
mdpi.com/journal/soilsystems

Special Issue Reprint

Integrated Soil Management
Food Supply, Environmental Impacts, and 
Socioeconomic Functions

Edited by 

José L. S. Pereira and Vítor João Pereira Domingues Martinho



Integrated Soil Management: Food
Supply, Environmental Impacts, and
Socioeconomic Functions





Integrated Soil Management: Food
Supply, Environmental Impacts, and
Socioeconomic Functions

Guest Editors
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Editorial

Integrated Soil Management: Food Supply, Environmental
Impacts, and Socioeconomic Functions

José L. S. Pereira 1,2,* and Vítor J. P. D. Martinho 1,2,*

1 Agrarian Higher School of Viseu, Polytechnic Institute of Viseu, Avenida António Almeida Henriques,
3500-631 Viseu, Portugal
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3504-510 Viseu, Portugal

* Correspondence: jlpereira@esav.ipv.pt (J.L.S.P.); vdmartinho@esav.ipv.pt (V.J.P.D.M.)

Soil is a key resource for agricultural production and, consequently, for food supply
and sustainable development [1,2]. In fact, the quality of soil impacts the characteristics of
the outputs obtained and the income of the farms, with implications for the performance of
the agricultural sector and the various associated upstream and downstream activities [3].
Soil and climate conditions are among the first variables considered by agricultural decision-
makers when they need to select the most adequate production to draw up agricultural
plans [4]. On the other hand, food supply chains and various socioeconomic activities
have impacts on soil quality, generating, in some cases, what can be called circular and
cumulative processes [5]. In these frameworks, integrated soil management is fundamental
to preserving the quality of the soil and its functions for sustainable development and to
guaranteeing the safety and security of the food obtained for human health and balanced
nutrition [6–8]. For adjusted management, soil legislation and policies play a relevant role,
as well as the associated institutions at the national, European and international levels.
Nonetheless, the legislation and public policies seem to have been more concerned with
the air and water quality than soil health. The outputs from the international scientific
community reveal that there is a field to be explored, namely through multidisciplinary
approaches, considering smart methodologies and addressing gaps related to specific
particularities of the soil management dimensions. These insights are fundamental to
supporting the policymakers and decision-makers and give suggestions for future research.
This is particularly important when it is still needed to convince the national and European
institutions to prioritize specific soil health problems [9].

This Editorial refers to the Special Issue “Integrated Soil Management: Food Supply,
Environmental Impacts, and Socioeconomic Functions”. The Special Issue highlights
bringing a broader perspective on soil management, namely in its relationship with food
supply, environmental dimensions, and socioeconomic activities. From a total of twenty-six
manuscripts submitted for consideration and peer review, fourteen were accepted for
publication and inclusion in this Special Issue (two reviews and twelve articles). The
published contributions are listed below followed by a description review to encourage the
reader to explore them.

Cárceles Rodríguez et al. (contribution 1) reviewed the impact of conservation agri-
cultural practices on soil health and their role in agricultural sustainability. Their study
concludes that the main challenge of conserving and improving soil health is guaranteeing
its long-term productivity and environmental sustainability, and to reach this will be vital
to develop new tools and methodologies to assess soil quality and health that can be used
to evaluate and guide soil management decisions.

Soil Syst. 2025, 9, 64 https://doi.org/10.3390/soilsystems9020064
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Rubiales (contribution 2) critically reviewed the achievements and prospects in broom-
rape (Orobanche crenata) management and resistance breeding to facilitate legume rein-
troduction into Mediterranean rain-feed farming systems. The author stressed that sev-
eral strategies have been proposed for crenate broomrape management but considering
that temperate legumes in the area are low-input crops, they have been found to be
largely uneconomical or hard to grow, leaving the use of resistant cultivars as the most
desirable option.

Martinho et al. (contribution 3) investigate the spatial correlations of the soil nutrient
balance around the world and analyse how this variable is interrelated with agricultural
soil emissions, agricultural output, and food supply. Results highlight that there is space
for common strategies worldwide to preserve soil quality, as in some parts of the world
the problems are similar. In these frameworks, the international organisations may have a
determinant contribution.

Hredoy et al. (contribution 4) investigates the impact of landfill leachate of Amin
Bazar landfill on the environmental compartments. The authors found that mitigation
measures are critical for preventing soil and water contamination because the leachate
from the landfill site has a higher degree of contamination with respect to the analysed
parameters, which contribute to the surrounding environmental components including the
surface water, groundwater, soil, and plants by polluting them adversely. However, the
authors claim that a gap remains in investigating the feasibility of becoming involved in
the development of a waste management system as well as ensuring ideal environmental
standards for municipal solid waste and balancing environmental quality.

Arrobas et al. (contribution 5) investigates fertilisation programmes oriented towards
ecological intensification in European chestnut (Castanea sativa Mill.) rainfed orchards and
managed with increasingly intensive cropping practices. Results highlight that it seems
appropriate to base the annual fertilisation plan on leaf nutrient concentration because
these large trees had a poor response to the annual application of fertilisers.

Parveen et al. (contribution 6) investigates the impact of phytohormones, e.g., indole
acetic acid and gibberellic acid, on mung bean (Vigna radiata L.) yield, seed nutritional
profile, and soil N availability in the sub-tropical region of Pakistan. The findings of
the study highlight that the combined treatment of the two phytohormones followed by
the sole application of each phytohormone were most effective treatments to improve
the morpho-physiology and nutrient profile of mung beans; however, the underlying
molecular mechanisms need to be explored further.

Nacoon et al. (contribution 7) investigates the effects of different species of arbus-
cular mycorrhizal fungi (Claroideoglomus etunicatum; Rhizophagus variabilis; Rhizophagus
nov. spec.; Acaulospora longula) on the growth performance and concentrations of bioac-
tive substances of black rice in a pot experiment under laboratory conditions. Results
highlight that Rhizophagus variabilis was the best inoculum for increasing grain yield and
bioactive compounds.

Cavalaris et al. (contribution 8) investigates the impacts on soil compaction, along
with the changes in soil carbon, and aims to identify the optimum tillage schemes that
compromise benefits and drawbacks. The findings show that permanent no-tillage was
the most effective method for sequestering soil carbon and highlight that carbon credits in
carbon farming may be halved if periodic deep tillage operations should be introduced to
counteract the consequences of extreme soil compaction.

Sheshnitsan et al. (contribution 9) investigates the level of selenium in soils and
its accumulation in plants as well as identifying the factors associated with selenium
bioaccumulation in the hydrogeochemical province with high selenium in groundwater.
The research results indicated that the absence of antagonistic interactions with heavy
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metals in the soil–plant system contributes to the enhanced selenium accumulation in plants
in the Lower Dniester Valley. Finally, this study shows the complexity of the interactions
between selenium and heavy metals in the soil–plant system and their potential impact on
agricultural practices. The authors conclude that further studies are required to identify the
reasons for the high mobility of selenium and the significant content of its water-soluble
forms in soils.

Landi et al. (contribution 10) investigates the potential efficacy of pot cultivation
systems using commercial substrates to avoid plant-parasitic nematode infestations and
simultaneously increase free-living nematode populations. The findings show that sub-
strates rich in organic matter such as coconut fibre, even though they are unable to prevent
accidental introduction during cultivation, could still play an important role in suppressing
plant-parasitic nematodes. The main conclusion of this study is that a gap in the knowledge
exists and more studies are needed to investigate the mechanisms determining differences
in plant-parasitic nematodes between plant species and to explore the effectiveness of
combining pot cultivation with other control methods.

Kintl et al. (contribution 11) investigates the potential influence of soil heterogeneity in
terms of nutrient contents on differences in the chemical composition of individual parts of
chickpea (Cicer arietinum L.) plants (stems, leaves, pods and seeds). The authors concluded
the heterogeneity of certain elements (nutrients) and soil reactions on the ability of chickpea
to uptake and translocate these elements into plant organs and seeds, thus proving that soil
heterogeneity strongly affects the overall fitness of chickpea. Moreover, the authors claim
that farmers can influence detected plot heterogeneity by taking appropriate measures
(mineral and organic fertilisation, liming, etc.) using a system of precision agriculture.

Choudhary et al. (contribution 12) investigates the effects of crop residue, nutrient
management, and soil moisture on methane emissions from maize, rice, soybean, and wheat
production systems. Results highlight the complexity of methane dynamics and emphasise
the importance of integrated crop, nutrient, and soil moisture (irrigation) management
strategies that need to be developed to minimise methane emissions from agricultural
production systems to mitigate climate change. The authors claim that the findings of this
study will help develop more accurate models for mitigating greenhouse gas emissions
from agricultural soils.

Wang et al. (contribution 13) investigates the effects of varying the rates of five
chicken manure applications on the accumulation and distribution of antibiotic resistance
genes across different soil depths using metagenomic sequencing. The authors found
that antibiotic resistance genes were predominantly concentrated in the surface soil and
exhibited a significant decrease in type and abundance with increased soil depth. This
paper offers valuable insights for environmental risk assessments regarding the utilisation
of livestock manure resources. Additionally, the authors highlight that it furnishes a
scientific foundation for farmland application strategies pertaining to livestock manure.

Buckle et al. (contribution 14) investigates the effects of a selection of management
practices and environmental factors on the presence and abundance of arbuscular my-
corrhizal fungi in upland Welsh grasslands. The research results suggest that grazing
sheep and cattle together had the highest overall influence on arbuscular mycorrhizal fungi
abundance compared to grazing sheep or cattle separately. Results highlight that high
plant diversity correlated with high arbuscule and vesicle abundance, but conversely, the
application of lime reduced vesicle abundance. The authors claim that these findings offer
new insights into the effects of management practices on arbuscular mycorrhizal fungi.
The main conclusion of this study is that mixing livestock, increasing plant diversity, and
reducing lime applications are shown here to improve the abundance of arbuscular mycor-

3
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rhizal fungi and could, therefore, help to inform sustainable farm management decisions in
the future.

The contributions published in this Special Issue offer new insights into further studies
on soil quality and agricultural performance, the impact of agricultural activities on soil
quality, soil functions, and sustainability, the quantification of heavy metals in soil, and
organic agriculture and soil parameters. However, a multidisciplinary approach integrating
soil quality with food supply, environmental dimensions, and socioeconomic activities
could provide new insights. Another knowledge gap highlights that studies on topics
such as soil management, food safety and security, climate-smart agriculture and soil
management, agriculture 4.0 and soil characteristics, Industry 4.0 and its impact on soil,
and the calculation of potentially toxic elements in soil are welcome.

Author Contributions: J.L.S.P. and V.J.P.D.M. equally contributed. All authors have read and agreed
to the published version of the manuscript.
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Abstract: Soil health is a term used to describe the general state or quality of soil, and in an agroe-
cosystem, soil health can be defined as the ability of the soil to respond to agricultural practices
in a way that sustainably supports both agricultural production and the provision of other ecosys-
tem services. Conventional agricultural practices cause deterioration in soil quality, increasing its
compaction, water erosion, and salinization and decreasing soil organic matter, nutrient content,
and soil biodiversity, which negatively influences the productivity and long-term sustainability of
the soil. Currently, there are many evidences throughout the world that demonstrate the capability
of conservation agriculture (CA) as a sustainable system to overcome these adverse effects on soil
health, to avoid soil degradation and to ensure food security. CA has multiple beneficial effects on the
physical, chemical, and biological properties of soil. In addition, CA can reduce the negative impacts
of conventional agricultural practices on soil health while conserving the production and provision
of soil ecosystem services. Today, agricultural development is facing unprecedented challenges, and
CA plays a significant role in the sustainability of intensive agriculture. This review will discuss the
impact of conservation agricultural practices on soil health and their role in agricultural sustainability.

Keywords: conservation agriculture; indicators; soil health; soil quality; sustainability

1. Introduction

Soil is the surface material that covers most land, containing inorganic particles and
organic matter and supplying structural support to agricultural plants, being thus their
source of nutrients and water. Agriculture today faces a double-sided challenge—on the
one hand, the urgent need to provide food to a growing population, and on the other hand,
to do so in a sustainable way [1], without compromising the provision of ecosystem services
by the soil, such as carbon sequestration, nutrient supply, and water cycle regulation.

Sustainable agriculture is a difficult concept to define, since the environmental, social
and economic impacts of agriculture are diverse and interact with one another [2]. In
general, it can be stated that sustainable crop production systems are those that respect the
environment, improve efficiency in the use of resources and promote human well-being [3].
They are those food production practices that integrate ecological, biological, physical
and chemical principles, without harming the environment, as opposed to unsuitable
agricultural practices [4].

Soil health is the state of the soil in relation to its potential ability to maintain its
biological productiveness, strengthen environmental quality, and foster plant and animal
health. Sustainable agriculture can be defined as agriculture that can be practiced in
a productive and profitable way without affecting the health of the soil [5]. Figure 1 shows
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the main functions exerted by soil. Today, soil health is threatened all over the world.
Some of the main threats to soil are erosion, compaction, salinization, nutrient depletion,
pollution, and/or overgrazing [6].

Figure 1. Main functions of soil (Adapted from [7]).

On the other hand, land degradation and deterioration of soil fertility are two of
the main causes of the decline in the agricultural productivity of agroecosystems. The
intensification of agriculture deteriorates the soil quality, and its negative effects have
increased in the past few decades. The aim of conventional agriculture is to produce the
highest possible yield of crops by the application of synthetic products, energy inputs, and
a number of other industrial products. Biodiversity, soil fertility, and ecosystem health are
compromised under conventional systems.

The intensive use of machinery and chemical inputs increases compaction, erosion,
and soil salinization and decreases the content of organic matter and soil nutrients, which
negatively influences the soil’s productivity and long-term sustainability. The degradation
of agricultural soil under different cropping systems is a socioeconomic and environmental
problem that must be urgently addressed, particularly considering that climate change
is expected to have a strong negative impact on food production, as was defined by
Smith and Gregory [8]. CA practices are a useful strategy for climate change mitigation
and adaptation [9,10]. CA allows slowing down or reducing greenhouse gas emissions
and improving carbon sequestration in the soil [11]. The application of CA practices
can improve the properties of soil, increasing its resilience to drought, and improving
water and nutrient use efficiency. These improvements are essential to maintain the
sustainability of agricultural production and mitigate the impacts of climate change on
food production [12,13]. To reduce these negative impacts of agricultural systems and
guarantee their long-term sustainability, management systems that improve or conserve
soil quality are crucial [14]. To this end, agronomic practices of conservation agriculture
(CA) are promoted. Figure 2 shows the environmental impacts of conventional agriculture
and the benefits of CA on the soil system.
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Figure 2. Environmental impacts of conventional agriculture (A) and the benefits of conservation
agriculture (B) on soils.

In this review, we examine and describe advancements in the implementation of
conservation agriculture measures as a sustainable system, focusing on their impacts on
soil health and its role in supporting the suitable management of land, while fostering
food security.
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2. Conservation Agriculture

The Food and Agriculture Organization (FAO) defines CA as an agroecosystem man-
agement system to ensure food security and improve profits while preserving environmen-
tal resources.

Food security, as defined by the United Nations’ Committee on World Food Security,
means that all people, at all times, have physical, social, and economic access to sufficient,
safe, and nutritious food that meets their food preferences and dietary needs for an active
and healthy life. Currently almost 800 million people do not have access to enough food,
more than 2 billion people experience deficiencies in key micronutrients, and approximately
60% of people in developing countries are food insecure [15]. In addition, it is foreseeable
that in the coming decades, the growth of the world population, climate change and
environmental impacts will aggravate the problem. The magnitude of the problem globally
means that food security is related to all of the Sustainable Development Goals (SDGs) of
the United Nations.

Conservation agriculture is an agroecosystem management approach that can be
considered as one of the main ways to achieve the sustainability of agriculture, allowing
the goal of greater protection while protecting the environment [16]. CA emerged in the
1930s in the USA to combat soil degradation due to water and wind erosion [17]. CA is
characterized by the application of three interlinked principles implemented with locally
adapted practices, together with other complementary agricultural practices [18]. These
three principles are:

(1) Continuous minimum mechanical soil disturbance;
(2) Permanent soil organic cover with crop residues and/or cover crops;
(3) Species diversification through varied crop rotations, sequences, and associations.

The concomitant application of these three individual principles constitutes the classi-
cal definition of CA. However, many smallholder farmers cannot apply these three rules at
the same time, and CA defined as a fixed package is not often adapted to the particular
conditions of small farms. The application separately or in tandem of these components has
been shown to have potential benefits, as was reported by many authors [19–21]. However,
some of these authors argue that it is necessary to move from the strict definition of CA as
a fixed set of three components to talking about conservation practices, which encompass
a variety of options for sustainable agricultural intensification [22,23].

CA constitutes the central nucleus of FAO’s new sustainable agricultural intensifica-
tion strategy [24]. According to the FAO, CA is applicable to all “agricultural landscapes
and land uses with locally adapted practices”, which implies a series of economic, agro-
nomic, and environmental benefits. In this sense, CA is a viable option for the sustainable
intensification of agricultural land and obtaining profitable production [25,26].

In 2015/2016, CA was practiced worldwide in 180 M ha (about 12.5% of the total
global cropland), an increase of 69% compared to 2008/2009. This growth has been greater
in recent years. From 1999 to 2003, the area under CA increased by an average of 8.3 M
ha per year [27]. The adoption of CA is not uniform in all regions or among all types of
farms. It is generalized in large farms in North America, Australia, and Brazil. In contrast,
adoption by smallholder farmers accounts for only 0.3% of the farmland worldwide under
CA [28]. Globally, the total CA area is still comparatively small in relation to the total arable
land using conventional tillage (CT). As pointed out by Kassam et al. [27], it is expected
that large areas of agricultural lands in Asia, Africa, Europe, and Central America will
adopt CA in the coming years. The low adoption of CA in developing countries can be
attributed in part to the fact that it is a complex system, coupled with insufficient technical
knowledge and capacity of farmers. In this context, political and institutional support is
essential through incentives for farmers to adopt CA practices and technical support from
experts [21].

To increase the implementation of CA techniques and the benefits derived from it,
site-specific practices must be designed [22,25,29]. An important constraint is the limited
availability in most developing countries of affordable and suitable machinery for no-
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till seeding, especially for small- and medium-scale farmers [30]. The development and
availability of equipment that allows for sufficient germination of crops planted in no-
tillage systems, with mulch in the soil, and that can adapt to small- and large-scale farmers
should be improved [31]. Therefore, CA is an alternative to enhance productivity and
food security, while preserving natural resources and reducing the negative externalities of
traditional agricultural practices [32]. Moreover, the CA system can significantly improve
the resistance to changing climate conditions in cropping systems [33,34]. In this context,
conservation tillage is applied as an alternative to CT in order to alleviate water erosion
impacts, reduce production costs, and maintain soil quality [35,36]. The positive effects of
minimum tillage on soil quality, environment, and soil water conservation as compared
to non-tilled soils in rainfed plantations were highlighted by Jacobs et al. [37] and Busari
et al. [38]. Table 1 summarizes the main economic/agronomic and environmental benefits
derived from CA practices.

Table 1. Main economic/agronomic and environmental benefits generated by conservation agriculture.

Economic/Agronomic Environmental

Labor and fuel savings Lower CO2 emissions
Cost and time savings Erosion and surface runoff reductions
Yield gains Improvement of soil properties
Reduced fertilizer expenditures Increase in soil biodiversity
Weed control Increase in microbial activity
Lower irrigation needs Less pollution of downstream water
Lower risk of pest and disease outbreaks

Adapted from [31,39].

The cover cropping system as a technique of CA is an essential part of crop rotations
in many regions worldwide, dispensing a wide range of benefits and ecosystem services
such as N supply and retention [40], weed control [41], soil nematode control [42], water
retention [43], and mitigation of nitrate leaching [44]. In addition, in the long term, cover
crops can build up soil organic carbon and N [45,46] and lower net N2O and CO2 emissions,
thus contributing climate change mitigation services [47]. Cover cropping can improve
soil organic carbon stocks and potentially promote climate stability and food security, as
was reported by Minasny et al. [48]. Similarly, according to Garcia-Tejero et al. [49], who
examined Mediterranean rainfed agroecosystems, the use of CA techniques to enhance soil
water management and soil carbon storage is vital.

On the other hand, Daryanto et al. [50], in a global quantitative synthesis of ecosystem
services from cover crops, reported the suitability of their implementation. Despite the
potential benefits of cover crops to improve soil conditions, this measure can add to the
complexity of farming operations. According to Clark et al. [51], in the case of hairy vetch
(Vicia villosa Roth.), which can provide a considerable amount of N demanded by the
subsequent crop (maize), a late cover crop harvest is recommended because this allows
for higher N accumulation in their biomass and for better synchronization of N release
from the decomposing cover crop and maize N uptake [52]. In contrast, the early harvest
of the cover crop may be suitable in circumstances where the rainfall amount is low and
the depletion of soil moisture reserves by cover crops is a drawback [53].

The CA practices result in soil quality improvement only gradually, and benefits come
about only with time. According to Stagnari et al. [54], between 3 to 7 years may be needed
for all of the benefits to take hold. Therefore, because long periods are often required before
changes in the soil can be detected, studies of CA must be based on long-term research
and trials. This transition phase is crucial to ensure the success of the adoption of CA
practices. In the initial transition years, problems can arise, such as more difficult weed
management [55], lower productivity [56], etc., which can discourage farmers and lead
them to abandon these practices.
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3. Soil Health

Soil has been receiving increasing political and scientific interest in recent times, given
its capability to provide various ecosystem services that contribute to the United Nations
Sustainable Development Goals and to the European Union Green Deal [57]. Concepts
such as soil health and soil quality are used to refer to this soil capability. The terms soil
health and soil quality are often used interchangeably. In fact, the distinction between the
two concepts is not clear. According to Laishram et al. [58], soil health refers to a broader
concept—the capacity of soil to function as a living system to support plant, animal, and
human life. Conversely, soil quality concerns the capacity of a specific kind of soil to sustain
a particular use, such as crop production. Bonfante et al. [57] established the following
distinction between the two terms: “Soil health is the actual capacity of a particular soil to
function, contributing to ecosystem services”, while “soil quality is the inherent capacity of
a particular soil to function, contributing to ecosystem services”. Both concepts, soil health
and quality, are used to monitor soil status, analyze the influence of soil management on
agricultural sustainability, and direct decision making to avoid degradation [4]. Figure 3
summarizes the management principles and the benefits of soil health.

Figure 3. Management principles and benefits of soil health.

Although the concept of soil health emerged in the early 2000s, it is still evolving. It is
not an easy concept to define, since soil is an extremely complex ecosystem, as was stated
before. There are numerous definitions in the literature. According to Doran and Zeiss [14],
soil health is “the capacity of soil to function as a vital living system, within ecosystem
and land-use boundaries, to sustain plant and animal productivity, maintain or enhance
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water and air quality, and promote plant and animal health”. The U.S. Department of
Agriculture (USDA) [59] defines soil health as “the continued capacity of soil to function
as a vital living ecosystem that sustains plants, animals, and humans”. Yang et al. [60]
defined it as “the capacity of soil to function, within ecosystem boundaries, to sustain crop
and animal productivities, maintain or enhance environmental sustainability, and improve
human health worldwide”.

According to Kibblewhite et al. [5], healthy agricultural soil is “capable of supporting
the production of food and fiber, to a level and with a quality sufficient to meet human re-
quirements, together with continued delivery of other ecosystem services that are essential
for maintenance of the quality of life for humans and the conservation of biodiversity”.
According to Wang and Hooks [61], soil health can be defined as having six main character-
istics: (i) high biological diversity, (ii) high community stability that can provide resilience
and self-recovery to chemical and biological disturbance, (iii) the ability to maintain the
integrity of nutrient cycling and energy flow, (iv) the suppression of multiple pests and
pathogens, (v) the ability to improve plant health, and (vi) the maintenance of water and
air quality.

All of these definitions are conceptual, since they attempt to define what healthy soil
is without defining how it is measured. The operational definitions establish a series of
key indicators of soil health. It is essential to include indicators of physical, chemical, and
biological properties when assessing soil health, as was stated by Bünemann et al. [62].
Ideally, indicators of soil health should be related to relevant soil processes and sensitive to
changes in management practices and environmental conditions [60]. There is no universal
set of ideal soil characteristics, and their interpretation is always context-dependent [63].

Finally, the concept of soil health can be approached from a “reductionist” or “inte-
grated” point of view. The first is based on estimating the state of the soil using a set of
individual indicators of specific soil properties: physical, chemical, and biological. The
integrated approach recognizes the complexity of the soil system and the existence of
interactions between the different properties and processes of the soil; therefore, soil health
is more than simply the sum of a set of specific indicators [5]. According to this integrative
approach, the indicators selected to establish soil health must be the result of interactions
of the biota with the physicochemical properties of the soil [64]. Thus, healthy soils are
crucial for the integrity of agricultural lands to maintain, or recover from perturbations
resulting from, agricultural operations, particularly those regarding soil management.

Soil Health Indicators

Knowing and understanding the state of soil health is essential to guarantee the
sustainable management of agroecosystems. Soil health is a complex functional concept
and cannot be measured directly in the field or laboratory; it can only be inferred indirectly
by measuring soil indicators [65]. These indicators are measurable soil parameters that
influence soil function and ecosystem services [66].

In general, soil health indicators can be classified as physical, chemical, or biological,
although these categories are not always clearly delimited, since there are many soil proper-
ties that result from the interaction of multiple processes [67]. Evidently, no single indicator
can encompass all processes and parameters of soil health, nor is it feasible (or necessary)
to measure all soil attributes. Therefore, it is necessary to select a minimum dataset (MDS)
including physical, chemical, and biological parameters of the soil. Establishing a minimal
dataset, representative of total data, minimizes costs and efforts in soil health assessment.
Table 2 shows an MDS for soil health assessment with the indicators more commonly used.

The desired features of soil health indicators are that they be: (i) easy to measure;
(ii) measurable with practical, rapid, and inexpensive measurement methods; (iii) sensitive
to variations in management; (iv) relevant to soil ecosystem functions; and (v) informative
for management [14,68].
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Table 2. Minimum data set (MDS) for soil health assessments.

Key Soil Health Parameters Reason

BIOLOGICAL
N mineralization Capacity of the soil to supply N for crop growth
Microbial biomass Source and/or drain of C and nutrients

Microbial activity Related to the availability of nutrients and
biogeochemical cycles

Soil respiration Indicator for biological activity and organic matter
CHEMICAL

Organic carbon Important for soil structure and fertility, and
water-holding capacity

Bio-available nutrient Potential of nutrients to support plant development
pH Availability of nutrients
CEC Soil’s availability to supply plant nutrients
EC Related to soil structure, infiltration and crop development

Potential pollutants Potentially harmful for plant growth and plant–soil
system health

PHYSICAL
Penetration resistance Related to infiltration capacity and erosion and runoff processes
Aggregation Indicator of soil structure and erosion protection
Infiltration Indicator for erosion and runoff
Depth to hardpan Roots growth potential
Texture Important for soil water and nutrient transfer and retention
Water-holding capacity Sufficient moisture to support plant growth

CEC, Cation exchange capacity; EC, Electrical conductivity. Compiled by authors from different sources [67,69,70].

Several methods can be used to define an appropriate MDS, including statistical tools
(principal component analysis, multiple correlation, etc.), uncertain sets, expert opinion,
and farmer/local knowledge [66]. Once the MDS has been established, linear and/or
non-linear techniques can be applied to interpret the soil indicators. The non-linear scoring
method is more representative of system function than the linear method but is more labor-
intensive and requires more knowledge [71]. When individual indicators are scored, they
can be integrated into a general index, which can be used to guide management decisions
toward promoting the long-term sustainability of the soil resource [72]. These indices have
an integrating character, combining multidimensional data on the physical, chemical, and
biological properties of soil into a one-dimensional measure of soil health [59]. Many soil
health indices can be found in the literature: additives, weighted, decision support system,
integrated quality index, Nemoro quality index, etc. [71,73].

The benefits of using these indices are clear—they provide a unique value of soil health,
which allows direct comparison between different soils [39]. They are also a decision tool
that can help identify the most sustainable management practices [71]. However, they also
have drawbacks. For example, the diversity of existing methodologies to build this one-
dimensional index means that the resulting value for this index may vary between methods,
making it difficult to interpret the results [39]. Furthermore, their use can sometimes give
an overly simplified interpretation of the response of the complex agroecosystem to natural
or anthropogenic disturbances [60].

4. Impact of Conservation Agriculture on Soil Health

CA measures have been put forward to restore or maintain major soil functions (C
cycling and transformation, nutrient cycling, and soil structure maintenance), performing
well in terms of crop yield, economic return, greenhouse gas emission mitigation, biodi-
versity conservation, and soil health improvement. Contrarily, there is an almost general
consensus that certain practices of conventional agriculture to increase agricultural produc-
tion have detrimental effects on the health of the soil. CA is proposed as an alternative to
conventional management to ensure sustainability in the provision of ecosystem services
through the soil [74], which can improve soil properties and associated processes [13,34].
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The total impact of CA systems on soil health varies from location to location and is depen-
dent on site-specific soil and climatic conditions, the amount of time operating under a CA
system, features of CA practices (types of cover crops, intensity of the crop rotation, etc.),
and the training and experience of farmers [34,70,75].

4.1. Influence on Soil Physical Properties

Traditional agriculture through CT provokes a significant alteration of physical soil
properties, such as degradation of the structure, compaction problems, soil bulk density,
soil penetration resistance, etc. CA is able to reduce these negative effects of CT. Some of the
most important parameters of soil physical health are described in the following sections.

4.1.1. Soil Structure

Soil structure is an important parameter in the sustainability of agroecosystems, due to
its role in physical, chemical, and biological dynamics of soil, and determines its resistance
to degradation by water erosion. Aggregate stability against different stresses (rainfall,
tillage, etc.) is a useful measure to determine soil structural stability.

According to Bronick and Lal [76], soil structure can be significantly modified through
management practices. Soil structural development can be enhanced by management
systems that reduce soil disturbances, increase organic matter inputs, increase plant cover,
and improve soil fertility. In this sense, one of the major negative impacts of conventional
long-term tillage is the deterioration of the soil structure due to the reduction in soil organic
matter [34].

There is a positive correlation between the mean weight diameter of soil aggregates
and total organic carbon content [77,78]. The soil organic matter (SOM) promotes macro-
aggregate formation; meanwhile, soil aggregates improve the physical protection of organic
matter [79]. Higher aggregate stability under CA is the result of the interaction of various
factors: (i) the retention of organic residue on the soil surface protects soil aggregates from
raindrop impact and avoids soil compaction [80]; (ii) decomposing organic matter increases
the aggregation process [81]; (iii) no soil disturbance increases fungal populations and
the persistence of root networks that encourage the stability of the aggregates [82]; and
(iv) reducing soil disturbance in CA systems allows the development of a more stable soil
structure than in CT systems [83]. Numerous studies have reported an improvement in
the stability of soil aggregates due to the application of CA practices [84–86]. In a study
in Zambia, CA practices with residue retention and crop rotation showed higher aggre-
gate stability (41–45%) compared with conventional ploughing practices (24%) [87]. This
improvement in the stability of the aggregates is a function of the type of soil. Thus, Nya-
mangara et al. [88] reported a greater increase in the stability of the aggregates due to CA
practices in soils high in clay (18.1%) than in soils low in clay (9%), compared to CT. The
increase in aggregate stability due to CA practices is greater in the topsoil layer, decreasing
with depth. Zhang et al. [89] reported a greater increase in the stability of soil aggregates in
the surface layer (0–20 cm) than in the subsurface layer (20–40 cm) in treatments with straw
return compared to treatments without straw. A study by Eze et al. [90] with a long-term ex-
periment found that maize-based CA systems result in significant changes to soil hydraulic
properties that correlate with improved soil structure. The findings showed increases of
5–15% in total porosity, 0.06–0.22 cm/min in Ksat (saturated hydraulic conductivity), 3–7%
in fine pores for water storage, and 3–6% in plant-available water capacity. Furthermore,
according to these authors, the maize monocrop under CA practices had an impact on soil
hydraulic properties comparable to that of the maize–legume associations.

These improvements in the soil structure, due to CA practices, promote other beneficial
effects on the soil, such as higher infiltration rates, greater protection against erosion,
increased water-holding capacity, improved habitats to support microbial activity, etc.
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4.1.2. Bulk Density

The bulk density is one of the most common physical parameters to assess the impact
of tillage and crop residue on agricultural soils, as it is an indicator of the soil’s compaction
and reflects the soil’s ability to function in terms of structural support, water and solute
movement, and soil aeration. High bulk densities cause root impedance and lead to poor
crop emergence. There is no consensus regarding the effect of CA on soil bulk density, as
some studies reported a higher soil bulk density with CA compared to CT [91,92], while
others have not found significant differences [86,93] or reported lower soil bulk density in
CA in comparison to CT [88,94]. These differences in bulk density in the different trials
may be due in part to the typology of the farm. Greater topsoil bulk density recorded
in studies on large farms in the USA or Australia can be the result of compaction due to
heavy no-till machinery used, but this does not occur in smallholder farms in developing
countries, where cultivation is performed manually or with animal draft power [95].

In a global meta-analysis, Li et al. [96] claimed an average increased bulk density of
1.4% in a no-tillage (NT) system with residue retention compared with CT. However, they
also concluded that the greatest soil compaction value in conservation tillage practices was
below the threshold value that limits plant growth.

According to Mondal et al. [97], no significant differences in bulk density were found
in soil depth up to 15 cm after the implementation of CA. However, a greater bulk density
was determined in a traditional rice–wheat cropping system than in treatments with CA at
soil depth of 15–30 cm. Generally, bulk density was greater for CA than CT for soil depths
within the plow layer [13,98]. However, in the top few centimeters in NT, the accumulation
of crop residues and soil organic carbon (SOC) on the soil surface led to a lower bulk
density [99]. Sometimes, the amount of residue is not enough to limit the increase in
bulk density under no-tillage systems. In these cases, the residues can be shredded, thus
increasing the covered area and mitigating the hardening of the soil [98].

