Measures Yield Location Crop Reference

Biochar 19–35 t/ha (aboveground biomass) 33◦33′ N, 120◦22′ E Wheat [205]
Biochar 20–39 t/ha (aboveground biomass) 33◦33′ N, 120◦22′ E Maize [205]

Corn straw biochar 5.0–7.8 t/ha 44◦50′ N, 123◦35′ E Maize [206]
Biochar 11–14 t/ha 46◦37′ N, 125◦11′ E Maize [207]

K-rich biochar 3–3.5 t/ha 37◦55′ N, 118◦48′ E Wheat [208]
K-rich biochar 5.5–7.5 t/ha 37◦55′ N, 118◦48′ E Maize [208]

Gas desulfurization gypsum 776–1428 t/ha 40◦15′ N, 110◦50′ E Sunflower [209]
Polyacrylamide 842–1531 kg/ha 38◦19′ N, 117◦23′ E Cotton [210]

6. Perspectives on the Improvement and Utilization of Saline Alkali Land

Based on the above contents, we also find the following: (1) Technological innovation
in this area is in a bottleneck period. The existing technology mainly involves updates and
optimizations of previous technologies, such as irrigation, mulching, and subsurface pipe
drainage, but this also reflects the reliability and durability of such technologies. (2) The
theory and technology of the green reduction of obstacles in saline–alkali land is limited by
practical application. More attention is paid to agriculture; however, the ecological value
of saline–alkali soil reclamation using ecological restoration methods is underestimated
and/or ignored. Ecological restoration methods should be developed alongside agronomic
measures. (3) The technology for improving soil fertility and expanding nutrient storage
in saline–alkali land is not mature enough, and its long-term effectiveness needs to be
strengthened. (4) The development and application of improved and new materials still
face a challenge in saline–alkali soil reclamation to achieve increased efficiency, economy,
and environmental friendliness.

7. Conclusions

Various soil improvement measures have been developed and applied to saline–alkali
soil. These measures are closely related to soil health based on physical, chemical, and
biological indicators. Practical measures depend on regional characteristics, such as salinity
and alkalinity, soil ion composition, pH, hydrological processes, groundwater levels, soil
texture, and regional policies. The technical modes of the three major saline–alkali areas of
China are different due to regional differences. However, with the maturity of technology
and the spreading of information, compound measures have been widely promoted in
different saline–alkali soils.

With the development of saline–alkali soil research, we have also found that nutrient
regulation is also very important for saline–alkali soil production. Soil organic carbon
enhancement is a key factor in improving soil fertility, and it is confirmed that there is great
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potential for carbon sequestration in saline–alkali soil. Improvements in soil nitrogen and
phosphorus content are highly related to yield, especially in the plow layer. However, the
utilization efficiency of nitrogen and phosphorus is lower than that of general farmland
soil due to salt and alkali stress. Overall, soil water and salt regulation represent essential
steps in improving saline–alkali land and soil nutrient improvement ensures saline–alkali
soil production.

Above all, the diverse types, abundant resources, and vast geographical area of saline–
alkali soil in China provide unique research conditions for soil scientists and agriculturists.
Research is needed to help improve saline–alkali soil health, which is of great importance
to soil health in China and in the world. In the future, we look forward to strengthening
the following research areas: (1) the efficient and precise control of salt, as well as safe
and economical water use theory and technology; (2) reducing the risk of secondary pol-
lution; (3) promoting nutrient storage capacity and improving nutrient efficiency; and
(4) comprehensively considering the development prospects of saline–alkali land in agri-
culture, resources, ecology, and the environment. More work should be conducted on
saline–alkali soil improvement and utilization based on the perspective of soil health.
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Abstract: Soil degradation threatens global food security and environmental sustainability, neces-
sitating effective soil management strategies. This review comprehensively examines the impact
of organic soil amendments on soil quality and productivity across various soil types and climatic
conditions. A review of significant research related to organic amendments was performed using
encompassed data from online search engines for studies published up until 31 December 2023.
Despite their heterogeneity and use of varying methodologies, the data were narratively synthesized,
providing a comprehensive understanding of amendment-induced changes in the chemical and phys-
ical properties of soil and the effectiveness of restoration on soil degradation. Organic amendments,
including compost, vermicompost, biochar, and pomace, are pivotal in enhancing soil quality by
increasing soil organic matter content, fostering aggregate formation, and improving soil structure in
the short term. They positively influence water retention capacity, pH levels, nutrient availability, and
carbon sequestration. In several studies, amendment-induced changes were absent, indicating that
the effects of amendments vary depending on soil texture, application rates, and cropping systems,
which emphasizes the need for tailored, sustainable soil management practices. This study concludes
that organic amendments are a promising option for structure improvement and organic matter
accumulation. It further suggests that an approach that integrates various methods is essential in
order to meet desirable soil quality and retain agricultural productivity and offers valuable insights
and recommendations for policymakers, practitioners, and researchers. Organic amendments can
improve soil ecosystem services and contribute to climate change adaptation. In the future, more
attention should be directed to tillage management and soil amendment interaction, as well as their
effectiveness over specific periods of time.

Keywords: soil amendments; soil texture; organic matter; soil degradation

1. Background

Soil is an essential natural resource that is necessary for sustainable Earth life [1]. Soils
provide us with numerous regulating (e.g., air and water purification), provisioning (e.g.,
food), and cultural (e.g., recreation) ecosystem services, ensuring human well-being and
sustainable socioeconomic development [2]. From the perspective of food demand and
climate change, soil provisioning (food, water, raw material, medicinal resources, genetic
resources, etc.) and regulating (climate regulation, erosion prevention, etc.) ecosystem
services are a main focus of the scientific community [3–6].

Rising population growth and global warming are two of the most critical challenges
that currently affect food supply security [7]. Decreasing the amount of arable land available
per person generates food supply insecurity. This trend exists because population growth
is outstripping the expansion rate of the area used for crop production [8]. Solutions
such as genetic modifications, agrochemicals, mineral fertilizers, and growth conditioners
are tested in order to ensure food security [9,10]. However, these solutions, along with
improper land management and excessive soil exploitation, often deteriorate soil quality,
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leading to a decline in agricultural productivity and soil degradation [11]. The negative
impact of human activities on soil has been ongoing since the first agricultural revolution,
although the anthropic impact on soil goes back as far as 13,000 years ago [4].

Soil degradation is also a significant global problem. Approximately one-third of the
world’s cropland is affected by at least one form of degradation, including soil/water pol-
lution, soil water/wind erosion, the loss of soil organic matter (SOM), nutrient imbalances,
salinization and acidification, crust formation, and the loss of soil biodiversity [11,12].
Whilst soil continues to degrade at a rate of 5–10 billion hectares annually [13], the re-
sponsibility for addressing soil conservation and management falls on all of us, regardless
of background, knowledge, or profession. Therefore, on a global scale, significant ef-
forts must be invested to create sustainable measures in order to mitigate or neutralize
land degradation. Several policies have been launched to combat land degradation by
promoting sustainable agriculture and management. From the United Nations “2030
Agenda for Sustainable Development”, which seeks a more sustainable future through a
land degradation-neutral world where food production is intensified on existing cropping
and pasture lands under sustainable land management practices [14], to the European
Commission’s “A Soil Deal for Europe”, which addresses the Sustainable Development
Goals and the Green Deal, together with the European Union Soil Strategy [15]. All policy
goals directly or indirectly depend on soil function, land use, and management [16,17],
highlighting the need to ensure and preserve soil quality.

Preserving soil quality is essential in implementing sustainable agriculture and safe-
guarding ecosystem services [18]. Among several other strategies, such as the imple-
mentation of cover crops, conservation tillage practices, balanced fertilization, and crop
rotation [11,19], soil quality can be improved by applying soil amendments [20–22]. Soil
amendments refer to materials obtained from different processes that are used to improve
soil productivity and quality [23].

There are two categories of soil amendments: (1) organic materials, such as biochar,
straw, pomace, manure, sawdust, and compost, and (2) inorganic materials, including
sand, gypsum, vermiculite, zeolite, and lignite [24,25]. Soil amendments, both organic
and inorganic, improve the physical and biological properties of soil, increase carbon
sequestration, restore saline and contaminated soils, and increase crop yields and fertilizer
efficiency [26]. Generally, their impact on soil quality is primarily positive, regardless of
the climate conditions and soil type [27].

The use of organic amendments has its economic aspect. The high prices of inorganic
fertilizers favor organic amendments as a desirable and acceptable alternative for meeting
the demand for nutrients in plant production. In addition, they also have a positive
influence on soil properties and reduce dependence on inorganic fertilizers [28,29]. How
and to what extent organic amendments will affect soil properties depends on several
factors: type of material used, the amount used in a certain area, duration of application,
climate conditions, soil type, soil management practices, and cropping systems [30,31].

When using organic amendments in plant production, emphasis is placed on increas-
ing the soil organic matter (SOM) content, which is a crucial factor because a lack of SOM
can lead to multiple negative changes in the soil. Reduced water storage capacity and
porosity, soil compaction, and low infiltration capacity are just a few examples [32], as well
as increased runoff and the loss of the topsoil layer [33]. All of the mentioned elements
emphasize the importance of proper soil management, including soil conditioning using
organic amendments. Future paragraphs will detail the impact of soil conditioning on
soil quality. Several studies highlighted the adverse effects of improper organic amend-
ment addition in this context. For instance, research conducted in the USA [34] reported
a decrease in soil nitrogen following biochar application, regardless of application rate.
Similarly, compost derived from the wine industry has been shown to elevate soil pH,
which is particularly harmful for crop production in the naturally alkaline soils of South
Africa [35]. Conversely, detrimental trends associated with animal manure applications
were observed in Bangladesh [36], exacerbating soil acidification issues. The presented
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examples warn farmers that the use of particular organic amendments should align with
crop needs, soil characteristics, and environmental conditions.

This paper presents a unique approach, discussing the impacts of organic amend-
ments, namely compost, vermicompost, biochar, pomace, and manure, on the physical
and chemical properties of soil. Our discussion is based on the most recent and relevant
review and meta-analysis articles. In cases where review and meta-analysis papers were
unavailable for a given topic, we turned to the most recent and relevant research papers
(Tables 1–4). Importantly, no previous review or meta-analysis articles have synthesized
or integrated all the organic amendments named above into a single source, nor have
they linked such practices to the emerging topic of sustainable agriculture and restoration
strategies. Further, no collective papers were found that considered the contrasting effect of
these amendments on such a range of (physical and chemical) soil properties with different
textures. This paper fills that gap, providing a comprehensive review of the impacts of
organic amendments on soil properties.

For this review, we extensively searched all published reviews, meta-analyses, and
research articles on the available databases that had been published up until 31 December
2023. Our search terms included “soil amendments”, “organic amendments”, “biochar”,
“compost”, “vermicompost”, “manure”, “dung”, and “pomace”, combined with “soil”,
“soil organic matter”, “water erosion”, “soil quality”, “land degradation”, “tillage”, “soil
management”, and other keywords related to land degradation and soil restoration strate-
gies. We only included articles written in English and those that included replicated
treatments and control treatments without the use of organic amendments for comparison
purposes. The statistical results reported in the published articles were used to draw
statistical conclusions about the amendments’ impacts. Note that a few relevant articles in
this review did not provide statistical changes or numerical differences in the improvement
of soil properties, only general statements about the impact of the amendments on some
qualitative services (i.e., soil quality, structure improvement, soil fertility, etc.). This review
focuses on the most relevant amendment-induced changes in soil systems and land degra-
dation reclamation, and discusses how organic amendments affect agricultural production.

Table 1. Soil amendment impact on soil physical properties.

Rn Texture Duration Tillage Amendment Base Material
Rate

(t ha−1)
BD MWD TP WSA SWC

[31] L ST Con

Ct 0 -

Com Sheep manure

2 NE

4 D

6 D

8 NE

10 D

Str Maize 6 D

[35] SL ST ND

Ct 0 -

Com Winery solid waste

5 NE

10 NE

20 NE

40 NE
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Table 1. Cont.

Rn Texture Duration Tillage Amendment Base Material
Rate

(t ha−1)
BD MWD TP WSA SWC

[37] C ST ND

Ct 0 -

Com Sheep manure

4.5 I

9 I

13.5 I

18 I

Fm Sheep manure

4.5 I

9 I

13.5 I

18 I

[38] SiCL LT Con

Com Poultry manure
8.97 NE

8.97 I

Bc Walnut shells
10 NE

10 NE

[39]

S

ND ND

Dd Food waste 20 NE NE

Vcom Digestate food waste 20 NE NE

Com Sewage sludge,
green waste 20 NE I

Vcom Sewage sludge 20 NE I

Ct - -

LC

Dd Food waste 20 NE

Vcom Digestate food waste 20 NE I

Com Sewage sludge,
green waste 20 NE I

Vcom Sewage sludge 20 NE I

Ct - -

[40] SL LT ND
Ct 0 - - -

FYM Solid + liquid phase 15 + 4 I I I

[41] SiC LT Con

Ct - -

M Olive leaves 236 D NE

Pom Olive mill waste 270 D NE

[42]

SiC LT Con

Bf 0 - - -

Ct 0 NE I NE

FYM Cattle manure 38 D I NE

SiL LT Con

Ct 0 - - -

FYM Cattle barn
20 NE NE NE

30 NE NE NE

SL LT Con

Ct 0 - - -

FYM Cattle slurry
25 NE NE I

37.5 D NE I

[43] SiL LT ND Bc Paper fiber
10 I

20 I

[44] L LT Con

Ct 0 -

Com
Grape pomace, poultry

droppings,
mown grass, and straw

30 I

60 I
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Table 1. Cont.

Rn Texture Duration Tillage Amendment Base Material
Rate

(t ha−1)
BD MWD TP WSA SWC

[45] C LT Con

Ct 0 - -

Gm
ND

ND D I

FYM 35 D I

[46] SiC LT

Con Ct 0 -

Min
FYM ND

15 D NE

Red 30 D NE

[47] SiL LT ND
Ct 0 - -

FYM ND 10 D I

[48] L LT Con

Ct 0 -

FYM Cattle
manure—composted 10 NE

[49]

LS

ST ND

Ct 0 D I

SL

Bc Pine wood mill waste

4 - I

20 D I

L
100 - -

100 - I

SiL 100 D -

SiCL
100 D -

100 D I

[50] SiL ND Htt

Ct 0 - -

Bc

Rice straw 0; 11.25;
22.5 NE I NE

Maize straw 0; 11.25;
22.5 NE I NE

Wheat straw 0; 11.25;
22.5 NE I I

Rice husk 0; 11.25;
22.5 NE I I

Bamboo 0; 11.25;
22.5 NE I I

[51] CL LT Conservation

Ct ND 0.015 per
plant - - -

Omw 0.8 per
plant NE NE NE

Com Olive pomace

0.06 per
plant NE NE NE

0.12 per
plant NE I NE

[52] SiL ST Con
Ct 0 - -

Com Olive pomace 4 NE NE D
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Table 1. Cont.