The effect of conservation tillage systems (minimum/reduced tillage and no tillage)
on the apparent density of the soil is not immediate; it is necessary that a few years elapse
from the conversion from CT to reduce it [100]. The crop residue incorporation into the
soil in conservation tillage plays a pivotal role in decreasing bulk density. In this sense,
Nyamadzawo et al. [101] attributed lower bulk density in CA systems to the presence of
higher levels of organic matter, which tends to improve soil structure and increase porosity.
In contrast, Mondal et al. [102] reported a similar bulk density under CT and NT systems.

According to Islam and Reeder [103], soil bulk density at 0 to 15 and 15 to 30 cm
depths under long-term NT decreased significantly compared to CT. At 0 to 15 cm depth,
the greatest difference compared to CT occurs with 35 years of continuous zero tillage. The
bulk density at depths of 15–30 cm decreased linearly over the years of NT. This decrease
in bulk density is associated with an increase in total soil porosity. In a long-term study of
maize (Zea mays L.) based crop rotations, the bulk density under CA practices (zero tillage
and permanent raised beds) was reduced by 4.3–6.9% in soil depths of 0–30 cm compared
with CT. In deeper soil layers (30–60 cm), differences between management systems were
non-significant [104].

4.1.3. Surface Seal and Soil Crust

Bare soil in conventional systems leads to increased surface seal and crust formation
due to the lack of protection against the impact of raindrops. The impact of rainfall causes
the breakdown of soil aggregates and the release of finer particles, which are redistributed
by the near-surface and fill the most superficial pores. This process causes sealing and sur-
face waterproofing, decreasing water infiltration and, consequently, enhancing the runoff
and soil loss [105]. Surface sealing has a negative impact on the physical characteristics of
soil, which ultimately affects crop yield [106].

The presence of crop residues in CA practices can help protect the surface of the
soil from raindrop impact and prevent surface sealing. In structurally unstable soils or
regions where crusting is a serious problem, the maintenance of adequate surface cover is
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paramount to avoid surface sealing and crust formation [107]. When CA is practiced in
the absence of effective soil mulch cover, surface sealing may occur. Usón and Poch [108]
showed that reduced tillage did not reduce crust formation in Mediterranean conditions,
due to the difficulty of establishing an effective ground cover. In certain circumstances, the
quantities of biomass produced and retained in CA systems can be insufficient to avoid soil
crusting and compaction [109], but increasing residue above a threshold can have no effect
because of sufficient raindrop impact interception [110]. According to Page et al. [111], the
surface sealing, due to the inadequate residue cover and the lack of tillage, particularly in
drier regions, can be one cause of yield loss in CA systems. In situations where little surface
cover from crop residue is available, the creation of surface roughness using strategic tillage
is a viable option to break soil crusts, improve water infiltration, and reduce runoff [112].

Thus, a permanent soil surface cover by crop residues significantly reduces surface
sealing [113]. Various studies report on the preventive effect against surface sealing in CA
exerted by crop residues on the soil surface, protecting the soil from the direct impact of
raindrops [114,115]. In this sense, Castellanos-Navarrete et al. [84] reported that in CA
systems, soil crusts were not present on the soil surface; however, soil under CT with poor
aggregate stability showed soil crust formation.

4.1.4. Soil Compaction

Soil compaction is a form of physical degradation that consists of the densification
of the soil, which often results in the destruction of the soil structure; a reduction in
biological activity, porosity, and permeability; an increased risk of erosion; a restriction
on root development; and, consequently, decreased crop performance. On farmland,
the traffic of heavy agricultural machinery is the main cause of soil compaction, and
its magnitude increases with the number and intensity of tillage operations and when
these are carried out in inappropriate soil moisture conditions. The influence of the
machinery is so important that “controlling in-field traffic” is considered a component of
CA. Recommended practices include bed planting that reduces compaction by confining
traffic to the furrow bottoms [116], or the application of fertilizers at the time of seedbed
preparation or seeding to reduce machinery transit [117].

In the long term, tillage promotes soil compaction and the formation of a plough
pan in the sub soil. Crop rotation, cover crops, and the addition of crop residues in
CA systems can reduce soil compaction. Mondal et al. [118] reported a reduction in the
subsurface compaction by CA systems, with a soil penetration resistance significantly less
in the 15–30 cm layer under CA. This can have a positive impact on root morphology,
which can contribute to increased crop yield. According to Hamza and Anderson [119],
increasing the SOM through the retention of crop residues and crop rotations that include
plants with deep, strong taproots can delay or prevent soil compaction. The use of root
crops in cover crops can significantly reduce soil compaction. In this sense, Islam and
Reeder [103] showed that oilseed radish significantly decreased compaction to about 75 cm,
with an average improvement effect of about 40% compared with soil between the rows.
Chen and Weil [120] reported that the use of cover crops improved maize root penetration
in compacted soils and increased the availability of surface soil water. In a study in
India, Parihar et al. [104] reported that the CA practices of NT and permanent raised beds
reduced the penetration resistance by 15.9 and 30.7%, respectively, compared to CT in
maize rotations.

According to Holland [17], there is evidence that the long-term use of conservation
tillage can, in certain situations, lead to soil compaction. Similarly, Munkholm et al. [121]
concluded that direct drilling provoked the compaction of the arable layer below seeding
depth on sandy loam. Thus, the long-term viability of conservation tillage techniques
depends on a proper crop rotation [122] and/or the use of strategic or occasional tillage in
soils under NT [123,124].
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4.1.5. Soil Moisture Content

Water scarcity is one of the greatest challenges facing humanity in the coming decades [125].
CA practices improve soil moisture availability, especially under low-rainfall conditions and
could contribute to maintaining crop yield in a changing climate scenario [126]. In this sense,
several studies have reported a greater availability of water in CA systems with respect to
CT [85,127–129]. Residue retention and cover crops in CA systems improve infiltration [96]
and reduce runoff rates [127] and evaporation losses [130,131], as they protect soil from
direct contact with solar radiation and act as a barrier to air flow, contributing to higher
soil moisture.

No-till practices and residue cover improved soil–water relations in a study in Malawi,
with an average increase in soil water content of 22 and 18 mm in NT and CA, respectively,
compared to CT [132]. A meta-analysis carried out by Zhao et al. [133] concluded that
crop residue retention led to an increase in soil water content by 5.9% compared with crop
residue removal. In a rice system study, NT with surface residue and minimum tillage
with residue incorporation had higher soil moisture than CT with residue removed [134].
Similarly, Ghosh et al. [127] reported that soil moisture conservation was 108% higher under
CA than conventional agriculture plots. Mondal et al. [135] showed that the soil water
content was 14% higher in CA relative to CT in the sub-surface layer (15–30 cm), while
in other layers, there were no significant differences. A study by Chalise et al. [136] with
a corn–soybean (Glicine max L.) system highlighted that the use of cover crops with residue
returned improved the soil’s hydrological properties and increased soil volumetric water
content and soil water storage. In maize crops in the sub-humid and semi-arid regions
of Kenya, NT with residue retention significantly increased soil water content compared
to CT [137]. According to Sindelar et al. [138], residue removal decreased plant-available
water by 32% in soil depth of 0 to 5 cm and by 21% in soil depth of 5 to 10 cm. In this context,
Li et al. [96] reported that NT with residue retention increased soil-available water capacity
by 10.2% compared with NT without residue retention. Similarly, Choudhary et al. [139],
in a pearl millet (Cenchrus americanus L.)–mustard (Brassica juncea L.) rotation system in
rainfed semi-arid regions, reported higher soil water content throughout the season in plots
with residue retention than in the no-residue plots.

In irrigated plantations, crop residues conserve soil moisture and delay irrigation
timing, allowing farmers to save irrigation water. In this sense, Balwinder-Singh et al. [140]
found that the use of residue mulch of 8 t ha−1 in irrigated wheat led to saving 75 mm of
irrigation water. Comparably, Gupta and Sayre [141] reported that NT practices allowed
saving between 13 and 21% of irrigation water compared to CT systems. Assefa et al. [142]
highlighted that CA practices with a drip irrigation system lessened water needs by about
14–35% for various crops. In irrigated onion and garlic plantations in Ethiopia, CA plots
received 49 mm less water than CT treatment [143]. In addition, Jat et al. [144] showed
that a CA-based maize–wheat system decreased irrigation water use by 64% compared to
conventional management.

Based on field observations, many meta-analysis studies have contrasted the effects
of different tillage practices on determining crop production, evapotranspiration, and
water-use efficiency (WUE) [122,145–147]. Evidently, CA practices enhance WUE, as the
findings by Lu [148] suggested that crop residue return can increase crop yields and WUE.
In a study in a semi-arid region of China, Sun et al. [149] stated that conservation tillage
significantly enhanced WUE and crop yield with respect to CT. According to Das et al. [150],
experimental plots under CA practices had significantly higher WUE and significantly
lower water use than CT. That is, the zero tillage with planting on permanent broad beds
and residues treatment had higher WUE than the CT. Moreover, zero tillage with planting
on permanent broad beds and residues treatment had higher WUE than zero tillage with
planting on permanent narrow beds and residues. Thus, CA practices improve water
productivity due to their water harvesting and water conservation effects [151].

Although most studies have found positive effects of residue retention on soil water,
some negative consequences can also occur in certain environments, such as in rainfed
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areas. Cover crops in sloping lands with rainfed fruit crops do not result in economic
return; however, the environmental return is highly important [152,153]. Cover crops,
however, compete for resources (plant nutrients and water) with the trees, which can
lead to a decline in productivity [154,155]. In other words, the cover crop benefits are
more weather-specific than site-specific because when precipitation is low or not properly
distributed, the water reduction after cover crops could have a negative effect on the cash
crop growth and yield. In sloping olive orchards, a greater available soil water content
was found under a non-tillage system with plant strips (barley and native vegetation) of
4 m width than for a non-tillage system without plant strips, particularly beneath the tree
canopies [156]. In addition, Castellini et al. [157] reported the positive influence on soil
hydraulic function of minimum tillage compared to non-tilled soil on olive plantations. In
this context, Abazi et al. [158], examining rainfed olive orchards, determined that the use of
cover crops in a Mediterranean environment has a negative impact on olive transpiration
(25% average reduction), although this impact can be attenuated by early-date killing of
the cover crop in the middle of March.

Contrarily, in high-rainfall areas, the greater retention of soil moisture under CA can also
lead to waterlogging, with associated negative effects on crop growth and yield [91,159,160].

4.1.6. Water Runoff and Soil Loss

Conventional agriculture promotes runoff and soil loss by causing soil compaction,
crusting, and surface sealing, and by decreasing porosity. In contrast, CA is associated with
a reduction in soil erosion [161] (Figure 4), among other benefits. In particular, in rainfed
sloping lands in Mediterranean environments, the crop residue retention and cover crops
in CA systems protect the soil surface from raindrop impact and reduce the detachment,
displacement, movement, and deposition of soil particles, which causes soil sealing and
crust formation [162]. Furthermore, cover crops and their residues slow the velocity of
agricultural runoff along the slope, improving infiltration and preventing soil erosion [163].

Figure 4. Effect of conservation agriculture on water erosion.

According to Thierfelder and Wall [164], plots with reduced tillage and surface residue
retention had less runoff and soil erosion than conventionally tilled plots. Under semiarid
rainfed conditions in western India, Kurothe et al. [165] reported that NT reduced runoff by
16.2% and soil loss by 37.2% compared to CT. Panachuki et al. [166] reported a significant
reduction in runoff and soil loss in an NT system with soybean residues, compared to
an NT system without residues. The retention of residues on the soil surface exerted
a greater protective effect than their incorporation into the soil. In an experiment in
northern Ethiopia with a wheat (Triticum sp.)–teff (Eragrostis tef ) rotation, after 3 years,
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soil loss and runoff were significantly lower (5.2 t ha−1 and 46.3 mm) in permanent raised
beds with 30% standing stubble compared to CT without surface residue (24.2 t ha−1 and
98.1 mm) [167]. Ghosh et al. [127] reported that mean runoff coefficients and soil loss with
CA plots were ~45% less and ~54% less than conventional agriculture plots, respectively.
The efficiency by which surface residues control runoff and soil losses increased with the
amount of residue. In this context, Ranaivoson et al. [168] reported that residue levels of 1.5
to 4.5 t dry matter ha−1 decreased water runoff by about 50%, and residue amounts of 2 to
4 t dry matter ha−1 reduced soil erosion by about 80% compared to bare soil. The amount
of residue necessary to reduce runoff and soil loss varies depending on the slope of the
field and the intensity or amount of rainfall [169].

According to Du et al. [170], conservation practices decrease surface runoff and erosion,
on average, by 67 and 80%, respectively, compared with conventional practices; the use
of cover crops is what most reduces erosion and runoff. In northern Ethiopia, permanent
raised beds with contour furrows at 60–70 cm intervals significantly reduced runoff and
soil loss compared to traditional ploughing, with 255 and 653 m3 ha−1 runoff and 4.7 t ha−1

and 19.5 t ha−1 soil loss, respectively [171]. In another study in Ethiopia, CA practices also
reduced erosion and runoff. CA registered a runoff coefficient of 18.8% and a soil loss of
14.4 t ha−1 yr−1, while for plain tillage, these parameters were 30.4% and 35.4 t ha−1 yr−1,
respectively [172].

Terracing is one of the oldest techniques for the conservation of water and soil in
mountainous regions; terraces are built along contour lines to increase the arable surface
area. Deng et al. [173] pointed out that these structures provide many ecosystem services,
including the control of runoff and sediment by over 41.9 and 52%, respectively, and the
improvement of crop yield and soil water content by 44.8 and 12.9%, respectively. In this
context, the implementation of cover crops in the taluses of orchard terraces is a key factor
for preventing their collapse by water erosion, lessening the runoff, soil loss, and pollution
risk in low lands [174,175].

The rainfed plantations in the Mediterranean mountains with traditional practices
provoke high soil erosion rates, compromising their long-term sustainability. Francia
et al. [176] evaluated erosion rates by the effect of NT, CT, and cover crops in olive (Olea eu-
ropea L.) orchards of 25.6, 5.7, and 2.1 t ha−1 yr−1, respectively. Similarly, Gómez et al. [177]
determined the soil erosion values for NT, CT, and cover crops as 6.9, 2.9, and 0.8 t ha−1

yr−1, respectively. Recently, Cárceles et al. [178] reported that the strategies based on CA
proved to be effective. The combination of minimum tillage with plant strips in almond
(Prunus dulcis L.) and vineyard (Vitis vinifera L.) orchards was a more efficient practice in
terms of water erosion control than only minimum tillage, averaging declines in soil erosion
and runoff rates of 36 and 39%, respectively. Similarly, for olive crops, the association of
minimum tillage and plant strips compared to a no-tillage system was able to reduce
both soil erosion and runoff rates by 36%. Thus, the implementation of soil management
measures based on cover crops is essential for hillslopes and low-fertility soils, encouraging
their sustainability.

4.1.7. Soil Temperature

Soil temperature is an important property that affects crop growth and development
and impacts numerous soil physical, chemical, and biological processes. Cover crops and
retention of residues in CA systems can help moderate and stabilize the fluctuations in soil
temperature during the crop growth period as compared to systems with bare soil [34],
which can be especially important in regions with large fluctuations in temperatures [179].
The magnitude of variation in soil temperature due to management is higher in the soil top
layer, decreasing in the lower layers [180]. Rai et al. [181] reported that the CA practices
with mulching were effective for the reduction in soil temperature fluctuations with depth.

Moreover, crop residue retention on the soil surface reflects sunlight and isolates
soil from high temperatures and thus reduces evaporative losses of water. The effect of
residues on the soil temperature changes depending on the color of the residues. According
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to Sharratt and Campbell [182], dark residues resulted in higher mid-day temperatures
compared to lighter-colored residues. Retention of residues on the soil surface in CA
systems decreases daytime soil temperature [183]. Li et al. [184] reported that the crop
residue remaining on the soil surface in conservation tillage systems can lessen the soil
temperature change because surface residue both increases the reflection of incident solar
radiation and acts as an insulating barrier between the soil surface and the warmer or
colder atmospheric air above [185]. In this context, lower maximum soil temperature and
higher minimum soil temperature in the 0–5 cm surface soil layer were recorded under
minimum tillage with mulch treatments, compared to the CT with no-mulch treatment [186].
According to Gupta et al. [187], a zero-tillage system with residue cover had a lower
soil temperature than a zero-tillage system without residue and moldboard ploughing.
Guzman and Al-Kaisi [188] also reported warmer soil temperatures when crop residues
were removed. In the summer season, Oliveira et al. [189] reported that daytime soil
temperature in a zero-tillage system with residue retention was 2–8 ◦C lower than that in
the conventional tillage system.

In addition, this lower soil temperature under CA systems in hot regions can help
improve plant growth and crop yield [190]. In cooler climates, however, reduced soil tem-
perature from residue cover may be a disadvantage because it can delay seed germination
and plant maturity and negatively affect yield [91,191]. In this sense, Chen et al. [192]
reported that straw retention decreased soil temperature in spring and delayed the de-
velopment of winter wheat up to 7 days, on average reducing the final grain yield by 7%
compared to systems without straw retention. To address this issue and attempt to adapt
this soil management system to temperate zones, the withdrawal of residues from the seed
strip has been suggested [191,193].

Tillage operations can also affect soil temperature by changing soil surface micro-
topography, as inclined ridge surfaces absorbed about 10% more solar radiation than flat
surfaces, according to Radke [194]. Additionally, Shen et al. [195] claimed that tillage had
significant effects on soil temperature in 10 of 15 weekly periods, with the temperatures of
non-tilled soils being 0–1.5 ◦C lower than those of moldboard plough soils when residue
was not returned in the previous autumn. Moreover, the ridge tillage showed no clear
advantage over non-tilled soils in increasing soil temperature.

Finally, other studies reported an increase in soil temperature due to stubble reten-
tion [196], which helps crops survive during the cold winter and reduces emergence time,
improving crop productivity. Kahimba et al. [197] showed that in the Canadian prairies,
the presence of a crop cover or perennial vegetation resulted in relatively warmer soil
profile temperatures and shallower depth of frozen soil layers. Moreover, according to
Al-Darby et al. [198], despite the delay in the growing season due to the lower soil temper-
ature in the CA systems, there was no reduction in dry matter and corn grain yield due to
the greater amount of accumulated water.

4.2. Influence on Soil Chemical Properties

Agronomical practices may change soil chemical properties and thus fertility. The
responses of soil chemical fertility to tillage practices and the magnitude of these changes
depend on several factors: soil type, cropping system, climate, fertilizer application, and
management practices. Long-term tillage causes severe SOM depletion in agroecosystems
and can lead to soil degradation. In contrast, CA practices increase chemical quality by
improving the SOC storage and nutrient dynamics. The impacts of CA techniques on some
of the most relevant soil chemical properties are presented in the following sections.

4.2.1. Soil Organic Carbon

SOM is a keystone indicator of soil quality because it is linked to other physical,
chemical, and biological soil quality indicators [199], playing a crucial role in soil fertility
and sustainability, as it increases soil aggregate stability and water retention and provides
a reservoir of essential nutrients for crops [200].
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In addition, there is currently a growing interest in increasing the stock of SOC in
agroecosystems because this can help mitigate climate change. In agricultural practices
with high organic inputs, reduced or no tillage and permanent soil cover are capable of
increasing SOC stock, acting as a carbon sink and thus mitigating the agricultural impacts
on climate change [201,202]. On the other hand, the increase in SOC has positive effects on
the quality of the soil, and this can improve the soil resilience, contributing to adaptation to
climate change [203].

Soil tillage increases the decomposition rates of SOM, as it implies an alteration of the
soil structure and the exposure of the organic matter retained in the micro-aggregates [204].
In a study by Repullo-Ruibérriz de Torres et al. [205], over a 4 year monitoring period on
an olive plantation, SOM increased by the effect of different cover crops (Brachypodium
distachyon, Eruca vesicaria, Sinapis alba, and native vegetation) between 10.9 and 14.3 Mg
ha−1 at 0–40 cm soil depth.

The conversion of CT to conservation tillage increases the accumulation of SOC in
the soil surface layer. CA increases SOC stock through the reduction in SOC losses by
oxidation and erosion, the increase in organic carbon inputs to the soil (plant residues),
or a combination of both factors [206,207]. Figure 5 summarizes conservation agriculture
practices that may influence SOC stock increases.

 

Figure 5. CA practices that increase SOC stock.

Changes in SOC storage with CA practices depend on various factors such as the quan-
tity and quality of plant residues, time period, or edaphoclimatic characteristics [208]. These
effects are most evident in the topsoil. In this context, the global analyses by Luo et al. [209]
and Mondal et al. [210] indicated that a no-tillage system benefited the storage of SOC only
in the upper 10 cm of the soil. Camarotto et al. [211] reported that CA increased the SOC
stock in the 0–30 cm layer (0.25 Mg C ha−1 yr−1) compared to conventional agriculture. In
a maize–mustard rotation, Pooniya et al. [212] reported that CA systems had greater values
for SOC than CT at soil depths of 0–0.15 m and 0.15–0.30 m, while at 0.30–0.45 m, there was
no difference. Therefore, to obtain a more accurate assessment of CA practices’ impact on
SOC, the entire plow depth should be sampled [213]. In addition, comparing the results of
experiments that compare CA with conventional systems is complicated, since they depend
on several factors: depth of the investigated soil, sampling methodologies, duration of
the study, edaphoclimatic variability, and crop type [211]. In irrigated almond orchards in
Mediterranean semi-arid regions, according to Repullo-Ruibérriz de Torres [214], a crop
mixture (65% barley and 35% vetch) and barley cover crops showed higher potential for C
sequestration than spontaneous vegetation, augmenting the SOC by more than 1.0 Mg ha−1

after two monitoring seasons.
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Long-term CA increased SOC content in the 0–5 cm soil layer in an intensive cereal-
based cropping system in India [215]. In a study in northern Italy, Perego et al. [216] showed
that CA systems in the medium term resulted in significantly higher SOC content and SOC
stock than conventional systems. A study in rice (Oryza sativa)–wheat cropping systems in
a South Asian region showed that the stratification and storage of SOC were higher under
CA practices compared to intensive tillage-based conventional agricultural practices [217].
In a meta-analysis to evaluate the effects of minimum tillage and crop residue retention
on SOC stock in 0–30 cm soil depths, Li et al. [218] reported that a no-tillage system with
residue retention and a reduced tillage system with residue retention increased SOC stock
by 13 and 12%, respectively, in comparison to CT. In a rice–wheat system, after 7 years, NT
combined with partial residue retention increased SOC stock at 0.6 m depth [219].

4.2.2. Soil pH

The effect of conservation practices on soil pH is generally restricted to the topsoil
layers. The effect of crop residues on soil pH depends on the chemical composition of the
residues and the properties of the soil [220]. Residues high in ash alkalinity and N, such as
some legume residues, will have a greater effect on pH compared to residues with lower
content, such as wheat [221]. The initial pH of the soil has a substantial impact on the change
in soil pH through the incorporation of crop residues, as it affects the mineralization of N
in the residue and the rate of decomposition of organic compounds [222]. Similarly, a long-
term study by Muchabi et al. [223] of fields under CA and CT highlighted a significantly
higher soil pH (6.18 vs. 5.62), SOC, nodulation, and biological N fixation as a result of
CA implementation after 7 years of practice. These findings are comparable with those
reported earlier by Duiker and Beagle [224] and Umar et al. [225], who ascribed the upward
changes in soil pH to the buffering effect of accumulated organic matter under CA. Recently,
Sinha et al. [226] reported that the soil pH generally lowered under zero tillage compared
to CT, being the most notable in acidic soil sites, where pH decreased by up to 0.4 units; the
lower the initial soil pH, the higher was the decrease in pH under zero tillage.

Several studies have reported an increase in acidity in topsoil layers under reduced
tillage treatments in comparison with CT [227,228]. This increase in acidity is attributed to
a greater accumulation of soil organic matter on the soil surface in NT, which decomposes
and produces acidity. In the deeper layers, there is an increase in pH because the soluble
component of the residues moves through the soil profile and contributes to the alkalization
of the subsoil layers [228,229]. In acid soils, various authors have reported that CA systems
increased soil pH [229,230]. The organic matter that increases with CA practices tends to
bring the pH to neutral or slightly acidic by buffering the pH of the soil. A long-term CA
experiment carried out by Ligowe et al. [231] registered, on average, 14 and 21% higher pH
and SOM, respectively, than the conventional practice, with a positive correlation (74%)
between SOM and pH found during the fifth monitoring season.

4.2.3. Cation Exchange Capacity

The cation exchange capacity (CEC) is the ability of a soil to retain and release pos-
itive ions due to its content of clays and organic matter, and is considered an indicator
of soil fertility. CA practices increase SOM content, and this provokes an increase in
CEC [232], as it increases the amount of negative charges [233]. In this context, Ben Moussa-
Machraoui et al. [234] reported a positive correlation between SOM and CEC. This increase
in CEC driven by improvements in SOM via cover cropping can also lead to an increase in
yield stability [235].

According to Sá et al. [233], CEC increased by 0.37 cmolc kg−1 for every gram of C
per kg of soil. The effects on CEC are generally limited to the topsoil, which is where
the SOM content is increased [224]. In this context, Williams et al. [235], in a study in the
USA, showed that cover cropping increased SOM compared with no cover crop, implying
a rise in CEC. In a tropical soil under no-till farming, CEC increased by 25% in the top
soil layer (0–20 cm) with every 1.8 kg m−2 of stored organic carbon [236]. After 5 years,
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CEC increased in the topsoil when residues were retained compared to soils without
residue [237]. Sithole and Magwaza [228], in a long-term study in South Africa, showed
that CEC was affected by tillage practices. On average, CT resulted in a significantly
lower (71.9 mmolc.kg−1) CEC than rotational tillage (109 mmolc kg−1) and NT (114 mmolc
kg−1). A long-term field experiment under rice-based cropping systems showed that
the CEC was higher in NT than in CT, amounting to 13.04 and 9.76 cmol (p+) kg−1,
respectively [238]. In a tropical rainfed agroecosystem, the adoption of minimum tillage
provoked an 11.2% increase in CEC compared with the CT system [239]. Moreover, Mloza-
Banda et al. [93] reported a significant increase in CEC after 2 years of conversion to CA
(15.24 cmol (+) kg−1) compared to annual ridge tillage (13.38 cmol (+) kg−1). Similarly,
Zerihun et al. [240] reported an improvement in CEC with crop rotation and intercropping
in CA systems.

Conversely, Fonteyne et al. [241], in a study in Mexico of 20 maize-based trials, did
not register differences in CEC between CA and local conventional practices. Comparably,
Mrabet et al. [242] did not find significant differences in CEC between CA and CT in a study
in Morocco. The lack of difference between the different management systems may be due
to the short duration of the studies or due to the influence of local soil conditions.

In other studies, a lower CEC was observed in soils under CA due to a decrease in pH,
which resulted in a decrease in pH-dependent cation exchange sites [227,243].

4.2.4. Nutrient Availability

CA practices have a significant impact on nutrient distribution and transformation
in soil; thus, they can strongly influence the soil nutrient dynamics [178]. That is, CA
systems that cause an increase in organic matter due to the addition of residues can pro-
duce a rise in nutrient reserves for plants, registering higher concentrations of nitrogen
(N) [244,245], phosphorus (P) [246,247], potassium (K) [228,247], calcium [248], magne-
sium [249], zinc [250], and manganese [249] in the soil. The nature of crop residues and
their management has a significant influence on the plant nutrient availability of soils. For
example, in the case of N, the addition of legume residues with a low C/N composition
can result in N mineralization, whereas cereal residues with a high C/N composition
can temporarily immobilize N during the decomposition process [251,252]. In a review
study on the effects of crop residues under CA, Ranaivoson et al. [168] reported, in general,
a higher increase in soil mineral N in the case of legume residues than in the case of cereal
residues. The availability of nutrients with the retention of residues is also a function of
other factors, such as the amount of surface residues or the proportion of soil covered by
them [168]. The availability of nutrients in the soil can also be affected by the change in
topsoil pH due to CA practices [253].

A greater amount of residues stored in the soil with CA systems does not always lead
to a greater availability of nutrients for plants. Soon after CA is implemented, while total
stores of N may be higher, the amount of plant-available N may decrease due to lower
mineralization rates and higher N immobilization rates [111]; in this case, it is necessary to
apply N fertilization to maintain the yield [228].

An NT system with a total absence of soil mixing can lead to the stratification of
immobile nutrients such as P and K in the surface layers of soils [254]. In dry areas
of Morocco, Mrabet et al. [242] showed that NT caused surface enrichment of P and K
compared with CT. This can be a problem, especially in arid regions, as drought conditions
can reduce nutrient uptake from the dry soil surface, inaccessible to plant roots [255].
Furthermore, these conditions can increase the risk of N and P losses by surface runoff [256].
Higher moisture content due to CA practices can lead to N losses due to denitrification [257].
Finally, according to Morugán et al. [258], the permanent cover crops in the alleys led to
higher increases in SOC and soil N; however, this practice was related to negative effects
on available P in the soil. Similarly, Sujatha et al. [259] claimed that the extensive root
system of legumes was beneficial for improving their ability to release organic acids from
their roots that enhanced K availability in soil. Table 3 shows the implantation effect of
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CA practices compared to CT in hillslope farming with rainfed olive orchards in southeast
Spain [260].

Table 3. Effect of CA practices on soil physico-chemical parameters in olive orchards throughout 3
year monitoring period (SE Spain).

Soil Management Year
pH MCP BD SOC NT P K CEC

(H2O) (%) (g cm−3) (g kg−1) (mg kg−1) (cmol (+) kg−1)

Minimum tillage
and spontaneous
vegetation strips

1st 7.5
(±0.1)

11.4
(±4.3)

1.17
(±0.04)

8.4
(±4.8)

0.45
(±0.03)

6.4
(±2.6)

68.7
(±18)

15.8
(±3.0)

3rd 7.6
(±0.2)

12.6
(±3.6)

1.24
(±0.08)

10.2
(±7.5)

0.68
(0.05)

7.0
(±3.5)

77.7
(±26)

16.7
(±7.8)

Minimum tillage
and legume strips

1st 7.5
(±0.2)

10.0
(±3.4)

1.18
(±0.14)

8.0
(±5.7)

0.58
(0.01)

4.6
(±1.7)

84.4
(±14)

10.2
(±4.4)

3rd 7.7
(±0.5)

11.3
(±3.2)

1.26
(±0.07)

8.9
(±3.4)

0.67
(0.08)

5.2
(±4.2)

94.7
(±22)

14.7
(±7.1)

Conventional tillage 1st 7.5
(±0.1)

11.7
(±2.8)

1.20
(±0.09)

8.3
(±3.4)

0.55
(±0.03)

6.9
(±3.9)

67.5
(±18)

11.8
(±3.5)

3rd 7.6
(±0.2)

10.1
(±3.1)

1.10
(±0.15)

7.2
(±2.7)

0.48
(±0.05)

7.2
(±2.7)

63.7
(±26)

12.7
(±7.4)

BD, bulk density; MCP, macroporosity; SOC, soil organic carbon; NT, total nitrogen; P, Olsen’s extractable
phosphorus; K, available potassium; CEC, cation exchange capacity. Values in parentheses are standard deviation.

According to Belay et al. [261], in supplementary irrigation vegetable production
systems, CA practices can optimize nutrient use by decreasing nutrient losses through
runoff and leaching. In this respect, several studies show that CA practices reduce the loss of
nutrients via runoff or nutrients adsorbed in sediments lost by water erosion [176,262–265].
In this context, Jordan et al. [266] registered an 81% decrease in total P loss and a 94%
decrease in organic nitrogen with non-inversion tillage compared with plow. In citrus
orchards, the straw mulching covering the soil surface reduced runoff and sediment losses
and subsequently decreased nutrient losses; the total nitrogen and phosphorus losses were
significantly decreased by the straw mulching treatment compared with conventional
treatments without mulching [267]. Liu et al. [268], using the Soil and Water Assessment
Tool (SWAT), concluded that conservation tillage and contour farming can help reduce
runoff by 15.99% and 9.16%, total nitrogen losses by 8.99% and 8%, and total phosphorus
losses by 7% and 5%, respectively. In a study by García-Díaz et al. [269], the efficiency of
using groundcover in vineyards to reduce mineral N losses via runoff was demonstrated.

As stated by Dinnes et al. [270], the strategies for reducing NO3 loss through leaching
can include CA practices by using cover crops, diversifying crop rotations, and reducing
tillage. Cover crops or intercrops with deep-rooted plants reduce nutrient loss, intercepting
leached nutrients from the root zone and returning them to the soil surface via mulch or as
green manure. Wyland et al. [271] reported a 65–70% reduction in nitrate leaching from
cover-cropped plots compared with the fallow control. In a study in Italy, CA practices had
lower NO3 concentrations below the maximum rooting zone compared to conventional
agricultural practices, thus reducing NO3 leachate to groundwater [272]. According to
Camarotto et al. [245], continuous soil cover and cover crops in CA systems reduced N
leaching compared to conventional agriculture.

4.3. Influence on Soil Biological Properties

Soil biota plays a relevant role in soil health and sustainable crop production by sup-
porting important functions such as soil aggregation, soil aeration, nutrient cycling, and
bio-control, or the suppression of plant pathogens. Anthropogenic activities and especially
intensive agriculture cause a considerable loss of soil biodiversity. Sustainable land uses
are linked to the conservation of soil biological diversity [273]. Higher biodiversity means
greater resilience to disturbances in the soil system [60]. The response of soil microorgan-
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isms and biochemical properties to soil management practices is measured by parameters
such as the size and activity of the microbial community and soil enzymatic activities.

4.3.1. Microbial Activity

The soil microbial biomass (SMB) is commonly used to assess soil microbial activ-
ity, as this parameter responds quickly to changes in soil management. In this context,
Zornoza et al. [274] stated that the quantitative description of the structure and diversity of
the microbial community can be used as a tool for the evaluation of soil quality. That is,
SMB can be used as an indicator of early changes in cropland management practices [275].
CA creates optimal conditions for microorganisms, with less frequent disturbance of the
soil, increased SOM, improved water and thermal conditions, and increased diversity
of substrates.