Rn Texture Duration Tillage Amendment Base Material
Rate

(t ha−1)
BD MWD TP WSA SWC

[53] SL ST ND

Ct 0 - - -

Bc Poultry litter waste

12.39 D I I

24.78 D I I

37.17 D I I

49.56 D I I

61.95 D I I

Abbreviations: Rn—reference number, C—clay, SiC—silty clay, SiCL—silty clay loam, CL—clay loam, SiL—silt
loam, L—loam, SL—sandy loam, LS—loamy sand, S—sand, Bc—biochar, Vcom—vermicompost, Dd—dewatered
digestate, FYM—farmyard manure, M—mulch, Pom—pomace, Bf—bare fallow, Gm—green manure, Omw—olive
mill wastewater, Htt—hand tool tillage, Str—straw, BD—bulk density, MWD—mean weight diameter, TP—
total porosity, WSA—water-stable aggregates, SWC—soil water content, ST—short-term, LT—long term, Con—
conventional, Red—reduced, Min—minimum, ND—non-defined, NE—no effect, I—increased, D—decreased.

Table 2. Soil amendment impact on soil chemical properties.

Rn Texture Duration Tillage Amendment Base Material
Rate

(t ha−1)
pH SOM TN P K C

[31] L ST Con

Ct 0 - -

Com Sheep manure

2 D NE

4 D I

6 D I

8 NE I

10 D I

Str Maize 6 NE I

[34] SiL ST Con

Ct 0 - - -

Bc Douglas fir

11.2 I I D I

22.4 I I D I

44.8 I NE D I

[35] SL ST ND

Ct 0 -

Com Winery solid waste

5 NE

10 I

20 I

40 I

[36] ND ST ND

Ct 0 -

FYM

Cow dung 10 D

Chicken manure 10 D

Cow dung +
chicken manure 10 D
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Table 2. Cont.

Rn Texture Duration Tillage Amendment Base Material
Rate

(t ha−1)
pH SOM TN P K C

[37] C ST ND

Ct 0 - - -

Com

Sheep manure

4.5 NE NE NE

9 NE NE NE

13.5 NE I NE

18 NE I NE

FYM

4.5 NE NE NE

9 NE NE NE

13.5 NE I NE

18 NE I NE

[40] SL LT ND

Ct 0 -

FYM Solid + liquid
phase 15 + 4 I

[41] SiC LT Con

Ct - -

M Olive leaves 236 NE I

Pom Olive mill waste 270 NE I

[42]

SiC

LT Con

Bf 0 - - - - -

Ct 0 NE NE NE D D

FYM Cattle manure
with straw 38 NE I I I I

SiL

Ct 0 - - - - -

FYM Cattle barn
20 NE NE NE NE NE

30 NE NE NE NE NE

SL

Ct 0 - - - - -

FYM Cattle slurry
25 NE I I I I

37.5 NE I I I I

[47] SiL LT ND
Ct 0 - - - -

FYM ND 10 I I I I

[48] L LT Con

Ct 0 - - - - -

Residues NE I NE NE NE

FYM Cattle manure—
composted 10 NE I NE NE NE

60 NE I I I

[52] SiL ST Con
Ct 0 - - - -

Com Olive pomace 4 NE NE NE I

[53] SL ST ND

Ct 0 - - - -

Bc Poultry litter waste

2.02 I I I I

4.05 I I I I

6.07 I I I I

8.1 I I I I

10.12 I I I I
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Table 2. Cont.

Rn Texture Duration Tillage Amendment Base Material
Rate

(t ha−1)
pH SOM TN P K C

[54] S LT Htt

Ct 0 - - - -

FYM
Sheep manure

with straw

20 D NE NE NE

40 D I I NE

60 D I I NE

Com

Sewage sludge

20 D NE I NE

40 D I I NE

60 D I I NE

Municipal solid
waste

20 D NE NE NE

40 NE NE NE NE

Abbreviations: Rn—reference number, C—clay, SiC—silty clay, SiL—silt loam, L—loam, SL—sandy loam, S—
sand, Ct—control, Com—compost, Bc—biochar, FYM—farmyard manure, M—mulch, Pom—pomace, Bf—bare
fallow, Htt—hand tool tillage, Str—straw, pH, SOM—soil organic matter, TN—total nitrogen, P—phosphorous,
K—potassium, C—carbon, ST—short-term, LT—long-term, Con—conventional, ND—non-defined, NE—no effect,
I—increased, D—decreased.

Table 3. Soil amendment impact on soil chemical properties.

Rn Texture Duration Tillage Amendment Base Material
Rate

(t ha−1)
Na Ca Mg S

[34] SiL ST ND

Ct 0 -

Bc Douglas fir

11.2 I

22.4 I

44.8 I

[37] C ST ND

Ct 0 - -

Com Sheep manure

4.5 NE NE

9 NE NE

13.5 NE NE

18 NE NE

Fm Sheep manure

4.5 NE NE

9 NE NE

13.5 NE NE

18 NE NE

[47] SiL LT ND
Ct 0 -

FYM ND 10 I

[52] SiL ST Con
Ct 0 -

Com Olive pomace 4 NE

[53] SL ST ND

Ct 0 -

Bc Poultry litter waste

2.02 D

4.05 D

6.07 D

8.1 D

10.12 D
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Table 3. Cont.

Rn Texture Duration Tillage Amendment Base Material
Rate

(t ha−1)
Na Ca Mg S

[54] S LT Htt

Ct 0 - - -

FYM Sheep manure
with straw

20 NE NE NE

40 NE NE I

60 NE NE I

Com

Sewage sludge

20 NE NE NE

40 NE NE NE

60 NE I I

Municipal solid
waste

20 NE NE NE

40 NE NE NE

60 NE NE I

Abbreviations: Rn—reference number, C—clay, SiL—silt loam, SL—sandy loam, S—sand, Ct—control, Com—
compost, Fm—fresh manure, Bc—biochar, FYM—farmyard manure, Htt—hand tool tillage, Na—sodium, Ca—
calcium, Mg—magnesium, S—sulfur, ST—short-term, LT—long-term, Con—conventional, ND—non-defined,
NE—no effect, I—increased, D—decreased.

Table 4. Soil amendment impact on soil hydrological response.

Rn Texture Study Duration Amendment Base Material Rate IR Runoff SL

[52] SiL ST
Ct 0 - -

Com Olive pomace 4 NE NE

[55]

S

ST

Ct 0 - - -

Com Cattle manure 0.013/1 * NE NE NE

FYM Raw cattle manure 0.013/1 * NE NE NE

C

Ct 0 - - -

Com Cattle manure 0.013/1 * D NE NE

FYM Raw cattle manure 0.013/1 * D NE D

* Soil was mixed with compost or farmyard manure at 0.013/1 (w/w) ratio of dry manure/soil. Abbreviations:
Rn—reference number, C—clay, SiL—silt loam, S—sand, Ct—control, Com—compost, FYM—farmyard manure,
ST—short-term, IR—infiltration rate, SL—soil loss, NE—no effect, D—decreased.

2. Organic Amendments’ Impact on Soil Properties

2.1. Soil Physical Properties

Multiple studies have shown the beneficial effects of organic amendments on different
soil types, such as clay [37], loam [31], silty clay loam [38], and sandy loam [38,56]. These
amendments enhance SOM content, a crucial soil component that functions as a binding
agent, fostering aggregate formation [32,57,58]. When applied, soil structure, pore space,
and aggregation improvement are detected within a few months [31,39]. While each organic
amendment had its unique impact, collectively, they contributed to enriching soil quality,
ensuring better plant growth and sustainability across diverse environments.

In recent studies exploring the impacts of various organic amendments on soil quality,
diverse findings have emerged, shedding light on their effects across different soils and
durations of application. Rivier et al. [39] demonstrated a positive influence within 30 days
of adding compost and vermicompost derived from sewage sludge and organic residue to
sandy and clay soils. This study emphasized the beneficial impact of these amendments
on soil quality within a relatively brief duration. Conversely, Wang et al. [38] highlighted
the significant effects on silty clay loam soil after six years of poultry manure compost
application at a rate of 9 t ha−1 annually. However, insignificant differences were observed
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within a shorter duration of 2 years, suggesting a time-dependent influence of compost on
soil quality, indicating that significant improvements may require extended application
periods. Contrasting with the positive effects observed of other organic amendments,
Goldberg et al. [55] reported a short-term negative impact of farmyard manure (FYM)
application on soil structure and erosion resistance. This adverse effect was noted only
21 days post-application in clay and sandy soils. These findings underscore the diverse and
time-dependent nature of organic amendments’ impact on soil quality. The effects of organic
amendments on soil quality depend on soil type and the time they are applied. Organic
amendments generally increase SOM content and promote the formation of aggregates,
but their impacts can differ significantly across different soils and time frames. Short-term
studies show that amendments like compost and vermicompost have positive effects, while
others, such as FYM, may have initial adverse effects. However, long-term studies suggest
that significant improvements in soil quality may require extended application periods.
Therefore, it is essential to consider the type of organic amendment and its duration of
application in sustainable soil management practices.

Evidence of elevated concentrations of SOM after the application of different amend-
ments have been found around the globe, including after the addition of FYM [40],
biochar [34], composted olive pomace [59], or non-composted olive pomace [41,60]. Al-
though the variety of amendments and their properties can vary, their impact on SOM
elevation is generally positive [61]. Organic amendments contain cations of polyvalent met-
als (Ca2+, Mg2+, Fe3+), which act in a similar manner to the inorganic binders that promote
the formation of macro-aggregates [62]. Such phenomena are documented in improved
soil structural characteristics like aggregate size and stability. However, amendments can
reveal different effects on different soils. For example, Fu et al. [42] explored the effects
of FYM on silty clay, silt loam, and sandy loam soils. The water-stable aggregate (WSA)
percentage was significantly higher only in silty clay soil under the high dose of application
(38 t ha−1) condition. On the opposite side, the long-term application of FYM in a dosage of
15 t ha−1 on sandy loam soil creates a residual effect such that even after FYM was stopped,
the WSA was at a high level, similar to other treatments with a continuous application of
FYM. Therefore, whether FYM will increase or decrease the WSA depends on soil texture
and the time of application.

Biochar demonstrated positive effects on WSA levels. Juriga et al. [43] found that
applying 10 and 20 t ha−1 of biochar to silty loam soil significantly increased the content of
the stable macro-aggregates by 9% and 14%, respectively. Simultaneously, it reduced the
content of the stable micro-aggregates by 23% and 38%, compared to the total content of
water stable micro- and macro-aggregates in the control plots. This trend was associated
with an increase in SOMs. Composted materials are another aspect of soil improvement.
However, it is necessary to highlight that composts differ depending on the feedstock
material and their degree of decomposition, making the final soil results variable. However,
composted material applications in sandy and clay soils, in general, positively affect the
soil’s physical properties [63]. Applying 60 t ha−1 of grape pomace compost mixed with
mowing residues and straw significantly improves WSA in loamy soils [44]. In clay loam
soil, Li et al. [56] observed that pig manure compost and vermicompost significantly
increased large macro-aggregates while reducing small macro-aggregates after application
at 15 t ha−1. In general, soils behaved after applying organic amendments with lower bulk
density, whereas aggregate stability, pore volume, and water infiltration were increased. A
similar result was noted after applying FYM in works by Mujdeci et al. [45] and Bogunovic
et al. [46]. They revealed the positive impact of FYM in reducing soil compaction levels,
measured by the bulk density (BD) and penetration resistance (PR) of silty clay [46] after
the application of 15 or 30 t ha−1 FYM, and of silt loam soil after the application of 10 t ha−1

FYM [47]. Moreover, Jensen et al. [40] observed significantly lower BD values after FYM
application than control plots in sandy loam soil. Other than FYM, olive pomace has a high
organic matter level, reaching 91% [64], which also helps to reduce compaction. Parras-
Alcántara et al. [41] reported significant decreases in BD (1.37 to 1.26 g cm−3) following
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11 years of continuous application of olive pomace at 270 t ha−1 to silty clay and silty clay
loam soil. Blanchet et al. [48], in a long-term study with FYM application (10 t ha−1 y−1),
found no significant changes for BD compared to other treatments that included mineral
fertilizers and crop residue application. Such an absence of differences in BD could result
from the tillage system. The diverse findings underscore the nuanced impacts of organic
amendments, particularly FYM and olive pomace, on soil BD. These insights highlight the
significance of utilizing organic amendments in soil management strategies, recognizing
their potential to modify soil physical properties in order to enhance soil quality.

Soil structure predominantly influences the hydrological properties of soil, which
regulate physical, chemical, and biological processes within the soil. In this regard, organic
amendments are frequently applied in agroecosystems in order to maintain a favorable soil
structure, and thus, hydrological and other vital properties [31]. Indeed, it has been shown
that organic amendments can significantly affect changes in soil hydrological properties.
Dong et al. [31] found that sheep manure compost (2–10 t ha−1) can effectively improve
the hydrological properties of loam soil. Improvements were closely connected with soil
pore system, aggregation size, WSA, and soil differential porosity, leading to a significant
increase in soil infiltration.

Organic amendments impact soil water retention capacity and water content. This is
especially pronounced in soils enriched by biochar, FYM, and composts [61]. For instance,
FYM has shown multiple beneficial effects on the hydrological properties of soil across
different environments, soils, and cropping systems. Adding FYM increases the soil water
content by increasing water-holding capacity and retention ability [65,66] and water-use
efficiency [67,68]. As reported by Jensen et al. [40], FYM had a beneficial effect on plant
available water (PAW) in sandy loam-textured soil compared to the control plots. Fu
et al. [42] investigated the effects of FYM on silty clay, silty loam, and sandy loam, and
found significant PAW improvements in sandy loam soil; while the other soil types showed
a positive response as well, the results were not statistically significant. A similar positive
effect of FYM on the PAW of sandy loam soil was reported in a study by Blanco-Canqui
et al. [65]. The positive effect of manure on PAW was also found in silt loam soil [69] but
not in clay soils [70]. Such discrepancies in results indicate that soil type and environment
impact FYM efficiency on soil water characteristics. In this context, Ankenbauer and
Loheide [71] found that the effect of organic matter on water retention characteristics was
more profound on high sand and silt content soil.

Biochar behaves similarly to FYM in terms of impact on soil hydrological properties.
Many studies reported a significant rise in soil retention capacity after biochar applica-
tion [72–74]. This beneficial effect is mainly localized to sandy soils, as documented in
a meta-analysis by Rabbi et al. [75], where biochar-enriched soils successfully reduced
plant water stress during dry periods [76,77]. Moreover, soils with low silt content are
likely to be more hydrologically responsive to biochar application, and changes were more
pronounced at higher rates (20 and 100 t ha−1) compared to the lower one (4 t ha−1) [49]. In
current climate crisis, due to climate change, such an effect is desirable in order to survive
during pronounced drought periods. However, the success of the biochar application on
soil water characteristics, besides soil texture, also depends on biochar particle size, as
proved by Lim et al. [78], who found a higher decrease of saturated hydraulic conductivity
under larger particle sizes of biochar than under smaller ones, proving that the structure of
biochar particles and biochar-soil storage pores contributes to water retention [79]. Biochar
also affects water holding capacity (WHC) in two ways. Firstly, the highly porous na-
ture of biochar allows it to retain water, which can increase the overall moisture content.
Secondly, biochar improves soil porosity and has hydrophilic functional groups on the
surface, enhancing the soil’s ability to hold water. However, it is essential to note that the
amount of biochar used can limit these effects [80]. Applying 22.5 t ha−1 of biochar from
various cereals and bamboo to silt loam soil significantly increased WHC by 4.1–11.9% [50].
Conversely, Parras-Alcántara et al. [41] observed a significant decrease in AWC following
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prolonged application (11 years) of olive pomace at 270 t ha−1 on silty clay and silty clay
loam-textured soils.

Compost application represents another effective method that improves soil hydrolog-
ical functions. The positive effect of compost on soil hydrology was recorded for different
soil types, including sandy and loamy clay soils [39]. Applying compost by incorporating
SOM leads to several changes in the physical and hydrological properties, increasing soil
WHC [81]. The effects of compost on soil hydrological functions are more pronounced in
coarser-textured soils, whereas the effect is smaller or absent for finer-textured soils [82].
Clay soils have a higher matric potential and smaller pore sizes than sandy soils and,
therefore, can hold more water by weight [83]. Although compost can increase WHC due
to its high organic matter content, its application does not necessarily affect PAW. Moreover,
Kranz et al. [84] reported that when sandy and silt loam soils with medium porosity were
amended with high levels of compost, in some cases they would show NE on PAW. Also,
they showed that a significant increase in PAW can occur after applying compost to sandy
clay loam and high-porosity sandy loam soils. Soil porosity, besides soil texture, also plays
a vital role in compost effectivity on soil PAW.

2.2. Soil Chemical Properties

Organic amendments modify chemical properties. For example, they can have a
positive effect on soil pH through the intake of organic matter, which is usually lowered
after frequent fertilization with nitrogen mineral fertilizers [85]. Li et al. [56] noted a rise in
soil pH after the application of 15 t ha−1 of pig manure compost or vermicompost to clay
loam soil. Similar results were found for other soil types [35] and environments, indicating
that compost has a liming potential due to its richness in alkaline cations (K+, Ca2+, Mg2+),
which are released with the mineralization of organic matter [83]. Sometimes, compost
reduces soil pH [86], which is probably connected to specific conditions during compost
production. The use of winery solid waste compost on sandy loam soil, while contributing
to increased P and K mineralization, led to a notable rise in soil pH from 7.28 to 8.18 at an
application rate of 40 t ha−1 [35].

Biochar also exhibits the capability to increase soil pH. This capability stems from its
composition of alkaline substances, comprising ash and carbonate (Ca2+, K+, and Mg2+), its
surface properties, and its ability to reduce the exchangeable acid cations (H+ and Al3+) [87].
Bista et al. [34] reported a higher pH after biochar application of different dosages (11.2,
22.4, and 44.8 t ha−1). However, biochar produced from various sources and at different
temperatures showed diverse effects on soil pH [88,89]. Hossain et al. [89] found that the
pH reaction of biochar derived from wastewater sludge changes from acidic to alkaline,
with an increase in pyrolysis temperature from 300–700 ◦C. They suggested that it could be
used on soils with an alkaline reaction.

In addition to pH, changes in cation exchange capacity (CEC), electrical conductivity,
nutrients, and soil organic carbon (SOC) content occur after applying organic amendments.
Biochar produced from various sources and at different temperatures showed diverse
effects on soil CEC [88,89]. For instance, biochar produced from coffee husk or chicken
manure significantly influenced soil CEC more than that produced from eucalyptus saw-
dust or sugarcane bagasse. Further, they observed that biochar produced at a temperature
of 350 ◦C has a more significant impact on increasing CEC than biochar produced at tem-
peratures of 500 ◦C and 750 ◦C [88]. Moreover, biochar application demonstrated positive
implications for carbon sequestration, contributing to soil quality and sustainability [90].

The amount of nutrients released during the decomposition of FYM is influenced
by various factors: livestock class, age, growth stage, feed and feeding practices, type
and amount of bedding materials, and season (climate conditions) [91]. Most nutrients
are expected to be released within the initial three years following application. Hence,
reapplying the amendment at least every fourth year, with increased application rates, is
recommended, while the annual application of smaller quantities is also suggested [92].
The latter is advised as it has been observed that it can significantly enhance crop yields.
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Specifically, Oueriemmi et al. [54] noted a more significant effect on barley yield after
applying different amounts of FYM in sandy-textured soil during the second year post-
application compared to the first year. FYM application (60 t ha−1) significantly increased
barley yield by 51% (2.26 t ha−1) in the first year and 77% (6.96 t ha−1) in the second year
compared to the control.

As previously mentioned, Fu et al. [42] explored the impact of FYM on various soil
types, finding significant increases in SOC and total nitrogen with different application
rates on different soil types and crops, and applying 38 t ha−1 of FYM on silty clay soil led
to a 19% increase in SOC and total nitrogen. On sandy loam soil, there was a significant
increase in SOC with application rates of 25 t ha−1 and 37.5 t ha−1, but this increase was
only present in the grass and spring barley plots, and ranged from 27–37%. On plots
with maize and winter wheat, the SOC increase was insignificant. On silty loam soil, the
level of SOC increased by a maximum of 48%, but this increase was insignificant. This
study also found improvements in the nitrogen, phosphorus, potassium, and magnesium
concentrations, but these differences were insignificant for each soil type. In sandy loam
soil, there was a significant increase in total nitrogen (38–42%), phosphorus (320–840%),
potassium (145–225%), and magnesium (50–120%).

Following the application of biochar in quantities of 11.2, 22.4, and 44.8 t ha−1, there
was a positive impact on the amount and availability of P, K, and S. This was attributed to
biochar’s ability to supply nutrients to the soil and elevate its pH levels, thereby enhancing
their accessibility to plants. However, it should be noted that the nitrogen content in the
soil decreased with increasing amounts of biochar, as nitrogen tends to bind to biochar [34].

Olive pomace compost also demonstrated positive effects on the availability of micro-
and macro-nutrients, including nitrogen, potassium, zinc, magnesium, and copper, essential
for optimal plant growth [93]. However, in order to achieve the effect of enriching the
soil with organic carbon qualitatively and quantitatively, the amount of compost that
will be applied to the soil should be correctly selected [51]. It was shown that higher
amounts do not necessarily produce a proportional increase in SOC. Interestingly, a more
favorable effect was achieved with a dose of 60 kg per plant compared to a double dose,
particularly on soil with a clay loam texture. Additionally, despite its positive impact on
soil and plant growth, applying wet olive pomace at a dosage of 70 t ha−1 did not result
in significant differences in the crop yield of two wheat cultivars compared to the control
without application on sandy loam-textured soil. However, the protein content of wheat
grain was positively affected by adding olive pomace, indicating the release of nitrogen in
the later stages of plant growth and development [94]. Fernández-Hernández et al. [60],
after the application of olive mill waste, found a significant increase in nutrients and a 15%
higher olive oil content than those treated with inorganic fertilization. Combining grape
pomace with FYM fertilization substantially enhanced maize biomass, and increased soil
(SOM, N, P, and K) and plant nutrient content. Additionally, a noteworthy improvement in
grape yield was observed, marking a substantial increase of 48% [95].

While organic amendments offer substantial benefits, there are concerns regarding
animal-based amendments with a high content of monovalent cations like Na+ and K+, as
well as NH4

+ from organic waste nitrogen mineralization. The presence of these compo-
nents can potentially disturb soil structure by inducing soil colloid dispersion. In order
to address this concern, analyzing nutrient concentrations in FYM is imperative. Addi-
tionally, accounting for variations across the landscape is crucial for determining and
ensuring appropriate application rates, thereby mitigating potential adverse environmental
impacts [96]. Different organic amendments exhibit diverse effects on soil properties. FYM,
biochar, compost, and pomace display varying impacts based on application rates, soil
types, and crops. Understanding these influences is crucial for sustainable soil management
and agricultural practices.
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3. Impact of Organic Amendments on Several Soil Degradation Processes and
Restoration Strategies

Soil erosion is the most widespread degradation process occurring naturally but
accelerated through human activities, one of which is agriculture [97]. Factors that affect
soil erosion in agricultural areas are climatic conditions; soil composition and properties;
shape, degree, and length of the slope; soil cover; tillage system; and the overuse of
machinery [98–101]. The process occurs through three phases and involves the separation
of soil particles in one location and their movement to another under the influence of water
or wind energy. The third phase is soil deposition in another location [102,103]. When
erosion occurs, it results in the loss of the upper fertile layer, depleting organic matter and
nutrients, and affecting soil quality and productivity [104], while decreasing soil water
and infiltration capacity [105,106]. When particles are deposited, soil and water can be
contaminated with toxic substances, which also seriously impact the environment [107,108].

The pervasive negative effects of soil erosion have spurred global scientific efforts to
develop effective mitigation strategies. A range of measures, including crop rotation, cover
crops, mulching, conservation tillage, contour cropping, strip cropping, and the applica-
tion of different amendments, have been investigated [109–112]. However, none of these
measures proves universally applicable. Studies indicate that the most favorable outcomes
are achieved by measures focused on increasing SOM, complemented by additional mea-
sures based on specific conditions [113–116]. In this context, several papers have provided
evidence for the beneficial mitigation of erosion using organic amendments, like swine
manure [117], olive pomace [41], FYM, and straw [118]. The erosion reductions are mainly
attributed to the increase in soil organic matter, vegetation cover, and the protective role of
mulch in protecting the soil from disruptive raindrop energy. However, Dugan et al. [52]
did not observe a significant reduction in soil losses following the short-term application
of olive pomace at a low rate (4 t ha−1). These findings underscore the importance of
selecting appropriate application rates and considering repeated applications for effective
soil conservation. When conditioning to reduce degradation, specific conditions of each
organic amendment should be considered. For example, when utilizing biochar for soil
erosion control, careful attention should be paid to biochar particle size and the applied
dosage. Li et al. [119] revealed that for silt loam-textured soil, smaller applied biochar
doses, precisely at 1% and 3%, result in reduced soil losses, while a dose of 7% increases soil
and biochar erosion. Concerning particle size, the most effective outcomes were noticed
for 1–2 mm particles. Coarse biochar particles demonstrated lower susceptibility to runoff
loss than finer particles, proving more effective in preventing soil loss, as noted by Peng
et al. [117].

Soil compaction represents a prevalent form of soil degradation that adversely impacts
various soil properties. Compaction implies an increase in the volume of the soil mass
under an external force, to the detriment of the air-filled pores. Simultaneously, adverse
alterations occur in pore volume, size, distribution, connection, and curvature [120–122].
This disturbance leads to a reduction in total porosity and an increase in both BD and
PR [123,124]. Furthermore, compaction directly changes soil structure. When it comes
to agriculture production, compacted soils have numerous implications. They are more
difficult to till and usually have lower plant germination, poor root development, lower
plant growth and development, reduced nutrient adsorption, and lower yields [125–127].
Additionally, compacted soils have impaired hydrological properties, resulting in reduced
infiltration rates, increased surface runoff, and soil erosion [128–130]. The drivers of soil
compaction can be natural or anthropogenic, but more often occur due to heavy machinery,
many passes, inappropriate tire pressure, and soil tillage in wet conditions [131–134].

BD and PR are the most commonly used parameters for measuring soil compaction [135].
Previously, it was mentioned that applying FYM and other organic amendments raises
SOM content and reduces BD [123,136]. However, BD reduction can be achieved in several
ways. Firstly, SOM can stimulate the formation of aggregates, which create larger or
smaller pores depending on aggregate size. Secondly, when organic amendments are
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incorporated, they have a lower density than the soil, which causes a decrease in BD
through a dilution effect. Such an effect commonly occurs in (i) short-term studies where
an insufficient amount of time has passed for significant changes in aggregate formation
and soil porosity, and (ii) long-term studies, when a steady state is reached and there is no
significant increment in the formation of macro-aggregates, but significant BD decreases
still occur. Similar to FYM, biochar mitigates soil compaction level and decreases soil BD
and PR after application. However, for complete and significant changes in coarse-textured
soils [137] and fine-textured soils [138,139], very high doses (>40 t ha−1) often need to be
applied. This is likely due to short periods of time from application to measurement, and
the aggregate formation is slow. Biochar’s resistance to decomposition makes it challenging
to promote aggregate formation and stability in the short term. Similarly, high dosages
of biochar reduce BD because of the mixing of materials with different densities. When
applying lower doses, biochar more effectively reduces BD in coarse-textured soils than in
fine-textured soils, with an average decrease of 14.2% and 9.2%, respectively [140]. Biochar
generally increases MWD and aggregate stability, although the absence of positive changes
found in some studies may be attributed to site-specific conditions such as climate and
clay mineralogy.