Crop diversification can increase soil microbial diversity and activities because the
roots of cover crops release exudates in intercropping systems, contributing to greater
microbial biomass [276]. In this context, Lopes and Fernandes [277] registered an increase
in microbial biomass C with intercropping compared with monoculture. Singh et al. [278]
reported that CA management systems can lead to an improvement in soil biota. Sim-
ilarly, Wang et al. [279], in a study in drylands of northern China, reported a more di-
verse soil bacterial community in conservation tillage soils than in CT soils. Moreover,
Silva et al. [280] registered a decrease in microbial diversity as tillage practices intensified.
Dorr de Cuadros et al. [281] showed that microbial diversity was significantly higher
in the NT system at four taxonomic levels (order, family, genus, and species) compared
with the CT system. Henneron et al. [282] analyzed the long-term effects of CA on soil
biodiversity, finding an improvement in the biomass and biodiversity of microorganisms.
Baghel et al. [283], in a rice–wheat cropping system, recorded higher microbial biomass
carbon under CA practices compared to CT. In a maize–mustard rotation, the zero-tilled
flatbed and permanent bed CA practices improved soil biological properties, with higher
SMB-C than CT [212].

Additionally, in a meta-analysis of 96 paired experiments, Li et al. [284] showed that
CA practices (NT with residue retention) resulted in higher soil microbial biomass carbon
(SMB-C) and nitrogen (SMB-N), and microbial quotient (qMic, Cmic-to-organic C ratio).
In a continuous rice–wheat rotation, zero tillage and residue cycling compared to CT
and residue removal increased SMB-C by 29 and 56%, respectively, whereas the SMB-N
increased by 27 and 84%, respectively [285]. In a pigeon pea (Cajanus cajan (L.) Millsp.)
and soybean intercropping system, conservation tillage systems recorded significantly
higher SMB-C and SMB-N levels than CT without crop residues [286]. Spedding et al. [287]
reported higher SMB-C and N levels in plots with residue retention than with residue
removal, although the differences were significant only in the 0–10 cm layer. This agrees
with Ceja-Navaro et al. [288], who found that in soils under NT with a monoculture of
maize and removal of crop residue, microbial diversity was strongly reduced compared to
soil under wheat NT where crop residues were retained. According to Legrand et al. [289],
soil tillage is the agronomic practice that most influences soil bacterial diversity, with
a greater functional and taxonomic diversity of bacteria in agricultural soils with minimal
tillage compared to conventional tillage. In this context, Mathew et al. [290] reported
a higher microbial biomass at the 0–5 cm depth in a long-term no-tillage system than in
a conventional tillage system. According to Lopes and Fernandes [277], the changes in
microbial community composition do not coincide with the increased soil physical quality
resulting from CA practices, indicating the influence of other factors, such as edaphic or
anthropic, on the soil microbial profile.

The crop system also influences microbial diversity. In this respect, Dorr de
Cuadros et al. [281] reported greater microbial diversity in soils with a crop system based
on cereals without legumes. That is, cereal straw substrates have a higher C:N ratio, which
stimulates the microbial community to degrade organic substrate and leads to an increase
in the microbial population.

25



Soil Syst. 2022, 6, 87

4.3.2. Soil Enzymatic Activities

The microbial enzymatic activities of the soil serve as an indicator of the potential of
the soil to decompose organic C and mineralize nutrients (P and N), and thereby nutrients
available for plants. Soil enzymatic functions are greatly influenced by the cropping system
and the degree of soil disturbance [291].

The main enzymes used to determine soil health are β-glucosidase, N-acetyl-
glucosaminidase, and acid phosphatase, which are responsible for mediating C, N, and P
cycling in the soil, respectively. According to Bonini-Pires et al. [292], the association of NT
and increased crop rotation enhanced enzymatic activity in the soil surface. In a rice–wheat
system in India, soil enzyme activities increased (5–18%) under an NT system with residues
compared to an NT system without residues and a CT system without residues [293]. The
implementation of CA in maize rotations improved soil enzymatic activities [104]. Similarly,
Kumar and Babalad [286] registered significantly higher soil urease, dehydrogenase, and
total phosphate activities in conservation tillage systems as compared to CT without crop
residue. According to Choudhary et al. [285], soil enzyme activities were significantly
increased in a conservation agriculture-based maize–wheat system.

In a study by Sharma et al. [294], an NT rice–wheat system with rice residue mulch
increased soil dehydrogenase, cellulase, and alkaline phosphatase activities by 23%, 34%,
and 14%, respectively, compared to CT. Pooniya et al. [212] reported that CA practices
(zero-tilled flatbed and permanent bed) significantly increased dehydrogenase, alkaline
phosphatase, and urease activities compared with CT.

The impact of CA practices on soil microbial and enzymatic activities in hillslope
farming with rainfed olive orchards compared to CT is shown in Table 4 [259]. Moreover,
Kandeler et al. [295] determined that protease and phosphatase activities significantly in-
creased after only 2 years of minimum tillage compared to CT. Similarly, Roldán et al. [296]
found that CA techniques based on zero tillage and legume cover remarkably enhanced
the soil enzyme activities (dehydrogenase, urease, protease, β-glucosidase, and acid phos-
phatase). In a study by Pandey et al. [297], the no-till system fostered an improvement in
the activities of β-glucosidase as well as microbial biomass carbon and nitrogen compared
to CT. Similarly, Sinsabaugh et al. [298] found that minimum tillage promotes β-glucosidase
activity due to the augmentation in microbial biomass, more substrate availability, and
reduced soil disturbance, as was noted in a CA system compared to CT.

Table 4. Effect of CA practices on soil microbial and enzymatic activities in olive orchards throughout
3 year monitoring period (SE Spain).

Soil Management Year
MBN MBC B-GLU PRO DHA PHP

(mg kg−1) (μg pNP g−1 h−1) (μg TRS g−1 h−1) (μg TPF g−1 h−1) (μg pNP g−1 h−1)

Minimum tillage
and spontaneous
vegetation strips

1st 5.8
(±2.2)

3.4
(±1.4)

401
(±1.2)

12.0
(±1.4)

99.20
(±1.9)

131.5
(±11.8)

3rd 6.9
(±3.4)

3.8
(±1.1)

452
(±2.4)

12.8
(±1.5)

111.8
(±3.4)

139.8
(±22.4)

Minimum tillage
and legume strips

1st 5.0
(±1.2)

3.1
(±1.0)

461
(1.9)

11.9
(±0.9)

100.7
(±2.7)

120.4
(±17.1)

3rd 6.4
(±0.9)

4.2
(±2.4)

483
(±3.5)

12.7
(±1.6)

119.1
(±5.2)

131.4
(±13.7)

Conventional
tillage

1st 5.3
(±0.8)

2.0
(±0.8)

131
(±1.2)

11.7
(±1.4)

92.43
(±5.1)

122.0
(±21.5)

3rd 4.3
(±0.7)

1.3
(±0.9)

196
(±1.8)

12.4
(±1.9)

92.78
(±4.9)

129.6
(±20.9)

β-GLU, β-glucosidase; PRO, protease; DHA, Dehydrogenase; PHP, Phosphatase; MBN, microbial biomass-
nitrogen; MBC, microbial biomass-carbon. Values in parentheses are standard deviation.

Ultimately, it is evident that CA practices positively impact soil microorganisms and
microbial processes ascribed to changes in the quantity and quality of plant residues that
enter the soil, their spatial distribution, changes in the provision of nutrients, and physical al-
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terations. Consequently, the alternative modifications to CT systems, especially those based
on methods used in CA, are able to boost important functions for soil health restoration.

4.3.3. Earthworms

Earthworms are one of the most important soil macrofaunal groups and are described
as ecosystem engineers because of their effects on soil properties and on the availability of
resources for other organisms [299]. They determine the nutrient cycle, microbial activity,
the stability of soil aggregates, and the density and distribution of other invertebrates.
Soil tillage causes physical damage to earthworms as well as alterations of their habitat,
and can vary the community structure and relative abundance of earthworms [300]. The
variability in burrowing and feeding behaviors influences the effects that tillage type can
have on earthworms [301]. Thus, the species that inhabit the topsoil are most at risk of being
adversely affected by plowing [302]. Earthworms have been observed to respond positively
to CA practices. Contrarily, a study by Baldivieso-Freitas et al. [303] did not register any
positive effects of the combination of CA techniques (reduced tillage by chiseling and green
manures) on earthworm populations in a Mediterranean environment. However, organic
fertilization showed a more significant role and enhanced their population. Therefore, it
is crucial to understand how different factors (soil properties, crop rotations, and climate
conditions) interact when designing a sustainable organic system.

According to Van Capelle et al. [304], the increase in earthworm density under no-till
systems is due to the interactions of different effects: reduced injuries, decreased exposure
to predators at the soil surface, reduced microclimate changes, and increased availability of
organic matter. Radford et al. [305] reported that earthworm numbers increased fourfold
with a zero-tillage system as compared to CT. Birkás et al. [306], in a study in Hungary,
registered significantly more earthworms in soils under a conservation tillage system that
included leaving stubble residues on the surface, compared to soils that were deteriorated
by tillage pans and left bare without residues. In a study in Zambia, soils under CA prac-
tices with residue retention and crop rotation had higher earthworm populations in the
top 30 cm than soils under conventionally ploughed practices [87]. Errouissi et al. [307]
showed that zero tillage with surface residue increased the populations and diversity of soil
invertebrates, including earthworms, compared to CT because of improved soil properties
and a lack of soil disturbance. Crop residues retained on the soil surface and minimum
soil disturbance improve soil structure, are a food resource, and cool the soil temperature,
allowing the number and biomass of earthworms to increase [308]. In a study in central
Mexico, Castellanos-Navarrete et al. [84] showed that CA produced an evident increase in
the abundance and biomass of earthworms compared to CT. Sharma and Dhaliwal [309],
in a study of rice–wheat cropping systems in South Asia, concluded that a zero-tillage
system with crop residue retention improved micronutrient contents and provided feeding
for soil macrofauna, especially earthworms, as compared to conventional tillage without
residue. In a long-term trial in Zambia, Muoni et al. [310] concluded that reduced tillage
systems and crop rotations increase biological activity, with the density of termites and
earthworms being higher in CA systems than in CT systems. Henneron et al. [282] reported
an increase in anecic earthworms in the long term in CA systems. Additionally, Pelosi
et al. [302] reported that the decrease in soil tillage intensity led to an increase in functional
diversity and an increase in the density of anecic earthworms. Several studies have re-
ported a positive impact of management systems that include diversified crop rotations on
earthworm density [311,312].

4.3.4. Soil Respiration

Soil respiration comprises the oxidation of organic matter by microorganisms and
rhizosphere respiration [313]. It is a measure of the metabolic activity of the soil microbial
community and is considered as the second-largest terrestrial carbon flux worldwide [314].
It is one of the most widely used soil biological indicators in soil quality evaluations [62].
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Soil respiration is sensitive to soil disturbances, so it can be used as an indicator to detect
soil degradation early [315].

Soil management affects the soil microclimate and biotic factors (soil organic car-
bon, aboveground biomass, root biomass, and plant residues) that indirectly influence
soil respiration [316]. Several studies have reported the effect of conservation agriculture
practices on soil microbial respiration [277,317,318], without consistent trends. Some stud-
ies did not report significant differences in soil respiration between conventional tillage
and conservation agriculture practices [277,319,320]. This may be because tillage seems
to affect the temporal distribution more than the total amount of CO2 emissions from
the soil [321]. Therefore, to achieve an accurate assessment of the effects of agricultural
practices on soil respiration, it is necessary to design a seasonal sampling [322]. In contrast,
other studies recorded significantly higher soil respiration values in CA systems than in
CT systems. In a study in Cambodia, Edralin et al. [317] reported higher soil respiration in
CA (55.9 ± 4.8 kg CO2-C ha−1 day−1) than in CT (36.2 ± 13.5 kg CO2-C ha−1 day−1). In
the long term, NT increased soil respiration compared to CT, by 16, 19 and 26% after 6, 20
and 35 years of implantation [103]. Additionally, a 12 year study showed that, compared to
conventional tillage, no-till practices resulted in higher soil microbial respiration [323]. Sap-
kota et al. [103] reported higher soil respiration in no-tillage systems than in conventional
tillage (+44%). In an apricot orchard, cover crops increased soil respiration compared to
plots with bare control, herbicide control or mechanical cultivation [324].

According to Williams et al. [325], agricultural practices that imply the greater crop di-
versity, reduction in mechanical soil disturbance and/or an increase in organic amendment
inputs that characterize CA systems improve the microbiological activity of the soil. CA
practices increase organic carbon inputs to the soil, for example, through plant residues, im-
proving soil biological activity [326]. In this context, Bera et al. [327] observed a significant
and high positive correlation between SOC and basal soil respiration, of 0.84.

5. Conclusions and Future Perspectives

The main challenge of conserving and improving soil health is guaranteeing its long-
term productivity and environmental sustainability. As was reviewed, CA systems can
be implemented to minimize negative socioeconomic and environmental consequences
associated with soil degradation by enhancing soil health and promoting the sustainability
and multifunctionality of agroecosystems.

To meet the global challenges of food security and environmental conservation, CA
has been identified as one of the technological options for a sustainable intensification of
agriculture. CA systems have clear advantages over conventional agricultural systems in
improving soil health and the efficient use of natural resources, reducing the environmental
impacts of agricultural activities, saving inputs, reducing the cost of production, etc.

Regarding the implementation of CA practices, there are a number of restrictions and
challenges that must be addressed in order to increase their adoption on a large scale:

- Unavailability of appropriate equipment and machines, especially for small- and
medium-scale farms;

- Use of crop residues for livestock feed and fuel;
- Lack of knowledge about the benefits of CA and how to implement CA;
- Farmer mind-sets that limit the adoption of CA due to traditions or prejudices;
- Lack of technical and financial support from governments, international organizations,

and/or extension agencies;
- Technical problems that can arise with the adoption of CA practices such as inadequate

weed management, nutrient stratification, lower N availability, development of surface
crust, etc., which can translate into a decrease in yield and can motivate farmers to
abandon the system.

To overcome these constraints and increase the performance of CA worldwide, it is
essential that CA systems be well-adapted to specific agronomic, environmental, social,

28



Soil Syst. 2022, 6, 87

and economic conditions. Consequently, it is necessary to carry out the following measures,
among others:

- Improve the availability of machinery and supplies of plant nutrition;
- Identify and eliminate sociocultural barriers to CA adoption;
- Improve locally adapted management, such as appropriate crop rotations or the

frequency and optimal timing of strategic tillage;
- Increase institutional support, research, efficiency of extension services, and informa-

tion dissemination mechanisms.

Finally, in order to guarantee the long-term productivity and environmental sustain-
ability of agroecosystems, it will be vital to develop new tools and methodologies to assess
soil quality and health that can be used to evaluate and guide soil management decisions.
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128. Sławiński, C.; Cymerman, J.; Witkowska-Walczak, B.; Lamorski, K. Impact of diverse tillage on soil moisture dynamics. Int.
Agrophys. 2015, 26, 301–309. [CrossRef]

129. Thierfelder, C.; Wall, P.C. Investigating conservation agriculture (CA) systems in Zambia and Zimbabwe to mitigate future effects
of climate change. J. Crop. Improv. 2010, 24, 113–121. [CrossRef]

130. Busari, A.M.; Salako, F.K.; Tuniz, C.; Zuppi, G.M.; Stenni, B.; Adetunji, M.T.; Arowolo, T.A. Estimation of soil water evaporative
loss after tillage operation using the stable isotope technique. Int. Agrophys. 2013, 27, 257–264. [CrossRef]

131. Parihar, C.M.; Nayak, H.S.; Rai, V.K.; Jat, S.L.; Parihar, N.; Aggarwal, P.; Mishra, A.K. Soil water dynamics, water productivity
and radiation use efficiency of maize under multi-year conservation agriculture during contrasting rainfall events. Field Crops Res.
2019, 241, 107570. [CrossRef]

132. TerAvest, D.; Carpenter-Boggs, L.; Thierfelder, C.; Reganold, J.P. Crop production and soil water management in conservation
agriculture, no-till, and conventional tillage systems in Malawi. Agric. Ecosyst. Environ. 2015, 212, 285–296. [CrossRef]

133. Zhao, X.; Liu, B.Y.; Liu, S.L.; Qi, J.Y.; Wang, X.; Pu, C.; Li, S.S.; Zhang, X.Z.; Yang, X.G.; Lal, R.; et al. Sustaining crop production in
China’s cropland by crop residue retention: A meta-analysis. Land Degrad. Dev. 2020, 31, 694–709. [CrossRef]

134. Ghosh, P.K.; Das, A.; Saha, R.; Kharkrang, E.; Tripathi, A.K.; Munda, G.C.; Ngachan, S.V. Conservation agriculture towards
achieving food security in North East India. Curr. Sci. 2010, 99, 915–922.

135. Mondal, S.; Chakraborty, D.; Das, T.K.; Shrivastava, M.; Mishra, A.K.; Bandyopadhyay, K.K.; Aggarwal, P.; Chaudhari, S.K.
Conservation agriculture had a strong impact on the sub-surface soil strength and root growth in wheat after a 7-year transition
period. Soil Tillage Res. 2019, 195, 104385. [CrossRef]

136. Chalise, K.S.; Singh, S.; Wegner, B.R.; Kumar, S.; Pérez, G.J.D.; Osborne, S.L.; Nleya, T.; Guzman, J.; Rohila, J.S. Cover crops and
returning residue impact on soil organic carbon, bulk density, penetration resistance, water retention, infiltration, and soybean
yield. Agron. J. 2018, 110, 99–108. [CrossRef]

137. Mutuku, E.A.; Roobroeck, D.; Vanlauwe, B.; Boeckx, P.; Cornelis, W.M. Maize production under combined conservation
agriculture and integrated soil fertility management in the sub-humid and semi-arid regions of Kenya. Field Crops Res. 2020, 254,
107833. [CrossRef]

138. Sindelar, M.; Blanco-Canqui, H.; Jin, V.L.; Ferguson, R.B. Cover crops and corn residue removal: Impacts on soil hydraulic
properties and their relationships with carbon. Soil Sci. Soc. Am. J. 2019, 83, 221–231. [CrossRef]

139. Choudhary, M.; Rana, K.S.; Meena, M.C.; Bana, R.S.; Jakhar, P.; Ghasal, P.C.; Verma, R.K. Changes in physico-chemical and
biological properties of soil under conservation agriculture based pearl millet–mustard cropping system in rainfed semi-arid
region. Arch. Agron. Soil Sci. 2019, 65, 911–927. [CrossRef]

140. Singh, B.; Eberbach, P.L.; Humphreys, E.; Kukal, S.S. The effect of rice straw mulch on evapotranspiration, transpiration and soil
evaporation of irrigated wheat in Punjab, India. Field Crops Res. 2011, 98, 1847–1855. [CrossRef]

141. Gupta, R.; Sayre, K. Conservation agriculture in South Asia. J. Agric. Sci. 2007, 145, 207–214. [CrossRef]
142. Assefa, T.; Jha, M.; Reyes, M.; Worqlul, A.W. Modeling the impacts of conservation agriculture with a drip irrigation system on

the hydrology and water management in Sub-Saharan Africa. Sustainability 2018, 10, 4763. [CrossRef]
143. Belay, S.A.; Schmitter, P.; Worqlul, A.W.; Steenhuis, T.S.; Reyes, M.R.; Tilahun, S.A. Conservation agriculture saves irrigation water

in the dry monsoon phase in the Ethiopian Highlands. Water 2019, 11, 2103. [CrossRef]
144. Jat, H.S.; Kumar, V.; Datta, A.; Choudhary, M.; Singh, Y.; Kakraliya, S.K.; Poonia, T.; McDonald, A.J.; Jat, M.L.; Sharma, P.C.

Designing profitable, resource use efficient and environmentally sound cereal based systems for the Western Indo-Gangetic
plains. Sci. Rep. 2020, 10, 19267. [CrossRef] [PubMed]

34



Soil Syst. 2022, 6, 87

145. Alvarez, R.; Steinbach, H. A review of the effects of tillage systems on some soil physical properties, water content, nitrate
availability and crops yield in the Argentine Pampas. Soil Tillage Res. 2009, 104, 1–15. [CrossRef]

146. Pittelkow, C.M.; Liang, X.Q.; Linquist, B.A.; van Groenigen, K.J.; Lee, J.; Lundy, M.E.; van Gestel, N.; Six, J.; Venterea, R.T.;
van Kessel, C. Productivity limits and potentials of the principles of conservation agriculture. Nature 2015, 517, 365–368. [Cross-
Ref]

147. Zhao, X.; Liu, S.; Pu, C.; Zhang, X.; Xue, J.; Ren, Y.; Zhao, X.; Chen, F.; Lal, R.; Zhang, H. Crop yields under no-till farming in
China: A meta-analysis. Eur. J. Agron. 2017, 84, 67–75. [CrossRef]

148. Lu, X. A meta-analysis of the effects of crop residue return on crop yields and water use efficiency. PLoS ONE 2020, 15, e0231740.
[CrossRef]

149. Sun, L.; Wang, S.; Zhang, Y.; Li, J.; Wang, X.; Wang, R.; Lyu, W.; Chen, N.; Wang, Q. Conservation agriculture based on crop
rotation and tillage in the semi-arid Loess Plateau, China: Effects on crop yield and soil water use. Agric. Ecosyst. Environ. 2018,
251, 67–77. [CrossRef]

150. Das, T.K.; Bandyopadhyay, K.K.; Bhattacharyya, R.; Sudhishri, S.; Sharma, A.R.; Behera, U.K.; Saharawat, Y.S.; Sahoo, P.K.;
Pathak, H.; Vyas, A.K.; et al. Effects of conservation agriculture on crop productivity and water-use efficiency under an irrigated
pigeonpea–wheat cropping system in the western Indo-Gangetic Plains. J. Agric. Sci. 2016, 154, 1327–1342. [CrossRef]

151. Rockström, J.; Kaumbutho, P.; Mwalley, J.; Nzabi, A.W.; Temesgen, M.; Mawenya, L.; Barron, J.; Mutua, J.; Damgaard-Larsen, S.
Conservation farming strategies in East and Southern Africa: Yields and rain water productivity from on-farm action research.
Soil Tillage Res. 2009, 103, 23–32. [CrossRef]

152. Milgroom, J.; Soriano, M.A.; Garrido, J.M.; Gómez, J.A.; Fereres, E. The influence of a shift from conventional to organic olive
farming on soil management and erosion risk in Southern Spain. Renew. Agric. Food Syst. 2007, 22, 1–10. [CrossRef]

153. Correia, C.M.; Brito, C.; Sampaio, A.; Dias, A.A.; Bacelar, E.; Gonçalves, B.; Ferreira, H.; Moutinho, P.J.; Rodrigues, M.A.
Leguminous cover crops improve the profitability and the sustainability of rainfed olive (Olea europaea L.) orchards: From soil
biology to physiology of yield determination. Procedia Environ. Sci. 2015, 29, 282–283. [CrossRef]

154. Arampatzis, G.; Hatzigiannakis, E.; Pisinaras, V.; Kourgialas, N.; Psarras, G.; Kinigopoulou, V.; Panagopoulos, A.; Koubouris, G.
Soil water content and olive tree yield responses to soil management, irrigation, and precipitation in a hilly Mediterranean area.
J. Water Clim. Chang. 2018, 9, 672–678. [CrossRef]
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Abstract: Grain and forage legumes are important sources of food and feed, key for sustainable
agriculture given the environmental services they provide. However, their cultivation is hampered
in the Mediterranean Basin and Near East by the widespread occurrence of the root parasitic weed
crenate broomrape (Orobanche crenata). Other broomrape species such as O. minor, O. foetida, and
Phelipanche aegyptica are also of local importance. As for other parasitic weeds, a number of man-
agement strategies have been proposed, but considering that temperate legumes in the area are
low-input crops, these strategies are largely uneconomical or hard to achieve, leaving the use of
resistant cultivars as the most desirable option. Breeding for broomrape resistance is not an easy task,
but significant progress has been achieved by classical breeding and selection and will profit from
recent developments in phenomics and genomics. Here, achievements and prospects in broomrape
management and resistance breeding are presented and critically discussed.

Keywords: Orobanche; crop protection; resistance breeding; faba bean; pea; vetches; grass pea

1. The Key Role of Legumes in Cropping Systems

Legumes are the second most important family of cultivated plants after cereals.
They not only play a key role in agri-food systems as sources of food and feed but also
provide ecosystem services by improving soil fertility, biodiversity and environmental
sustainability [1,2]. The legume-rhizobium association provides a source of renewable
nitrogen for agriculture that is estimated to reduce total nitrogen fertilizer consumption
in all farming systems by between 24% (grain legumes) and 38% (forage legumes) [3].
Global production of nitrogen fertilizers has increased more than fourfold in the last
decades, accounting for more than 60% of all fertilizers used in agriculture, either in
the form of ammonium, urea, or nitrate. A large part of these fertilizers is not used by
plants but is leached and ends up in aquifers. Reduced use of nitrogen fertilizers in turn
reduces fossil energy consumption and greenhouse gas emissions associated with the
manufacturing process as well as nitrous oxide emissions from soils [4]. Nitrous oxide is a
potent greenhouse gas whose main source is microbial activity in soils and waters enriched
in nitrates by the massive application of nitrogen fertilizers. It is estimated that cropping
systems that include a legume emit, on average, 18% less nitrous oxide, with this reduction
rising to 33% in the case of pastures [3].

However, yields of most temperate legumes are relatively low due to limited invest-
ment in breeding compared to other crops. As a result, and despite the above-mentioned
ecosystem services they provide, the cultivation of most legumes has declined in Europe
since the onset of so-called modern agriculture in the middle of the 20th century; never-
theless, legume cultivation is growing worldwide [5]. It is true that, as a result of changes
in eating habits, human consumption of grain legumes has markedly declined in the last
five decades, a trend that fortunately is starting to reverse. But this decline in human
consumption alone does not explain the reduction in cultivation in traditional legume-
producing countries in the Mediterranean Basin and Near East, as production is insufficient
to cover the domestic demand, forcing imports of about 60 to 80% of the pulses eaten.
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The reduced consumption of legumes paired with an increased consumption of meat has
led to an ever-increasing demand for feed legumes, resulting in increasing dependence of
imported soybeans [6,7]. It is therefore highly desirable from a nutritional point of view
to increase legume consumption, but it is naïve to propose that this is the main measure
needed to reintegrate legumes into Mediterranean cropping systems. Promoting legume
consumption without acting on the necessary measures to promote local legume cultivation
would result in a further increase in imports, as in fact is already the case for all grain
legumes, and particularly soybean, whose imports continue to rise. Thus, by not growing
legumes locally, we continue to lose the ecosystem services they provide [8]. The solution
can only be to develop cropping packages that make the crops profitable to farmers by
adjusting cultivation techniques and developing adapted varieties [5,9–11].

2. Broomrape as a Major Constraint in Legume Production

Cultivation of annual grain and forage temperate legumes is strongly hampered in the
farming systems of the Mediterranean and Middle East by the widespread occurrence of
broomrapes, which cause important yield losses [10]. The most widespread and damaging
broomrape is crenate broomrape (Orobanche crenata Forsk.), but minor broomrape (O. minor
Sm), foetida broomrape (O. foetida Poir), and Egyptian broomrape (Pelipanche aegyptiaca
(Pers.) Pomel) can be of importance locally [11–16].

O. crenata is not a new problem in legume farming, having been described by au-
thors from ancient Rome. Little progress has been made in its management since then,
and unfortunately, the real situation is that instead of being controlled, it is a problem
that is spreading to new areas that were considered free of infestation, even outside the
Mediterranean Basin, to the north in Europe, to the south in Africa, and to the east in Asia,
representing a situation that could worsen with climate change [16–18].

3. Understanding Broomrape Biologic Features Relevant to Management

The most relevant aspect of broomrape biology is that broomrapes are flowering plants
that have evolved to feed on other plants, thereby losing photosynthetic capacity [11]. As
flowering plants, broomrapes can be managed from a weed science point of view regarding
their reproduction, seed dispersal, and chemical control with herbicides. However, unlike
standard weeds, the damage of broomrapes is not due to competition for light and water
from the soil but to the direct establishment of a permanent interaction with the roots of the
host plants on which they feed and alter their physiology [19]. Broomrapes cause therefore
true diseases and can be approached with a plant pathology perspective. The infected
plant can defend itself against infection, in a similar way to how it defends itself against
infections with any other pathogens like fungi, bacteria, or viruses [20,21]. And therefore,
breeders can act by developing varieties that are more resistant to broomrape infection, in
a similar way to how we would breed varieties resistant to fungi, bacteria, or viruses.

Several features make broomrape difficult to control [11,22]. One is its wide host range;
for instance, the host range of O. crenata includes most legumes as well as crops such as
carrot, lettuce, geranium, or celery. The host range of P. aegyptiaca is particularly wide,
including many vegetable crops. Another difficulty is that infection with root parasitic
plants occurs underground and is not detected until the broomrape emerges from the soil,
by which time most of the damage has been done, and it is too late to attempt any control
measures. Additionally, a single plant can produce a large number of seeds that have a
great capacity for survival in the soil, germinating only when stimulated by signals emitted
by host plants. Broomrape plants produce large numbers of seeds that are dispersed a short
distance by the wind; thus, their distribution is typically agglomerated [23]. However, they
can be spread over longer distances by manure of animals that feed on them, and above all,
they can be spread by human action, either by the movement of contaminated machinery
between farms or over even longer distances by the trading of crop seed lots containing
soil residues and broomrape seeds [24]. Sanitation measures, disinfecting machinery and
sowing seed are therefore essential in preventing expansion to new areas as well as in
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quarantine measures [25,26]. Diagnosis and quantification in soil or crop seed lots is also
essential, with genomic tools being developed for this purpose [27,28].

Once the seeds have entered a farm, they are difficult to eradicate. The seeds have a
long viability and germinate only in the presence of a host plant. They first need condi-
tioning, associated with specific humidity and temperature conditions, which mimic the
growing conditions of the host plant, thus ensuring that they germinate only when there
may be plants available to be infected [29,30]. But this is not sufficient for germination;
if the seeds are conditioned but are not stimulated by the proximity of a host plant, they
return to their dormant state [31]. Broomrape seeds recognize a series of chemical signals
emitted by neighboring host plants. The best-known group of broomrape germination
stimulants are strigolactones [32,33], but there are many other metabolites that can induce
broomrape germination [34]. For instance, a number of metabolites have been described in
root exudates of pea or common vetch that differentially stimulate germination of seeds
of different broomrape species, contributing to host specificity [35–37]. Once the seed
germinates in the proximity of a root of a host plant, it emits a radicle that must find and
anchor itself to the root, or it dies of starvation. Once anchored, it begins to feed on the
host plant, developing a stem without functional roots, which eventually emerges to the
surface and flowers, producing seeds that fall back to the ground, filling the seed bank, and
repeating the cycle when a new host crop is found [11,13].

4. Management Strategies

There have been numerous efforts to develop control measures for broomrape man-
agement in legume cropping systems [10,11,13,18,38–40]. Unfortunately, the result has
not been satisfactory, and the problem remains unresolved in practice. The approaches
followed have ranged from agronomic practices to biological control and have given rise
to great scientific discovery; unfortunately, they have had limited commercial application
since they have either provided only partial protection or simply are not economically
affordable for a low-input field crop, as are most of the legumes that we are dealing with.
In practice, the only measures that have had some commercial application for legumes,
as well as most field crops, are chemical control strategies with herbicides and genetic
resistance [38–40].

The first measure always mentioned is hand weeding, namely, removing emerged
plants from the field and destroying them. This is labour demanding and is worthwhile
only in cases where infestations are still light. The second most recommended agronomic
practice is delaying the sowing date [29,41,42], which may reduce the infection, but which
in rain-fed cropping systems in Mediterranean climates is associated with a reduction in
productive potential by not taking advantage of winter rains [43]. Other recommended
practices are no tilling to reduce the incorporation of seeds into the soil [44] or very deep
ploughing to plant the seeds quite deep [45].

Solarization can be very effective [46] and can be economical for cash crops in small
areas such as greenhouses or orchards, but it is hardly feasible to solarize large farms with
low-input crops. Another alternative is the cultivation of highly susceptible species, namely,
“catch crops” that are infected and destroyed before the broomrape produces seeds, either
by incorporating them into the soil as green manure or used for silage.

Soil fertilization can contribute to broomrape control as infestations are more severe
in poor soils [47]. Under nutrient starvation, particularly P, but also N, strigolactone
production by plants is increased to promote mycorrhizal colonisation, which is reduced
when plants are fertilized [48]. On the other hand, urea and ammonium can have a toxic
effect on the seeds and broomrape plants [49].

Another agronomic practice with potential is intercropping. A similar case with some
success in subsistence agricultural systems in sub-Saharan Africa is the control of Striga
hermonthica on corn or sorghum intercropped with Desmodium species, a mixture that
was actually explored for the control of cereal stemborer insects, which are repelled by
Desmodium and attracted to a border crop that is used to remove them from the field [50].
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This intercropping was also found useful for controlling Striga [51]. This technique, called
“pull and push”, which is very labor-demanding, has some success on small family farms,
but its extrapolation to other agricultural systems is not simple. Thus, it has been shown
that a series of species can reduce infection with O. crenata in several legumes when they
are mixed, such as fenugreek, oats, or berseem clover [52–54]. However, it is necessary to
adjust cultivation practices so that they can be adopted by farmers.

The allelopathic effect of a series of crops on broomrape can be exploited not only
in mixed crops but also in rotations. Thus, a series of crops have been described that
can induce germination of broomrape seeds without being infected, having potential as
“trap crops” that reduce the seed bank in the soil [55–58]. The principle is the same as
that of “suicidal germination” by applying germination stimulants to the soil [59,60]. The
theoretical basis is brilliant, and in both cases, it is based on germinating broomrape seeds
that then die when they cannot find roots of a host crop to infect, either with crops that
stimulate them but are not infected or by directly applying the germination stimulants
to the soil in the absence of susceptible crops. However, in both cases the reduction is
not complete, so several crop cycles would be needed for effective control. In the case of
the direct application of synthetic germination stimulants to the soil, there is the added
difficulty of finding an effective method of incorporation into the soil and of its persistence
and cost. And once again, the economic factor must be considered since the measure must
not only be effective in reducing the seed bank in the soil but also be economically viable
for the farmer to adopt.