Soil sealing and crusting commonly occur during high-intensity precipitation on bare
soil or lands with sparse vegetation cover. Raindrops disintegrate soil surface aggregates,
clog pores, and reduce soil infiltration. Subsequently, water with dispersed soil particles
accumulates on the surface, forming an impermeable layer known as soil crust [141,142].
Thus, sealing and crust formation are closely linked to aggregate stability, soil structure,
and the factors promoting them, including increases in SOM, MWD, and the proportion of
WSA, which enhance aggregate strength, resistance to external forces, and water movement
through the soil [143]. This relationship is evident in previous studies on soil erosion, where
the application of organic amendments reduced soil loss and particle detachment due to
improvements in soil structure in different textured soils and environments [41,52,62,117,118].

Soil acidity is a prevalent soil degradation process in semi-humid and humid re-
gions [144,145]. Precipitation surplus, the improper application of nitrogen and elemental
sulfur fertilizers, and legume cultivation accelerate soil acidification [146–148]. Acid soils
have poor soil structure and solubilize iron, aluminium, and manganese, potentially toxic
to certain crops [149]. Severe acidification reduces cation exchange capacity and the avail-
ability of essential nutrients like phosphorus and molybdenum [150–152]. Soil pH can
be mitigated through lime or other acid-neutralizing materials, which can strain farm
budgets [153,154].

The impact of FYM on soil acidification varies depending on application conditions.
Manure application typically elevates soil pH by introducing base cations and organic
matter. As organic matter decomposes, it releases alkalinity through decarboxylation, con-
suming H+ and raising soil pH [155]. The pH-increasing effect of FYM has been observed
across different soil textures, including clay, silt loam, and sandy loam soils [155–158].
However, Roy and Kashem [36] reported a decrease in soil pH following the application
of chicken (10 t ha−1) and cow manure (10 t ha−1) on sandy loam-textured soil exhibiting
initial acidity. This pH reduction might be attributed to a weak adsorption capacity, which
leads to the leaching of basic cations and the suppression of FYM’s positive effect on soil
pH. Some soils with high buffering capacities may also resist pH changes [159], and in
this case, the addition of organic conditioners should be applied in higher dosages or for
prolonged durations. Furthermore, the decomposition of organic matter into humic and
fulvic acids could contribute to lowered pH values [160].

Similarly, biochar application can elevate soil pH due to its alkaline nature and oxy-
genated functional groups [161]. For instance, Da Silva Mendes et al. [53] observed a
significant increase in soil pH from 5.35 to 5.85 by applying 10.2 t ha−1 of biochar to loamy
sand-textured soil. Chintala et al. [162] also noted increases in soil pH with different
amounts of biochar application to clay-textured soil, with higher doses leading to greater
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pH elevations. Other organic amendments, like olive pomace, significantly increase pH in
acidic sandy loam [163] and loam [164] soils.

In semi-arid and arid regions, soil salinization and alkalization are prevalent, often
due to poor agricultural practices [165–168]. These conditions result in the accumulation
of salts in the topsoil, particularly sodium, displacing calcium on the soil’s adsorption
complex, adversely affecting the soil’s physical, chemical, and biological properties. High
sodium levels exacerbate soil compaction by clay dispersion [169,170]. Excessive salt
concentration in the soil’s rhizosphere inhibits plant growth, with some plants experiencing
toxicity [171–173]. Salinization and alkalization in agricultural lands are primarily caused
by using saltwater for irrigation and inadequate drainage, leading to salt accumulation
and waterlogging. Mitigation strategies involve the application of gypsum and sulfur, as
well as the using organic amendments, followed by leaching. Organic amendments aim
to reduce the sodium adsorption ratio (SAR) and exchangeable sodium percentage (ESP),
decrease EC, enhance calcium and magnesium uptake in order to counteract sodium’s
negative effects, decrease soil pH in order to improve nutrient availability, and increase
SOM in order to promote aggregate formation [174]. Researchers used several amendments
in their works, such as FYM [175], biochar [176], compost [177], pistachio residue [175],
and rice straw [178], which mostly showed a positive impact on soil structure, including
a decrease in soil EC and SAR. As well as directly adding organic amendments, several
other practices are necessary in order to prevent SOM depletion. Most represented are
cover cropping, diverse crop rotation, conservation tillage systems, mulching, crop residue
management, balanced fertilization, and the promotion of biodiversity. The utilization
of the practices mentioned earlier can enhance SOM, improve soil fertility, and promote
sustainable agricultural management practices [178–181]. However, in order to determine
the most suitable practice, it is essential to know the site-specific conditions that may affect
the success of the reclamation. Figures 1 and 2 show the overall and specific improvements
of soil properties in all (Figure 1) soils and across different soil textures (Figure 2).

Figure 1. Improved soil properties and their environmental and agricultural impact on all
soil textures.
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Figure 2. Specific soil property improvements in specific soil textures after several organic
amendment applications. Abbreviations: SOM—soil organic matter, PAW—plant available wa-
ter, BD—bulk density.

4. Guidance for Further Research

In contemporary agricultural research, the strategic integration of soil amendments
with diverse tillage systems emerges as a critical pathway for advancing sustainable crop
production. Embracing interdisciplinary advancements in technology, soil science, and
agronomy, researchers can delve deeper into unlocking novel opportunities in order to
enhance soil quality, increase productivity, and mitigate environmental impacts. The future
trajectory of soil amendment management hinges on precision agriculture integration, of-
fering researchers a fertile ground for investigation. Leveraging cutting-edge technologies
such as remote sensing, GIS, and GPS enables the precise targeting of soil amendments,
necessitating further exploration into optimization algorithms and decision-support sys-
tems. Real-time monitoring systems and soil sensors present a rich area for research
inquiry, particularly in refining their accuracy, reliability, and compatibility with diverse
agroecological contexts.

Additionally, exploring the synergistic blending of different soil amendment types
holds promise for elevating soil quality and crop productivity, warranting investigation into
optimal blends, application rates, and the long-term effects on soil health and ecosystem ser-
vices. Advancements in biofertilizer technologies offer a frontier for research, particularly
in elucidating the mechanisms underlying microbial interactions, optimizing formula-
tions, and assessing their efficacy under varying environmental conditions. Moreover, the
paradigm shifts towards data-driven decision-making necessitate interdisciplinary collabo-
rations in order to develop robust predictive models, innovative data analytic techniques,
and user-friendly decision support tools tailored to the needs of diverse stakeholders.
Future research endeavors should prioritize longitudinal studies, multi-site trials, and
meta-analyses to elucidate the long-term impacts of soil amendments on soil health, crop
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performance, and ecosystem resilience. By continuously refining methodologies, embracing
emerging technologies, and fostering collaborative research networks, scientists can unlock
the full potential of soil amendments in order to address the evolving challenges of modern
agriculture and pave the way towards a more sustainable food system.

5. Conclusions

Organic amendments are indispensable for combating soil degradation processes
and restoring soil quality. Most research emphasizes that organic amendments, including
pomace, biochar, manure, and compost, offer promising strategies to maintain soil quality
and sequester carbon. The effectiveness of these approaches has been duly emphasized.
The present study concludes that organic amendments are promising for improving soil
structure and carbon sequestration. However, their effectiveness depends on soil texture,
climate, and application rates, so tailored approaches are required for optimal results.
In several studies, amendment-induced changes were absent, especially for short-term
periods, and these may need to be revised in order to contribute to long-term soil resilience
to stress and increase soil productivity. This paper further suggests that an approach that
integrates different methods is essential for achieving desirable soil quality and maintaining
agricultural productivity. It also provides valuable insights and recommendations for
policymakers, practitioners, and researchers. Sustainable soil management strategies must
effectively combat soil degradation, including comprehensive solutions to combat erosion,
compaction, sealing, acidification, and salinization. Organic amendments can improve
soil ecosystem services and contribute to climate change adaptation. In the future, more
attention should be paid to the interactions between soil management and soil amendments,
as well as their effectiveness over time.
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Abstract: Phosphorus (P) is a vital macronutrient crucial for crop productivity. Plants absorb P
salts, mainly orthophosphate, from the soil, yet the primary P source resides in organic materials.
Acid and alkaline phosphatases (the predominant forms of soil phosphomonoesterases (APases))
are crucial for alleviating P deficiency in plants and play a vital role in releasing P from organic
materials via hydrolysis. Our aim was to summarize the direction of the relationship between a
variety of influential factors on acid and alkaline phosphatase activity in agricultural lands and
identify gaps in knowledge. Our findings indicate a strong linkage between both APases and soil
pH, positively influenced by clay content, organic matter, microbial biomass carbon, and nitrogen.
Adopting healthy soil practices like balanced organic fertilizer usage, optimal soil water levels,
reduced tillage, crop rotation, and using beneficial plant microbes help boost both APase activity.
However, the connection between APases and crop productivity remains uncertain due to insufficient
research in this area. We identified gaps in knowledge in relation to meso-macrofauna, alongside
essential plant nutrients such as potassium, nutrient ratios, and the synergistic effects of various
factors on APase response. Understanding the rapid, efficient assimilation of P through APases in
the plant-soil and/or plant-microbiota ecosystem it can be crucial for crop productivity and yields.

Keywords: phosphomonoesterases; physicochemical properties; biological properties; management;
fertilization; pollution; climate; yield

1. Introduction

Phosphorus (P) is an essential element for cell development in all living organisms [1].
As a component of nucleic acids (DNA, RNA), P is indispensable for reproduction and
protein synthesis. Additionally, it plays a crucial role in energy-storing molecules like
adenosine triphosphate (ATP) or cytidine triphosphate (CTP), among others, supplying
the energy needed for diverse cellular endergonic processes [2]. This is why P is an
important limiting nutrient for crop and plant growth in a range of natural and managed
ecosystems, given that only 0.1% of the P available in the soil is in the inorganic form that
can be assimilated by plants [3–5]. Soil enzymes released by plant roots, soil mesofauna,
and living or dead microbes [6–8] contribute to the decomposition of organic matter and
allow nutrient recycling [9,10]. The mechanisms governing how the composition, timing,
spatial location, and quantity of soil enzymes adapt to environmental changes have been
studied elsewhere [11,12]. These studies underscore the crucial role of soil enzymes in
biogeochemical cycles and ecosystem responses to drivers of global change.
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In the P cycle, soil phosphatase enzymes release P contained in organic matter for
reuse by living organisms [13]. This process involves the hydrolysis of various P es-
ters (carbon-oxygen-phosphorus monoesters, carbon-oxygen-phosphorus-oxygen-carbon
diesters, carbon-phosphorus phosphonates, phosphoric triester hydrolases, triphospho-
ric acid monoester hydrolases) into soluble phosphate ions. This process provides soil-
accessible and assimilable P for plant uptake [14,15]. Extracellular phosphatase enzymes
are secreted by soil microorganisms, fauna, and plant roots [16], while intracellular (endoge-
nous) phosphatase enzymes are within the cytoplasm of proliferating microbial, animal
and plant cells, restricted to the periplasmic space of gram-negative bacteria or within
non-proliferating cells such as fungal spores, protozoan cysts, plant seeds, and bacterial
endospores [17,18]. Extracellular monoester hydrolases (APases) are included in a wide
group of phosphoric monoester hydrolases (or phosphomonoesterases) [19], and its pre-
dominant forms across a wide range of soil pH conditions are acid phosphatase (ACP;
EC 3.1.3.2) and alkaline phosphatase (ALP; EC 3.1.3.1). ACP is produced by plants in the
phloem, cortex, epidermis, and roots [20,21] and also by microorganisms [22] and is active
in acid/neutral soils with pH ≤ 7. ALP is produced by microorganisms and animals and
is active in basic soils with pH > 7 [8,23–26]. The most well-studied group of ALP are
encoded by different genes (i.e., phoA, phoD, phoX) [27], and the phoD gene is the form
that has the highest abundance in soils [28].

Agricultural and livestock production covers approximately 5 billion hectares (38%)
of the Earth’s land surface, with around 66% consisting of livestock-grazed grasslands
and 33% being cropland [29]. While APase activity in managed soils has been reported
to be lower compared to natural ecosystems [30], its activity is, in turn, influenced by a
combination of natural environmental conditions and anthropogenic factors, together with
strong seasonal variations [31]. APase activity in agricultural soils is significantly impacted
by management practices, including tillage, the crop species or crop rotation [32–34], as
well as fertilization methods [35–37], in combination with various soil biophysicochemical
and environmental factors [38,39]. Several quantitative studies have investigated APase
response to various factors such as climatic effects [40–43], soil properties [30], fertiliza-
tion [44–48], and pollution [49,50] across different ecosystems. However, a comprehensive
global analysis specifically centered on APases in agricultural lands is yet to be conducted.
Therefore, a preliminary qualitative analysis is needed to assess the APase response in
agriculture-managed soils. This should be augmented by incorporating findings from
quantitative analyses published to date, thereby enhancing the comprehensiveness of
this qualitative study. Such an analysis should encompass all potential factors that could
either augment, diminish, or have no effect on APase activity to address the challenge
of identifying patterns within agricultural systems. To achieve this goal, we (i) summa-
rize the direction of the relationships between a variety of influential factors on APase
activity in agricultural lands and (ii) identify gaps in knowledge. This will help to direct
future quantitative studies toward specific areas, leveraging a broad and well-documented
qualitative foundation.

2. Materials and Methods

Using the Web of Science and Scopus databases, a bibliographic search was carried out,
including research papers, reviews, and meta-analyses published from 1977 to December
2022. We carried out a search using different combinations of terms: “phosphatase* AND
soil AND agriculture”, “phosphatase* AND soil AND agricultural”, “phosphatase* AND
soil AND crop”, “phosphatase* AND soil AND arable”, and “phosphatase* AND grassland”
in the title, abstract or keywords. We only selected papers reporting field, glasshouse, and
laboratory studies using arable land and managed grassland and where soil APase was
experimentally assessed. APase must be evaluated alongside other parameters from bulk
soil. Only studies that used para-nitrophenol as a substrate to measure APase activity were
included [8,51,52], where ACP and potential ALP activity following this method is usually
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measured at pH 6.5 and pH 11.0, respectively [53]. The article search and selection process
is detailed in Figure S1.

Among all the selected studies for analysis, the response of ACP and ALP activity have
been categorized according to these factors: biophysicochemical parameters, including
total microbe activity, microbe abundance, microbial biomass P content, microbial biomass
carbon content, microbial biomass nitrogen content, microbe diversity, phoD gene abun-
dance and richness, earthworm abundance, soil depth, soil moisture content, clay content,
sand content, microaggregate content, pH, cation exchange capacity, electrical conductivity,
chlorine anion content, carbonate content, iron content, exchangeable aluminum content,
grade of salinity, soil organic carbon/matter, total organic carbon, dissolved organic car-
bon, nitrate nitrogen form, ammonium nitrogen form, total nitrogen, soil C:N ratio, labile
inorganic P, available P, organic P, labile organic P, soil C:P ratio and available potassium.
Regarding the agricultural management practices factor, we registered any land use change,
crop rotation, and cover cropping, tillage practices, types of inorganic and organic fertiliza-
tion and rates, weed and pest management practices, irrigation practices, and livestock,
grazing, and mowing management. Pollution was included as soil contaminant content.
Concerning climatic variables and climate-change treatments, mean annual temperature,
mean annual precipitation, drought, soil water scarcity, soil water availability, seasonal
variations, and the impact of carbon dioxide fertilization in these studies were annotated.
When available, crop yield responses were also taken.

All analyses underwent a review process involving vote counting, categorizing the di-
rection of the effect as either positive, negative, or non-existent (neutral). When the papers
were meta-analyses and reviews, it was not possible to separate the results obtained by
different analytical methods. Therefore, only those that had selected studies agreeing with
our selection criteria were included (Supplementary Table S1). Consequently, our dataset
comprised 675 papers, encompassing 267 individual observations of ACP activity, 218 indi-
vidual observations of ALP activity, and 190 paired observations involving both ACP and
ALP. Additionally, twelve meta-analyses and one review were also considered in this study,
acknowledging that certain studies within these publications overlap with those selected
in order to function as a qualitative complement to this analysis (Supplementary material
Tables S2–S20).

3. Results and Discussion

3.1. Soil Biophysicochemical Properties
3.1.1. Soil Microbes and Fauna

There is a positive relationship between the activity of soil microbes and APases
(Figure 1, Table S3). This is influenced by the structure of bacterial and fungal commu-
nities [54,55], highlighting the role of microorganisms in facilitating nutrient movement
within the soil [56]. Accordingly, the availability of soil P for plants is closely associated
with the abundance of microorganisms and the presence of exoenzymes like APases [57].
When the activity of ACP in soil is low, microorganisms may adjust the activity of ALP in
response to the nutritional needs of plants and microbes [58]. The activity of soil microor-
ganisms varies throughout crop development, increasing in tandem with APase activity as
a response to crop growth, thereby reflecting the complex interactions between soil, plants,
and the atmosphere [59]. The activities of ACP and ALP are positively linked with the
biomass of fungi, bacteria in general, and specifically actinobacteria (Figure 1, Table S4).
Additionally, ALP activity is positively associated with soil respiration [60], as well as with
the activities of dehydrogenase and urease enzymes [61].

A positive relationship between microbial biomass carbon (MBC) and microbial
biomass nitrogen (MBN) has been demonstrated [62], and both are indicative of microbial
biomass [63]. MBC serves as a crucial nutrient pool for ecosystem nutrient cycling [64],
and soil properties, such as soil organic matter (SOM), are usually positively associated
with MBC [65]. Our findings provide evidence of positive associations between APase
activity and MBC, but also with microbial biomass P (MBP) and MBN (Figure 1, Table S3).
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Although ALP activity has been proposed as an early indicator of change in soil biological
status [64], it does not show a strong association with specific soil bacterial community
composition [66], suggesting that it may be less sensitive compared to other enzymatic
activities such as urease or dehydrogenase [55]. Consequently, ALP activity may not be a
reliable indicator of soil microbial abundance [67], plausibly due to the diverse sources of
this enzyme originating from both microorganisms and microbial plant secretions [68].

Figure 1. A number of single studies reported the direction of responses of ACP and ALP activities
to soil biological factors. Factors with fewer or equal than three entries in ACP or ALP response are
excluded from the figure as they are considered unrepresentative (e.g., microbe diversity (Shannon
diversity index), phoD gene abundance and richness, and earthworm abundance).

The relationship between soil bacterial diversity (measured by the Shannon diver-
sity index), phoD gene abundance and richness, and earthworm abundance and biomass
with ACP and ALP activity is inconclusive (Table S3). Microbial richness demonstrated a
moderate but positive linkage with plant diversity [69], and the abundance of the bacterial
phoD gene is generally positively interrelated with ALP activity. On the other hand, soil
microbial activity, in turn, influenced by plant root exudates, plays a more substantial
role in driving APase activity compared to soil type [70]. This positive association with
APases contributes to P availability in soil, potentially benefiting plant development [71,72].
The incorporation of earthworms alongside crop residues has demonstrated an increase
in ALP activity [73,74]. This effect has been linked to the mitigation of soil compaction
caused by crop residues, thereby, microbial conditions through improved water and oxygen
supply [75,76]. Although ACP activity might also elevate with earthworm addition, it’s
noteworthy that available studies combined earthworms with biochar, lacking independent
analysis of the isolated effects of earthworms [77]. Moreover, soil management practices
influence earthworm metabolism and dynamic processes since enzyme activities in the
casts produced in compacted soils are less stimulated [75]. Unfortunately, there is cur-
rently no available information regarding the impact of soil mesofauna groups on APase
activity, despite their pivotal role in regulating organic matter decomposition and soil
ecosystem functioning.

3.1.2. Soil Depth, Moisture, Texture and Structure

Several studies consistently demonstrated a decrease in ACP and ALP activities with
increasing soil depth (Figure 2, Table S4). This decline aligns with root density and a lower
abundance of heterotrophic microorganisms (bacteria and fungi). Notably, soil moisture
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content also has a positive linkage with APase activity and the functional potential of soil
microbial communities [78], reflecting its role in optimizing soil conditions for plant roots
and microbial growth [79] (Figure 2, Table S4). Some studies have consistently shown
a positive trend between APase activity and soil structure (microporosity) and higher
clay content (Figure 2, Table S4), which agrees with the well-studied connection between
those properties and soil microbial and biochemical properties [80,81]. More specifically,
ACP activity has been positively correlated with fine soil particle fractions such as silt [82]
and clay [83]. The increase in ACP and ALP activity with higher clay content is also
consistent with a meta-analysis conducted by Aponte et al. [49] and is likely associated
with the increase in enzyme longevity in soil caused by clay minerals while preserving
their activity [67]. In contrast, sandy soils often exhibit a decrease in APase activity owing
to several factors, including their diminished organic matter content, limited water-holding
capacity, and reduced microbial biomass [54]. Nevertheless, some studies have suggested a
positive relationship between APase activity and soil sand content, potentially attributed to
increased bioaccessibility and bioavailability of nutrients such as nitrates or exchangeable
cations [58,84]. Regarding soil structure, there are no conclusive results to assess whether
microaggregates play a significant role in the transformation of soil P via APases, thus lower
concentrations of phosphate monoesters and diesters [85]. Consequently, a probable inverse
relationship exists between the abundance of microaggregates (particle size < 0.25 mm)
and the activities of ALP and ACP enzymes.

Figure 2. A number of single and meta-analysis studies reported the direction of ACP and ALP
responses to soil depth, moisture, texture, and pH-related factors. Factors with fewer or equal to three
entries in ACP or ALP response are excluded from the figure as they are considered unrepresentative
(e.g., microaggregate content, cation exchange capacity, chlorine anion content, carbonate content,
iron content, and exchangeable aluminum content). The number of meta-analyses (MA) has been
counted in order to complement the qualitative analysis based on vote counting.

3.1.3. Soil pH and Associated Factors

Soil pH influences a variety of chemical and biochemical processes in soil [86]. In
agricultural soil studies, the pH range typically spans from pH 5.5 to 7.5, and therefore,
APase assessments are often focused on ACP due to the experimental buffer solutions that
are typically adjusted to pH 6.5, followed by Tabatabai’s method [8]. Consistently, the
maximum ACP activity is observed in acidic to neutral soils, while the peak potential ALP
activity is found in alkaline (calcareous) soils [54,87–90] (Figure 2, Table S5). This trend
aligns with several meta-analyses [41,44,45]. Nevertheless, the measured activity of APases
is potential activity, and it can be increased or reduced due to agricultural practices that
modify soil pH. Factors such as high precipitation, acid rain, oxidative weathering, and
crop management practices can lead to a decrease in soil pH, which promotes ACP activity.
Conversely, weathering of silicates, aluminosilicates, or carbonate mineral compounds can
increase soil pH, which promotes ALP activity. For instance, organic fertilizer application
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in maize cultivation [91] in acidic soils has demonstrated increased ALP activity due to its
positive impact on soil pH. Conversely, practices like the use of rice straw biochar [92] or
applying no-till management in maize and bean cropping [93,94] have resulted in decreased
ACP activity by elevating soil pH.

Microelements and organic compounds in the soil, such as carbonates (CO3
2−), iron

(Fe), and aluminum (Al) oxides, influence the release of P from organic compounds, the
size of P fractions, and P uptake, which in turn affect APase activity [95]. Specifically, soil
CO3

2− content could be negatively associated with ACP activity and positively associated
with ALP activity, likely due to its neutralizing capacity, which shifts soil pH from neutral
to alkaline [96]. The soil Fe content interacts positively with both ACP and ALP activity, as
its availability increases with higher organic matter content [97]. Lastly, soil exchangeable
aluminum (Al3+) content has a negative connection with ACP activity due to pH increases
after lime amendments, where calcium ions (Ca2+) hydrolyze and react with soluble Al3+

to form insoluble Al hydroxide compounds [98] (Table S5).
The total cation exchange capacity (CEC) and electrical conductivity (EC) of the soil

are partly related to soil pH [99,100], and available studies indicate a positive associa-
tion between APase activity and CEC and EC (Figure 2, Table S5). Additionally, higher
concentrations of chloride ions (Cl−) in the soil can decrease ACP activity by inhibiting
the growth of soil microflora, thus affecting enzymatic activity [101], but there are no
conclusive results directly correlated with this ion. However, high salt content in soils
is a growing issue exacerbated by climate change, and it poses significant challenges to
agricultural production. Salinity and sodicity, the latter referring to high sodium (Na+)
content, have detrimental effects on crop growth and the biochemical processes essential
for maintaining soil quality [102]. In relation to APase activity, although the results are not
significant, it seems that salinity has a negative impact (Table S6) partly due to a decrease in
the activity of soil microbes and associated microbial biomass with reductions in the release
of enzymes [102] and partly due to the likely direct toxic effects of some ions, particularly
Cl−, on microbial growth [103] (Table S6).

3.1.4. Carbon

Soil organic carbon (SOC) is a crucial component of soil health and is derived from
living and decomposing organic matter such as plant litter, root and microbial exudates,
dead microorganisms and fauna, and fecal material [104]. Both single studies and meta-
analyses have clearly demonstrated a positive linkage between indicators of soil organic
matter, including SOM, SOC, total organic carbon, and dissolved organic carbon, and the
two APases (ACP and ALP) (Figure 3, Table S7). This positive association is explained
because the substrate for APases, soil organic P, is linked to SOC [105]. Quantifying soil
organic matter (SOM) often does not provide detailed information about the underlying
soil processes that contribute to its accumulation [84]. Certain agricultural practices, such
as reduced tillage and cover cropping, have been shown to increase SOM levels [106,107]
through higher levels of microbial biomass that stimulate decomposition processes and
enhance the stabilization of organic compounds [108].
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Figure 3. A number of single and meta-analysis studies reported the direction of ACP and ALP
responses to carbon, nitrogen, phosphorus, and potassium. Factors with fewer than three entries in
ACP and ALP response are excluded from the figure as they are considered unrepresentative (e.g., salt
content, nitrate-N, ammonium-N, labile organic P, and soil C:P ratio). The number of meta-analyses
(MA) has been counted in order to complement the qualitative analysis based on vote counting.