Within biological control, there have been efforts to promote the use of various insects,
such as Phytomiza orobanchia, which is specific to Orobanche, whose larvae pupate inside
broomrape capsules and destroy a large number of seeds [61]. The reality is that this
insect is widely distributed naturally, having been found even in wild populations of many
broomrape species, and that even if they destroy a percentage of seeds, there are so many
thousands of seeds that a single broomrape plant is capable of producing that the effect of
the parasite is minimal in areas with high infestation. After many years of study, there is
no conclusive result or commercial application, even with breeding and release of adults.
Other types of widely studied biocontrol agents are fungi [62] and bacteria [63] that have
shown certain levels of control in pot studies under controlled conditions, but conclusive
results from field studies have not yet been reported, highlighting above all the difficulty of
finding a viable method of application and persistence [64]. The use of a series of natural
metabolites produced by fungi or plants has also been proposed [65,66], which has shown
an effect in the laboratory, but the mode of extraction or synthesis of these metabolites
as well as their incorporation into the field must be optimized to make them applicable.
Additionally, application of the amino acid methionine [67,68] or of growth regulators such
as uniconazole [69] has been proposed, but this requires validation under field conditions.

Activation of systemic acquired resistance by various means has been proposed in
several legumes. For instance, salicylic acid and benzothiadiazole application activated
resistance reducing O. minor infection in red clover [70] and O. crenata in pea [71] and faba
bean [72]. Many other inductors of resistance have been postulated in other pathosystems
but not tested so far in legumes against broomrape. Symbionts such as mycorrhizae and
rhizobium may also have a protective effect since their colonization affects root exudates
or by activating resistance [73–77]. However, the effect although significant is small.
Therefore, we have to conclude that although the biological control of broomrape still holds
great promise, it has not yet resulted in a commercial application. Alternatively, we can
foresee “biocontrol” as using broomrapes for food [78] or in pharmaceutical and cosmetic
industries [79].

Since broomrape is a plant, it can be controlled by a number of herbicides [11,80,81].
Chemical disinfection of the soil can be very effective, but like physical disinfection (i.e.,
solarization), it is recommended only for small areas [81,82]. Also, since most legumes are
low-input rain-fed crops and the infection occurs in the roots, the number of herbicides
that can be used is reduced, practically excluding contact herbicides that would require
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irrigation to be incorporated into the roots. This has limited the herbicides used to systemic
ones, incorporated on the leaves and translocated to the roots. The most recommended
has been glyphosate in faba beans, which even so, finds no problems for its wide adoption
by farmers. Glyphosate is also toxic to crops, which is why repeated application of a very
low dose is necessary in the initial stages of infection; thus, finding a balance between
crop damage and infection control is difficult. This has been even more complicated
in other crops such as peas that are more sensitive to glyphosate. Imidazolinones have
been proposed, even in seed treatment. However, the control is only partial, and the
treatments have to be repeated [13,83]. Understanding the temporal variation in parasitism
dynamics to predict broomrape parasitism based on thermal time can help for a more
effective chemical control [82,84]. Site-specific broomrape management can benefit from
geographical information systems and global positioning systems to delineate the spatial
variation in infestation within and between fields [82]. Nanoencapsulation of herbicides
has been proposed to improve their effectivity but is still under development [85].

All of this makes the development of resistant varieties the most desirable measure
since it would eliminate the need for farmers to use any type of control measure. But, on the
one hand, genetic resistance is difficult to identify and requires long improvement processes,
and on the other hand, genetic resistance does not usually provide complete protection;
therefore, it is advisable to incorporate resistance into integrated management packages,
which, in addition to complementing the protection, would prolong the durability of the
resistance by keeping the populations of the pathogen low and thus reducing its ability to
evolve [13,20,40,86–90].

5. A Focus on Resistance Breeding

5.1. Genetic Basis of Resistance

Monogenic resistance has been identified in sunflower against Orobanche cumana [90]
and in cowpea against Striga gesnerioides [91] but not in any legume crops against any
broomrapes. This presents advantages and problems similar to those encountered in ge-
netic improvement for resistance to any kind of disease; although monogenic resistance
simplifies breeding progress, new races of the pathogen can emerge that break down these
resistances [92]. Although it is easier to manage in breeding, monogenic resistance is not
a panacea since the ability of pathogens to evolve into new races that overcome these
resistances is well known. The risk of the appearance of new races depends not only on
the genetic basis of the resistance (i.e., easier in monogenic resistance than in polygenic
resistance) but also on the manner of reproduction and dissemination of pathogens [89,93].
Thus, it is known that the greatest risk occurs in organisms that combine sexual reproduc-
tion (new genetic combinations) and asexual reproduction (fixation of these new successful
combinations), which can involve several complete cycles of reproduction in a breeding
season. Cultivation can play a role in dissemination by influencing aerial dispersal over
long distances; rust rot is the typical example where new races can appear in a matter
of 2–5 years. In the case of broomrape, the risk is moderate since this plant reproduces
sexually, with only one cycle per year, and except for accidental cases of movement of seeds
by human action over long distances, the natural dispersal of seeds is a few meters [89].
Thus, in the case of O. cumana/sunflower, although new races have appeared, this did not
happen as fast as observed in rusts but took several decades [92]. In the case of broomrapes
infecting legumes (O. crenata, O. minor, O. foetida and P. aegyptiaca), no races have been
described so far, and there is not even a consensus that there are formae speciales, despite the
existence of variability in the pathogen as it is partially allogamous [89,94]. Only some weak
levels of host specificity have recently been suggested in O. crenata populations growing on
lentil [95]. Contrary to O. crenata, which has been known to infect legumes over centuries,
O. foetida seems to be a relatively recent problem. Natural non-weedy populations of O.
foetida are widespread in the western Mediterranean, infecting wild legume species only,
not legume crops. However, only a few decades ago, weedy populations of O. foetida
on faba bean were reported in the Beja region of Tunisia that became established in that
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area [96]. It seems that evolution of these populations might have been driven by response
to host selection pressures including recognition of root exudates [97–99].

One possible explanation is that since monogenic resistance with complete expression
has not been identified and exploited on a large scale but different levels of incomplete
resistance has, the pathogen has not suffered this selection pressure, and in any case, since
these are generally minority crops that occupy small extensions and are rarely repeated
in the farm rotation, although more virulent populations have developed, they have not
been established, or at least there is no evidence of establishment [89]. But without a doubt,
we cannot rule out that if varieties with complete resistance are developed and become
popular by repeatedly growing them in large areas, as has been the case with sunflowers,
races that evolve to overcome this resistance will appear.

In the case of legumes, progress in broomrape resistance breeding has been slow,
as they are rather minor crops in which relatively little has been invested in the last
half century [5,9,100]. Most studies on broomrape resistance in legumes have concluded
that there is low heritability and that inheritance is complex, highly influenced by the
environment. Mapping studies have been performed in pea and faba bean, identifying a
series of quantitative trait loci (QTLs) with a small effect, often not reproducible between
years [100–106]. Field screenings are most needed but do not allow dissection of the
various resistance mechanisms that might be operative and lack sufficient control of crucial
environmental factors and of homogeneity of inoculum in the soil [87]. Attention is needed
to improve phenotyping, complementing field screenings with dedicated minirhizotron
methods or similar approaches allowing the identification of QTLs involved in specific
mechanisms of resistance.

This has made the use of marker-assisted selection difficult. Still, the reality is that
classical breeding programs have been successful in developing varieties with certain levels
of resistance. Because of this, progress has been slower, but perhaps also because of this,
there has not been a high selection pressure on the pathogen and no races of O. crenata,
O. minor, O. foetida, or P. aegyptiaca have been described so far. Still, valuable sources
of resistance have been identified in germplasm of most legume crops, including faba
bean [107–112], pea [113–115], lentil [116–118], vetches [119–127], chickpea [128–131], grass
pea and related Lathyrus species [132–136], or barrel medic [137,138], among other legume
species. Some of these sources have been exploited in breeding programs, resulting in the
release of resistant cultivars particularly in the case of faba bean [43,108] and pea [139–142].

5.2. Focus on Mechanisms of Resistance Operative

The basis of the durability of resistance is diversity, both at the cropping system
level and at the level of genes and operative mechanisms [89,93]. There is consensus on
the convenience of avoiding the use of monogenic resistance, recommending the use of
polygenic resistance, which is what we only have at the moment in the case of legumes.
Therefore, it seems that instead of complaining about the lack of monogenic resistance,
we should congratulate ourselves and look for effective ways to accumulate information
on the various QTLs or minor genes available, despite the greater complexity of their
management in genetic improvement. Even so, given the predictable moderate risk of
appearance and establishment of new races described in the previous section, the use of
monogenic resistance should not be excluded, as long as the virulence of the parasitic
populations is monitored to design strategies for the use of these genes, in space and time,
to prolong their durability [93,138]. Another important point to discuss is that it is possibly
not only the genetic basis of resistance that matters but also the nature of the resistance
mechanism [89,93,143]. Thus, there is a series of monogenic resistances that have proven to
be durable [144]. Curiously, these examples have in common that they are not based on a
hypersensitive reaction due to cell death of the infected cell, like most of the major genes
used in breeding, but rather on prehaustorial mechanisms, making cell penetration difficult.
It is therefore highly recommended to explore the existence of resistance mechanisms acting
in various phases of the infection process, which can be exploited separately, or preferably,
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combined in the same genotype [145]. And it is that combining two different resistance
mechanisms that provide different barriers could be more effective than combining two
genes that regulate the same mechanism.

It is therefore interesting to break down the broomrape infection process to identify
the possible mechanisms operating at different stages of the infection process [114,145].
Genetically inherited phenological or root morphological traits might help to prevent
infection, reducing the chances of contact in time and space, respectively. For instance, both
very early or very late genotypes can escape infection [113,133], either by competition for
nutrients of the early formed pods or through the late development of most roots when
conditions are less favorable for broomrape establishment.

This would be followed by mechanisms that affect the germination and growth phase
of broomrape radicles, either by reducing germination by lower exudation of germination
stimulants, or by emitting metabolites with an inhibitory effect. Broomrape seeds germi-
nate only when they recognize chemical signals exuded by the roots, which are thought to
be primarily strigolactones [32,33]. There are many strigolactones known from different
plants, and it is thought that the differential recognition of one or the other, together with
other possible metabolites by different broomrape species, is what determines their host
specificity [146–148]. A first working hypothesis would be the selection of genotypes
that produce fewer strigolactones, but this would be counterproductive since strigolac-
tones are not only signals that favor mycorrhization but also hormones that regulate the
correct branching and architecture of the plant. It would therefore be desirable to have
efficient methods to determine the strigolactones required by each broomrape species and
to quantify them in the plant, so that we can select genotypes with differential levels of
production, namely, to avoid those that stimulate the broomrape species but do produce
others that allow a correct mycorrhization and architecture. In the absence of this level
of knowledge, it has been possible to empirically identify faba bean genotypes display-
ing a strong resistance in the field, which was due to non-induction of germination of
O. crenata seeds [109]. Interestingly, this mechanism was also operative against O. foetida
and P. aegyptiaca and was associated with low production of the two strigolactones stud-
ied [148]. However, selected plants showed excellent performance in the field, suggesting
that other (unquantified) strigolactones might be produced. The genetic basis of this re-
sistance has not been studied, but there are indications that it could be monogenic. In
fact, this mechanism has previously been described as monogenic in sorghum against S.
hermonthica [149]. Similarly, tomato [150,151] and chickpea [130,152] mutants with reduced
induction of broomrape seed germination likely due to reduced exudation of strigolactones
have shown to be resistant to broomrape. This mechanism has also been described in other
legumes such as pea [113–115], lentil [116,117], vetches [122–125], chickpea [128,129], or
barrel medic [137,138], among others. In pea, two QTLs were associated with low induction
of O. crenata seed germination [105]. A later study postulated monogenic inheritance of the
trait [153].

Selection could also be exerted for higher exudation of metabolites inhibiting broom-
rape seed germination or radicle growth. Thus, a series of metabolites with such an effect
have been identified [33], although little is known about the genotypic variability for this
trait in legumes. A chemotrophic effect has also been postulated, such that a higher concen-
tration of a series of metabolites could cause a directed growth of the broomrape radicle
towards the host root [114] and affect the formation of the haustorium once the root has
been contacted [154]. Until now, it was thought that a chemical signal was necessary for
the differentiation of the haustorium in Striga and other parasitic plants but that this was
not necessary in broomrape. However, it has recently been shown that broomrape radicles
also respond to certain chemical signals to differentiate a haustorium [155], which in theory
would make it possible to design genotypes that do not release these signals. Once a
haustorium has differentiated on a host root, penetration is produced by a combination
of mechanical pressure and enzymatic activity, so that a vascular interconnection occurs
between both plants [156]. From here, broomrape acts as a sink for water and nutrients
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so that it develops at the expense of the host plant. The plant can develop different types
of barriers preventing or delaying the infection. A first barrier can be by reinforcement
of the cell walls of the cortex by protein cross-linking or with the deposition of suberin
or callose, followed by lignification of endodermal and pericycle cell walls or later by
occlusion or sealing of host vessels by gel- or gum-like substances, peroxidase-related ligni-
fication, mucilage production, or haustorium disorganization, preventing the parasite’s
survival [156–159].

5.3. Resistance to Herbicides

As indicated above, broomrape can be managed in legume farming systems with
systemic herbicides (i.e., glyphosate, imidazolinones, and sulfonylurea) at low rates with
repeated treatments. Control could be improved by enhancing the tolerance of the crops
to these herbicides, so higher rates could be applied [160]. Natural variation in herbicide
tolerance has been identified in several legumes, including tolerance to imazethapyr and
metribuzin in faba bean [161] and lentil [162,163]. Mutation breeding has been effectively
exploited to develop herbicide-resistant mutants [164,165], offering scope for improving
the chemical control of broomrape by using higher rates of herbicides. An alternative
strategy is using transgenic techniques, although engineered legume crops harboring
herbicide-resistance transgenes are not yet available for broomrape management [166–168].

5.4. Potential Applications of Biotechnology in Broomrape Resistance Breeding

The basis of any genetic improvement program is genetic diversity on which to act
using various tools until obtaining resistant varieties that are also agronomically attrac-
tive and of good quality [5,89,99]. If the needed genetic diversity is not available, it can
be generated by classical or directed mutagenesis [150–152] or by new biotechnological
tools [100,166,167]. But it may be sufficient to explore and exploit the existing natural
variability within the crop or related species. Thus, there are a large number of insuf-
ficiently characterized collections where we could find the desired characters [145]. A
battery of field, pot and minirhizotron screening protocols have been proposed to promote
the identification of sources of resistance in most species as described above. An often
neglected limitation is the availability of fast but sufficiently reliable screening techniques
that allow us to find what we need [87]. Hyperspectral imaging is being adjusted for early
detection of broomrape infection to help with precise herbicide application in terms of
time and space [169], with continuous attempts also to automate image phenotyping in
seedling responses in rhizotrons [170], which is still too laborious and time-consuming.
As a result, sources of resistance to broomrape are limited and poorly characterized. In
spite of these constraints, pea and faba bean breeding has successfully led to the release
of resistant cultivars [139–142]. Adoption of modern technologies rapidly developing in
legumes will facilitate breeding. Despite the fact that modern genetics was born with
Mendel’s genetic studies of the pea and, similarly, the bean played an important role in
the onset of cytogenetics, progress in the knowledge of these crops proceeded much more
slowly later than in other crops, like cereals. Fortunately, in recent years, we have been
experiencing spectacular advances in genomic and phenomic techniques in legumes [171],
opening enormous opportunities for their application in breeding. Thus, in only a few
years, annotated genomes of peas, faba beans, lentils, and most of the legumes have become
available. Even in those species not yet sequenced, the reduction in genotyping costs is
facilitating molecular analysis [172–174]. Although similar progress in genome sequenc-
ing has not been achieved for broomrape species, spectacular progress is being made in
sequence information on other parasitic weeds [175,176] that will help in understanding
parasite virulence and host resistance mechanisms. The integration of information obtained
from QTL analysis with gene and protein expression analysis in response to broomrape
infection [177,178] can shortcut conventional breeding or marker-assisted selection to iden-
tify candidate genes that could be used for selective gene silencing (RNAs, siRNA) [179] or
DNA base editing (CRISPR/Cas9) to deliver broomrape resistance [180–182]. Although
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legumes are considered recalcitrant to stable genetic transformation protocols, progress is
being achieved [183,184]; therefore, transient transformation or TILLING may be used for
the functional characterization of candidate genes.

6. Conclusions

A number of strategies have been proposed for crenate broomrape management, but
considering that temperate legumes in the area are low-input crops, they have been found
to be largely uneconomical or hard to achieve, leaving the use of resistant cultivars as
the most desirable option. Breeding for broomrape resistance is not easy, but significant
progress has been achieved by classical breeding and selection and will benefit in the short
term from recent developments in phenomics and genomics.
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Abstract: Sustainable and adjusted soil management practices are crucial for soil quality, namely in
terms of the nutrient budget. On the other hand, soil characteristics are interlinked with agricultural
sustainability and food supply. In other words, soil quality influences agricultural performance and
food chains, but it is also impacted by agricultural activities. In this context, this research aims to
evaluate the spatial correlations of the soil nutrient balance around the world and analyse how this
variable is interrelated with agricultural soil emissions, agricultural output, and food supply. To
achieve these goals, data from the FAOSTAT database were considered. This statistical information
was analysed with spatial autocorrelation approaches to identify spatial clusters around the world
that can be considered as a basis for designing common policies. To perform panel data regressions
to identify marginal effects between variables, data were first evaluated using correlation matrices
and factor analysis. The results highlight that there is space for common strategies worldwide to
preserve soil quality, as in some parts of the world the problems are similar. In these frameworks, the
international organizations may have a determinant contribution.

Keywords: spatial autocorrelation; matrices of correlation; factor analysis; panel data regressions

1. Introduction

Information about land characteristics is an important factor in integrated soil man-
agement and here, beyond the scientific contributions [1], knowledge of local populations
about the soil properties provides relevant contributions [2]. Adjusted management plans
may make local needs compatible with soil quality conservation [3], where agricultural
practices determine the results obtained [4] in terms of sustainability, along with the farm-
ing systems adopted [5] and the crops species [6]. Sustainable practices differ for each
agricultural activity and also between countries and regions [7].

Different tillage, fertilisation techniques and rotation approaches are agronomic prac-
tices that may make a difference in the quality of the soil [8], in rice-wheat systems for
example. Soil conservation techniques are often interrelated with water management
approaches [9], because the dynamics of these two resources (soil and water) are mutually
dependent [10]. Soil quality also impacts the characteristics of the crops obtained [11] and
the health of animal activities [12].

To promote sustainable and best management practices in the agricultural sector, with
benefits for the environment and soil quality, farmers need to be supported with technical
knowledge, and in these conditions, extension services are crucial [13], as well as training
programs to increase the technical skills of stakeholders related with the farming activities.
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The agricultural institutions (national and international), organizations (cooperatives and
associations, for example) and policies (Common Agricultural Policy in European Union,
for instance) are crucial in order to achieve sustainable development goals [14].

The new challenges created by the world population growth and the needs of deal-
ing with the climate change contexts call for alternative ways of better managing the
available resources [15], specifically in contexts of agricultural intensification [16] and soil
erosion [17]. In these frameworks, the agricultural activities are sources and sinks of green-
house gases, where the soil carbon sequestration is fundamental for the sustainability [18].
The soil degradation and erosion are threats that particularly concern the several society
stakeholders [19].

Considering these issues of the soil management and its interrelationships with the
several dimensions of the agricultural sector, this study intends to analyse the soil nutrient
balance worldwide through spatial assessments to identify clusters between the countries.
These analyses will be a basis for the design of joint policies and combining efforts for
together solve common problems related with the soil quality. In addition, this research
aims to assess the main interlinkages between the soil nutrient budget and the soil emissions
and the food supply.

2. Literature Survey

Agricultural soils are impacted by the agronomic practices adopted by the farmers,
where the tillage, for example, has its influence in the physical properties [20] and qual-
ity [21]. Hence, this must be considered by several stakeholders, particularly farmers and
policymakers. Conventional tillage may reduce the soil organic matter and increase the
carbon dioxide (CO2) emissions [22] by soil respiration. Minimum tillage is suggested to
achieve the compromise among the agricultural productions loss and the soil preserva-
tion [23]. Specifically, soil erosion is comparable to the water erosion [24]. Soil and water
dynamics are correlated [25], wherein the formation of the organic matter is a complex
process dependent from diverse drivers [26], such as soil temperature and humidity and
carbon/nitrogen ratio of the manures.

Other farming practices have their impacts on the soil characteristics and composition,
such as compost or manure application (with benefits for the agricultural activities, but
with changes in the microbial community) [27], organic/conventional productions [28],
organic/inorganic fertilisers [29], pasture in rotation [30], agrochemicals (affects the bac-
terial diversity [31], for instance) [32], plastic mulching [33], land use changes [34], straw
return [35], soil fumigation [36], harvest practices [37], forest-agriculture conversion [38],
conventional practices [39], field fallow [40], polymers use [41] and cover crops [42].

The soil quality is influenced by several factors, some of them from extreme phenom-
ena [43] and the climate changes [44], nonetheless the various dimensions associated with
the farming contexts explain a part of the sources of problems that bring degradation of the
land, specifically those associated with salinity [45].

Soil is a key factor of production for the agricultural sector [46] and food supply [47],
however, it is under pressures by the economic activities [48]. A permanent assessment
of the soil quality (mainly the soil physical properties [49]) through new techniques [50],
approaches [51] and technologies [52] is crucial for an adjusted soil management [53].
Namely, to maintain the levels of carbon and nitrogen through conservation practices [54]
and preserve the human health [55] from toxic contaminants [56], including phthalate
esters [57], heavy metals (with impacts on food safety [58]) [59] and copper balance [60].
For these evaluations, the availability of information [61] worldwide [62] is fundamental.
The assessment of soil quality is also important to support strategy proposals [63] and
characteristics prediction [64] under the global warming challenges [65].
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The agricultural soil management is responsible for greenhouse gas emission [66], with
several environmental impacts originating in the following gases: nitrous oxide (N2O) [67]
by nitrification and denitrification processes, methane (CH4) by anaerobic conditions and
CO2 by aerobic or anaerobic environment. These greenhouse gas emissions are particularly
influenced by soil type, climate, water management and composition of organic matter [68].
Hence, the agricultural soil management is interrelated with the agricultural practices and
environmental impacts [69]. Thus, the interlinkages have impacts, for example, on the
ecosystems services [70], soil biodiversity [71] and humus composition [72]. For example,
the use of biochar into the soil may be an interesting alternative to reduce the environmental
impacts and mitigate the climate change consequences [73]. Additionally, adjusted soil
management may prevent soilborne diseases [74] and increase the soil organic carbon [75].

For a sustainable agricultural soil management, the agricultural policies and institu-
tions are called to play relevant roles [76] to promote soil conservation practices [77]. This
issue is particularly important in the European Union contexts, under the framework of
the Common Agricultural Policy (CAP) [14], and to deal with problematic cases created
by the post-Second World War contexts [78]. The public policies are specifically important
in the cases where the negative impacts are self-reinforced or have dynamics of rebound
effects [79].

3. Materials and Methods

To achieve the objectives proposed and considering the several relationships associated
with the soil properties highlighted in the literature review, statistical information for
the following variables was obtained from the FAOSTAT [80] database: agricultural soil
emissions (CO2eq, namely N2O emissions.) in kilotonnes per ha of cropland; average
value of food production (constant 2004–2006 I$ (international dollar, an international
dollar would buy in a country a comparable amount of products a U.S. dollar would buy
in the United States [81])/cap, 3-year average); gross agricultural production value per
ha (constant 2014–2016, 1000 I$ per ha of cropland); and cropland nutrient flow per unit
area (kg per ha). These variables were selected to represent the characteristics of the soil
and their different interlinkages, namely those related with the environment, agricultural
production, and food supply. Considering the availability of data for the various variables,
it was considered the period 2001–2017. To associate the average valued of food production
with the other indicators, the middle year for each group of three years was considered.

These indicators were first analysed through spatial autocorrelation, to identify spatial
clusters worldwide, where it may be possible to design common strategies to deal with
an integrated agricultural soil management. For the spatial assessments, global and local
autocorrelation approaches were considered following GeoDa procedures [82,83]. For
the global spatial autocorrelation, the Moran’s I statistics were used [84]. The Moran’s
I statistics range between −1 and 0, for negative spatial autocorrelation (the values of a
variable are negatively correlated with the values of the same variable in the neighbour
countries), and 0 and 1, for positive autocorrelation. For the local spatial autocorrelation,
cluster maps were considered. In these maps, the clusters high-high and low-low highlight
positive local spatial autocorrelation for higher and lower values, respectively. The clusters
high-low and low-high represent negative spatial autocorrelation. For this spatial analysis,
shapefiles from the Eurostat [85] for the world countries were used that were explored
through the QGIS software [86].

After this first assessment, the variables were considered to obtain indices for the inte-
grated agricultural soil management through factor analysis [87–91] and to find marginal
effects based on panel data regressions [91–93]. To identify the best models for the panel
data regressions, the Spearman correlations [94] and the Granger cause statistics [95] were
carried out.
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4. Spatial Autocorrelation Analysis

The spatial autocorrelation analysis reported in this section was assessed using queen
contiguity matrix, for an order of contiguity of 1. Figures 1–4 show the level of global
and local spatial autocorrelation and the distribution of values of the several variables
considered worldwide.

Figure 1. Global and local spatial autocorrelation and worldwide distribution for the agricultural soil
emissions (CO2eq) per ha of cropland, on average over the period 2001–2017 (kilotonnes per ha of
cropland); (a) Global spatial autocorrelation, (b) Local spatial autocorrelation; (c) Worldwide distribution.

The global and local spatial autocorrelation was weak for the agricultural soil emis-
sions (CO2eq) per ha of cropland, and this was a consequence of values relatively low
(exception for the case of New Zealand, for example) verified for this variable across the
world countries (Figure 1).
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Figure 2. Global and local spatial autocorrelation and worldwide distribution for the average value of
food production (constant 2004–2006 I$/cap) (3-year average), on average over the period 2001–2017 (I$
per person); (a) Global spatial autocorrelation, (b) Local spatial autocorrelation; (c) Worldwide distribution.

As can be observed in Figure 2, the scenario was different for the average value of
food production, where there are signs of relevant positive global spatial autocorrelation
and high-high local spatial autocorrelation in North and South America, Russia, and some
European countries. Hence, this means that the strategies developed by the countries inside
of each cluster high-high spread among neighbour countries, lead to good findings for
future policies.

The gross agricultural production value per ha of cropland was, in general, low
worldwide (exception for New Zealand and some European countries, for example), and
this explains, at least in part, the reduced level of spatial autocorrelation for this variable
(Figure 3). The cropland nutrient flow per unit area had significant signs of positive
high-high local spatial autocorrelation in the European countries (Figure 4).
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Figure 3. Global and local spatial autocorrelation and worldwide distribution for the gross agri-
cultural production value (constant 2014–2016 thousand I$) per ha of cropland, on average over
the period 2001–2017 (thousand I$ per ha of crop land); (a) Global spatial autocorrelation, (b) Local
spatial autocorrelation; (c) Worldwide distribution.

Figure 4. Cont.
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Figure 4. Global and local spatial autocorrelation and worldwide distribution for the cropland
nutrient flow per unit area, on average over the period 2001–2017 (kg per ha); (a) Global spatial
autocorrelation, (b) Local spatial autocorrelation; (c) Worldwide distribution.

5. Identifying Indices for an Integrated Agricultural Soil Management

To facilitate the readability of the results presented here, and improve the robustness
of the findings, it was obtained a balanced panel data (in which the countries and years
with missing values were removed, remaining 183 countries with data for the full period of
2001–2017) and the agricultural soil emissions were converted from kilotonnes per ha into
kg per ha and the gross agricultural production from 1000 I$ per ha into I$ per ha.

Table 1 highlights that the stronger correlations are between the agricultural soil
emissions per ha, the gross agricultural production per ha and the cropland nutrient flow
per ha. There was also strong correlation among the cropland nutrient flow per ha and the
gross agricultural production per ha.

Table 1. Spearman’s rank correlation matrix for several variables over the period 2001–2017 and
across world countries.

Agricultural Soil
Emissions
(kg per ha)

Average Food
Production

(I$ per Person)

Gross Agricultural
Production
(I$ per ha)

Cropland Nutrient
Flow

(kg per ha)

Agricultural soil emissions
(kg per ha) 1.000

Average food production
(I$ per person) 0.0920 * 1.000

(0.000)
Gross agricultural production
(I$ per ha) 0.5996 * 0.2278 * 1.000

(0.000) (0.000)
Cropland nutrient flow
(kg per ha) 0.6691 * 0.2099 * 0.6560 * 1.000

(0.000) (0.000) (0.000)

Note: *, statistically significant at 1%.

As can be observed in Table 2, it was intended to obtain an integrated agricultural
soil management index, through factor analysis, with the most correlated variables. The
agricultural soil emissions per ha were not considered in the factor analysis, because
it was expected to contribute for the soil sustainability in a different way of the gross
agricultural production and the cropland nutrient flow. Hence, the consideration of these
three variables (agricultural soil emissions, gross agricultural production and cropland
nutrient flow) in the index hampers the interpretation of its results. Thus, the selection of

65



Soil Syst. 2022, 6, 32

the variables reported in this study considered the objectives proposed (analyse how soil
nutrient balance is interrelated with agricultural soil emissions, agricultural output and
food supply), nonetheless in future studies could be interesting to benchmark these results
with those obtained considering other variables.

Table 2. Factor analysis to obtain an integrated agricultural soil management index over the period
2001–2017 and across world countries.

Method: Principal-Component Factors; Rotation: Orthogonal Varimax (Kaiser Off)

Factor Variance Difference Proportion Cumulative
Factor1 1.668 0.834 0.834

Rotated Factor Loadings and Unique Variances

Variable Factor1 Uniqueness
Gross agricultural production (I$ per ha) 0.913 0.166
Cropland nutrient flow (kg per ha) 0.913 0.166

Table 3 shows the top 10 countries for the integrated agricultural soil management
index and highlights that the countries with higher gross agricultural production per ha,
cropland nutrient flow per ha and consequent greater agricultural soil emissions per ha are
not the same with better food supply per person.

Table 3. Top 10 countries for the integrated agricultural soil management index, on average over the
period 2001–2017.

Countries
Agricultural Soil

Emissions
(kg per ha)

Average Food
Production

(I$ per Person)

Gross
Agricultural
Production
(I$ per ha)

Cropland
Nutrient Flow

(kg per ha)
Index

Belgium 2812 473 10,261 287 3
Malta 2310 175 10,834 260 3
Switzerland 2868 304 9018 251 2
China, Taiwan Province of 1940 209 8754 224 2
Luxembourg 2503 341 4000 298 2
Egypt 3635 228 8658 220 2
United Arab Emirates 4962 100 8615 191 2
Trinidad and Tobago 2945 102 4055 257 2
Republic of Korea 1966 190 8351 173 2
Israel 1897 347 9966 114 1

Note: The country with the highest index is Djibouti, nonetheless because difficulties in validating the data it was
not considered in this table.

6. Panel Data Regressions

The Granger causality tests highlight that the cropland nutrient flow per ha impacts
the agricultural soil emissions per ha of cropland and the gross agricultural production per
ha of cropland. Based on these findings, on the assessments carried out before and on the
literature review, the results presented in Tables 4 and 5 were obtained.
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Table 4. Panel data regression with the agricultural soil emissions per ha as dependent variable over
the period 2001–2017 and across world countries.

Model
Prais-Winsten Regression, Correlated Panels

Corrected Standard Errors (PCSEs)

Constant
−34.717
(−0.100)
[0.917]

Cropland nutrient flow (kg per ha)
41.279 *
(5.910)
[0.000]

Pesaran’s test of cross sectional independence
3.009 *
[0.002]

Modified Wald test for
groupwise heteroskedasticity

6.2 × 1010 *
[0.000]

Wooldridge test for autocorrelation
1137.221 *

[0.000]
Note: *, statistically significant at 1%.

Table 5. Panel data regression with the gross agricultural production per ha as dependent variable
over the period 2001–2017 and across world countries.

Model
Prais-Winsten Regression, Correlated Panels

Corrected Standard Errors (PCSEs)

Constant
1358.298 *

(7.970)
[0.000]

Cropland nutrient flow (kg per ha)
25.094 *
(7.610)
[0.000]

Pesaran’s test of cross sectional independence
54.380 *
[0.000]

Modified Wald test for groupwise
heteroskedasticity

1.2 × 108 *
[0.000]

Wooldridge test for autocorrelation
528.496 *
[0.000]

Note: *, statistically significant at 1%.

The results obtained in this study revealed the following statistical problems: cross
sectional dependence, heteroscedasticity, and autocorrelation of the data sample. To deal
with these frameworks, the Prais–Winsten regression, correlated panels corrected standard
errors (PCSEs), following Stata [91] and Torres-Reyna [93] procedures were considered.

These findings reveal that when the cropland nutrient flow increases 1 kg/ha the
agricultural soil emissions worldwide increase 41.279 kg/ha and the gross agricultural
production increases 25.094 I$ per ha.

These results highlight serious problems of sustainability in the agricultural soil
management worldwide because the cropland nutrient flow and the agricultural production
are associated with more agricultural soil emissions, but this context is disconnected from
the food supply per person.
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7. Discussion

This study aimed to analyse the framework of the soil nutrient balances across the
world countries and assess their interrelationships with the agricultural soil emissions
and the food supply. For that, geographic information system (GIS) approaches were
considered, namely, to identify evidence of spatial autocorrelations between the countries
for the variables considered. Factor analysis to find indices and panel data regressions to
obtain relationships among the variables were also carried out.

The literature review highlighted the impacts on the agricultural soils from the agro-
nomic practices, where the tillage, fertilisation, rotations, and land use changes, for example,
have their implications. However, the agricultural soils are also responsible by environ-
mental impacts through the greenhouse gas emissions. Sometimes, these interrelationships
create contexts with self-reinforced effects, where the agricultural policies and institutions
play a determinant role to reduce the negative externalities.

The spatial autocorrelation analysis shows that the global and local spatial correlations
are weak for the agricultural soil emissions, in consequence of relatively values worldwide.
For the average value of food production, there are signs positive global and local spatial
autocorrelation. These evidences are interesting findings for the several stakeholders,
namely for the policymakers, because this means that interventions in countries positively
correlated may spread for the neighbours. There are also evidences of positive spatial
autocorrelation in some European countries for the cropland nutrient flow per unit area.

A correlation matrix and factor analysis reveal that there are strong correlations
between the agricultural soil emissions per ha, gross agricultural production per ha and
the cropland nutrient flow per ha. The agricultural soil management was interrelated
with agricultural practices and has environmental impacts [66,67,69]. This means that
in countries with higher, per unit of area, gross agricultural production, for example,
it was expected to find greater agricultural soil emissions and cropland nutrient flow.
The regressions with panel data show that there are relevant signs that is the cropland
nutrient flow per ha that impacts the agricultural soil emissions per ha and the gross
agricultural production per ha. The governments and international organizations may have
here important contributions to design policies that encourage adjusted soil management
practices that maintain the soil nutrients balances and the agricultural production without
compromise the sustainability.

8. Conclusions

There is a great heterogeneity between the countries across the world; however, the
clusters found from the spatial autocorrelation analysis, for the food supply and soil
nutrient balances, may be relevant findings to support common strategies that promote
more sustainable practices. This is particularly important when there are relevant signs that
the soil nutrient balances impact the farming production and the agricultural soil emissions.
In fact, when the cropland nutrient flow increases 1 kg/ha, the agricultural soil emissions
rise 41.279 kg/ha and the gross agricultural production rises 25.094 I$ per ha.

In terms of practical implications, the results obtained in this research highlight that
the agricultural soil management is determinant to promote a soil nutrient balance able to
maintain or increase the agricultural production to achieve the world demand for food and
mitigate the agricultural soil emissions. In these contexts, it is suggested, in terms of policy
recommendation, that the public, private, national, and international institutions design
policies that mitigate the environmental impacts from the cropland nutrient flow.

For future research, the weak correlation between the food supply per capita, the
agricultural production per ha and the soil nutrient flow per ha deserve special attention.
In fact, despite the environmental impacts found for the agricultural production, this is not
compensated by good indicators for food supply per capita.
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Abstract: Currently, a total of about 15,000 tons/day of waste is generated in the entire Dhaka city
with an average per capita waste generation of 0.641 kg/day. Only 37% of this waste is collected and
dumped into the two sanitary landfill sites, which is the only waste management system in Dhaka. To
investigate the impact of landfill leachate of Amin Bazar landfill on the environmental compartments,
a total of 14 composite samples (two leachates, three surface water, three groundwater, three soil, and
three plants) were collected and analyzed for physicochemical parameters and heavy metal(loid)s
concentration. Based on the result of physicochemical parameters, all results were found higher in the
leachate samples than the permissible limit. The heavy metal(loid)s in leachate samples have a value
of high levels of contamination. Surface water, groundwater, soil, and vegetation are all polluted
as a result of high levels of metal contamination. Although the Water Quality Index values of the
samples based on heavy metal(loid)s concentrations were within the acceptable range, heavy metal
concentrations in the soil and plants were quite high. The concentrations of lead (Pb—8 mg/kg),
cadmium (Cd—0.4 mg/kg), chromium (Cr—2.26 mg/kg), and cobalt (Co—1.72 mg/kg) in all plant
samples were found to be higher than the allowable limit. The individual concentration of arsenic
(As—0.021 mg/L) in the leachate was higher than the maximum allowed limit. Inverse Distance
Weighted analysis through ArcGIS showed that landfill leachate has the maximum probability of
contaminating the surrounding environment with heavy metal(loid)s. Results showed that samples
collected near the landfill have higher concentrations of heavy metal(loid)s than others, which estab-
lishes the contribution of landfill leachate in contaminating the environment with heavy metal(loid)s.
The improper leachate management of landfill has a high impact on the environment.

Keywords: landfill leachate; heavy metal pollution; surface water; groundwater; soil; plants

1. Introduction

Landfill leachate is the liquid residuals of a landfill resulting from a combination of
the physical, chemical, and biological processes that transfer pollutants from the waste
materials [1]. Landfill leachate pollution creates alarming stress for developing countries
due to rapid and improper urbanization and industrialization.

The capital of Bangladesh, Dhaka, is one of the most populous cities in the world with
a total of about 15,000 tons per day of waste generation, and it is increasing rapidly [2,3].
The average per capita waste generation of Dhaka North City Corporation (DNCC) is
0.641 Kg/day [4]. Only 37% of this total waste is collected and dumped into the Amin
Bazar and Matuail sanitary landfill sites, which is the only solid waste management system
currently running in Dhaka [5]. The waste management system of Dhaka city had been
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working on its improvement with the technical aid of the Japan International Cooperation
Agency since 2000 [6]. Leachate collection and gas venting systems, improved surface
drainage, daily covering of waste disposal facilities, slope reformation, working roadways,
weighbridge operation, and car washing facilities are all included in the Matuail and Amin
Bazar sanitary landfill project [7]. Waste dumped in this process undergoes slow anaerobic
decomposition for 30 to 50 years, which produces a considerable amount of leachate along
with heavy metals and the hazardous chemical compounds, which can seep from the
landfill and contaminate the nearby water body along with the groundwater through
percolation, soil, and plants through bioaccumulation [8].

Landfill leachate is an unavoidable substance, and the management of leachate is one
of the major difficulties [9]. Leachate has a negative impact on groundwater, surface water,
soil, and plants [10,11]. Landfill leachate alters the physicochemical parameters and heavy
metal concentration in surface water, groundwater, soil, and plants [8,12]. Therefore, faulty
management of landfill leachate could have an adverse effect on the environment as well as
human health. Water samples with lower depth (30 ft) and distance (1 km) from the landfill
had greater concentrations of chemical oxygen demand (COD), chloride (Cl-), sodium
(Na), and potassium (K) which were (128 mg/L), (115 mg/L), (98 mg/L), and (42.2 mg/L),
respectively, in the Chandigarh, Mohali, and Panchkula landfill sites in India [10]. Leachate
from the Matuail landfill site has a high concentration of total dissolved solids (734 mg/L),
COD (1631 mg/L), ammonium (1253 mg/L), hydrogen carbonate (27,962 mg/L), and some
heavy metals such as Ni (1.05 mg/L) and Cr (0.74 mg/L), and it has a significant potential
for polluting groundwater and surface water [8]. Haque et al. [5] conducted a study on
the Aminbazar landfill area on seasonal effects on heavy metal concentration in leachate
and converted soil, which is our study area. Kamal et al. [2] conducted a study in the same
area on the bioaccumulation of trace metals in plants. Both of these studies found high
concentrations of heavy metals in soil and plants which are considered to be polluted.

Altering the natural quality of soil, surface water, and groundwater has a major impact
on the environment as well as on human health [9,13,14]. Therefore, leachate pollution is
an alarming concern for the environment and has become one of the major concerns for
the current age. Leachate is an unavoidable substance of a landfill, but its impact on the
environment can be avoided. The assessment of possible risks from the landfill leachate is
crucial for sustainable environmental management [15]. The study on all four components
of the environment (surface water, groundwater, soil, and plants) is essential to understand
the impact of landfill leachate on the environment. Thus, this study aims to investigate
the environmental impact occurring from the landfill leachate by analyzing some physical
and chemical parameters such as electrical conductivity (EC), total dissolved solids (TDS),
dissolved oxygen (DO), pH, turbidity, salinity, temperature, total hardness, lead (Pb), nickel
(Ni), chromium (Cr), cadmium (Cd), cobalt (Co), and arsenic (As) in leachate, surface water
(SW), groundwater (GW), surrounding soil, and plants. To determine the contribution
of landfill leachate in heavy metal(loid)s concentration in soil, water, and plants, Inverse
Distance Weighted (IDW) analysis in GIS was performed.

2. Materials and Methods

2.1. Study Area

Our study area, the sanitary landfill at Amin Bazar, is located at Savar Upazilla in
Dhaka, Bangladesh, near the low-lying floodplain of the Karnatali River. The landfill
lies between the latitude 23◦48′0.86′′ and 23◦47′44.33′′ N, and longitude 90◦17′51.03′′ and
90◦18′12.03′′ E. Since 2007, the location has been used as a dumpsite, with the first phase of
its operation being an open dumpsite (Figure 1). Currently, this facility is a semi-aerobic
sanitary landfill site with a total size of roughly 20.23 hectares that operates with the fast
breakdown of wastes. Between June and October of the year, the region is submerged
during every rainstorm [16].

74



Soil Syst. 2022, 6, 90

Figure 1. Satellite map of the study area.

2.2. Sample Collection

To collect the samples, the study area was selected within a 1 km of radius from
the center of the landfill. A total of 42 samples were collected from the landfill site of
Amin Bazar and the surrounding area within a radius of 1 Km following Ahsan et al. [17]
and Siddique et al. [18]. A total of 5 types of samples were collected from the study area
which includes 2 leachate samples, 3 surface water samples, 3 groundwater samples, 3 soil
samples, and 3 plant samples. The details of the collected plant samples are given in Table 1.

For each type of sample, triplicate samples (n = 3) were collected to obtain a total
of 42 samples (14 × 3 = 42). However, the collected triplicate samples from each type of
sample of the study area were mixed together and homogenized well to obtain a total
of 14 composite samples (42/3 = 14) from the study area. The samples were collected
randomly from different locations within the study region, which can be addressed as
cluster area sampling (Figure 2).

2.3. Sample Preparation

For the preparation of leachate, surface water, and groundwater samples, 50 mL of
each liquid sample was taken into a 250 mL beaker, and 2–3 mL of concentrated nitric
acid (HNO3, 65%) was added into it [17,18]. The mixture was then heated at 90 ◦C in a
hot plate until the volume of the solution reach around 3 to 5 mL after evaporation. After
that, the solution was cooled and filtered into a volumetric flask with Whatman 42 filter
paper rinsing the sample beaker with deionized water to make the final solution volume
of 50 mL. The collected soil and plant samples were dried at 60 ◦C in an oven for 24 h.
After that, samples were grounded to powder using a hand grinder and stored in a zip-lock
plastic bag. The digestion of the soil sample was performed following Siddique et al. [18]
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and Hasan et al. [19]. About 5 gm of powdered sample was taken into a 250 mL beaker
and 10 mL of conc. HNO3 and 5 mL of conc. HClO4 was added to it. The mixture was then
heated in a hot plate at 90 ◦C for 3–4 h. The solution becomes almost transparent, and then,
it was cooled and filtered into a 50 mL volumetric flask as mentioned above. The plant
samples were prepared following Nasrin et al. [20]. In summary, a muffle furnace was
used to gradually heat 5 g of powdered plant sample to 600 ◦C, and that temperature was
maintained for 6 h. Then, the ash sample was treated with concentrated HNO3 and HClO4
(ratio: 2:1) and boiled on a hot plate at approximately 150 ◦C to produce a colorless clear
solution after cooling. In a volumetric flask, the solution was prepared to a final volume of
50 mL using deionized water. Until analysis in the lab, the entire prepared sample solution
was stored in plastic bottles at 4 ◦C.

Table 1. Details of collected samples.

Sample Sample Type
Location

Details of Sample
Latitude Longitude

01 Untreated leachate 23◦47′51.842′′ 90◦17′52.571′′ Collected from the leachate pond.

02 Treated leachate 23◦47′51.842′′ 90◦17′52.576′′ Collected from the leachate pond.

03-01 Surface water 23◦47′39.361′′ 90◦17′47.176′′ Collected from the open lake exposed to
the landfill at a depth of 50 cm.

03-02 Surface water 23◦47′34.842′′ 90◦18′01.633′′ Collected from a pond at a depth of 50 cm.

03-03 Surface water 23◦47′33.541′′ 90◦18′13.691′′ Collected from a pond at a depth of 50 cm.

04-01 Groundwater 23◦47′39.947′′ 90◦17′44.797′′ At a depth of 70 ft (21.3 m).

04-02 Groundwater 23◦47′33.844′′ 90◦18′07.443′′ At a depth of 280 ft (85.3 m).

04-03 Groundwater 23◦47′42.151′′ 90◦18′15.884′′ At a depth of 400 ft (121.9 m).

05-01 Soil 23◦47′39.947′′ 90◦17′44.797′′ Collected from 10 cm beneath the surface.

05-02 Soil 23◦47′33.547′′ 90◦18′13.691′′ Collected from 10 cm beneath the surface.

05-03 Soil 23◦47′42.153′′ 90◦18′15.882′′ Collected from 10 cm beneath the surface.

06-01 Plant 23◦47′39.947′′ 90◦17′44.797′′

1. Artocarpus heterophyllus (Jackfruit),
collected raw leaves from the plant.

2. Carica papaya (Papaya plant),
collected raw leaves from the plant.

3. Musa acuminate (Banana plant),
collected raw leaves from the plant.

06-02 Plant 23◦47′34.845′′ 90◦18′01.631′′

1. Ipomoea aquatica (Water spinach)
collected raw leaves from the plants.

2. Ocimum tenuiflorum (Tulsi) collected
raw leaves from the plants.

06-03 Plant 23◦47′33.545′′ 90◦18′13.694′′
1. Ocimum tenuiflorum (Tulsi) collected

raw leaves from the plants.
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Figure 2. Sampling locations of the study area.

2.4. Sample Analysis

All samples were analyzed following the methods described by American Public
Health Association [21] along with the in-house laboratory methods. Physiochemical pa-
rameters of water samples such as temperature, electrical conductivity (EC), total dissolved
solids (TDS), pH, salinity, and dissolved oxygen (DO) were measured in the field using
a multi-parameter meter (Hanna HI-9829). Total hardness (TH) was measured by the
conventional titration method. The concentrations of several trace metal(loid)s such as
Co, Cd, Ni, Pb, As, and Cr was measured using an Atomic Absorption Spectrophotometer
(AAS) (Model: AA240FS, Varian, Agilent, Victoria, Australia; Software: SpectrAA version
5.1). The details of the analytical procedure and quality control to produce reliable data
in AAS are reported earlier [17–19]. In brief, the concentration of trace metal(loid)s was
measured against a prepared calibration curve using certified reference materials (CRM,
Fluka Analytical, Sigma-Aldrich, Darmstadt, Germany) for individual elements. The ac-
curacy and precision of the analysis were checked through triplicate analysis of the CRM
and samples. To ensure further analytical quality, the CRM, method blank, and sample
blank were analyzed sequentially. The detection limit for the analyzed trace metal(loid)s
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viz., Co, Cd, Ni, Pb, As, and Cr were 2.13, 0.29, 2.17, 1.20, 0.16, and 0.41 ppb, respectively.
The spike recovery in the analysis was within 94–104%. All samples, standards, and blanks
were measured three times, and mean results were taken into consideration.

2.5. Statistical Analysis and Spatial Distribution of Metal(loid)s

The results of metal(loid)s concentrations were analyzed statistically for principal
component and Pearson’s correlation analysis using SPSS software (version 25) to identify
the source of pollutants through their associations. Inverse Distance Weighted (IDW)
through ArcGIS has been performed to identify the spatial distribution of the elemental
concentration [22]. IDW is an interpolation tool of ArcGIS which is used for a better
understanding of the surface grid and predicting the values of cells at locations that lack
sampled points. ArcMap 10.3 has been used to analyze the spatial distribution.

2.6. Indices for Water Quality, Pollution, and Feasibility Assessment

There are several indices that are widely used in different water research (surface water,
groundwater, drinking water) to assess the water quality, water suitability, and pollution
degree to various extents [23–27]. In this work, the water quality index (WQI) [28], degree
of contamination (CD) [29], heavy metals evaluation index (HEI) [30], and heavy metal
pollution index (HPI) [31,32] were used to evaluate the water quality and the level of water
pollution in the study area. The indices were calculated using the following equations.

WQI = ∑[

(
W

∑ Wi

)
×

(
Ci
Si

× 100
)
] (1)

CD = ∑n
i=1 Cn (2)

HEI = ∑n
i=1

Mi
Si

(3)

HPI = ∑ WiQi
∑ Wi

(4)

Here, assigned weights were according to their relative significance (W), relative
weight (Wi), the concentration of each variable (Ci), standard values (Si), contamination
factor (Cn), measured value (Mi), and Sub-index (Qi). The required parameters for the
calculation methods of various indices are given in Table 2.

Table 2. Several standard values used to calculate different indices of water.

MAC
(μg/L)

CNi
(μg/L)

Ii
(μg/L)

Si
(μg/L)

Wi
(μg/L)

References

Pb 10 1.5 10 50 0.02 [33,34]
Cd 3 3 3 5 0.20 [34,35]
Cr 50 50 50 100 0.01 [34,36]
Co 1000 1000 50 100 0.01 [34,36]
Ni 70 20 20 70 0.01 [33,37,38]
As 10 10 10 50 0.02 [33,35]

Note. Maximum admissible concentration (MAC), Upper permissible concentration (CNi), Ideal concentration
value for the ith parameter (Ii), Standard concentration value for the ith parameter (Si), and Unit weight (Wi).

3. Results and Discussion

3.1. Physicochemical Characterization of Leachate and Water Samples

The results of the physicochemical parameters of leachate, surface water, and groundwater
samples of the study area are summarized in Table 3. The pH values of all samples are found
within the standard limit. The mean pH value found in the leachate sample was 7.85, which
refers to a mature landfill leachate based on the study of Tchobanoglous et al. (1993) [39]. The
study showed that the pH value for new landfills normally varies from 4.5 to 7.5, and for
mature landfills, it varies from 6.6 to 7.5. It is important to note that landfill leachate may
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raise the pH of drinking water and may help in producing trihalomethane (THM), which is
a chemical that is hazardous to humans [40]. The DO level in leachate samples is found to
be very low, suggesting a significant link with EC, which also shown to be at high levels in
landfill leachates, reflecting a high presence of inorganic components [13]. However, in the
water samples, the level of DO is found within the standard limit. The mean turbidity of
groundwater samples was found far lower than the leachate and surface water, which is
plausible. The salinity of the leachate sample was extremely higher than the surface water
and groundwater. This highly saline leachate can contribute to increasing the salinity of
surface water and groundwater. This is corroborated by the discharge of domestic waste in
landfill. The mean TDS and EC values of the leachate samples are found to be much higher
than the water samples for which the values are within the standard limit. Extremely
high conductivity values are caused by an abundance of cations and anions. The intensity
and overall pollutant load of the leachate are further reflected in the total mineral content.
The leachate contains salt because it contains potassium, sodium, chloride, nitrate, sulfate,
ammonia, and other chemicals [13]. The mean temperature of leachate, surface water, and
groundwater was 33.12, 28.87, and 28.8 ◦C, which was higher than the recommended value
of EU. The mean values of the total hardness of leachate are also found to be much higher
than the surface and groundwater. The total hardness of all the samples was found to be
more than the permissible limit recommended by the ECR and WHO [35,38].

Table 3. Physicochemical parameters of leachate and water samples.

Sample
ID

Sample
Type

pH
DO

(mg/L)
Turbidity

(FNU)
Salinity
(mg/L)

TDS
(mg/L)

EC
(μS/cm)

Temperature
(◦C)

TH
(mg/L)

01 Leachate 7.85 1.47 6.58 10.4 5847 11,694 33.87 2805.6
02 Leachate 7.85 1.26 3.19 19.9 2980 5960 32.38 1132.3

Mean 7.85 1.36 4.88 15.2 4413.5 8827 33.12 1968.9
SD 0.00 0.15 2.40 6.72 2027.3 4054.6 1.05 836.7

03-01 SW 7.85 15.5 0.37 19.7 385 770 31.38 501
03-02 SW 7.05 3.50 7.30 0.22 231 458 27.63 498
03-03 SW 7.11 4.20 3.40 0.17 182 370 27.62 492

Mean 7.33 7.73 3.69 6.70 266 532.7 28.87 497
SD 0.44 5.49 3.47 11.3 105.9 210.2 2.16 3.74

04-01 GW 7.38 15.3 0.14 1.01 149 297 30.85 330
04-02 GW 7.30 4.50 0.40 0.16 171 342 27.74 288
04-03 GW 7.08 4.60 2.10 0.31 326 653 27.82 316

Mean 7.25 8.13 0.88 0.49 215.3 430.7 28.80 311.5
SD 0.15 5.06 1.06 0.45 96.47 193.9 1.77 17.6

ECR, 1997 [28] 6.5–8.5 6 10 - 1000 350 20–30 -
WHO, 2017 [30] 6.5–8.0 4–6 5 - 500 250 - -

Note. SD = Standard Deviation.

3.2. Concentration of Metal(loid)s in Leachate, Water, Soil, and Plants Samples

The results of heavy metal(loid)s concentration of leachate, surface water, and ground-
water samples of the study area are summarized in Supplementary Table S1. The mean con-
centration of Pb in leachate, surface water, groundwater, soil, and plants were 0.05 mg/L,
0.01 mg/L, 0.003 mg/L, 16 mg/kg, and 8 mg/kg, respectively. The concentration of
Pb found in previous studies on various landfills’ leachate was ranging from 0.01 to
0.45 mg/L [41]. Alam et al. (2020) detected a high concentration of Pb in surface water,
ground water and soil around a landfill site in Sylhet, Bangladesh [42]. Although the use-
fulness of lead in human physiology is unknown [43], prolonged exposure at high levels
could harm vital organs and systems such as the nervous, digestive, hematopoietic, car-
diovascular, reproductive, and immune systems, as well as the skeleton and kidneys [44].
In contrast, the mean concentration of Cd was 0.003 mg/L, 0.002 mg/L, 0.002 mg/L,
0.11 mg/kg, and 0.4 mg/kg, respectively. The concentration of Pb and Cd in plants was
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higher than the maximum permissible limit set by the WHO but in the water and soil, the
concentration was within the standard limits. The mean concentration of Cr in leachate,
surface water, groundwater, soil, and plants were 0.0179 mg/L, 0.044 mg/L, 0.0052 mg/L,
47.73 mg/kg, and 2.26 mg/kg, respectively. These trace elements are considered as po-
tentially harmful pollutants. Because they may make strong metallic bonds with several
functional macromolecules at once, leading to clump development, they can interfere with
a cell’s basic functioning in a biological system. Pb is harmful even at low doses and
can induce anemia, brain damage, anorexia, mental deficit, vomiting, and even death in
people [13]. The Co concentrations in all these samples were 0.057 mg/L, 0.022 mg/L,
0.0096 mg/L, 9.808 mg/kg, and 1.725 mg/kg, respectively. The concentration of Cr and Co
were higher than the maximum permissible limit in plant samples set by the WHO, but in
the water and soil samples, the concentration was within the limits. The Cr concentration
detected in previous studies on various landfills ranged from 0.005 to 2 mg/L [41]. Since Cr
does not significantly affect plant metabolism, growth, or productivity, it is found that Cr
accumulation in plants is highly toxic [45]. Long-term Cr accumulation in the soil lowers
agricultural production and crop quality [46]. The mean concentration of Ni in leachate,
surface water, groundwater, soil, and plants was 0.16 mg/L, 0.053 mg/L, 0.0463 mg/L,
28.98 mg/kg, and 4.76 mg/kg, respectively. In contrast, the concentration of As in all
these samples was 0.0129 mg/L, 0.0047 mg/L, 0.0025 mg/L, 1.6 mg/kg, and 0.382 mg/kg,
respectively. The leaching of As, Cr, and Cu from wood wastes such as building and
demolition projects, utility poles, furniture, landscape structures, and wood products in-
dustries, which is often treated with chromated copper arsenate (CCA) preservatives, may
result in higher metal levels in wood [47]. The Ni concentration in leachate was above the
maximum permissible limit, but in the rest of the samples, the concentration was within
the permissible limit. On the other hand, the concentrations of As were slightly above the
permissible limit in the leachate. The concentration of As in treated leachate was found
higher than in untreated leachate. This may be occurring because of the aerobic treatment
of leachate, which may result in oxidative dissolution [48]. The concentration of all the
analyzed heavy metal(loid)s has been graphically represented in Figure 3.

3.3. Principal Component Analysis

The principal components that have the maximum probability of polluting the en-
vironment by being present were analyzed by principal component analysis (PCA). The
PCA extracted two controlling factors from the analytical data set of heavy metal(loid)s
concentration with eigenvalues >1 (Figure 4). The extracted two factors contain about 95%
of the total variance, which is explained by whole factors. Component 1 (PC1) comprises
about 78% of the total variance with strong positive loadings of the factors due to lead (Pb)
only. PC2 accounted for 17% of the total variance, which represented the strong positive
loading of Cadmium (Cd). Therefore, analyzing these two components will be enough to
acquire 95% of all these metals’ analyses.

3.4. Pearson’s Correlation Analysis

According to the correlation matrix of physicochemical parameters of leachate, surface
water, and groundwater in Table 4, the pH has the maximum positive proportional relation
with all the other parameters, except for turbidity. In contrast, DO has an inversely
proportional relation among turbidity, TDS, EC, and TH.

80



Soil Syst. 2022, 6, 90

Figure 3. Heavy metal(loid)s concentration in (a) leachate, (b) surface water, (c) groundwater, (d) soil,
and (e) plant sample.
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Figure 4. Principal component analysis of the analyzed heavy metal concentration by (a) scree plot
and (b) component plot.

Table 4. Pearson’s correlation matrix among the physicochemical parameters of leachate, surface
water, and groundwater.

Parameters pH DO Turbidity Salinity TDS EC Temperature TH

pH 1
DO 0.125 1

Turbidity −0.069 −0.667 1
Salinity 0.906 0.107 −0.058 1

TDS 0.672 −0.479 0.520 0.473 1
EC 0.672 −0.479 0.520 0.473 1 1

Temperature 0.922 0.089 0.100 0.753 0.797 0.797 1
TH 0.613 −0.437 0.583 0.393 0.980 0.980 0.756 1

Note. Bold values refer to significant correlation.

According to Pearson’s correlation matrix of heavy metal(loid)s concentration (Table 5),
Pb has a positive proportional relation with all the other parameters. On the other hand,
Cd does not comply with any positive proportional relation with other metals except for
Pb. This also complies with the PCA result where Pb is the first component comprising
78% of total variance, as it has the maximum positive correlation with all the other metals
except Cd, which as a result becomes the second component of PCA.
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Table 5. Pearson’s correlation among the heavy metal(loid)s.

Parameters Pb Cd Cr Co Ni As

Pb 1
Cd 0.533 1
Cr 0.858 0.146 1
Co 0.831 0.188 0.823 1
Ni 0.861 0.180 0.854 0.995 1
As 0.830 0.178 0.822 0.978 0.983 1

Note. Bold values refer to significant correlation.

3.5. Water Quality and Pollution Assessment

According to the determined values listed in Table 6, the WQI value of leachate is
higher than that of both surface and groundwater. Although the WQI of leachate shows
that they are of good quality, the CD value of leachate shows that the leachate is heavily
contaminated. The obtained value of WQI of the leachate sample was 50.01, which is not in
the excellent range [49,50], and the CD value of treated leachate was 4.663, which denoted
that the leachate was heavily contaminated according to the pollution level [29].

Table 6. Water quality index (WQI) and pollution indices including degree of contamination (CD),
heavy metals evaluation index (HEI), and heavy metal pollution index (HPI) for leachate, surface
water (SW), and groundwater (GW).

Sample ID
Sample
Types

WQI CD HEI HPI

01 Leachate
untreated 50.01 3.317 9.317 16.445

02 Leachate
treated 28.41 4.663 10.663 −5.159

Mean 39.21 3.990 9.990 5.643

03-01 SW 43.63 −2.061 3.938 10.059
03-02 SW 25.33 0.162 6.162 −8.232
03-03 SW 17.82 −4.075 1.924 −15.750

Mean 23.56 −2.204 3.795 −10.002

04-01 GW 29.15 −2.966 3.033 −4.421
04-02 GW 31.41 −3.878 2.121 −2.158
04-03 GW 33.25 −3.980 2.019 −0.312

Mean 21.89 −4.008 1.991 −11.677

3.6. Spatial Comparison of Heavy Metal(loid)s Concentration and Distance from Landfill Site

As the results revealed, landfill leachate has the maximum concentration of the an-
alyzed heavy metal(loid)s than other water samples. Water, soil, and plant samples also
have a higher concentration of contaminants than the permissible limit. It was essential to
analyze whether the surrounding environment had been contaminated because of the land-
fill leachate or if there were other reasons. According to the IDW analysis, sample 03-01 of
surface water was the closest to the leachate pond, which was followed by sample 03-02 and
sample 03-03. The cadmium concentration in sample 03-01 was the highest (0.004 mg/L),
which was followed by sample 03-02 (0.002 mg/L) and sample 03-03 (0.0016 mg/L). There-
fore, the Cd concentration in the surface water is inversely proportional to the distance
from the landfill site. The smaller the distance, the higher the concentration. The same
goes for Ni in surface water, as shown in Figure 5. In Figure 5, the color from green to
red denotes the concentration from lower to higher. The concentration of Ni and As in
groundwater is highest in samples 04-01, which was at the nearest distance from the landfill
site. In Figure 5, the color from blue to red denotes the lower to higher concentration of Ni
and As in groundwater.
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Figure 5. IDW of (a) Cd and Ni concentration in surface water and (b) Ni and As concentration in groundwater.

The same goes for the Pb and Cd in the soil and plant samples (Figure 6). The
concentration of Pb, Cd, and Ni shows the most acceptable result based on IDW. Sample 06-
01 and sample 06-03 were closer to the landfill site and sample 06-02 was farther. Therefore,
the concentration of all these heavy metal(loid)s was higher in samples 06-01 and 06-03.
More GIS analysis of soil and plant has been added in Supplementary Figure S1.
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Figure 6. IWD of (a) Pb and Cd concentration in soil samples and (b) Ni and Cd concentration in
plant samples.

4. Conclusions

This study has been conducted focusing on the impacts of Amin Bazar landfill, Dhaka,
Bangladesh on the surrounding environment. To assess the impact of landfill leachate on
the quality of the environmental compartments, physical and chemical characterization
of the leachate and its surrounding environmental samples including the surface water,
groundwater, soil, and plants were carried out. From the investigations, it can be concluded
that the leachate (both treated and untreated) from the landfill site has a higher degree
of contamination with respect to the analyzed parameters, which contribute to the sur-
rounding environmental components including the surface water, groundwater, soil, and
plants by polluting them adversely. Although the WQI of the samples based on the heavy
metal(loid)s concentration was found within the standard limit, the concentration of heavy
metal(loid)s in the soil and plants was found to be very high. This indicates a considerable
deposition and accumulation of heavy metal(loid)s in soil and plants, respectively. Thus,
all the plant samples have been found to accumulate with a higher concentration of Pb, Cd,
Cr, and Co than the permissible limit. Again, the individual concentration of As was higher
than the maximum permissible limit in the leachate. According to the Inverse Distance
Weighted (IDW) analysis, landfill leachate has the maximum probability to contaminate the
surrounding environment with heavy metal(loid)s. The results of this study support the
need for continuous monitoring of the environmental components around the Amin Bazar
landfill along with the landfill management system. The investigation also showed that
despite being treated with conventional aeration, the quality of the leachate sample in this
area does not meet Bangladesh’s inland surface water quality criteria. As a result, mitiga-
tion measures are critical for preventing soil and water contamination. Solid waste should
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be converted to reusable items by solid waste adjustment and cementing for cost-effective
management. The findings of this flow study can be used to supplement the next stage
of research, which will investigate the feasibility of getting involved in the development
of a waste management system as well as ensuring ideal environmental standards for
municipal solid waste and balancing environmental quality.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/soilsystems6040090/s1, Table S1: Heavy metal(loid)s concentration
in all samples; Figure S1: IWD of (a) Cr concentration in soil samples and (b) Pb concentration in
plant samples.
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Abstract: Due to the high value of the fruit, the European chestnut (Castanea sativa Mill.), usually
grown in agroforestry systems, has been planted as a single species in orchards managed with
increasingly intensive cropping practices, such as the regular use of fertilisers. This justifies research
into establishing fertilisation programmes oriented towards ecological intensification. In this study,
the results of fruit production, plant nutritional status and soil properties are reported from a field
trial in which three NPK fertilisers (20:7:10, 13:11:21 and 7:14:14) and a control treatment were used.
Chestnut yields did not vary significantly between treatments, although the mean values of the
control showed a clear downward trend. N supplied by the fertilisers seems to have been the
most important factor in the difference between the fertilised and control treatments, since leaf N
concentrations were lower in the control and often below the lower limit of the sufficiency range.
Soil inorganic N levels in the autumn, and tissue N concentrations of the herbaceous vegetation
developing beneath the trees, indicated risks of N loss to the environment and highlighted the
importance of this vegetation remaining during the winter. The chestnuts’ poor response to fertiliser
applications was attributed to the buffering effect of the large perennial structure of the trees on
the distribution of nutrients to the growing plant parts. In large trees, it seems appropriate to base
the annual fertilisation plan on leaf nutrient concentration. Thus, farmers probably should avoid
spending money on fertilizer applications as long as leaf nutrient concentrations do not approach the
lower limits of sufficiency ranges.

Keywords: chestnut tree; Castanea sativa; chestnut yield; plant nutritional status; soil inorganic nitrogen

1. Introduction

Chestnuts are the main source of income for farmers in the upland areas of the north
of Portugal. However, farmers are facing a quite complex situation due to a set of pests
and diseases that weaken the trees, thereby reducing their productivity and, in some
cases, causing their death. Currently, ink disease (Phytophthora sp.pl.), chestnut blight
(Cryphonectria parasitica (Murrill) Barr.) and the Asian gall wasp (Dryocosmus kuriphilus
Yasumatsu) are the main health problems affecting chestnut trees [1–3]. Notwithstanding
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this, chestnuts have maintained very good market prices [4], which has led farmers to
devote great attention and care to their crops, either replacing dead trees or establishing
new orchards [5].