3.1.5. Nitrogen

Nitrogen is a crucial nutrient for plant growth and is considered an indicator of soil
fertility and quality. Nitrate (NO3

−) and ammonium (NH4
+) are the primary forms of N

available for plants, and their concentrations are often positively correlated with the activity
of ACP and ALP. Higher concentrations of NO3

− and NO. can have a positive impact on
the formation and persistence of microbial biomass, which in turn can influence the activity
of APases [39]. However, the fact that negative effects have sometimes also been found
between both (NO3

−-N and NH4
+-N) and APases indicates that there can be interactions

among specific soil, environment, and management conditions leading to contrasting
patterns (Table S8). For instance, when negative effects of NO3

− on ALP activity have been
reported, this has been attributed to the stabilization of ALP by soil colloids formed by
organic matter and clay minerals [109] as well as the influence of SOC on the structure
and composition phoD-harboring bacteria and ALP activity [66]. Both a meta-analysis and
multiple studies have shown a positive association between APase activity and total soil N
content, often determined using the Kjeldahl method (Figure 3). This relationship is likely
due to the positive correlation between N and SOC content [41,110], suggesting that APase
activity is induced by C and N mineralization and the availability of their decomposition
products [111] (Figure 3, Table S8). The C:N ratio of soil organic matter also influences
APase activity and a lower C:N ratio indicates rapid decomposition of organic matter,
regardless of soil microbial biomass, and can result in increased APase activity. The positive
connection between APases and the C:N ratio tends to be stronger than their connection
with the C:P ratio [112].
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3.1.6. Phosphorus

As expected and indicated by various studies, APase activity is closely associated
with soil P content (Figure 3, Table S9). It is important for comprehending the dynamics of
soil P and for effective P management in both natural and agricultural ecosystems [113].
The bulk of the soil P exists in three general groups of compounds, namely organic P,
calcium-bound inorganic P, and iron or aluminum-bound inorganic P, where organic P is
distributed among the biomass, labile or passive fractions of soil organic matter, inorganic
P and calcium compounds predominate in most alkaline soils while the iron and aluminum
forms are most important in acidic soils [114]. Since most of the P in each group is of
very low solubility and not readily available for plant uptake, biotic processes controlled
primarily by bacterial and fungal decomposition indirectly affect P availability for plants by
influencing the form of soil minerals that chemically bind P [115]. For instance, in cropping
systems with low levels of C and inorganic N, it becomes essential to supplement the soil
with other mineral nutrients (e.g., P) and implement effective biological control strategies to
ensure proper P cycling and availability for plants [116]. In terms of readily plant-available
soil P content, studies considered different fractions, notably labile inorganic P (Pi), soil
solution P, or other P fractions. The former comprises P fractions dissolved in the soil
solution, directly accessible to plants, while the latter encompasses fractionation methods
for inorganic P extraction. These extraction methods often involve sodium bicarbonate-P
(commonly referred to as Olsen P, detailed separately) or P solubilization using reagents
such as dilute acid-fluoride, dilute hydrochloric acid, sulfuric acid, or water, among other
techniques [117]. Conversely, there are P fractions existing in organic forms, cited as organic
P, that are not immediately available to plants, including labile organic P (Po). As previously
mentioned, organic P denotes P bound within organic matter, while Po, like NaHCO3-Po,
represents P that can be relatively easily mineralized [4].

The activity of APases in soil is influenced by the P content, and its response is dynamic
depending on the availability of P to plants. A priori, high levels of available soil P content
can lead to a reduction in APase activity as plants and microbes adapt to the abundant P
supply. Conversely, under P limitation, APase activity can increase to facilitate P uptake
and meet or even surpass plant P demands [24] (Table S9). This trend is confirmed by
Sun et al. [41], which showed a negative correlation between both APases and Olsen P and
soil solution P. In this case, the negative association has been attributed to the hydrolysis
of P compounds by other APase enzymes in the NaHCO3-extractable fraction, leading to
an increase in dissolved inorganic P in the soil solution. However, other studies showed a
positive association between APase activity (both ACP and ALP) and Olsen P, soil solution
P, and organic P (Figure 3), which means that the dynamics of P fractions, particularly Olsen
P, are closely related to plant development and can be influenced by climate and intrinsic
soil characteristics [118,119]. Additionally, the addition of organic P sources, which increase
the soluble P content, can negatively impact APase activity, as they contribute to the pool
of available inorganic P in the soil [120]. It seems that there is a relationship between these
enzymes and the promotion of root growth and nutrient uptake by crops [121], which
indicates that the positive relationship is directly associated with particular cases and
that management is crucial to determine their correlation. When APase activity shows
a negative linkage with the content of Po in the soil (Table S9), it suggests that APases
are not the limiting factor in the utilization of organic P, but rather it is the availability of
APase-hydrolysable P compounds that limits the process [24]. It is important to consider
that when a wider group of phosphoric monoester hydrolase enzymes are assessed together,
the high levels of inter-enzyme variation strengthen the relations of available P [122].

3.1.7. Potassium

Potassium (K) plays a crucial role in plant growth and soil fertility [123]. Therefore,
the soil content of available K decreases more in cultivated soils than in natural ecosystems
during plant growth due to erosion/runoff [61]. Studies indicate a positive linkage between
the activity of ACP and ALP enzymes and the available K content in the soil (Figure 3,
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Table S10). The studies do not delve deeply into K’s relationship with other factors that may
also affect APase activity. For this reason, further research is needed to fully understand
the specific mechanisms and trade-offs associated with K and its impact on P acquisition in
managed ecosystems [124].

3.2. Responses to Agro-Ecosystem Management
3.2.1. Conversion from Natural to Managed Ecosystems

Cropland soils experience more intensive human disturbance and receive lower inputs
of plant residues, root exudates, and senescent leaves compared to soils in natural and
semi-natural ecosystems [125]. This human activity negatively impacts the soil’s biological
and biochemical properties, leading to a decline in P and C cycling [126]. Non-managed
ecosystems like native forests, on the other hand, exhibit higher microbial activity due to
their abundant SOM and available P content [127], which facilitates the transformation
of organic P into inorganic forms [128,129]. Cropland soils generally have lower SOC
and MBC compared to non-managed soils [130], and the global activity of extracellular
enzymes is diminished as a result [131]. Furthermore, the activity of APases is influenced
by common management practices [132], with lower-intensity management systems gener-
ally exhibiting higher APase activity compared to higher-intensity management systems
(Figure 4, Table S11).

Figure 4. A number of single studies reported the direction of ACP and ALP responses to land use
change, crop rotation, cover crops, and intercropping. Factors with fewer or equal to three entries
in ACP or ALP response are excluded from the figure as they are considered unrepresentative (e.g.,
revegetation, plant invasion, and forest clearance for cropland).

On the other hand, the conversion of intensively managed agricultural land back
to grassland and forest systems, using native plant species [127,133,134], improves the
supply of organic matter, enhancing APase activity, especially ACP [135]. Furthermore,
a meta-analysis made by Margalef et al. [40] has shown that invasive plant species can
also increase ACP and ALP activity compared to native species, potentially due to dif-
ferences in litter quality or quantity and related effects of changes in soil chemistry on
microbial communities.

3.2.2. Crop Rotations and Species

APase activity in agricultural systems is influenced by crop rotation type, the crop
species concerned, and also cover and intercropping practices (Figure 4, Table S12). Higher
levels of ACP and ALP activity are observed in crop rotations in cereal-based rotations
compared to cereal-legume rotations. This positive response has been attributed to in-
creased ionic exchange capacity, SOC, MBC, and availability of essential nutrients such
as P, K, and magnesium (Mg), as well as a greater presence of earthworms in rotation
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systems [62,136]. The inclusion of legumes and/or grasses in crop rotations, also as an
intercrop, increases the synergism of microbial attributes (e.g., MBC, soil basal respiration,
metabolic quotient, soil cultivable bacteria, fungi, actinobacteria and microorganisms with
cellulolytic activity) [137] leading to higher productivity and economic profitability.

Different crop species influence soil N content, C sequestration, and P accumulation in
long-term cropping systems [138], promoting efficient water, energy, and C use efficiency for
crop production [139]. Maize monoculture, for example, exhibits higher soil APase activity
compared to soybean, cowpea, or cotton, attributed to its deeper rooting system, and this
links to its growth advantage in low P availability conditions [140,141]. Legume cultivation,
especially lupine, which is the most well-studied, enhances soil nutrient availability in a
broad sense [142] and results in higher ACP and ALP activity compared to grain crops like
wheat and rice, as legumes offer benefits to soil microbial communities, ensuring stability
in intensive production systems [143]. Additionally, genetically modified crops, such as
transgenic cotton, have been found to enhance ACP and ALP activity, although the effect
is crop-specific and may not apply uniformly (e.g., in rice, it is ACP that is enhanced). In
horticultural crops like mango, kiwifruit, lettuce, potato, and tomato, the activity of ACP is
higher compared to cereal crops, attributed partly to intensive fertilization and irrigation
management [144] (Figure 5, Table S12).

Figure 5. A number of single studies reported the direction of ACP and ALP responses to crop
species and tillage. Factors with fewer or equal than three entries in ACP and ALP response are
excluded from the figure as they are considered unrepresentative (e.g., comparison between wheat
and maize/rice, barley vs. horticulture, monoculture sorghum vs. others, monoculture transgenic
cotton vs. cotton, monoculture transgenic rice vs. rice, no-till with residue retention vs. others and
no-till with depth vs. others).

The use of cover crops (i.e., specific crops planted primarily to improve soil health
rather than for direct harvest) has a positive impact on soil and crop health by improving
pest and disease control, increasing water availability, and enhancing the abundance
and activity of soil microorganisms [145]. Cover crops have been shown to promote
microbe-mediated processes that enhance ACP and ALP activities, likely through the
increase of labile C and moisture in the soil, maintenance of high organic matter levels,
and stabilization of soil temperature [146–148]. Intercropping, which involves cultivating
two or more crop species within a single cropping season, results in greater ACP and
ALP activities compared to monocropping. As mentioned before, the use of legumes
leads to an increase in APase activity, as reflected in the study results (Figure 4, Table
S12). This may be due to the differential secretion of root exudates by intercropped species,
which might provide a higher diversity of labile C substrates with knock-on effects on soil
microorganisms, thereby increasing enzyme activity [149]. Moreover, when intercropping
is associated with fertilization (Section 3.2.4), APase activity is evidently enhanced.

3.2.3. Soil Tillage

Conventional soil tillage, which involves mechanical soil turning, aims to improve
soil structure for sowing, seedling establishment, and weed control [150,151]. However,
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intensive tillage practices increase the risk of soil erosion and surface runoff, particularly
following heavy rainfall, leading to the loss of SOM [94]. In contrast, reduced (conservation)
tillage practices minimize soil disturbance, resulting in better conservation of SOM [152],
increased MBC, MBN [153], and higher availability of K and Mg. Along with the improve-
ments in soil physical properties, soil aggregation, and reduced decomposition, reduced
tillage contributes to the promotion of APase activity [154] (Figure 5, Table S13).

No-till practices, which involve minimal soil disturbance and surface accumulation of
crop residues, have distinct advantages in soil top layers even compared to reduced tillage.
No-till practices lead to even greater reductions in the decomposition of labile organic
matter, resulting in increased soil moisture, C, and N levels [63,155,156]. These practices
also have positive effects on P fractions (e.g., inorganic, organic, and available P) [157]. The
increased availability of substrates for enzymes in the presence of higher residue inputs
enhances the activity of enzymes such as ACP and ALP [158] (Figure 5, Table S13).

3.2.4. Soil Fertilization

Fertilization of agricultural soils to increase crop yields tends to positively impact
APase activity (Figure 6, Table S14), although concurrent factors such as fertilizer nutrient
balance and type, crop species, and growth stage may determine its activity [159].

The application of combined (NPK) chemical (inorganic) fertilizer generally promotes
APase activity [46]. Nitrogen fertilization, in particular, tends to enhance the activities
of ACP [40,47,48] and ALP [40,48]. This suggests a connection between APases and the
cycling of N. However, there are also reports indicating that ACP and ALP activity may
decrease after mineral N fertilization, which suggests that substrate availability (i.e., specific
organic N or P substrates in soil suspensions and soil filtrates) is more important than P
deficiency [44,160]. Inorganic P fertilization alone tends to decrease the activity of both
APases [40,48], although there is also a meta-analysis suggesting no significant effects [44].

The long-term application of organic fertilizer, derived from plant and animal ma-
terial, is an important strategy for enhancing soil quality by increasing the abundance
of soil microbes and the activity of extracellular enzymes such as ACP and ALP [46,161].
Organic fertilizers have a positive association with soil pH, especially in relation to ALP
activity and P content [91], leading to improved availability of soil nutrients, includ-
ing labile C, N, and P through mineralization, as well as enhanced microbial biomass
and abundance [162,163]. Various soil amendments, such as vermicompost (i.e., organic
material biodegraded by earthworms and microorganisms), biostimulants (e.g., humic
substances, marine macro-algae, protein hydrolysates, microbial inoculants, and plant ex-
tracts), biowastes (i.e., optimal doses of organic compounds and metals), or sludge (i.e., rich
in organic matter, NO3

−-N, copper (Cu), cadmium (Cd), and organic P), have also shown
the ability to increase ACP and ALP activity [49] although do not report on their direct
correlation over the very long term. The optimization of APase activity in soils without
the addition of inorganic fertilizers can improve soil conservation, P release, and overall
agricultural sustainability in ecosystems [164]. Finally, the co-application of inorganic and
organic fertilizers in agricultural soils is a common practice due to their complementary
composition and functions, resulting in increased ACP and ALP activity, thereby providing
high levels of plant-available P [46,165].

Lime application to acid soils increases pH levels, improving plant access to essential
nutrients for growth [166], and has positive effects on ACP and ALP activity. However, it
should be noted that when Ca-based lime is applied, reductions in APase activity have been
observed, indicating that Ca availability may not be a limiting factor for plant growth [167].

Combining fertilizers (organic or inorganic) with green manures (i.e., refer to non-crop
plants, typically legumes, that are cultivated specifically to improve nutrient content in the
soil) can have an impact on APase activity. While short-term trials combining green manure
with fertilizers have not shown a significant effect on ACP activity, there is evidence for
positive impacts on ACP and ALP activity in these trials when legume green manures are
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added with fertilizers [168,169]. This is attributed to the increase in SOM content and the
contribution of N fixed by symbiotic legume root bacteria [148].

Figure 6. A number of single and meta-analysis studies reported the direction of ACP and ALP
responses to agroecosystem fertilizer management practices. Factors with fewer or equal than three
entries in ACP and ALP responses are excluded from the figure as they are considered unrepresen-
tative (e.g., green manure alone). The number of meta-analyses (MA) has been counted in order to
complement the qualitative analysis based on vote counting.

Crop residues, whether applied on the soil surface as mulch or incorporated into
the soil, can have positive effects on P transformation rates and soil P plant available
pool [170]. When crop residues, such as straw, are purposefully left on the soil surface, they
gradually degrade over time, providing a greater and more sustained supply of substrate
for soil [171]. Mulching also increases the supply of carbohydrates and available nutrients
such as N, P, and K [172], having a positive impact on microbial communities [173]. This
prolonged breakdown of residues contributes to an increase in SOC content [174], which in
turn enhances ACP and ALP activity. The increased activity of APases resulting from crop
residue mulching not only improves soil quality but also has the potential to reduce the
need for chemical fertilizer inputs, leading to greater economic returns [175].

Generally, biochar amendments are known to have a positive effect on both ACP and
ALP activity (Table S14). According to the findings of Pokharel et al. [45], the addition
of biochar to soil increases the sensitivity of ALP to changes in pH. This heightened
sensitivity results in an increased microbial demand for P and/or the potential limitation of
P availability in the soil due to restricted microbial growth. However, despite these effects
on ALP activity, the researchers did not observe significant impacts on ACP activity.

The practice of burning crop residues, on the other hand, releases environmental
pollutants into the atmosphere (particulates carbon dioxide (CO2) and carbon monoxide)
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and has negative impacts on ACP and ALP activity (Table S14). This is due to the changes
it induces in soil chemical and biochemical processes, resulting in decreased soil nutrients,
bacterial densities, and MBC [176,177].

Plant-beneficial microbes (PBMs) are increasingly used in biotechnology to reduce
the reliance on agrochemicals with the aim of increasing soil nutrition, tolerance to stress,
soil health, and crop yields [178,179]. Phosphate solubilizing bacteria (PSB) significantly
contribute to the enhancement of APase activity and the availability of P to plants (Fig-
ure 6, Table S14). This is achieved through their possession of enzymes and metabolic
mechanisms, enabling the conversion of insoluble forms of P into accessible forms for
plant uptake [66]. They accomplish this through the mineralization of organic P and the
solubilization of inorganic P minerals, leading to greater P uptake in plant biomass [180].
Incorporating PSB into the soil also results in faster humification of fresh organic matter
and enhances mycorrhizal and endobacterial activities [181]. Likewise, soil inputs of bac-
teria, such as Bacillus, Pseudomonas, Aspergillus, Azospirillium, and Streptomyces, can
increase both ACP and ALP activity, restore soil fertility, and promote plant productivity,
taking into account addition parameters (e.g., EC, pH, and ionic concentration) to ensure
proper nutritional management of the crop [182]. The input of arbuscular mycorrhizal
fungi to soils assists the plants in absorbing nutrients by hydrolyzing organic P, similar to
solubilizing bacteria, which enhances APase activity. Additionally, soil acidification caused
by fungi increases the availability of organic P substrates for APases, particularly ACP [53].

3.2.5. Pest and Weed Management

Plant protection products, including herbicides, fungicides, and insecticides, are
widely used in agriculture to mitigate the detrimental effects of competition, disease, and
herbivory on crop yields. However, their application can lead to changes in soil function
and health, affecting soil respiration, biomass, and APase activity (Figure 7, Table S15). The
impact of fungicides on APases is a topic of debate, with one meta-analysis reporting an
increase in ACP activity rather than ALP activity [50], possibly due to the predominance of
ACP analysis in agricultural soils. Likewise, the effects of insecticides on APases do not
exhibit a clear trend. The results found suggest decreases in ACP and ALP activity, followed
by recovery in ALP activity within 7 to 30 days after insecticide application [50,183].

Figure 7. A number of single and meta-analysis/review studies reported the direction of ACP and
ALP responses to pest and weed management, irrigation, crop-livestock, and grazing management.
Factors with fewer or equal than three entries in ACP and ALP responses are excluded from the figure
as they are considered unrepresentative (e.g., mowing). The number of meta-analyses (MA) and
reviews (R) has been counted in order to complement the qualitative analysis based on vote counting.

Weed control plays a crucial role in reducing competition for resources by minimiz-
ing non-crop plant abundance. While manual weeding tends to increase APase activity
(Figure 7, Table S15), the use of herbicides can result in either negative or negligible im-
pacts on ACP and ALP activity [50]. Importantly, any adverse effects from herbicide use
typically do not persist beyond 30 days after application [184]. However, cultivating crops
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in competition with weeds compared with weeds cultivated alone negatively impacts ACP
activity, microbial activity, and inorganic P solubilization [185].

3.2.6. Irrigation

Crop irrigation is a practice that involves providing controlled amounts of fresh
water or wastewater to sustain and enhance yields in water-scarce regions [186]. Optimal
irrigation levels have been found to positively affect APase activity (Figure 7, Table S16).
Irrigated soils have increased the availability of soil nutrients, leading to a higher demand
for P by plants and microbes during plant growth [41]. Moreover, irrigation strategies
can influence P availability, affecting P storage [187] and the abundance of bacteria, which
may explain the observed impacts on APases. Research on wastewater irrigation has
shown varying effects on ACP and ALP activity, as it affects soil microbial activity and the
microbial community [188]. However, long-term use of wastewater may potentially reduce
agricultural crop yield [189].

3.2.7. Livestock, Grazing and Mowing Management

Livestock can play a significant role in enhancing agroecosystem function [137], and
it can be managed within a livestock-only system (pasture) or in combination with crop
production (livestock integration). In both cases, the presence of livestock contributes to
an increase in soil MBC content and ACP activity (Figure 7, Table S17). Grazing-based
pasture management has been linked to various positive effects, including higher soil
pH, increased water content, and elevated levels of NO3

−, NH4
+, organic matter, and

C:N ratios [190]. These conditions promote greater APase activity, mostly ACP (Figure 7,
Table S17). On the other hand, mowing encourages the growth of plant species with
competitive strategies [191], while the contact between cut residues (substrates) and the
soil reduces the activity of ALP [192] (Table S17).

3.3. Responses to Soil Pollutants

Soil pollution caused by heavy metals can disrupt biochemical, physiological, and
metabolic processes. These pollutants alter nutrient stoichiometry and result in slower P
cycling due to an imbalance between litter, soil organic matter, and the elemental composi-
tion of microbial biomass [49]. Heavy metals have an impact on APase activity (Figure 8,
Table S18); negative responses of APase activity due to lead (Pb), chromium (Cr), nickel
(Ni), zinc (Zn), cadmium (Cd), copper (Cu), manganese (Mn), arsenic (As), and mercury
(Hg) have been observed, while positive responses are reported in one meta-analysis made
by Aponte et al., [49] concerning Cu and Cd. The negative APase responses are attributed
to the harmful effects of heavy metals on soil microorganisms [193], while the positive
responses may indicate microbial metabolic stimulation resulting from increased levels of
metals acting as micronutrients, such as Cu, Mn, cobalt (Co), Zn, and Cr [71]. Although
heavy metals generally inhibit APase activity, the extent of the response depends on the
initial metal composition in the soil, organic matter content, and the inhibition of microbial
activity [80]. In soils with high organic matter content, heavy metal impact on APases is
relatively lower compared to other enzymes due to the positive association between APase
and soil C abundance [194].

Negative effects on APase activity have been observed following the use of sewage
sludge compost with high concentrations of heavy metals such as Pb, As, Cr, Cd, Ba,
and Ag [49]. Similarly, soil pollution caused by petroleum and nanomaterials (NMs) also
negatively affects APase activity, also leading to a decrease in bacterial species richness and
diversity [195]. The use of NMs as biocides and plant growth promoters influences soil
properties and enzyme activity, and a meta-analysis made by Lin et al. [196] showed that C,
Cu, and Ag NMs result in a decrease in ACP activity, whereas low soil concentrations of Fe
NMs stimulate ACP activity (Table S18).
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Figure 8. A number of single and meta-analysis studies reported the direction of ACP and ALP
responses to soil pollutants. Factors with fewer or equal to three entries in ACP and ALP response
are excluded from the figure as they are considered unrepresentative (e.g., chromium, manganese,
arsenic, mercury, and nanomaterials). The number of meta-analyses (MA) has been counted in order
to complement the qualitative analysis based on vote counting.

3.4. Impacts of Climate Change

The rapid global temperature increases, shifts in rainfall patterns, and rising atmo-
spheric CO2 concentrations that the planet is experiencing are significantly impacting plant
stoichiometry and productivity, potentially affecting APase activity (Table S19). Exist-
ing meta-analyses have suggested that climate warming could increase ACP activity in
agroecosystems and forests [41,42], primarily due to reduced soil P content (e.g., Olsen
P and total soil P) resulting from accelerated plant growth and enhanced plant P acquisi-
tion [197]. However, another meta-analysis that encompassed grasslands and other natural
ecosystems found no correlation between temperature and both APases [40].

The predicted increase in rainfall intensity in some areas under ongoing climate
change is likely to lead to higher topsoil nutrient losses, as high soil water availability to
plants can elevate groundwater chemistry, including the dissolved content of bicarbonate,
sulfate, Cl− anions, and Na+, Ca2+, Mg2+, and K+ cations [198]. Elevated mean annual
precipitation (MAP) levels have been linked to increased ACP and ALP activity [41]
compared to controls in models of humid grassland soils and irrigated soils [199,200].
Conversely, drier conditions are also expected to become more frequent in some regions
under climate change, resulting in reduced demand for available P forms and associated
enzyme activity [201]. APase activity tends to respond negatively to water scarcity and
drought in agroecosystems (Figure 9, Table S19), particularly in grasslands and other
natural ecosystems under Mediterranean climate conditions known for their seasonal
aridity [41]. However, individual studies focused on temperate pasturelands have reported
mixed responses, as changes in precipitation amounts may not significantly alter microbial
biomass, allowing soil microbes to adapt to soil drying [202].

APase activity exhibits seasonal variations (Figure 9, Table S19), with higher activity
recorded during periods of increased plant growth. In contrast, APase activity tends to be
lower during drier cropping periods when human activities in agroecosystems are more
pronounced [203].

The influence of anthropogenic CO2 emissions on APases is not significant, but on-
going increases have been linked to enhanced ACP and ALP activities in grasslands and
natural ecosystems [40], likely due to elevated microbial activity and increased soil P avail-
ability [204] (Table S19). However, this is not sufficient to determine the reason why this
trend is the way it is.

175



Agriculture 2024, 14, 288

Figure 9. A number of single and meta-analysis studies reported the direction of ACP and ALP
responses to climate change factors. Factors with fewer or equal than three entries in ACP and ALP
response are excluded from the figure as they are considered unrepresentative (e.g., mean annual
precipitation, soil water availability, CO2 fertilization). The number of meta-analyses (MA) has been
counted in order to complement the qualitative analysis based on vote counting.

3.5. Relationship between APases and Crop Yields

Investigating the potential effects of promoting APase activity in agricultural soils
on crop yields is important for addressing global goals of increasing food security and
crop productivity. Studies have primarily focused on cereals, although a few other crops
have also been examined (Table S20). Positive connections have been observed between
APase activity and yields of wheat, maize, barley, beet, fava bean, and lentil. However, the
available literature does not show any association between APase activity and tree fruit
yields (such as organic plum and orange). Interestingly, a negative relationship has been
reported between rice yield and ALP activity, which can be attributed to variations in P
availability from inorganic and organic sources, other P-regulating enzymes, and changes
in soil pH [205]. Crop yield is influenced by various soil physicochemical parameters,
including N, SOM, and high accumulation of dry matter [206,207]. Additionally, while
crop yields are directly correlated with the amount of plant available P [208] and low
soil available P directly affects APase release, there are limited studies that have directly
associated APases with crop yield, suggesting that this link needs further research.

4. Conclusions

Due to the extensive number of studies evaluated and the results obtained, this
systematic review, which is partly quantitative but predominantly qualitative, underscores
the significance of APases in driving P uptake in agroecosystems and their role in the global
P cycle. Observable changes in APase activity can be attributed to soil biophysicochemical
properties, agricultural management practices, environmental pollutants, and climate
change factors.

Firstly, microbial abundance, biomass, and activity demonstrate a positive relationship
with both ACP and ALP. These enzymes are further correlated with pH levels, showing a
positive association with soil texture—especially clay content—soil moisture, soil organic
carbon, and available forms of N and P.

Secondly, the activity of ACP and ALP is generally enhanced by management practices
promoting soil health. These practices include optimal irrigation, conservation or no-tillage
techniques, crop rotation or intercropping, cover crops, and organic fertilization through the
use of amendments such as organic manures, vermicompost, green manures, crop residue
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management, biochar, and biostimulants/biofertilizers containing beneficial bacteria and
fungi (see Figure 10).

 

Figure 10. The factors influencing APase activity in belowground environments can be summarized
through color-coded lines and names. Green lines represent the most positive influential factors.
The solid lines refer to internal soil processes; the dashed lines correspond to crop management
in the soil. When the concentration of inorganic P in the soil is low, plants, roots, and microbiota
release APase. The brown lines represent the role of APase activity in providing assimilable P for
plant and microbiota uptake. Physicochemical properties, such as soil organic matter, available
N, clay content, and management practices like organic manure fertilization, no-till, crop residue
utilization, intercropping, and crop rotation, are also depicted in brown as they enhance APase
activity. Additionally, climate factors that increase APase activity, including optimal water levels,
rainfall (indicated with a cloud), and temperature (indicated with a sun), are also shown.

On the other hand, factors such as soil depth, salinity, pesticide and sewage sludge
use, and high concentrations of heavy metals or other pollutants in agricultural soils have
a detrimental effect on APase activity. For this reason, the activity of APases is used as an
indicator of soil quality in agricultural systems.

Perspectives on Knowledge Gaps

Several knowledge gaps have been identified in this review, such as the relationship
between APases and crop productivity, which still remains unclear. However, there seems
to be a direct relationship between cereal and legume production with the activity of
APases that should be studied, especially when intercropping or crop rotations are used.
Reviewing APase responses to crop management practices is problematic due to the
diverse and complex nature of agronomic techniques. Thus, the interrelation between P
availability, on one hand, and the production and activity of APase on the other hand,
exhibits highly nuanced cause-and-effect dynamics. However, it is noteworthy that the
adoption of conservative soil practices linked to non-intensive agricultural management
holds promise for enhancing the response of APase activity.

The relationship between APases and P has been widely studied, but not the relation-
ship with K, which is also important for plant growth and soil fertility. Plant uptake of P is
influenced by the availability of K, which in turn depends on N and C levels. This extremely
complex mechanism, involving microorganisms as well, should be experimentally studied,
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incorporating those strategies that increase enzymatic capacity investment and reduce
competition and interference with other organisms.