Chestnut is grown all over the world as part of agroforestry systems with little phy-
totechnical intensification [6]. In the mountainous areas of the north of Portugal, the lack
of other crop options has raised chestnut to the status of the main crop, having been
grown in monoculture and integrated into increasingly intensive farming systems, in a
similar way to orchards of other important fruit trees [7–9]. One of the practices that
has received greater attention from producers is fertilisation, with trees currently being
fertilised regularly [5,10,11].

Crop fertilisation, being essential for obtaining high productivity in any species [12–14],
can also be associated with high risks of environmental contamination, especially the use
of N fertilisers that can lead to the eutrophication of ground water [15,16] and the emis-
sion of greenhouse gases into the atmosphere, in particular, N oxides [17,18]. Thus, crop
fertilisation must be managed judiciously, in order to apply the appropriate nutrient rates,
thereby reducing the risk of environmental damage [19–22].

The prospects of a growing global population and the need to feed it, associated
with the risks of environmental contamination, have led to the need to develop farming
practices based on the concept of ecological intensification [23,24], which, in practice, means
maintaining high productivity, but by using production factors in a more rational way.
Thus, as with the main world crops, but also with chestnut, it is necessary to manage
resources properly, using them in the smallest amounts necessary to maintain productivity.

Previous work carried out in NE Portugal has shown that in chestnut groves, nutrients
are often below the lower limit of the sufficiency range [25] and that trees generally tend to
respond to fertiliser applications [11,26], although in some studies, they did not [5]. How-
ever, there are still only a few studies on chestnut fertilisation, and the use of fertilisers is
far from being optimized, with more data being required to establish adequate fertilisation
programmes. It is therefore necessary to establish better guidelines for the fertilisation of
these trees, to try to keep them healthy and productive, so that these magnificent ecosys-
tems may persist, allowing man to continue to occupy these mountain territories which
are showing concerning signs of depopulation [27]. This study reports the results from
a field experiment of chestnut fertiliser application using NPK fertilisers with different
combinations of macronutrients, trying as best as possible to replicate the diversity of
fertilisers found on the market, which farmers have access to. The objectives of the study
are to understand better how these huge trees respond to fertiliser application so as to help
farmers make better decisions when they need to acquire them.

2. Materials and Methods

2.1. Experimental Conditions

The field experiment took place in Vinhais (41◦50′15.8” N; 7◦03′40.4” W, 800 m above
sea level), northeastern Portugal, in a 50-year-old chestnut orchard of the cultivar Judia
with trees spaced at 10 m × 10 m. The region benefits from a warm-summer Mediterranean
climate (Csb), according to the Köppen–Geiger classification [28]. The annual mean tem-
perature and the accumulated annual precipitation are 11.9 ◦C and 880 mm, respectively.
Average monthly temperatures and precipitation of the climatological normal (1981–2010),
together with those recorded during the experimental period (2018–2021), are presented in
Figure 1.
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Figure 1. Average monthly temperature and accumulated monthly precipitation during the experi-
mental period, and climatological normal values for the region.

The soil where the chestnut orchard is planted is a Leptosol, sandy-loam textured. It
is a very shallow soil (~0.20 m deep), which separates, determined from composite soil
samples (n = 3) taken from the 0.0–0.2 m soil layer at the beginning of the study, were 11.8%
clay, 17.3% silt and 70.9% sand. Soil organic C was low, pH acidic and extractable P and K
were medium and very high, respectively. Some other soil properties determined at the
beginning of the field trial are presented in Table 1.

Table 1. Selected soil properties (average ± standard deviation, n = 3) from composite samples
(10 cores per composite sample) taken at 0–0.20 m depth at the beginning of the study.

Soil Properties Soil Properties (Cont.)

1 Organic carbon (g kg−1) 13.4 ± 0.50 4 Exchang. sodium (cmolc kg−1) 0.1 ± 0.02
2 pH (H2O) 5.3 ± 0.19 5 Exchang. acidity (cmolc kg−1) 0.7 ± 0.08
2 pH (KCl) 4.2 ± 0.15 6 CEC (cmolc kg−1) 6.0 ± 0.26

3 Extract. phosphorus (mg kg−1, P2O5) 93.1 ± 15.75 7 Extract. boron (mg kg−1) 0.4 ± 0.06
3 Extract. potassium (mg kg−1, K2O) 344.7 ± 20.63 8 Extract. iron (mg kg−1) 62.2 ± 4.78

4 Exchang. calcium (cmolc kg−1) 3.1 ± 0.20 8 Extract. zinc (mg kg−1) 2.5 ± 0.31
4 Exchang. magnesium (cmolc kg−1) 1.1 ± 0.11 8 Extract. copper (mg kg−1) 1.2 ± 0.25
4 Exchang. potassium (cmolc kg−1) 1.0 ± 0.13 8 Extract. manganese (mg kg−1) 132.6 ± 18.59

1 Wet digestion (Walkley–Black); 2 Potentiometry; 3 Ammonium lactate; 4 Ammonium acetate; 5 Potassium
chloride; 6 Cation Exchange Capacity; 7 Hot water, azomethine-H; 8 Ammonium acetate and EDTA (ethylenedi-
aminetetraacetic acid).

2.2. Experimental Design and Management of the Field Trial

Sixteen large-sized trees with similar, spherical canopies (~270 m3) were selected
for the study. They were randomly distributed into four groups, corresponding to four
fertilisation treatments, with four trees (replicates) in each treatment, in a completely
randomized design. The treatments consisted of three compound NPK fertilisers with
different levels of N, P and K, and an unfertilised control.

One of the treatments, named 7:14:14, consisted of the application of a 7:14:14 NPK
compound fertiliser that doses 7% N (5% ammoniacal-N and 2% ureic-N), 14% P2O5
(11% water soluble) and 14% K2O. This fertiliser also contains 4% CaO, 2% MgO, 15%
SO3, and 0.02% B. Another treatment named YA20:7:10, corresponds to the application of
the commercial fertiliser Yara MilaTM Actyva 20:7:10, with 20% N (9.4% nitric-N, 10.6%
ammoniacal-N), 7% P2O5 (25 to 30% as polyphosphates) and 10% K2O. The fertiliser also
contains other important nutrients, namely S (10% SO3) and Mg (3% MgO). The third
treatment, named YS13:11:21, consisted of the application of the NPK compound fertiliser
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Yara MilaTM Solán 13:11:21, which doses 13% N (5.5% nitric-N, 7.7% ammoniacal-N), 11%
P2O5 (20 to 30% as polyphosphates) and 21% K2O. This fertiliser also contains relevant
amounts of Mg (2% MgO) and B (0.2%).

All fertilisers were applied at a rate of 4 kg per tree (~400 kg ha−1). Thus, the YA20:7:10
treatment corresponded to an application of 80, 28 and 40 kg ha−1 of N, P2O5 and K2O,
respectively; the 7:14:14 treatment to an application of 28, 56 and 56 kg ha−1 of N, P2O5
and K2O, respectively, and the YS13:11:21 to an application of 52, 44, 84 kg ha−1 of N, P2O5
and K2O, respectively. Similar fertilisations are commonly used by local farmers, and these
particular fertilisers were chosen for the trial because they present a good variation in the
levels of macronutrients.

The fertilisers were evenly applied beneath the canopy of the trees in the first week of
April over the four years of the study and incorporated with a cultivator. The orchard was
tilled a second time every year at the end of May to control the weeds. No further cropping
practices were carried out in the orchard during the four years of the study.

2.3. Measurements in the Field

The effect of the treatments was assessed in the field by measuring the greenness of
the leaves and by chlorophyll a fluorescence analysis.

The SPAD (Soil and Plant Analysis Development)-502 Plus chlorophyll meter (Spec-
trum Technologies, Inc., Aurora, IL, USA) was used to measure leaf greenness. SPAD-502
provides dimensionless readings, proportional to the chlorophyll content of the leaves, by
measuring the transmittance of light through the leaves at 650 nm (red light, absorbed
by chlorophyll) and 940 nm (infrared light, non-absorbed by chlorophyll). Each mean
value was obtained after 30 individual readings taken around the crown on fully expanded
young leaves.

Chlorophyll a fluorescence was assessed using the dark adaptation protocols with
the OS-30p+ fluorometer (Opti-sciences, Inc., Hudson, NH, USA). FM, F0 and FV are,
respectively, maximum, minimum and variable fluorescence from dark-adapted leaves.
FV/FM is estimated as (FM − F0)/FM.

To harvest the chestnuts, it is necessary to wait for them to fall to the ground and
then pick them up manually or mechanically. In this experiment, the fruits were harvested
manually, in three passes during the autumn, to allow individual weighing per tree. In
2021, the COVID-19 pandemic restrictions did not allow the completion of harvest records,
and therefore, only the values for 2018–2020 are available.

2.4. Soil and Plant Tissue Sampling and Analytical Determinations

Three composite samples were taken at the beginning of the experiment to characterize
the experimental plot. The soil was sampled again in October 2021 to evaluate the effect of
the treatments on soil properties. All soil samples taken to the laboratory were composite
samples, taken at six different sampling points. Sampling was carried out in the 0.0–0.20 m
soil layer, beneath the canopy of the trees, where the fertilisers had been applied.

Soil samples were oven-dried at 40 ◦C and sieved (2 mm mesh). Thereafter, the
samples were analysed for pH (H2O and KCl) (soil: solution, 1:2.5), cation-exchange
capacity (ammonium acetate, pH 7.0), organic C (wet digestion, Walkley-Black method)
and extractable P and K (Egner–Riehm method, ammonium lactate extract). Soil B was
extracted by hot water and determined by the method of azomethine-H. For more details on
these analytical procedures, the reader is referred to van Reeuwijk [29]. The availability of
other micronutrients (Cu, Fe, Zn, and Mn) in the soil was determined by atomic absorption
spectrometry after extraction with ammonium acetate and EDTA, according to the method
described by Lakanen and Erviö [30]. Soil inorganic-N was determined in soil extracts
prepared from 20 g of soil and 40 mL 2 M KCl. The suspension was shaken for 1 h and
filtered through Watmann No. 42 filter paper. Nitrate and ammonium concentrations in
the extracts were analysed in an UV–Vis spectrophotometer [31].
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By the end of July, in each of the four years, samples of young, fully developed leaves
were taken for elemental analysis. Following each harvest, samples of 50 nuts per tree were
randomly taken to evaluate their size and also for elemental analysis. After counting and
weighing, the kernel was separated from shell and pellicle, and the two parts analysed
separately. In April 2022, the spontaneous vegetation which had developed beneath the
canopy of the trees was mowed to serve as a biological index of soil-available nutrients.
The samples were collected by randomly placing a grid of 0.5 m × 0.5 m on the vegetation.

The samples of leaves, fruit kernels, shells and pellicles and spontaneous vegetation,
were oven-dried at 70 ◦C until they reached a constant weight and ground (1 mm mesh).
Elemental analyses of tissue samples were performed by Kjeldahl (N), colorimetry (B and
P) and atomic absorption spectrophotometry (K, Ca, Mg, Fe, Mn, Cu, Zn) methods [32]
after tissue samples had been previously digested with nitric acid in a microwave.

2.5. Data Analysis

The data was analysed for normality and homogeneity of variance using the Shapiro–
Wilk and Bartlett’s test, respectively. The analysis of variance was performed as a one-way
ANOVA, using the Statistical Package for the Social Sciences (SPSS) version 25 (IBM
Corporation, New York, NY, USA). When significant differences were found, the means
were separated by the Tukey HSD post hoc test (α = 0.05).

3. Results

3.1. Chestnut Yield

Chestnut yield did not vary significantly in the three years in which it was possible to
collect the fruits (Figure 2). However, the accumulated yield of the three years showed a
clear tendency towards reduction in the control in comparison to the fertilised treatments.
In addition, the probability values decreased over time, nearing significant differences
between treatments in the last year (2020) for which it was possible to obtain records. In
the YS13:11:21 treatment, an accumulated average nut yield of 94.9 kg tree−1 was recorded,
while in the control treatment, the value was 80 kg tree−1.

Figure 2. Average annual nut yield as a response to fertilisation treatments. Error bars are the
standard errors.

3.2. Nutrients in Plant Tissues and Chlorophyll a Fluorescence

Leaf nitrogen concentrations varied significantly between treatments only in the
2021 sampling (Figure 3). In the last year, the control treatment displayed an average
concentration of N in the leaves (18.9 g kg−1) much lower than the values recorded in
the fertilised treatments (22.4 to 22.9 g kg−1) and below the lower limit of the sufficiency
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range. Fertiliser YA20:7:10, being more concentrated in N, showed average concentrations
of leaf N tending to be higher than the other treatments. Leaf P concentrations did not vary
significantly between treatments and remained above the lower limit of the sufficiency
range. No sign of any coherence was observed between the application of P and the
concentration of the nutrient in the leaves. The concentrations of K in leaves fluctuated
inconsistently with treatments over the years, although there were found to be significant
differences between treatments in the last sampling. As observed for P, there seem to have
been more important variables other than the application of these nutrients determining
their concentration in the leaves. The values of K tended to remain above the lower limit of
the sufficiency range. Leaf concentrations of Ca and Mg did not vary significantly between
treatments. In the case of Ca, the values were close to the lower limit of the sufficiency
range and those of Mg were clearly within the interval of adequate concentrations.

Figure 3. Leaf concentrations of nitrogen, phosphorus, potassium, calcium and magnesium as a
response to fertilisation treatments. Dashed and solid lines are, respectively, the lower and upper
limits of the sufficiency ranges. Error bars are the standard errors.

Leaf B concentrations remained low in three treatments (07:14:14, YA20:7:10 and
control) for all sampling dates, but without going down to the deficiency zone (Figure 4).
The fertiliser YS13:11:21 which, in addition to the macronutrients N, P and K, also contains
B (0.2%), maintained a nutrient concentration in the leaves higher than the other treatments,
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especially in the last two samplings. Fe concentrations in the leaves fluctuated within the
sufficiency range, but without a clear coherence between treatments. The average levels
of Mn in the leaves appeared in the upper part of the sufficiency range, although they
never reached the toxicity zone. Control treatment values remained consistently lower
than those for the fertilised treatments. The concentrations of Zn and Cu in the leaves
showed no relationship with the fertilisation treatments and were, in general, within their
sufficiency ranges.

Figure 4. Leaf concentration of boron, iron, manganese, zinc and copper as a response to fertilisation
treatments. Dashed and solid lines are, respectively, the lower and upper limits of the sufficiency
ranges. Error bars are the standard errors.
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The concentration of the majority of nutrients in the kernel and shell did not vary
significantly with fertilisation treatments (data not shown). Only the concentration of
B in these tissues showed a pattern that is worth reporting. In the kernel, significant
differences between treatments were found in the last sampling (2020), with the highest
values recorded in treatment YS13:11:21 (Figure 5). In the shell, the same pattern of
the kernel was maintained, but with more accentuated average differences between the
YS13:11:21 and other treatments. In the shell, the average B concentrations were also higher
than in the kernel for the same treatment and sampling date.

Figure 5. Boron concentrations in kernel and shell as a response to fertilisation treatments. Error bars
are the standard errors.

Mean SPAD values showed a tendency to be lower in the control treatment compared
to the fertilised treatments (Table 2). In the 2021 reading, significant differences were found
between the values of the YA20:710 fertiliser (47.5), the most concentrated in N, and the
control (44.2). A somewhat similar trend showed FV/FM, although for this variable, the
differences were only significant in the 2019 readings, with the mean value of the YA20:7:10
treatment (0.834) being higher than that of the control (0.807).

Table 2. SPAD-readings and FV/FM (ratio of variable fluorescence/maximum fluorescence) as a
function of fertilisation treatments.

Fertilisation SPAD FV/FM

Treatment 2019 2020 2021 2019 2020 2021

7:14:14 44.4 a * 43.6 a 44.8 ab 0.814 ab 0.833 a 0.821 a
YA20:7:10 45.4 a 45.6 a 47.5 a 0.834 a 0.845 a 0.828 a
YS13:11:21 46.3 a 45.2 a 45.9 ab 0.824 ab 0.829 a 0.829 a

Control 43.9 a 43.4 a 44.2 b 0.807 b 0.827 a 0.817 a
Prob > F 0.0762 0.1837 0.0432 0.0331 0.1797 0.3712
St. error 0.63 0.82 0.77 0.006 0.005 0.005

* In columns, means followed by the same letter are not significantly different by Tukey HSD test (α = 0.05).

3.3. Chemical Soil Properties

Fertilisation treatments carried out during the four consecutive years did not influence
soil organic C content (Table 3). However, fertilisation acidified the soil (pHH2O and
pHKCl) compared to the control treatment. Extractable P also varied significantly with
the fertilisation treatment, with the highest mean values appearing in the treatments
corresponding to the fertilisers more concentrated in P. Soil K levels also varied significantly
with treatments and, as for P, there was also a good consistency between the application of
the nutrient and its resulting level in the soil.
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Table 3. Soil organic carbon (C), pH and extractable phosphorus (P) and potassium (K) (Egner-Riehm)
as a function of fertilisation treatments.

Fertilisation Organic C Extractable P Extractable K

Treatment g kg−1 pH(H2O) pH(KCl) mg kg−1, P2O5 mg kg−1, K2O

7:14:14 13.8 a * 5.08 bc 4.11 b 142.6 a 414.0 ab
YA20:7:10 13.4 a 4.89 c 4.02 b 95.0 b 327.8 b
YS13:11:21 13.5 a 5.11 bc 4.13 b 121.1 ab 519.0 a

Control 12.5 a 5.41 a 4.33 a 81.3 b 303.8 b
Prob > F 0.6947 <0.0001 0.0017 0.0064 0.0006
St. error 0.79 0.048 0.043 10.5 28.1

* In columns, means followed by the same letter are not significantly different by Tukey HSD test (α = 0.05).

Soil exchangeable Ca2+ and Mg2+ did not vary significantly with fertilisation treat-
ments (Table 4). The exchangeable K+ (extracted by ammonium acetate) varied significantly
with the treatments and the mean values were related to the amount of nutrient provided
by the fertilisers, as had been verified with the K extracted by the Egner-Riehm method
(ammonium lactate). Soil Na+ levels also varied with treatments, with mean values being
significantly higher in the 07:14:14 and YS13:11:21 fertiliser plots compared to the values in
the YA20:7:10 and control plots. Exchangeable acidity also varied significantly between
treatments, with the lowest mean value being recorded in the control treatment. The
cation-exchange capacity did not vary significantly with the treatments, maybe because no
significant differences were found between two important bases, Ca2+ and Mg2+.

Table 4. Soil exchangeable bases, exchangeable acidity (EA) and cation-exchange capacity (CEC) as a
function of fertilisation treatments.

Exchangeable Complex

Fertilisation Ca2+ Mg2+ K+ Na+ EA CEC

Treatment cmolc kg−1

7:14:14 3.43 a * 1.00 a 1.08 ab 0.44 a 0.85 ab 6.73 a
YA20:7:10 2.88 a 1.02 a 0.81 b 0.07 b 1.15 a 5.95 a
YS13:11:21 2.36 a 0.78 a 1.37 a 0.44 a 1.17 a 6.00 a

Control 3.25 a 1.16 a 0.80 b 0.16 b 0.70 b 6.34 a
Prob > F 0.3233 0.2371 0.0017 0.0002 0.0073 0.7907
St. error 0.42 0.12 0.09 0.05 0.09 0.61

* In columns, means followed by the same letter are not significantly different by Tukey HSD test (α = 0.05).

Soil B levels were significantly higher in the YS13:11:21 treatment than in the other
fertilisation treatments and in the control (Table 5). In contrast, soil Fe, Zn and Cu levels
did not vary significantly with treatments. In the case of Mn, significant differences
between treatments were observed, with the lowest mean values being recorded in the
control treatment.

Table 5. Soil boron, iron, zinc, copper and manganese as a function of fertilisation treatments.

Fertilisation Boron Iron Zinc Copper Manganese

Treatment mg kg−1

7:14:14 0.35 b * 65.2 a 2.7 a 2.0 a 152.5 a
YA20:7:10 0.43 b 72.6 a 2.3 a 1.9 a 136.2 ab
YS13:11:21 1.28 a 59.2 a 2.8 a 1.8 a 149.1 ab

Control 0.32 b 60.5 a 2.2 a 2.6 a 127.8 b
Prob > F <0.0001 0.2244 0.0852 0.0654 0.0240
St. error 0.102 4.67 0.17 0.17 5.40

* In columns, means followed by the same letter are not significantly different by Tukey HSD test (α = 0.05).
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Soil ammonium levels extracted by hot or cold KCl did not vary significantly with the
fertilisation treatments, although the average values were higher in treatment YA20:7:10, the
fertiliser being more concentrated in N (Table 6). The hydrolysable NH4

+ showed significant
differences between treatments, with the mean value of YA20:7:10 being higher than that of
the other treatments. Soil nitrate levels also varied significantly between treatments, with
YA20:7:10 and the control recording the highest and lowest mean values, respectively.

Table 6. Soil ammonium (NH4
+) extracted by hot and cold potassium chloride, NH4

+ hydrolysable
(Hyd) (NH4

+ hot − NH4
+ cold) and nitrate extracted by cold KCl.

Fertilisation NH4
+ Hot NH4

+ Cold NH4
+ Hyd NO3

− Cold

Treatment mg kg−1

7:14:14 82.1 a * 69.0 a 13.1 b 59.0 b
YA20:7:10 108.1 a 92.20 a 15.9 a 100.5 a
YS13:11:21 72.3 a 58.1 a 14.2 b 78.0 ab

Control 65.4 a 51.7 a 13.6 b 44.9 b
Prob > F 0.4803 0.5649 0.9213 0.0038
St. error 19.99 21.12 2.99 8.65

* In columns, means followed by the same letter are not significantly different by Tukey HSD test (α = 0.05).

The development of spontaneous vegetation beneath the canopy of trees, where
fertilisers were applied, showed significant differences between treatments (Table 7). Dry
matter yield appeared in three response groups, in which the values were higher in the
YA20:7:10 treatment, followed by the YS13:11:21 and 7:14:14 treatments and finally, the
control treatment. N concentrations in the dry matter followed exactly the same trend,
while the concentrations of the macronutrients P and K did not vary significantly between
treatments. Tissue B concentration was significantly higher in YS13:11:21 than in the other
treatments. Tissue Mn levels did not differ significantly between treatments, although the
control treatment had the lowest mean value, following the trend observed in chestnut
leaves and the soil. For the other nutrients analysed (Ca, Mg, Fe, Cu and Zn), there were
no significant differences or any trend that deserve to be reported.

Table 7. Dry matter yield and nutrient concentrations in the herbaceous vegetation developing under
the canopy of chestnut trees where the fertilisation treatments were applied.

Tissue Nutrient Concentration

Fertilisation DM Yield N P K B Mn

Treatment Mg ha−1 g kg−1 mg kg−1

7:14:14 2.3 b * 24.5 b 2.6 a 32.2 a 20.5 b 636.3 a
YA20:7:10 3.5 a 29.6 a 2.4 a 33.8 a 20.4 b 722.9 a
YS13:11:21 2.6 b 26.2 b 2.5 a 35.3 a 43.0 a 681.9 a

Control 1.8 c 19.5 c 2.4 a 27.0 a 18.4 b 534.8 a
Prob > F 0.0001 < 0.0001 0.0898 0.3458 0.0003 0.1152
St. error 0.16 0.45 0.07 3.19 2.51 49.14

* In columns, means followed by the same letter are not significantly different by Tukey HSD test (α = 0.05).

4. Discussion

The annual and accumulated (2018–2020) chestnut yields did not vary significantly
with fertilisation treatments. However, the average accumulated yield showed a clear
tendency of reduction in the control in relation to the fertilised treatments. Chestnut trees
are particularly large, with a huge perennial structure and canopy. In previous studies, it
has already been observed that chestnut tends to respond poorly to fertilisers applied to
the soil, probably due to the buffering effect that the perennial structure exerts in regulating
the supply of nutrients for the growth of the aerial plant parts [5].
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Leaf N concentrations tended to be higher in the fertilised treatments, which were
more concentrated in N compared to the control, although significant differences only
occurred on the last sampling date. In the control treatment, the values were close to the
lower limit of the sufficiency range, having even fallen into the deficiency range on some
sampling dates. The relevant structural role of N in plant tissues is undeniable [33], and
it is still recognized as the main nutrient that limits plant productivity in both natural
ecosystems and cultivated fields [19]. This result points to N as the most likely cause for the
apparent drop in productivity in the control treatment. The SPAD values, which have been
used mainly as an index of the N nutritional status of crops [5,29,34], agreed with tissue
N concentrations, and in 2021, significant differences were found between the YA20:7:10
treatment and the control. The FV/FM ratio, a widely used indicator of photoinhibition or
other injuries at the PSII complexes [35], followed the same trend as the N nutritional status
indices, with values in the control being lower than in the treatment YA20:7:10 in the 2019
reading. However, the values never dropped below 0.78, which is the threshold limit below
which most plants are considered to be under clear environmental stress [26,36–38]. Thus,
the values of the maximum quantum efficiency of PSII also highlight the poor response of
the photochemical reactions of photosynthesis of these huge trees to nutrient supply.

Leaf P concentrations did not vary significantly with treatments and always remained
within the sufficiency range established for this species (1.1 to 3.0%) [25,39]. Initial soil P
levels were at a level classified as medium (Table 1), and in the region, it has been difficult
to obtain a response of different crop species to P applications [5,40,41]. In chestnut, the
lack of response may be due to those reasons but also to the buffering effect of the perennial
parts, already mentioned for N, and to a possible role of mycorrhizal fungi. Chestnut is
recognized as a plant that establishes symbiotic relationships with several mycorrhizal
fungi [42]. One of the main benefits for mycorrhizal plants is the access to sparingly soluble
P sources that non-mycorrhizal plants do not have [43–47]. Thus, whatever the reason, the
results seem to indicate a reduced importance of P in chestnut tree fertilisation programmes.

Although soil K levels increased with the application of fertilisers, no significant
differences were observed in the K concentrations of the chestnut leaves. Leaf K concen-
trations varied greatly over the years and between treatments, although they generally
remained within the sufficiency range. This pattern of K is common in shrub and tree
species [13,21,38,48] and may be due to source/sink relationships and/or environmental
constraints. Growing fruits are a primary sink for available K, the nutrient being remobi-
lized from leaves [33]. In chestnut, fruit growth coincides with the end of summer, a period
in which there is often little soil moisture, which limits the movement of nutrients in the
soil by mass flow and diffusion, making nutrient uptake difficult [19]. In addition, the
original levels of K in the soil were relatively high, which would have reduced the impact
of applying K as a fertiliser. Finally, the buffering effect of the perennial tree structure may
have moderated the effects of the fertiliser applications, as mentioned for N and P.

Tissue B levels differed between treatments on three dates, with YS13:11:21 fertiliser
(B-rich) values being significantly higher than in the other treatments. Additionally in
the fruits, B concentrations were the highest in the YA13:11:21 treatment, in particular,
in the shell. Boron is very important in dicots, where it plays an important role in cell
wall and membrane integrity, with these plants requiring greater amounts of B than
monocots [48–50]. In the region, dicots often respond to the application of B [12,41,51].
In this field trial, however, tissue B levels were never below the sufficiency range even
though they were close to the limit. Perhaps for this reason, B was not determinant in crop
productivity, in contrast to what has been shown in other studies with chestnut [11,52–54].

In the control treatment, mean leaf Mn levels were lower than in the fertilised treat-
ments, and the differences were statistically significant on the last sampling date. A
tendency for lower Mn levels in soils was also observed in the control treatment. Soil pH
in the control was higher than in the fertilised treatments, particularly in those that had
a greater amount of applied N. Nitrification can decrease soil pH [19], and the increase
of available Mn levels in the fertilised treatments may have been a reflection of pH re-
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duction [19,49]. Even so, leaf Mn levels never exceeded the upper limit of the sufficiency
range, which is set at 2000 mg kg−1 [25,39], so its effect on crop productivity must not have
been relevant.

In the autumn, the availability of inorganic N in the soil as measured by hydrolysable
NH4

+ and cold-extracted NO3
- was higher in the treatments with more N-concentrated

fertilisers. This may indicate a greater risk of N loss through leaching and/or denitrification,
since the rainy season follows, a precondition for the occurrence of these phenomena [19].
However, in April, dry matter and tissue N concentrations in the spontaneous vegetation
were also higher in the treatments that received more N as a fertiliser. These plants, which
appear after the first autumn rains and develop during the winter, can play important roles
by controlling soil erosion [55,56], increasing soil organic matter [57,58] and developing
ecosystem biodiversity [59,60]. They also act as an N catch crop [21,61], justifying the
promotion of their presence in orchard soils [62]. This result also shows that the effect of N
applications is easier to obtain in herbaceous vegetation than in a tree, probably due to the
latter’s large perennial structure. It seems clear that in large trees, it is more difficult to get a
response to fertilisation and therefore, more difficult to optimize a fertilisation programme.
In trees, a dynamic optimization method should always be used [63], by which, based
on a given annual fertilisation plan, nutrient concentrations in leaves are monitored and
fertiliser rates adjusted according to increasing (reduce fertilisation) or decreasing (increase
fertilisation) concentrations of a particular nutrient being observed in leaves. This is a
programme optimized for long-term monitoring and not just based on annual observations,
which is the procedure currently used in fruit crops.

In Mediterranean climates, with rainfall concentrated in the winter, and the summer
being particularly dry, in rainfed orchards, where there are no fertigation practices, there is
only one window of opportunity to apply fertilizers, which is in early spring, just before
the regrowth of vegetation. If applying earlier, there is a risk of loss of mobile nutrients,
such as N, by leaching and denitrification, whereas if applying later, there is a risk of loss
of effectiveness due to reduced soil moisture [21]. In addition, slow and controlled release
fertilizers tend to be less effective, as they delay nutrient availability for the summer, when
the opportunity for root uptake is low [64].

5. Conclusions

The results of this study indicate that these large trees had a poor response to the
annual application of fertilisers. Even so, the nutrient that had the greatest effect on the
plant was N, since on some dates, significant differences were observed between treatments
in leaf N concentrations, and the nutrient in the control treatment was close to, or even
below the lower limit of the sufficiency range. The poor response of trees to fertiliser
applications was probably due to the buffering effect that the huge perennial structure
has on the redistribution of nutrients by the growing plant parts. Thus, in large trees, the
fertilisation plan must be based on monitoring leaf nutrient concentration over time and
on evaluating the trend of the nutrient concentrations in the leaves. As long as there is no
decrease of leaf nutrient concentration that approaches the lower limit of the sufficiency
ranges, the farmer should probably avoid spending money on fertiliser applications. In
contrast, the herbaceous vegetation developing beneath the canopy responded to the
application of fertilisers, in particular to N, with increased dry matter yield and tissue
nutrient concentrations. This vegetation, which begins to develop with the first autumn
rains, seems to play an important role in protecting the soil and acts as a catch crop,
reducing the risk of N loss during the winter.
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Abstract: Climate changes and poor soil nutrient profiles in sub-tropics are determinant factors to
estimate crop productivity. This study aims to evaluate the impact of phytohormones, e.g., indole
acetic acid (IAA) and gibberellic acid (GA3), on mung bean yield, seed nutritional profile, and soil N
availability in the sub-tropical region of Pakistan. The mung bean plants were treated with three levels
(0, 30, and 60 mg L−1) of IAA and GA3 individually and/or in combination using a hydraulic sprayer.
The amendments were applied in the flowering stage (approximately 25 days after germination)
in a randomized complete block design. The results revealed that the 60 mg L−1 concentration of
IAA and GA3 led to significant changes in the growth and yield traits compared to non-treated
plants. For example, GA3 positively influenced the biological yield (35.0%), total carbohydrate (7.0%),
protein (16.0%), and nitrogen (14.0%) contents in mung bean seeds, compared to the control (CK).
Additionally, the combined foliar treatment of IAA and GA3 (IAA2 + GA2) displayed a much stronger
influence on yield attributes, such as the number of pods by 66.0%, pods’ weights by 142.0%, and
seed yield by 106.5%, compared with the CK. Mung bean plants showed a significant improvement
in leaf photosynthetic pigments under a higher level (60 mg L−1) of sole and combined treatments
of IAA and GA3. Moreover, except abscisic acid, the endogenous concentration of IAA, GA3, and
zeatin was enhanced by 193.0%, 67.0%, and 175.0% after the combined application of IAA and GA3

(IAA2 + GA2) compared to the CK treatment. In addition, soil N availability was increased by 72.8%
under the IAA2 treatment and 61.5% under IAA2 + GA2, respectively, compared with the control
plot. It was concluded that the combined treatment of IAA and GA3 (IAA2 + GA2) followed by
the sole application of GA3 and IAA at a 60 mg L−1 concentration were most effective treatments
to improve the morpho-physiology and nutrient profile of mung beans; however, the underlying
molecular mechanisms need to be explored further.

Keywords: indole acetic acid; gibberellic acid; Vigna radiate L.; photosynthetic pigments; protein;
economic yield
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1. Introduction

The current cultivation pattern depends on 30 crops which are responsible for provid-
ing 95% of the daily caloric requirements of world population [1]. Among them, four crops
are a major part of the diet, namely wheat, rice, maize, and potatoes. However, minor crops
are still very significant at the national, regional, and local levels. Pulses are rich in protein
and contain more than three times higher quality protein than cereals [2]. In addition, pulse
crops preserve and improve soil fertility, especially soil N availability, through biological
nitrogen fixation, and hence have a significant role in sustainable agriculture. Pulses are
popularly known as the “poor man’s meat” in most developing countries due to being
cheaper and more widely available than animal protein [3]. Mung bean (Vigna radiata L.), a
short-duration crop (70–90 days), is an important pulse all over the world with admirable
economic importance. The grains of mung bean contain 25.67% protein, 1–3% fat, 5.4%
carbohydrates, 3.5–4.5% fibers, and 4.5–5.5% ash with very minimal flatulent effects [4],
and they are rich in folate and iron [5]. They contain a high amount of protein with a
diversity of essential amino acids and are especially rich in lysine [6]. They also contain
important forms of fatty acids (linoleic acid and linolenic acid), which are essential in an
organism’s growth. It is a vital crop to Asian farmers with small land holdings [7].