Moreover, strategies to affect APase activity also involve other soil parameters altered
by agricultural practices. For instance, increased CO3

2−, which is carried by water and
mobilized between soil horizons and is common in the pH range of agricultural soils,
negatively affects the activity of ACP, which is directly linked to plants and consequently
may affect their production. Moreover, assessing APase with respect to the availability
of nutrients (P or N) in relation to C (e.g., C:P, C:N) would yield valuable information to
designate it as a key soil quality variable. These ratios are crucial indicators of soil fertility,
microbial activity, and plant nutrient uptake, influencing the overall health and productivity
of the ecosystem. The repeated, excessive use of mineral fertilizers in agricultural soils
for decades has substantially altered the microbial population adapting to this nutrient,
excess which directly affects ALP activity mainly released by soil microorganisms. Studies
evaluating the response of APases based on soil mesofauna, as well as macrofauna, which
regulate soil organic matter transformations and significantly influence nutrient dynamics,
are lacking. The activity of these organisms can notably change P availability in active soils
and, in parallel, may enhance crop yield.

Ultimately, although the selected studies are too diverse to produce a meaningful
summary estimate of the effect of more than two factors, the results demonstrate that
there is sufficient data to focus on combined factors that clearly enhance APase activity.
The information obtained will enable us to manage agricultural systems to promote the
capabilities of plants and associated microorganisms to assimilate nutrients more effectively
and rapidly and, at the same time, enhance our understanding of microbial-mediated
processes and the dynamics of soil health. The results obtained could guide professional
practice on one hand and future research on the other. This approach could achieve a
cost-benefit ratio where APases, among other enzymes, would play a determining role.
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94. Swedrzyńska, D.; Małecka, I.; Blecharczyk, A.; Swedrzyński, A.; Starzyk, J. Effects of various long-term tillage systems on some
chemical and biological properties of soil. Pol. J. Environ. Stud. 2013, 22, 1835–1844.

95. Mahmood, M.; Xu, T.; Ahmed, W.; Yang, J.; Li, J.; Mehmood, S.; Liu, W.; Weng, J.; Li, W. Variability in Soil Parent Materials at
Different Development Stages Controlled Phosphorus Fractions and Its Uptake by Maize Crop. Sustainability 2022, 14, 5048.
[CrossRef]

96. Siddaramappa, R.; Wright, R.J.; Codling, E.E.; Gao, G.; McCarty, G.W. Evaluation of Coal Combustion Byproducts as Soil Liming
Materials: Their Influence on Soil PH and Enzyme Activities. Biol. Fertil. Soils 1994, 17, 167–172. [CrossRef]

97. Yu, S.; He, Z.L.; Stoffella, P.J.; Calvert, D.V.; Yang, X.E.; Banks, D.J.; Baligar, V.C. Surface Runoff Phosphorus (P) Loss in Relation to
Phosphatase Activity and Soil P Fractions in Florida Sandy Soils under Citrus Production. Soil Biol. Biochem. 2006, 38, 619–628.
[CrossRef]

98. Meena, H.M.; Prakasha, H.C. The Impact of Biochar, Lime and Fertilizer on Soil Acidity and Microbiological Properties and Their
Relationship with Yield of Rice and Cowpea in an Acidic Soil of Southern India. J. Plant Nutr. 2021, 45, 358–368. [CrossRef]

99. Purnamasari, L.; Rostaman, T.; Widowati LR Anggria, L. Comparison of Appropriate Cation Exchange Capacity (CEC) Extraction
Methods for Soils from Several Regions of Indonesia. IOP Conf. Ser. Earth Environ. Sci. 2021, 648, 012209. [CrossRef]

100. Smith, J.L.; Doran, J.W. Measurement and Use of pH and Electrical Conductivity for Soil Quality Analysis. In Methods for Assessing
Soil Quality; Wiley: Hoboken, NJ, USA, 1996; pp. 169–185. [CrossRef]

101. Dinesh, R.; Ramanathan, G.; Singh, H. Influence of Chloride and Sulphate Ions on Soil Enzymes. J. Agron. Crop Sci. 1995, 175,
129–133. [CrossRef]

102. Rietz, D.N.; Haynes, R.J. Effects of Irrigation-Induced Salinity and Sodicity on Soil Microbial Activity. Soil Biol. Biochem. 2003, 35,
845–854. [CrossRef]

103. Garcia, C.; Hernandez, T. Influence of Salinity on the Biological and Biochemical Activity of a Calciorthird Soil. Plant and Soil
1996, 178, 255–263. [CrossRef]

104. Turbé, A.; de Toni, A.; Benito, P.; Lavelle, P.; Lavelle, P.; Camacho, N.R.; van Der Putten, W.H.; Labouze, E.; Mudgal, S. Soil
biodiversity: Functions, threats and tools for policy makers. 2010. Available online: https://hal-bioemco.ccsd.cnrs.fr/bioemco-
00560420 (accessed on 17 September 2021).

105. Tipping, E.; Somerville, C.J.; Luster, J. The C:N:P:S stoichiometry of soil organic matter. Biogeochemistry 2016, 130, 117–131.
[CrossRef]

106. Kooch, Y.; Ehsani, S.; Akbarinia, M. Stoichiometry of Microbial Indicators Shows Clearly More Soil Responses to Land Cover
Changes than Absolute Microbial Activities. Ecol. Eng. 2019, 131, 99–106. [CrossRef]

107. Lungmuana Singh, S.B.B.; Choudhury, B.U.U.; Vanthawmliana Saha, S.; Hnamte, V. Transforming Jhum to Plantations: Effect on
Soil Microbiological and Biochemical Properties in the Foot Hills of North Eastern Himalayas, India. Catena 2019, 177, 84–91.
[CrossRef]

182



Agriculture 2024, 14, 288

108. de Jesus Franco, A.; Valadares da Silva, A.P.; Silva Souza, A.B.; Loverde Oliveira, R.; Rodrigues Batista, E.; Damacena de Souza, E.;
Oliveira Silva, A.; Carbone Carneiro, M.A. Plant diversity in integrated crop-livestock systems increases the soil enzymatic
activity in the short term. Pesq. Agropec. Trop. Goiânia 2020, 50, e64026. [CrossRef]

109. Adrover, M.; Moyà, G.; Vadell, J. Seasonal and Depth Variation of Soil Chemical and Biological Properties in Alfalfa Crops
Irrigated with Treated Wastewater and Saline Groundwater. Geoderma 2017, 286, 54–63. [CrossRef]

110. Palmer, J.; Thorburn, P.J.; Biggs, J.S.; Dominati, E.J.; Probert, M.E.; Meier, E.A.; Huth, I.N.; Dodd, M.; Snow, V.; Larsen, J.R.; et al.
Nitrogen Cycling from Increased Soil Organic Carbon Contributes Both Positively and Negatively to Ecosystem Services in
Wheat Agro-Ecosystems. Front. Plant Sci. 2017, 8, 731. [CrossRef] [PubMed]

111. Cattaneo, F.; Di Gennaro, P.; Barbanti, L.; Giovannini, C.; Labra, M.; Moreno, B.; Benitez, E.; Marzadori, C. Perennial Energy
Cropping Systems Affect Soil Enzyme Activities and Bacterial Community Structure in a South European Agricultural Area.
Appl. Soil Ecol. 2014, 84, 213–222. [CrossRef]

112. Singh, A.; Ghoshal, N. Impact of Herbicide and Various Soil Amendments on Soil Enzymes Activities in a Tropical Rainfed
Agroecosystem. Eur. J. Soil Biol. 2013, 54, 56–62. [CrossRef]

113. Sigua, G.C.; Stone, K.C.; Bauer, P.J.; Szogi, A.A. Phosphorus Dynamics and Phosphatase Activity of Soils under Corn Production
with Supplemental Irrigation in Humid Coastal Plain Region, USA. Nutr. Cycl. Agroecosyst. 2017, 109, 249–267. [CrossRef]

114. Weil, R.R.; Brady, N.C. The Nature and Properties of Soils, 15th ed.; Pearson: New York, NY, USA, 2017.
115. Cross, A.F.; Schlesinger, W.H. A literature review and evaluation of the Hedley fractionation: Applications to the biogeochemical

cycle of soil phosphorus in natural ecosystems. Geoderma 1995, 64, 197–214. [CrossRef]
116. Zibilske, L.M.; Bradford, J.M. Tillage Effects on Phosphorus Mineralization and Microbial Activity. Soil Sci. 2003, 168, 677–685.

[CrossRef]
117. Olsen, S.R.; Sommers, L.E. Phosphorus. In Methods of Soil Analysis Part 2 Chemical and Microbiological Properties, American Society of

Agronomy, Soil Science Society of America; Agronomy Monographs, Wiley: Madison, WI, USA, 1982; pp. 403–430.
118. Koper, J.; Lemanowicz, J. Effect of Varied Mineral Nitrogen Fertilization on Changes in the Content of Phosphorus in Soil and in

Plant and the Activity of Soil Phosphatases. Ecol. Chem. Eng. 2008, S 15, 465–471.
119. Atoloye, I.A.; Jacobson, A.; Creech, E.; Reeve, J. Variable Impact of Compost on Phosphorus Dynamics in Organic Dryland Soils

Following a One-Time Application. Soil Sci. Soc. Am. J. 2021, 85, 1122–1138. [CrossRef]
120. Madejón, E.; Burgos, P.; López, R.; Cabrera, F. Agricultural Use of Three Organic Residues: Effect on Orange Production and on

Properties of a Soil of the “Comarca Costa de Huelva” (SW Spain). Nutr. Cycl. Agroecosyst. 2003, 65, 281–288. [CrossRef]
121. Li, Q.; Chen, J.; Wu, L.; Luo, X.; Li, N.; Arafat, Y.; Lin, S.; Lin, W. Belowground Interactions Impact the Soil Bacterial Community,

Soil Fertility, and Crop Yield in Maize/Peanut Intercropping Systems. Int. J. Mol. Sci. 2018, 19, 622. [CrossRef]
122. Waldrop, M.P.; Balser, T.C.; Firestone, M.K. Linking Microbial Community Composition to Function in a Tropical Soil. Soil Biol.

Biochem. 2000, 32, 1837–1846. [CrossRef]
123. Khan, S.A.; Mulvaney, R.L.; Ellsworth, T.R. The Potassium Paradox: Implications for Soil Fertility, Crop Production and Human

Health. Renew. Agric. Food Syst. 2014, 29, 3–27. [CrossRef]
124. Honvault, N.; Houben, D.; Nobile, C.; Firmin, S.; Lambers, H.; Faucon, M.P. Tradeoffs among Phosphorus-Acquisition Root Traits

of Crop Species for Agroecological Intensification. Plant Soil 2020, 461, 137–150. [CrossRef]
125. Riffaldi, R.; Saviozzi, A.; Levi-Minzi, R.; Cardelli, R. Biochemical Properties of a Mediterranean Soil as Affected by Long-Term

Crop Management Systems. Soil Tillage Res. 2022, 67, 109–114. [CrossRef]
126. Cui, Y.; Fang, L.; Guo, X.; Wang, X.; Wang, Y.; Zhang, Y.; Zhang, X. Responses of Soil Bacterial Communities, Enzyme Activities,

and Nutrients to Agricultural-to-Natural Ecosystem Conversion in the Loess Plateau, China. J. Soils Sediments 2019, 19. [CrossRef]
127. Li, C.; Veum, K.S.; Goyne, K.W.; Nunes, M.R.; Acosta-Martinez, V.A. Chronosequence of soil health under tallgrass prairie

reconstruction. Appl. Soil Ecol. 2021, 164, 103939. [CrossRef]
128. Da Cunha, J.R.; de Cassia de Freitas, R.; de Almeida Taveres Souza, D.J.; Santana Gualberto, A.V.; Antunes de Souza, H.; Fernando

Carvalho Leite, L. Soil Biological Attributes in Monoculture and Integrated Systems in the Cerrado Region of Piaui State, Brazil.
Acta Sci.-Agron. 2021, 43, e51814. [CrossRef]

129. Balota, E.L.; Machineski, O.; Truber, P.V. Soil Enzyme Activities under Pig Slurry Addition and Different Tillage Systems.
Agronomy 2011, 33, 729–737. [CrossRef]

130. Barcelos Martins, L.N.; de Aguiar Santiago, F.L.; Montecchia, M.S.; Correa, O.S.; Saggin Junior, O.J.; Damacena de Souza, E.;
Barbosa Paulino, H.; Carbone Carneiro, M.A. Biochemical and Biological Properties of Soil from Murundus Wetlands Converted
into Agricultural Systems. Rev. Bras. Ciência Solo 2019, 43, e0180183. [CrossRef]

131. Carlos, F.S.; Schaffer, N.; Mariot, R.F.; Schmitt Fernandes, R.; Luiz Boechat, C.; Fernando Wurdig Roesch, L.; de Oliveira Camargo, F.A.
Soybean Crop Incorporation in Irrigated Rice Cultivation Improves Nitrogen Availability, Soil Microbial Diversity and Activity,
and Growth of Ryegrass. Appl. Soil Ecol. 2022, 170, 104313. [CrossRef]

132. Katsalirou, E.; Deng, S.; Gerakis, A.; Nofziger, D.L. Long-Term Management Effects on Soil P, Microbial Biomass P, and
Phosphatase Activities in Prairie Soils. Eur. J. Soil Biol. 2016, 76, 61–69. [CrossRef]

133. Sciubba, L.; Mazzon, M.; Cavani, L.; Baldi, E.; Toselli, M.; Ciavatta, C.; Marzadori, C. Soil Response to Agricultural Land
Abandonment: A Case Study of a Vineyard in Northern Italy. Agronomy 2021, 11, 1841. [CrossRef]

134. Garcia, C.; Roldan, A.; Hernandez, T. Changes in Microbial Activity after Abandonment of Cultivation in a Semiarid Mediter-
ranean Environment. J. Environ. Qual. 1997, 26, 285–291. [CrossRef]

183



Agriculture 2024, 14, 288

135. Paz-Ferreiro, J.; Trasar-Cepeda, C.; Leiros, M.C.; Seoane, S.; Gil-Sotres, F. Biochemical Properties in Managed Grassland Soils in a
Temperate Humid Zone: Modifications of Soil Quality as a Consequence of Intensive Grassland Use. Biol. Fertil. Soils 2009, 45,
711–722. [CrossRef]
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