Mung bean (Vigna radiata L.) fixes atmospheric nitrogen and contains high nutritious
value for forage and seed purposes. The crop fits well in multi-cropping systems because
of its rapid growth and early maturity. Subsequently, the crop is widely grown in marginal
and abiotically stressed agro-ecosystems [8], but it experiences considerable yield losses.
Worldwide food insecurity affects more than 800 million people. Almost 60% of them live
in South Asia and sub-Saharan Africa [9], whereby half of them are livestock keepers and
small land holders [10]. Small land holder farmers in dryland areas or areas with erratic
rainfall usually lack technologies to diversify their production, making them particularly
vulnerable. In Pakistan, the production of pulses has stagnated and has not kept the pace
needed to meet consumption demand. The gap has been fulfilled by massive imports [7].
The size of areas suitable for the growth of pulses has been steady since the 1960s, with
chickpeas being the dominant pulse grown in Pakistan [11]. However, the area in which
mung beans are cultivated increased substantially during 2019–20 by 35%, in which produc-
tion increased by 65% in Punjab province, 6% in Khyber Pakhtunkhwa province, and 17%
in Baluchistan province. About 88% of the area in which mung beans are cultivated is in
the Punjab province, which produces 85% of the total production in the country [12]. Still,
a lot needs to be done in Pakistan to enhance mung bean production in terms of quality
and yield. More recently, the Australian Centre for International Agricultural Research,
in collaboration with the Pakistani government, supported research for improving the
productivity and marketing of pulses in Pakistan [11]. Therefore, considering this scenario,
the total pulse production must urgently be increased to meet the consumption and protein
demands [7].

Many artificial and natural soil amendments, e.g., phytohormones [13,14], C-rich
organic amendments [15–17], and synthetic minerals nutrients [18–21] have been recog-
nized to govern soil fertility; facilitate progressive methods, from the germination to the
harvesting of crop plants; and facilitate improvements in plant production [22]. The natural
form of auxin found in plants is indole-3-acetic acid (IAA), which is primarily present in
the young leaves and stem apex of a plant. Indole-3-acetic acid (IAA) is one of the main
important enzymes, which is non-toxic for plants even at high concentrations [23]. IAA has
been recognized in root growth, cell division, cell elongation, adventitious root formation,
tissue swelling, embryogenesis induction, callus initiation, as well as the loosening of cell
walls even at lower levels of this hormone [24,25]. Gibberellic acid (GA3) is an important
natural plant growth regulator (PGR) which enhances the growth, development, and yield
of different crops. GA3 is a phyto-hormone, and terpenoid compounds containing 19–20
carbon atoms, naturally produced in new leaves and germinated seed embryos, and more
than 136 species have been identified [26]. A very small amount of GA3 enhances stem
elongation [27] by increasing cell divisions and cell size [28]; improves plant growth and
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development [29,30] by inducing metabolic activities [31,32] of many key enzymes such
as carbonic anhydrase (CA) and nitrate reductase (NR) [33] and regulating nitrogen uti-
lization [34]; and consequently, increases the dry weight and yield [35,36]. It also induces
growth and development by enhancing water uptake in plant tissues [37,38], facilitates
the production of photosynthetic pigments and photosynthesis [39], and enables flower
formation and fruit set in legumes [36,40].

Keeping in view the importance of mung beans in sub-tropics, this study aimed to
improve their morpho-physiology, yield, and nutritional profile when grown in a sandy-
loam soil with low-fertility status. In the literature, many researchers have evaluated
the individual beneficial effects of indole acetic acid (IAA) and gibberellic acid (GA3)
on many crops under stressful and non-stressful environments [14,35,41]; however, their
combinations with various dosage levels still have to be evaluated. Therefore, the individual
and/or combined effectiveness of various levels of IAA and GA3 was assessed in the
present study to evaluate mung bean (Var. AEM-96) performance in the sub-tropical
region of Pakistan for two consecutive years (2018–19/2019–20). This experiment has huge
importance as a reference for the impact of two important phytohormones on mung bean
growth, yield, quality, and nutritional contents in the sub-tropical region of Pakistan.

2. Materials and Methods

2.1. Experiment Site and Climate Conditions

The two-year field experiment was carried out in the agronomic research area of
The Islamia University of Bahawalpur, Punjab, Pakistan, during the 2019–20 growing
seasons. The meteorological data were obtained from Bahawalpur meteorological station
and are described in Table 1. The experiment was carried out to determine the properties
of the soil at the experimental site. The soil sample test results showed that the soil was
sandy loam and had an acidic pH (7.2). The detailed statuses of the soil’s physio-chemical
characteristics are depicted in Table 2.

Table 1. Meteorological data recorded at the experimental site during the study period of 2019–2020.

Month
Tmax

◦C Tmin
◦C Total Rain Fall (mm) R.H (%)

2019 2020 2019 2020 2019 2020 2019 2020

October 36.1 37.4 21.6 20.5 0 0 58 54
November 31.6 32.20 13.9 11.6 0 0 53 52
December 27.5 26.6 12.2 9.0 0 0 57 53

January 26.4 22.1 11.3 8.3 0 2.5 61 62
February 22.4 24.2 10.2 11.0 0 0 45 50

March 35.1 34.4 18.1 15.5 0 0 48 48
April 38.0 40.2 21.9 18.9 0 0 44 43
May 39.5 46.0 29.0 28.0 0 0 58 56
June 41.0 42.0 28.0 27.0 0 0 47 45
July 45.0 47.0 27.0 25.0 0.7 0 56 53

August 42.0 43.0 28.0 23.0 0 2.6 47 49
September 38.0 41.0 26.0 24.5 0 0 50 52

Tmax = maximum temperature, Tmin = minimum temperature, and R.H = relative humidity.

Table 2. The detailed fertility status of the soil at the agronomic research field station used in the
current experiment.

Soil Properties Units Values

Texture
pH

-
-

Sandy loam
7.2

SOM % 1.43
Total N % 0.07

Na meq/60 g soil 0.07
K meq/60 g soil 0.12
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Table 2. Cont.

Soil Properties Units Values

Mg meq/60 g soil 2.1
P ug/g soil 12.3
S ug/g soil 16.09

Ca ug/g soil 3.02
Zn ug/g soil 1.43
B ug/g soil 0.38

2.2. Experiment Design and Treatments

The field experiment was conducted under a randomized complete block design
(RCBD) with three replications per block. The area was divided into different plots, and
each plot size was 10 m2 containing 6 rows. To fulfill the nutrient profile of the growth
media of the experimental site, it was fortified with potassium (K), phosphorus (P), and
nitrogen (N) in the form of calcium superphosphate (12%), potassium sulfate (50%), and
urea (46%), respectively. The above ratio of fertilizer was maintained, with one fertilizer
bag containing 50 kg of DAP (diammonium phosphate) and 10 kg of urea, and it was
incorporated in the soil before planting the mung bean genotypes.

The mung bean seeds (Var. AEM-96) were collected and washed three times with
distilled water. After being washed, these seeds were spread to dry overnight at room
temperature. Later on, the mung bean seeds were sown and thinned after three weeks of
germination for the maintenance of the plant-to-plant distance. The application solutions of
IAA and GA3 were prepared according to the treatment specification (0, 30, and 60 mg L−1

concentrations), and they were applied on the plant foliage at flowering time after 25 days
of germination (DAG) thrice, with an 11-day interval each time. The foliar application with
a hand hydraulic sprayer was carried out at dawn and dusk to avoid evaporation losses.
Optimal cultural and agronomic practices that affect the yield of the crop were applied
efficiently during the whole plant growth cycle. The details of the foliar treatment of IAA
and GA3 are described in Table 3.

Table 3. Treatment layout of the experiment conducted in 2019–2020 in a sandy-loam soil in sub-tropics.

Treatment Number Treatment Labels IAA Conc. (mg L−1) GA3 Conc. (mg L−1)

T1 CK 00.0 00.0
T2 IAA1 30.0 00.0
T3 IAA2 60.0 00.0
T4 GA1 00.0 30.0
T5 GA2 00.0 60.0
T6 IAA1 + GA1 30.0 30.0
T7 IAA1 + GA2 30.0 60.0
T8 IAA2 + GA1 60.0 30.0
T9 IAA2 + GA2 60.0 60.0

IAA: indole-3-acetic acid; GA3: gibberellic acid.

2.3. Determination of Growth Traits

The mung bean plant samples which were to be assessed to determine morphological
parameters were collected 60 days after sowing (DAS) by randomly selecting plants from
each plot for the estimation of growth characteristics. Plant height was recorded with
the help of a measuring scale from the ground to the top of the leaf in centimeters (cm).
Other growth traits, including leaf fresh and dry weight (wt.), shoot length, number of
leaves/plant, and number of branches/plant, were also calculated accordingly.

107



Soil Syst. 2023, 7, 34

2.4. Determination of Agronomic Traits

Post-harvesting data and seed-related traits were measured 75 days after sowing (DAS)
from the agronomic research area, The Islamia University of Bahawalpur, Pakistan. During
harvesting, the mung bean plant samples were collected for the estimation of agronomic
and yield-related parameters. The pod weight/plant, the number of pods/plant, and the
number of seeds/pod were counted from ten randomly selected plants at harvest. Four
rows from each treatment condition were harvested and weighed to compute the biological
yield (kg ha−1). However, the seed yield was recorded at harvest, where the mass of seeds
collected per square meter (g/m2) was recorded and converted to kg/ha.

2.5. Estimation of Photosynthetic Traits

The mung bean fresh leaf samples were collected 60 DAS. The determination of chloro-
phyll pigments was carried out by randomly selecting ten plants/plots. Fresh leaf samples
were collected from each treatment and subjected to grinding with 80% acetone. The
semi-liquid extract was filtered and centrifuged at 10,000 rpm for 5 min. The supernatant
was then subjected to a spectrophotometer (Model Analytikjena Spekol 1500 Germany).
For acetone (80% v/v) extraction, the following equations given by Lichtenthaler [42] were
used to estimate chlorophyll contents (mg/g FW) in the leaves.

Chl. a = {(12.25A663.2 − 2.79A646.8) × V} ÷ W

Chl. b = {(21.50A646.8 − 5.10A663.2) × V} ÷ W

Carotenoids = {(1000A470 − 1.82Chl.a − 85.02Chl. b) × V} ÷ (198 × W)

where V represents the final volume of chlorophyll extract in 80% acetone, and W is 0.1 g.

2.6. Determination of Total Carbohydrates, Nitrogen, and Protein Contents

The leaves of 3 randomly selected plants 60 DAS were subjected to the estimation of
total carbohydrates, nitrogen, and protein contents. The phenol–sulfuric acid method was
applied to measure the total carbohydrates from the IAA and GA3 treatment individually or
in combination. Micro Kjeldahl’s apparatus was used to estimate the nitrogen contents [43].
The crude protein was determined using a previously reported method [44]. In this method,
crude protein was measured by multiplying protein contents with a 5.75 factor.

2.7. Estimation of Endogenous Growth Regulators

The mung bean plant samples were collected randomly from each plot and treatment
75 DAS for the determination of endogenous critical plant regulators. For this particu-
lar trait, the plants were screened based on data obtained from morphological and yield
attributes. The most promising treatments were then selected for the estimation of endoge-
nous regulators, including IAA, GA3, ABA, and zeatin. The hormones were extracted using
the previously reported method described by Shindy et al. [45]. Briefly, 2 g of fresh leaves
was ground in cold 80% (v/v) aqueous methanol with a mortar and pestle for extraction.
After extraction, the gas–liquid chromatography (GLC) technique was used to determine
the IAA, GA, and ABA contents [45]. Furthermore, the cytokinin contents were estimated
using the method previously reported by Müller [46] via HPLC (high-performance liquid
chromatography).

2.8. Statistical Analysis

The data were pooled for both the growing years. All the experimental data were
recorded and subjected to a one-way analysis of variance (ANOVA) with three repli-
cates to record statistically significant/non-significant differences among different traits
of mung bean through a computer program, Statistix Version 8.1 (Analytical Software,
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2005). Moreover, Bonferroni’s statistical analysis test was applied to verify the level of
significance (5%) among different treatment means.

3. Results

3.1. Influence of Natural Phytohormones on Mung Bean Growth

The statistical data of morphological/vegetative parameters depicted that the applica-
tion of two phytohormones, i.e., IAA (T2–T3) and GA3 (T4–T5), individually or in combi-
nation (T6–T9), significantly influenced the growth of mung bean plants (Figure 1A–F). A
significant increase was observed under IAA2 + GA2 treatments in shoot length by 33.8%,
leaf fresh weight by 56.0%, leaf dry weight by 57.7%, no. of leaves by 34.8%, and no. of
branches per plant by 22.9%, as compared to the control (CK) treatment. The maximum
growth performance was observed in the IAA2 + GA2 (T9) treatment compared to the other
treatments (T1–T8) and the control (T0).

 

Figure 1. Influence of individual and/or combined foliar application of natural phytohormones on
growth and biomass characteristics, e.g., shoot length (A), total plant height (B), leaf fresh weight (C),
leaf dry weight (D), no. of leaves (E), and no. of branches (F) of mung bean plants grown in sandy-
loam soil in sub-tropics. The bar values are an average of three replicates (n = 3), and the bars
not sharing the same lowercase letters indicate significant differences from each other according to
Bonferroni’s statistical analysis at p < 0.05.
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3.2. Influence of Natural Phytohormones on Yield and Yield Related Parameters

The foliar application of the singular or combined treatment of IAA and GA3 hormones
positively influenced the mung bean yield and yield-related parameters, as presented in
Figure 2A–F. The data analysis showed that the highest yield of each parameter was
obtained with the IAA2 alone and IAA2 + GA2 treatment. However, the most effective
treatment was found to be IAA2 + GA2 (T9), which led to the highest mung bean yield
in terms of seed yield (>230.3%), straw yield (>29.5%), and biological yield (>43.4%), as
compared with the CK treatment in which no phytohormone was supplied. In most of
the yield attributes, however, there was no statistical difference among the effect of the
IAA2 (T3) and IAA2 + GA2 (T9) treatment levels. On the other hand, it was noticed that a
lower concentration of GA3 hormone (GA1 treatment) was less effective in improving mung
bean’s yield-related traits when compared with the higher dosages of the studied hormones.

 

Figure 2. Influence of individual and/or combined foliar application of natural phytohormones on
yield-related characteristics, e.g., no. of pods (A), weight of pods (B), no. of seeds per plant (C), seed
yield (D), straw yield (E), and biological yield (F) of mung bean plants grown in a sandy-loam soil
in sub-tropics. The bar values are an average of three replicates (n = 3), and the bars not sharing
the same lowercase letters indicate significant differences from each other according to Bonferroni’s
statistical analysis at p < 0.05 level.
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3.3. Influence of Natural Phytohormones on Photosynthetic Pigments

The influence of different concentrations of the spraying of IAA and GA3, combined
or alone, on total photosynthetic pigments, carotenoids, chlorophyll a (Chl a), and chloro-
phyll b (Chl b) are presented in (Figure 3A–D). Overall, the photosynthetic pigments and
carotenoid contents were influenced positively by the foliar application of IAA and GA3.
The analysis of the results showed that IAA and GA3 treatments caused a significant
increase in photosynthetic pigments. Briefly, maximum enhancements of 16.5%, 19.7%,
and 17.9% was reported in chlorophyll a, chlorophyll b, and carotenoid contents, respec-
tively, under the combined application of phytohormones (IAA2 + GA2), as compared with
the plants grown in the control plot. Moreover, quite similar results were observed for
the total concentration of pigments in the leaves of mung bean under the application of
phytohormones.

Figure 3. Influence of individual and/or combined foliar application of natural phytohormones
on the physiological parameters, e.g., chlorophyll a (A), chlorophyll b (B), carotenoid contents (C),
and total pigment contents (D) of mung bean plants grown in a sandy-loam soil of sub-tropics. The
bar values are an average of three replicates (n = 3), and the bars not sharing the same lowercase
letters indicate significant differences from each other according to Bonferroni’s statistical analysis at
p < 0.05 level.

3.4. Influence of Natural Phytohormones on Nutritional Status of Mung Bean Seeds

The findings related to the nutritional status of the seeds of mung bean plants, e.g.,
total carbohydrates, protein contents, and nitrogen contents, from the current trial are given
in Figure 4A–C. The results revealed that the singular or combined foliar application of
IAA and GA3 significantly improved the total carbohydrate, protein, and nitrogen contents
in the yielded mung bean seeds as compared with the control (CK) plants. The highest
increases in the contents of total carbohydrates (6.6% and 7.5%), protein (17.0% and 17.3%),
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and nitrogen (13.2% and 14.5%) were observed under the IAA2 and IAA2 + GA1 treatments,
compared to the other treatments and control plants. On the contrary, it was noticed that
the lower concentration of GA3 hormone (GA1 treatment) was not effective in improving
nutritional traits of mung bean seeds as compared to the other treatments.

 
Figure 4. Influence of individual and/or combined foliar application of natural phytohormones on
the nutritional status of seeds of mung bean plants, e.g., total carbohydrates (A), protein contents (B),
nitrogen contents (C), and soil N availability (D) of the studied sandy-loam soil in sub-tropics. The
bar values are an average of three replicates (n = 3), and the bars not sharing the same lowercase
letters indicate significant differences from each other according to Bonferroni’s statistical analysis at
p < 0.05 level.

3.5. Influence of Natural Phytohormones on Soil N Availability

The influence of different concentrations of the spraying of IAA and GA3, combined
or alone, on soil N availability was determined after harvesting in the experiment (75 DAS),
and the data are presented in Figure 4D. Overall, the availability of N in the soil was
positively influenced with the foliar application of IAA and GA3. It was observed that the
IAA and GA3 treatments caused a significant increase in N availability in sandy-loam soil.
The maximum increase was reported under the IAA2 (71.8%), IAA1 + GA2 (66.5%), and
IAA2 + GA1 (83.8%) treatments.

3.6. Influence of Natural Phytohormones on Endogenous Phytohormone Production

The current study determined the changes in the endogenous IAA GA3, zeatin, and
ABA contents after the foliar application of varying concentrations of natural phytohor-
mones on seedlings 60 days after sowing (DAS). The corresponding results are presented
in Figure 5A–D. The endogenous production of IAA GA3, zeatin, and ABA was only eval-
uated under the higher application doses of IAA and GA3 based on the results obtained
for growth- and yield-related characteristics. It was noticed that the exogenous applica-
tions of GA3 and IAA were correlated with the changes in their endogenous contents
of studied phytohormones in mung bean. The combined foliar application of IAA and
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GA3 (IAA2 + GA2) markedly increased the IAA, GA3, and zeatin concentrations, while it
declined the ABA contents in the leaves of mung bean seedlings.

 
Figure 5. The influence of individual and/or combined foliar application of natural phytohormones
on the endogenous concentration of phytohormones, e.g., IAA contents (A), GA3 contents (B), ABA
contents (C), and zeatin contents (D) in the leaves of mung bean plants grown in a sandy-loam soil
in sub-tropics. The bar values are an average of three replicates (n = 3), and the bars not sharing
the same lowercase letters indicate significant differences from each other according to Bonferroni’s
statistical analysis at p < 0.05 level.

3.7. Hierarchical Agglomerative Cluster Analysis

A two-dimensional relationship analysis was carried out to elaborate the distinction
between the studied treatments and various physio-biochemical attributes of mung bean
plants (Figure 6). The double hierarchical heatmap presented the correlation between the
various studied traits of mung bean (row) and different singular and/or combined appli-
cation levels of natural phytohormones (columns). The column hierarchical dendrogram
clearly showed that the effect of IAA2 and GA2 and IAA2 + GA2 on the studied variables of
mung bean seedlings under a subtropical environment was much more superior compared
to all the other treatments. On the other hand, the analysis also showed that the effect of
these treatments was very useful to boost the growth, yield, and biochemical attributes of
mung bean seedlings.
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Figure 6. Heatmap analysis based on the correlation matrix of the growth and physio-biochemical
variables measured in mung beans (Vigna radiata L.) grown in a sandy-loam soil sprayed with
two natural phytohormones, viz., IAA and GA3. The double hierarchical dendrogram reveals the
relationship among treatments (column) and among various plant characteristics of mung bean
seedlings (row).

4. Discussion

In a natural system, the ratio of various phytohormones is maintained to a required
level by finely regulating their synthesis, transport, metabolism, and/or destruction to
ensure the coordinated growth of various tissues/organs along a defined pattern of growth
and development in the life span of the plant. A limited desired deviation in this set pattern
of growth and development may, however, be possible by enhancing the level of any of
these regulators by their exogenous application to intact plants or their parts [47]. Therefore,
it has been very well established that exogenous hormonal treatment alters plant growth
and development by modifying their growth, physiology, and endogenous contents [48,49].
However, it is still ambiguous as to whether the effects of exogenous hormones on growth
are direct or whether they are related with changes induced in endogenous hormones [50].
With reference to the comparison of two hormones, IAA foliar application was more
efficient in improving the growth attributes of mung bean than GA3. The present increase
in growth is in parallel to the earlier reported studies on various plants, including faba-bean
and mung bean [51,52] with the exogenous treatment of plant growth regulators (GA3 and
IAA). Another study also supported the current findings that GA3, IAA, and the interaction
of both phytohormones significantly contributed towards plant height, the number of
pods/plant, biological yield, straw yield, seed yield, total carbohydrates, protein and N
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contents in the seeds [35]. IAA has been recognized to increase growth and photosynthetic
pigments’ concentration in the leaves of plants, as shown in the current study [53], and
stimulate cell division and enhance biochemical traits, i.e., total carbohydrates content and
polysaccharides [54]. Furthermore, previously, an important role of GA3 on the growth
traits of the Simmondsia chinensis plant was observed under a sub-tropical environment [55].
In the current study, the statistical results revealed that all the treatments, including the
singular and/or combined application of phytohormones, had a promotive effect on the
growth and yield of mung bean and faba-bean, as reported by [53] and [54], respectively.
For example, it was suggested that a combined dose of auxin (1.0 mg L−1) and gibberellin
(200 mg L−1) is recommended for the enhancement of seed yield, whereas a 0.5 mg L−1 dose
of auxin is recommended for the enhancement of vegetative growth. This enhancement
of mung bean growth (Figure 1), photosynthetic assimilates (Figure 3), and endogenous
phytohormones (Figure 5) after the spraying of plant growth regulators, alone or combined,
might lead to the accretion of photo-assimilates in the seed and enhance the transfer rate of
these assimilates to boost the yield of mung bean (Figure 2). Additionally, the exogenous
foliar application of IAA at a 100 ppm concentration previously resulted in maximum
plant height, chlorophyll content, spike length, 1000-grain weight, and grain yield in bread
wheat [56]. Moreover, an increase in grain yield could be positively correlated to enhanced
grain numbers per spike of two growth hormones (IAA × 6-BAP) in the booting stage of
wheat [57].

Our results were in accordance with the “acid growth theory” of auxin, e.g., the
indole-3-acetic acid (IAA) causes acidification (excretion of protons into the apoplast) of
cell walls which ultimately increases stem growth by loosening 0f cell walls via cleavage
of the bonds [47,58] and also has an impact on the functioning of ionic channels, thereby
affecting the direction of the movement of ions and solutes and the turgor of cells [47].
Moreover, auxins also involve genes in inducing certain expressions by altering the type,
activity, and level of the proteins [47]. This is possibly the reason for the enhanced rate
of photosynthesis in the leaves of mung bean in the current study, and therefore, it may
have gave a boost to the growth of the root and the shoot, as expressed in the form of
increased fresh and dry mass (Figure 1). On the other hand, GA3 has been reported to
increase the pigment content of Vicia faba [59], and the water use efficiency of wheat [60],
and it increased photosynthesis by increasing the carboxylase activity of Rubisco in broad
bean and soybean [61] and regulated the transport of ions in plants. Additionally, it might
increase water uptake in plant tissues, causing cell expansion and the dilution of sugars in
tissues under harsh conditions [13]. Likewise, GA3 tends to boost the protein content by
increasing the nitrate reductase activity in cowpea [62], wheat [60], black cumin [63], and
mung bean [41]. The growth-promoting effect of GA3 may be attributed to the stimulation
of the mobility of soil nutrients towards the buds, thereby increasing cell division and/or
increasing the differentiation of the vascular tissues. Additionally, the increases in the yield
of mung bean plants via the application of different growth hormones might result by
breaking the apical dominance of mung bean plants, leading to the increase in flowering,
branches, and consequently, the number of fruits. The increase in seed weights might be
because of the promotive effect of IAA and/or GA3 in increasing the assimilates and their
translocations from leaves to fruits, where the seed weight increases [64].

Hormonal coordination is an important aspect which regulates leaf growth pro-
cesses [22]. The current findings related to pigment formation are in line with those
obtained for maize [65], wheat [66] and pulses [53,67]. Moreover, the plant growth regula-
tor IAA presumably acts as a coenzyme in the metabolism of higher plants, which directly
affects the synthesis or formation of photosynthetic pigments [68]. These increments in pho-
tosynthetic pigments may play their role in improving photosynthesis and the retardation
of its degradation. It was confirmed that GA3 is involved in the photosynthates machinery
of the Simmondsia chinensis plant, and irrespective of the dosage of GA3 used in the current
experiment, it was shown that 300, 200 and 100 ppm of GA3 differentially modulated the
studied traits of mung bean (photosynthetic pigments: carotenoids, chlorophyll a, and
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chlorophyll b): yield-contributing traits such as pod length, the number of grains pod−1,
plant height, the number of pods plant−1, and 100-grain weight; and quality parameters
including seed protein and nitrogen [55]. It is important to increase protein rich crops
such as mung bean in developing countries, because they can serve both as food and feed.
Our findings from the current experiment are also in parallel with several scientific results
that state that GA3 improves the photosynthetic attributes in V. radiate [35,41], wheat [69],
cotton [70], broccoli leaves [71], Simmondsia chinensis [55], and Visiafaba [13]. It has also
been scientifically proven that the application of GA3 alters the specific components of
plastids that affect the retention of chlorophyll apparatus in maize [72]. Among all photo-
synthetic species, carotenoids act as a non-enzymatic antioxidant, protecting the “antenna
complex” from photo-oxidative damage, enabling wavelengths of light to be available for
photosynthesis [73]. Our findings are supported by the previous results from V. radiata
that GA3 treatment significantly increased leaf carotenoid contents [35]. It was then rec-
ommended that the improvement in carotenoid capacity by GA3 may be attributed to the
ultrastructural morphogenesis of plastids [74].

It has been well established that to prevent oxidative plant injury, plants have evolved
adaptive mechanisms, including the upregulation of the antioxidant defense system, which
includes ROS-scavenger enzymes, e.g., ascorbate peroxidase (APX), catalase (CAT), and
superoxide dismutase (SOD), and non-enzymatic antioxidants such as glutathione, α-
tocopherol, ascorbic acid, and phenolic compounds [75–79]. On the other hand, many
researchers have explored whether the application of plant growth regulators degrade
the activities of various enzymes which are directly related to improving endogenous
phytohormone production [13,80]. Therefore, the increased endogenous phytohormone
production in our study might have been due to the alleviation of oxidative stress and
the improvement in antioxidant capacity, as suggested by various researchers [81,82].
These results are also comparable to those obtained for cowpea [70], wheat [45], and faba-
bean [46]. The previous findings suggest that isopentenyl pyrophosphate is a common
precursor for the biosynthesis of cytokinin and/or gibberellins and ABA [50]; apparently,
the exogenous application of IAA and GA3 may have caused a shift into cytokinin or
gibberellin biosynthesis instead of ABA, which resulted in a decline in ABA content in the
current research (Figure 5).

The exogenous application of natural phytohormones such as IAA and GA3 has been
shown to be an emerging trend which can positively regulate growth parameters and
total carbohydrate, polysaccharide, proline, free amino acid, and total phenolic contents in
faba-beans [54]. Moreover, many studies have shown that foliar and seed-priming-based
applications of phytohormones have increased the availability of N in soil by enhancing
nitrogenase activity in mung bean crops [83]. Higher nitrogenase activity signifies an
increase in the rate of the reduction of nitrogen to ammonia. Therefore, more and more
organic forms of nitrogen are made available in plants to be incorporated with keto acids
to generate additional quantities of the required amino acids/amides [84]. Simultaneously,
the synthesis of additional proteins (Figure 4) could have also sped up the availability
of the enzymes (glutamin synthetase and glutamate synthase) involved in the glutamin
synthase cycle determining the incorporation of ammonia [85]. It seems quite natural from
these observations that the hormones might have elevated the useable form of nitrogen
(ammonia) to produce a larger pool of amino acids/amides.

5. Conclusions

The application of natural phytohormones, e.g., IAA and GA3, affected plant growth,
and it enabled the mung bean plants to survive in a sandy-loam soil with nutrient deficiency.
Moreover, these phytohormones also enhanced the yield of mung bean in two different grow-
ing seasons in 2019–2020. The most effective treatment was 60 mg L−1 IAA + 60 mg L−1 GA3
(IAA2 + GA2), which improved the growth characteristics, photosynthetic pigments formation,
yield attributes, endogenous phytohormone production, and biochemical composition of
mung bean seeds. In the current investigation, it was therefore suggested that the mung bean
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performed better and gave the maximum capability of yield after the singular or combined
application of high doses of IAA (60 mg L−1) and GA3 (60 mg L−1) in a subtropical region of
Pakistan. However, the recommended dosages, in future experiments, should be tested in
various field environments in different parts of the world to confirm the potential of these
two hormones.
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Abstract: Black rice (Oryza sativa L.) contains high concentrations of bioactive compounds that are
associated with human-health benefits. Arbuscular mycorrhizal fungi (AMF) can increase plant
performance and concentrations of these bioactive compounds. In a pot experiment, the effects of
four different species of AMF (Claroideoglomus etunicatum; Rhizophagus variabilis; Rhizophagus nov.
spec.; Acaulospora longula) were assessed on growth performance, grain yield, concentrations of
phenolic compounds and anthocyanin, and antioxidant activity of two black-rice cultivars. The
experiment was a completely randomized factorial design with two factors, viz. cultivar (Niew
Dam Hmong and Maled Phai) and treatment (four different species of AMF and two non-inoculated
treatments, without and with mineral fertilizer). Results showed that cultivar, treatment, and their
interaction were almost always significant sources of variation for both plant performance parameters
and concentrations of bioactive compounds. Maled Phai showed higher performance and higher
concentrations of phenolics and anthocyanins but lower antioxidant activity than Niew Dam Hmong.
The non-inoculated treatment without mineral fertilizer showed the lowest performance. The non-
inoculated treatment with mineral fertilizer resulted in larger root and shoot biomass than the
mycorrhizal treatments, but grain yield was higher in the mycorrhizal treatments. Inoculation with
R. variabilis resulted in the highest concentration of phenolics and anthocyanins. We conclude that
R. variabilis was the best inoculum for increasing grain yield and bioactive compounds, especially in
Maled Phai.

Keywords: AMF; Rhizophagus variabilis; Maled Phai; Niew Dam Hmong; phytochemical; rice productivity

1. Introduction

Rice (Oryza sativa L.) is a major staple cereal that feeds more than 50% of the global
population. Almost all rice (more than 90%) is being produced in Asia. The most commonly
consumed rice cultivars have a white kernel. However, specialty rice cultivars exist with
red, purple, and black colored kernels, and these cultivars are known as black rice [1]. Their
grains contain high amounts of phenolic compounds, especially anthocyanins and antiox-
idant substances. These substances are considered health-promoting and are especially
beneficial for memory enhancement and for strengthening the human immune system [2–4].
Black-rice cultivars contain the highest concentrations of anti-oxidants [5]. Although the
demand for black rice in Thailand is rapidly increasing because of its high nutritional value,
the market share of this specialty rice is still low. In Thailand, the production of black rice is
clustered around the northern and northeastern parts of the country. However, rice produc-
tion in these locations is characterized by low productivity because soils are mostly sandy
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and have unfavorable physicochemical conditions, including low organic-matter content,
amounts of available nitrogen and phosphorus, and cation exchange capacity [6]. Because
of low inherent fertility, farmers have constantly and extensively used mineral fertilizer to
increase rice production. Injudicious use of mineral fertilizer has caused deterioration in
the physical and chemical properties of these soils as well as environmental pollution.

Because of declining soil fertility, other forms of field management are clearly needed,
and these include a larger focus on the soil biota that contribute to improved performance
of black rice. Such improved performance could go hand in hand with a reduced envi-
ronmental footprint through reduced water demand and lower greenhouse gas emissions.
Among such beneficial soil biota, there is a major role for arbuscular mycorrhizal fungi
(AMF), a group of mutualistic root and soil-inhabiting fungi. The large majority (over
80%) of crops are able to form mycorrhizal symbiosis, and rice, especially when grown
under aerobic conditions, also benefits from the mycorrhizal symbiosis [7,8]. AMF enhance
the acquisition of growth-limiting nutrients and improve the acquisition of water and
drought tolerance through various mechanisms. Moreover, AMF often increase resistance
against belowground and aboveground pathogens and herbivores, although a recent study
indicated increased susceptibility of mycorrhizal rice against various pests [9]. In many
soils, there is sufficiency of AMF inoculum and the potential of the mycorrhizal symbiosis
to contribute to enhanced plant performance then depends on the forms of management
applied by the farmer. However, past injudicious management could have reduced AMF
inoculum to too low levels, and in such conditions, the use of commercial inoculum could
be considered. Such commercial inocula consist of one or more species of AMF, whose
provenance may either be local or may have been imported from elsewhere, with the
potential risk of these organisms becoming invasive in their new habitat. Experimental
research towards the mycorrhizal symbiosis, on the other hand, often involves laboratory
or greenhouse experiments, in which control plants are cultivated in sterilized soil and
in which various AMF species, alone or in combination, are tested. Such studies allow
ascertaining the relative benefits of individual species of AMF under specific conditions,
and such knowledge can subsequently be used for upscaling under field conditions.

The main objective of this study was to test the effects of different species of AMF on
the growth performance and concentrations of bioactive substances of black rice in a pot
experiment under laboratory conditions. The effects of these AMF species were compared
with two control treatments, viz. a treatment at inherent soil fertility and a treatment where
mineral fertilizer has been added. By executing the experiment with two different controls,
the study does allow to the assess both AMF under the inherent soil fertility and the extent
to which management of AMF can be an economic substitute for the use of mineral fertilizer.
As mycorrhizal management is often cheaper than the acquisition of mineral fertilizer, the
study has the potential to demonstrate options to reduce farmer expenses by refraining
from mineral-fertilizer use and thereby increase their income. Farmers could then also
benefit from other ecosystem services from their rice fields due to improved soil quality.

2. Materials and Methods

2.1. AMF Identification
2.1.1. Isolation of Species of AMF

A total of 15 soil samples were collected from the rhizosphere of black-rice plants
grown as upland (aerobic) rice in different regions in the Northeast of Thailand, including
Khon Kaen Province (Nam Phong district and Muang district), Roi-Et Province (Nong Phok
district) and Kalasin Province (Kuchinarai district). Fifty grams of each rhizosphere sample
were thoroughly suspended in 500 mL water in a beaker and allowed to settle afterwards.
AMF spores were separated from these soils by wet-sieving and decanting techniques [10]
using a series of sieves that were arranged from top to bottom in the following order:
250 μm, 125 μm, and 90 μm. The trapped spores were filtered througWhatman No. 1
filter paper by repeated washing with water. Spores were gently picked using forceps and
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placed on a glass slide for visualization under a stereomicroscope (Nikon SMZ745 model
LC-LEDS, Zhejiang, China.

2.1.2. Multiplication of Spores of AMF

Only the spores of the most abundant AMF species obtained from each soil sample
were subjected to spore multiplication. Multiplication of AMF spores was carried out using
a pot culture technique as described by Boonlue et al. [11]. Briefly, soil was twice sterilized
by autoclave at 121 ◦C for 2 h and then added to 20-cm-diameter plastic pots. Maize
(Zea mays L.) seeds were surface-sterilized by soaking in 10% sodium hypochlorite solution
for 30 min before adding them to the pots. Then, individual spores of each morphologically
distinct AMF species were added to the pots containing these maize seeds. Maize was
subsequently grown in a greenhouse at 30−35 ◦C and irrigated with tap water every day.
After 90 days, irrigation was stopped, and the plants were allowed to dry out, which
causes sporulation by the AMF. The plants were cut off at a position just above the soil
surface. After that, the soil was air-dried and then ground into fine particles (<0.2 mm). The
purity of spores and the total spore number in the soil were determined using the sucrose
centrifugation method [12]. Dried soils containing AMF spores, mycelia, and colonized
root fragments were then used as the inoculum in the pot experiment.

2.1.3. Identification of AMF Species

DNA of AMF was extracted from single spores obtained from the cultures described
above. The spore surface was cleaned by sonication for 10 s and sterilized thoroughly
using Chloramine–T solution (2% w/v) for 5 min. The spore was then rinsed with sterilized
deionized water 3 times. A sterilized spore was transferred into a PCR tube containing 7 μL
of TE (10 mM Tris-HCl, pH 8, 1 mM EDTA) [13] and then broken using a sterilized microtip
under a stereomicroscope. DNA extracts were submitted to a nested PCR protocol [14]. The
Thermo Scientific Phire Plant Direct PCR Master Mix kit was used for a nested PCR ampli-
fication in a total volume of 20 μL. The primer pairs SSUmAf1 and LSUmAr3 were used in
the first amplification step. The second amplification step was performed using the mixed
primer SSUmCf3 and SSUmCf1, LSUmBr5 and LSUmBr1, which targets only glomeromy-
cotan fungi. PCR products were purified using the QIAGEN PCR Purification Kit (Thermo
Scientific, Vilnius, Lithuania). The rDNA sequences were submitted for sequencing at the
U2Bio Thailand. After DNA sequencing, the DNA sequences were compared with similar
sequences on GenBank. Phylogenetic analyses was executed through the program MEGA
7, using maximum likelihood [15]. The obtained sequences were deposited to the National
Center for Biotechnology Information (NCBI) (for accession numbers, see Section 3.1).

2.2. Greenhouse Experiment
2.2.1. Soil Preparation for Rice Cultivation

The soil for growing black rice in this study was a sandy loam soil with a pH of
7.26, electrical conductivity (EC) of 0.043 dS m−1, organic matter (OM) content of 6.4 g
kg−1, total nitrogen (N) content of 240 mg kg−1 (C:N ≈ 13), total phosphorus content of
146 mg kg−1, total potassium (K) content of 428 mg kg−1, available P (method Bray 2)
61 mg kg−1, exchangeable K 50 mg kg−1, calcium (Ca) 655 mg kg−1, and sodium (Na) of
50 mg kg−1. Stones, wood chips, and plant debris in a soil sample were removed. The
soil samples were sterilized by autoclaving at 121 ◦C at a pressure of 15 psi for 120 min.
The soils were left at room temperature overnight and then sterilized again at the same
condition before being packed into 20-cm-diameter plastic pots (5 kg pot−1).

2.2.2. Preparation of Rice Seedlings

Two different cultivars of black upland rice (Oryza sativa subsp. indica) named as
Niew Dam Hmong and Maled Phai were provided by the group of Rice project, Faculty of
Agriculture, Khon Kaen University, Thailand. Niew Dam Hmong is a glutinous, pigmented,
upland rice with a black seed coat, light-sensitive behavior, and short life span. Generally,

123



Soil Syst. 2023, 7, 44

it is cultivated around August. Maled Phai is a non-glutinous, pigmented, upland rice
that originated from southern Thailand. It has brown-purple seed, and its cultivation
period is from the beginning of June–November. Its seeds are somewhat smaller, and the
cultivar is somewhat less productive. However, it has stronger bioactivities than Niew Dam
Hmong [16]. Note that the authors of that publication refer to the cultivars as Ma-Led-Fy
and Dam-Mong, respectively. Both rice cultivars have been developed at the Agronomy
Station, Khon Kaen University and are widely distributed to the community. Rice seeds
were surface-sterilized by soaking in 6% sodium hypochlorite solution for 10 min. Twice-
sterilized soil was used as the plant substrate contained in 20-cm-diameter plastic pots.
The rice was grown in a greenhouse at 30−35 ◦C and irrigated with tap water every day.
Seven-day-old rice seedlings with relatively similar sizes and having true leaves were
selected for the experiment.

2.2.3. Experimental Design and Pot Preparation

The experiment was conducted in enclosed greenhouses at Khon Kaen University,
Khon Kaen, Thailand. The experiment was arranged as 2-factorial experiment (factors: rice
cultivar–two cultivars; mycorrhiza–six treatments) in a Completely Randomized Design
(CRD) with 7 replicates per treatment, resulting in a total of 84 pots. The experiment was
carried out for 4 months after which the plants were harvested. The mycorrhizal factor
included six treatments, viz. (T1) control, sterilized soil without AMF; (T2) control with
mineral fertilizer, sterilized soil without AMF, with addition of mineral nutrients (per
pot in total 150 mg N, 90 mg P, and 25 mg K, applied in three doses, at 20–25 days after
planting (DAP), 45–50 DAP, and 70–75 DAP); (T3) inoculation with AMF isolate ROI-ET2-
02; (T4) inoculation with isolate ROI-ET2-01; (T5) inoculation with isolate ROI-ET1-01; (T6)
inoculation with isolate KS-02. The AMF inoculum was applied adjacent to plant roots at a
rate of approximately 200 spores pot−1.

2.2.4. Determination of Plant and AMF Performance

The following plant performance parameters were measured at 120 days after trans-
plantation (at harvesting stage). SPAD chlorophyll meter reading (SCMR) was recorded
using a chlorophyll meter SPAD-502 plus (Konica Minolta, Japan). Plant biomass (shoots,
panicles with grain, roots) was determined after the samples were dried at 80 ◦C for 3 days.
Shoot samples were also analyzed for concentrations of N, P, and K.

The following functional compounds were analyzed: anthocyanin concentration
(TAC), total phenolic compound (TPC), and 1,1-diphenyl-2-picrylhydrazyl radical (DPPH).
TAC, TPC, and DDPH were extracted according to Kapcum et al. [17] with some modifica-
tions. The samples of dried seed were finely ground. An amount of 1.0 g of samples was
extracted with 10 mL methanol, then shaken for 2 h, and centrifuged at 3000 rpm for 10 min.
The mixture was filtered (Whatman No.1 filter paper), and the residues were re-extracted
twice with 5 mL methanol using the same procedure. The three aliquots were combined
and stored at −40 ◦C in the dark until analyzed.

TAC was determined using two aliquots of 50 μL of extracts to which 3 mL 0.025 M of
KCl buffer at pH 1.0 and 0.4 M sodium acetate buffer at pH 4.5 were added. The mixture
was then allowed to stand for 20 min before measuring absorbance at 520 and 700 nm. Total
anthocyanin concentration was calculated using the following equation and expressed as
cyanidin-3-glucoside equivalent per 100 g sample [6]:

Total anthocyanins (mg/100 g) =
ΔA × MW × D × (V/G)× 100

ε× L
(1)

where ΔA is absorbance = (A520 nm–A700 nm) pH 1.0–(A520 nm–A700 nm) pH 4.5, ε is
molar extinction coefficient of Cy-3-G = 29,600 M−1 cm−1, L is cell path length of cuvette =
1 cm, MW is molecular weight of anthocyanins = 449.2 g mol−1, D is a dilution factor, V is
a final volume (mL), and G is weight of sample (g).
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The TPC of the extracts was determined using 125 μL of extracts and 250 μL Folin-
Ciocalteu’s reagent, followed by the addition of 3 mL distilled water. The solution was
mixed well and then allowed to stand for 6 min, after which 2.5 mL 7% sodium carbonate
solution was added. The reaction mixture was allowed to stand for 90 min at room tem-
perature before measuring absorbance at 760 nm (Hitachi High-Tech Science Corporation,
Tokyo, Japan). Gallic acid was used as a calibration standard, and results were expressed
as mg gallic acid equivalent per 100 g sample.

DPPH free radical scavenging activity was determined according to the method
described by Leong & Shui [18], with some modifications. Freshly prepared solution of
0.1 mM solution of DPPH in methanol was prepared with absorbance 517 nm. An aliquot
of 100 μL of each sample (with appropriate dilution) was mixed with 4.0 mL of DPPH
solution, then allowed to stand at room temperature for 30 min before measurement. The
percentage of radical-scavenging ability was calculated by using the formula:

Scavenging ability (%) =
(Absorbance 515 nm of control)× (Absorbance 515 nm of sample)

(Absorbance 515 nm of control)
× 100 (2)

To assess the intensity of AMF root colonization, fresh root samples were stained with
0.05% lactoglycerol trypan blue solution according to the method described by Koske &
Gemma [19]. The stained root segments were observed under a microscope. Mycorrhizal
colonization intensity was measured according to Trouvelot et al. [20].

2.2.5. Statistical Analysis

Data were analyzed by two-way analysis of variance (ANOVA). Data were tested
for normality and homogeneity of variances. The least significant difference (LSD) test
was applied to test for significant differences among the means of different treatments at
p-value < 0.05. The correlation between parameters was calculated by Pearson’s correlation
coefficient and evaluated at p-value < 0.05. All statistical analyses were performed using
the Statistix 10.0 version software.

3. Results

3.1. Molecular Identification of AMF Species and Performance on Pot Culture

Molecular identification, based on a phylogenetic analysis of the newly generated
sequences, showed that isolate ROI-ET2-01 belonged to Claroideoglomus etunicatum (Acces-
sion No. OQ466528), KS-02 in the clade of Rhizophagus, with best matches to R. variabilis
(Accession No. OQ456401) and especially with a sequence (FR873160) from the French
Antilles [21], ROI-ET1-01 belonged to the genus Rhizophagus (Accession No. OQ755166),
likely constituting a new species, conspecific with a sequence (JX683735) of Glomus Agro-
03-S [22], and isolate ROI-ET2-02 to Acaulospora longula (Accession No. OQ455726). In the
remainder of this paper, these fungal species will be indicated by their scientific names.

These four isolates, which are stored at the Mycorrhiza and Microtechnology Lab,
Department of Microbiology, Khon Kaen University, were subjected to spore multiplication.
Acaulospora longula produced the highest amount of spores, viz. 32 spores g−1 soil, and
C. etunicatum the lowest amount, viz. 2 spores g−1 soil. All four species colonized roots
of maize, with fractional colonization ranging between 18% (Rhizophagus nov. spec.) and
35% (R. variabile) (Table 1). Based on adequate colonization and sufficient spore production,
these four species were used to study rice growth in the greenhouse experiment.
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Table 1. Total number of spores (g−1 soil) and fractional root colonization of maize of the isolated
AMF species.

AMF Isolates
Total Spore

(Spore/g Soil)
Root Colonization (%)

A. longula 32 25
C. etunicatum 2 19
R. nov. spec. 6 18
R. variabilis 13 35

3.2. Fractional Root Colonization and Spore Number of AMF on Maled Phai and Niew
Dam Hmong

Fraction colonization by the four AMF species in black-rice roots and the number of
AMF spores are shown in Table 2. Analysis of variance showed that mycorrhizal species,
rice cultivar, and the interaction were significant sources of variation (Table 2). The control
plants of Maled Phai remained free of mycorrhizal colonization, whereas the control plants
of Niew Dam Hmong showed low colonization, lower than the inoculation treatments. No
AMF spores were found in the controls of both rice cultivars. All four AMF successfully
colonized the roots of both rice cultivars. Fractional colonization and spore number were
significantly higher in Maled Phai than in Niew Dam Hmong. Among the AMF species
investigated, R. variabile exhibited the highest fractional colonization and spore number.

Table 2. The number of AMF spores in soil and the percentage of AMF colonization in roots of Maled
Phai and Niew Dam Hmong rice cultivars at the harvest stage.

Treatments Root Colonization (%) Total Spore (Spore g−1 Soil)

Maled Phai

Control 0 i 0 f
NPK fertilizer 0 i 0 f
A. longula 19 c 2 d
C. etunicatum 25 b 3 c
R. nov. spec. 14 d 3 c
R. variabile 28 a 6 a

Niew Dam Hmong

Control 2 h 0 f
NPK fertilizer 1 h 0 f
A. longula 7 f 2 d
C. etunicatum 9 e 1 e
R. nov. spec. 5 g 2 d
R. variabile 14 d 4 b

% CV 10 18
Treatment ** **
Rice cultivar ** **
Treatment × Rice cultivar ** **

Numbers followed by the same letter in each column are not significantly different according to the LSD test.
**, Significant difference at p ≤ 0.01.

3.3. Effects of AMF Species on the Promotion of Growth and Yield of Maled Phai Niew
Dam Hmong

The results of plant growth and yield parameters of both rice cultivars are provided
in Table 3. For all nine growth parameters, mycorrhiza (treatment) was a significant
source of variation, rice cultivar was a significant source of variation for six parameters
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(excluding tiller number, panicle number, and seed weight), while the interaction term was
significant for five parameters (excluding harvest index [HI], the ratio of grain mass over
total aboveground mass, tiller number, panicle number, and SPAD). The control treatment
without fertilizer resulted in the smallest plants, but with addition of mineral fertilizer,
these plants achieved largest plant height and total biomass. One exception was noted.
The total biomass of Maled Phai, inoculated with R. variabilis, was larger than that of
plants that had received mineral fertilizer. Those mycorrhizal plants were characterized
by a particularly large root dry weight. The effect of mineral fertilizer, compared to the
mycorrhizal treatment, was especially visible in increases in shoot and root dry weight
but not in grain yield. Non-inoculated (control) plants, both without and with mineral
fertilizer, had lower grain weight than AMF-inoculated plants. As a consequence, the
harvest index was significantly higher for AMF-inoculated than non-inoculated plants.
Nutrient concentration of shoots was lowest in the non-inoculated control without fertilizer
and highest in the non-inoculated control with mineral fertilizer. The N:P ratios of all
plants were below 5, indicating several N limitations. In addition, AMF, rice cultivar,
and the interaction were also significant sources of variation for antioxidant activity, and
concentrations of phenolic compounds and anthocyanin (Table 4). Concentrations of
phenolic compounds and anthocyanin were higher in Maled Phai than in Niew Dam
Hmong, consistent with previous reports [16]. Antioxidant activity showed a more variable
pattern, without consistent differences between cultivars. Among the AMF species, R.
variabilis showed the largest positive effect on phenolic and anthocyanin concentrations in
both cultivars (Table 4).

Table 3. Effects of AMF on plant growth parameters of Maled Phai and Niew Dam Hmong cultivars
at harvesting stage.

Treatments
Root Dry
Weight

(g)

Shoot
Dry

Weight
(g)

Grain
Weight

(g)

Aboveground
Weight (G)

Harvest
Index
(HI)

Number
of

Panicles

Number
of

Tillers

Height
(cm)

SPAD

Maled Phai cultivar

Control 16 i 44 e 4 g 48 g 0.08 g 3 e 8 d 92 de 35 d
NPK fertilizer 75 b 121 a 14 f 135 a 0.10 g 6 cd 18 a 102 b 45 a
A. longula 39 g 58 d 17 cde 65 de 0.23 de 6 cd 11 cd 97 bcd 45 a
C. etunicatum 46 e 60 d 18 def 78 d 0.22 e 6 cd 14 bc 90 e 42 abc
R. nov. spec. 35 h 71 c 20 bcd 91 c 0.22 e 6 cd 13 c 96 b–e 44 a
R. variabilis 104 a 94 b 25 a 119 b 0.21 e 8 a 13 bc 98 bcd 45 a

Niew Dam Hmong cultivar

Control 7 c 23 f 5 g 28 h 0.16 f 3 e 9 d 95 cde 37 cd
NPK fertilizer 16 i 76 c 15 ef 91 c 0.17 f 6 bc 17 ab 114 a 43 ab
A. longula 50 d 43 e 22 b 65 ef 0.34 a 6 bc 14 bc 95 cde 38 bcd
C. etunicatum 42 fg 45 e 19 bcd 64 ef 0.30 bc 5 d 12 cd 99 bc 38 bcd
R. nov. spec. 33 h 43 e 20 bc 63 f 0.32 ab 6 cd 14 abc 96 b–e 45 a
R. variabilis 45 ef 51 de 18 cde 69 de 0.26 cd 7 ab 13 bc 97 b–e 42 abc

% CV 8 15 19 13 16 16 27 6 14
Treatment ** ** ** ** ** ** ** ** **
Rice cultivar ** ** ns ** ** ns ns * *
Treatment ×
Rice cultivar ** ** ** ** ns ns ns * ns

Numbers followed by the same letter in each column are not significantly different according to LSD test. ns, not
significant *, Significant difference at p ≤ 0.05; **, Significant difference at p ≤ 0.01.
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Table 4. Effects of AMF on phenolic compounds, total antioxidant and anthocyanin of rice seeds and
nutrient concentrations in shoots.

Treatments
Phenolic

Compound
(mg 100 g−1 DW)

Antioxidant (%
DPPH Radical
Scavenging)

Anthocyanin
(mg 100 g−1 DW)

N
(mg g−1)

P
(mg g−1)

K
(mg g−1)

Maled Phai cultivar
Control 138 d 25 f 40 d 1.6 g 0.5 e 4.6 de
NPK fertilizer 196 b 39 de 98 a 6.0 a 1.2 b 11.2 a
A. longula 184 c 27 f 70 c 2.3 ef 0.6 de 5.6 de
C. etunicatum 140 d 58 c 62 c 2.1 f 0.5 e 5.5 de
R. nov. spec. 188 bc 43 d 66 c 2.7 de 0.7 cde 7.3 c
R. variabilis 209 a 68 b 82 b 3.5 c 0.9 bc 9.7 b

Niew Dam Hmong cultivar

Control 53 h 32 ef 36 d 1.6 g 0.5 e 2.7 f
NPK fertilizer 69 g 80 a 21 e 4.7 b 1.7 a 9.1 b
A. longula 87 f 55 c 34 d 2.9 d 0.8 cd 4.4 e
C. etunicatum 71 g 41 de 23 e 2.8 d 0.8 cd 5.1 de
R. nov. spec. 70 g 58 c 36 d 2.8 d 0.7 cde 5.4 de
R. variabilis 116 e 43 d 94 a 3.6 c 0.8 cd 5.8 d

%CV 7 18 18 9 20 13
AMF ** ** ** ** ** **
Rice cultivars ** ** ** ns ** **
AMF × Rice
cultivar ** ** ** ** ** *

Numbers followed by the same letter in each column were not significantly different according to LSD test. ns,
not significant; *, Significant difference at p ≤ 0.05; **, Significant difference at p ≤ 0.01.

Correlations between AMF colonization, plant performance parameters, and concen-
trations of secondary compounds are shown in Table 5. Mycorrhizal colonization was
significantly positively correlated with seed weight, root weight, and total biomass, whereas
the correlation between mycorrhizal colonization and shoot biomass was not significant.
Mycorrhizal colonization was also significantly positively correlated with concentrations
of phenolics and anthocyanin. Seed weight was significantly positive correlated with root
weight, and less so with shoot weight. Both shoot and root weight were positively corre-
lated with concentrations of phenolics and anthocyanin, whereas the correlation between
seed weight and concentrations of phenolics and anthocyanin were barely significant.
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4. Discussion

At present, there are only a few studies that provide information on the effects of
AMF species on black rice. Surendirakumar et al. [23] reported seven species of AMF
associated with black rice in paddy soils in India, including one species of Acaulospora and
two species of Rhizophagus. However, the very different environmental conditions in that
study (paddy rice) and this study (aerobic rice) would make a direct comparison difficult.
Wangiyana et al. [24] reported increased grain yield of black rice after inoculation with a
commercial inoculum, whose composition was not specified but likely consists of a mixture
of different species of AMF and ectomycorrhizal fungi. A similar positive mycorrhizal
effect was reported by Anugrah et al. [25], again without reporting the identity of the
AMF species that might have caused this yield increase. Tisarum et al. [26] reported that
inoculation with AMF, a mixture of three different species, increased drought tolerance and
enhanced anthocyanin concentrations of black rice. Fractional colonization in that study
was approximately 30%, comparable with our results (Table 2) for Maled Phai (14–28%)
but considerably higher than for Niew Dam Hmong (5–14%). Other studies reported
even higher fractional mycorrhizal colonization of rice than reported here, for instance,
a colonization rate of 26–40% [27], <5–40% [28], and 12–27% under flooded, and 22–43%
under non-flooded conditions [29].

This study showed that colonization by AMF had a beneficial effect on the growth
performance of two black-rice cultivars. Biomass production of plants, inoculated with
one of four species of AMF, outperformed non-inoculated plants in the absence of mineral
fertilizer. The application of mineral fertilizer also boosted plant performance, but the
effect was especially noteworthy in shoot biomass. In fact, seed weight and harvest index
were less for non-inoculated fertilized plants than for inoculated, unfertilized plants. These
non-inoculated plants showed very low fractional colonization. Considering the differences
in seed yield and harvest index, we argue that the low levels of mycorrhizal colonization
had only a minor impact on plant performance. High levels of fertilizer application have
been reported before to result in plant investment in vegetative growth rather than in
seed production. Mycorrhizal effects on cereal yields have been reported before by Zhang
et al. [30] in a meta-analysis that showed a yield increase in grain yield of rice of 17% due
to the mycorrhizal symbiosis, indicating an effect that was noted both under field and
greenhouse conditions.

The increase in yield in the mycorrhizal treatments, as compared with the non-
inoculated fertilized treatment, coincided with lower concentrations of nitrogen, phos-
phorus, and potassium in shoots (Table 4). However, compared with the unfertilized
control, mycorrhizal plants had higher shoot concentrations of these three macronutri-
ents. These mycorrhizal plants also showed increases in concentrations of phenolics and
anthocyanins compared with unfertilized, non-inoculated plants. Fertilizer application
also increased the concentration of these bioactive compounds. In the case of inoculated
Maled Phai, unfertilized mycorrhizal plants exhibited similar concentrations of phenolics
and anthocyanins than non-inoculated, fertilized plants. In the case of Niew Dam Hmong,
inoculated, unfertilized plants even outperformed these non-inoculated, fertilized plants,
demonstrating an effect that was most conspicuous in plants that were inoculated with
R. variabilis. This recently described fungal species also achieved highest fractional root
colonization in both cultivars and also significantly increased root biomass in Maled Phai.
This effect is particularly interesting considering the significant positive correlations be-
tween root biomass, root colonization, and concentrations of bioactive compounds. Plant
species-specific differences between AMF species in effects on plant performance have been
regularly published, whereas similar effects on different cultivars of the same species have
been less frequently described. Wang et al. [31] demonstrated how two cultivars of maize,
a landrace and a hybrid, responded differently to two different AMF species, with the
landraces being more responsive to Funneliformis mosseae, and the modern hybrid showing
a slight preference for Claroideoglomus etunicatum. In this study, Rhizophagus variabilis had a
more positive effect than the other three AMF species on the performance of Maled Phai,
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whereas Niew Dam Hmong performed equally with these four AMF species. Further
studies on R. variabilis, which possibly has a global distribution [32], are planned.

The concentrations of phenolics and anthocyanins of Maled Phai were higher than
Niew Dam Hmong, which is in agreement with the earlier study by Sripanidkulchai
et al. [16], but the higher productivity of Maled Phai than of Niew Dam Hmong is contrary
to study. However, comparing productivity data from field studies with those of individual
plants in pots is inherently difficult. Beneficial effects of the AMF symbiosis on secondary
compounds have been reported frequently [33–35]. Fiorilli et al. [36] reported upregulation
of a gene involved in anthocyanin biosynthesis in mycorrhizal rice, inoculated with R.
irregularis, compared with the non-mycorrhizal condition, but did not provide further
details. Upregulation of anthocyanin biosynthesis in black rice as a consequence of the
AMF symbiosis has also been reported by Tisarum et al. [26] and Wangiyana et al. [24].
Soltaniband et al. [37] reported increase in anthocyanin levels after inoculation with the
AMF R. irregularis in strawberry (Fragaria x ananassa), and a similar effect was noted for
anthocyanin concentrations in the berries of tempranillo grapevine (Vitis vinifera) [38]. Lee &
Scagel [39] observed an increase approximately 35% in the concentrations of anthocyanins
in leaves of Ocimum basilicum associated with R. intraradices in comparison with non-
mycorrhizal controls in greenhouse cultivation. Baslam & Goicoechea [40] found that levels
of anthocyanins in leaves were very sensitive to the presence of AMF colonizing roots of
both cultivars of lettuce (Lactuca sativa), Batavia Rubia Munguía and Maravilla de Verano.
AMF-species-dependent effects on anthocyanins were found in two weed species, Solanum
nigrum and Digitaria sanguinaria, where inoculation with F. mosseae increased anthocyanin
concentrations, whereas inoculation with R. intraradices or R. fasciculatus decreased it.

In this study, as in many other studies [33–35], there is a double mycorrhizal effect,
both a direct effect through increased plant or seed yield and an additional indirect effect
through higher concentrations of bioactive compounds such as phenolics and anthocyanins
than in non-mycorrhizal plants. The underlying mechanism of enhanced synthesis of
these bioactive compounds is currently unknown. In a study on Cannabis sativa [41], the
increase in bioactive compounds was correlated with increases in phosphorus acquisition.
However, in this study, mineral fertilizer plants showed the highest shoot concentration of
N, P, and K, but this did not result in the highest concentrations of bioactive compounds.
Both nutritional and non-nutritional factors have therefore been proposed to explain the
increased production of secondary metabolites in AMF-colonized plants [35]. Nutritional
mechanisms refer to the improvement of the nutritional condition of the host [41–43]. Zhao
et al. [35] summarized current knowledge on potential non-nutritional mechanisms by
stating that AMF colonization results in the activation of plant defense mechanisms with
the production of phenolics and flavonoids. AMF also induce the production of signaling
molecules, such as nitric oxide, salicylic acid, and hydrogen peroxide, which influence the
activation of key enzymes such as l-phenylalanine ammonia lyase and chalcone synthase,
for the biosynthesis of phenolic compounds [44]. Non-nutritional mechanisms may further
involve the activation of metabolic routes [45], production of signaling molecules, alter-
ations in the activity of key-enzymes for the production of these compounds [46–48], and
hormonal alterations [49]. The results obtained in this study partly supported a nutritional
mechanism, as evidenced by the correlations between nutrient concentrations and concen-
trations of bioactive compounds, both phenolics (for N, P, and K) and anthocyanins (for
N and K) (Table 5). However, the comparison between non-inoculated mineral-fertilized
plants and mycorrhizal, unfertilized plants indicates the importance of non-nutritional
mechanisms as well.

5. Conclusions

Inoculation of black rice with four different species of AMF promoted plant growth
compared with non-inoculated plants under unfertilized conditions. While mineral fer-
tilization under non-inoculated conditions enhanced plant performance, this was mainly
expressed through larger shoot biomass, whereas seed weight and harvest index were
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smaller under fertilization than under mycorrhizal fungal inoculation. The importance of
AMF was also evident by the significant correlations between mycorrhizal colonization,
seed weight and concentrations of bioactive compounds. Higher correlations between seed
mass and root mass than between seed mass and shoot biomass also support this important
role of AMF. Plant inoculated with AMF also possessed larger concentrations of phenolics
and anthocyanins compared with uninoculated controls. The largest beneficial effect was
noted for the AMF Rhizophagus variabilis, and this species deserves further scrutiny.
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Abstract: Conservation tillage practices, such as reduced tillage and no-tillage, have recently garnered
significant attention as core elements of the regenerative agriculture and carbon farming concepts.
By minimizing mechanical soil disturbance, these practices preserve soil carbon and facilitate CO2

fixation in the soil. Despite the widely acknowledged benefits, many farmers still approach no-tillage
with skepticism. Their primary concerns are weed management and soil compaction. While weeds
can be effectively controlled with the deployment of integrated weed management strategies, urgent
soil compaction problems can be rapidly resolved only with mechanical interventions. That is why
many no-till farmers resort to occasional heavy tillage, in a scheme characterized as rotational tillage,
inadvertently sacrificing their regenerative assets in soil carbon. This is also a pivotal issue within
carbon farming: the fate of soil carbon at the end of a compliant scheme focused on carbon fixation.
The present study explores data of soil organic matter (SOM), soil penetration resistance (PR), and
dry bulk density (DBD) from the initial, six-year period of a long-term tillage experiment in Greece.
During that period, modifications to the experimental design allowed diverse combinations of five
tillage methods (conventional tillage, 3 reduced tillage methods, and no-tillage). The findings indeed
underscore the farmers’ concerns about soil compaction. High levels of PR and DBD were observed
even at the topsoil layer of the no-tillage (NT). Conventional, moldboard plowing (MP) or reduced,
chisel plowing (CP) applied after four years of uninterrupted no-tillage ameliorated most of the soil
compaction; however, at the same time, this induced unfavorable consequences for SOM. In contrast,
NT applied permanently for six years resulted in a substantial enhancement in SOM that reached
2.24%, for a sampling depth 0–0.30 m compared to 1.54% for permanent MP. When no-tillage was
rotated with plowing in the fifth year, almost 50% of the sequestered carbon was lost and the SOM
dropped to 1.87%. Nevertheless, the amount of SOM observed at the deeper 0.15–0.30 m layer was
greater compared to permanent NT. This suggests that while plowing induced some loss of SOM, it
also facilitated the uniform distribution into the soil profile, in contrast with the accumulation in the
topsoil at prolonged NT. The permanent CP method and the NT/CP rotation provided comparative
outcomes in terms of both soil compaction and soil carbon sequestration with the rotational NT/MP
scheme, while all the other tillage combinations were inferior.

Keywords: carbon farming; soil tillage; no-tillage; soil compaction; soil penetration resistance; soil
dry bulk density

1. Introduction

Conservation tillage is a management approach that aims to minimize the frequency
or intensity of tillage operations in order to leave at least 30% of plant residues on the soil
surface for erosion control and moisture conservation [1]. It encompasses various forms
such as reduced tillage, vertical tillage, strip tillage, ridge tillage, mulch tillage, no-tillage,
and others. Many of these practices have been implemented worldwide for many decades.
But, despite the wide acknowledgement of their profits, the rate of adoption, especially
in areas with traditional agricultural cultures, such as Europe, Asia, and Africa, is still
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relatively low [2,3]. Farmers generally appear cautious and skeptical about problems re-
garding efficient crop establishment, soil compaction, weed management, yield losses, and
other [4–7]. Nevertheless, conservation tillage and, mainly, no-tillage have been recently
brought to the foreground again as core components of the contemporary regenerative
agriculture and carbon farming concepts [8–12].

Reduced tillage is a conservative practice that involves minimum soil disturbance
utilizing various tillage implements that avoid soil inversion, operate at shallow depths,
and avoid intensive soil crumbling. No-tillage, on the other hand, implicates minimal soil
disturbance by performing direct drilling into mulches and stable or natural vegetation [7].
Beyond-surface disturbance is “banned” to avoid distortion of the soil biota and the
destruction of its natural habitat [13,14]. That way, the soil is gradually enriched with soil
organic matter and the soil structure becomes improved, containing more stable aggregates
and a soil porosity with higher continuity and diffusivity [15–19]. Nevertheless, quite often,
farmers complain about increased soil compaction that poses a negative impact on crop
yields [6,20]. Soil compaction is a combined result of physical and artificially induced
processes. Physical processes include natural soil consolidation under the impact of its own
mass and suppression from heavy precipitation (snow, rain) [21,22]. Artificially induced
compaction is the most severe and comes from the movement of heavy agricultural vehicles
in the field (tractors, sprayers, harvesters, etc.), especially under wet soil conditions [23–25].
The above effects, in combination with the absence of annual mechanical soil loosening due
to the elimination or abortion of tillage, result in accumulated soil compaction that, after
several years, may act adversely to plant root development [26]. Consequently, crop yields
are lower [27,28], with dicots being more sensitive compared to monocots [29]. Nonetheless,
soils have the ability to employ a self-repairing action through physical shrinking-swelling
cycles induced by natural wet/drying and freezing/thawing processes [30–32], but this is
not sufficiently effective for the semi-arid Mediterranean climate of southern Europe [33,34].
Moreover, poorly structured soils with low amounts of organic matter are most susceptible
to compaction and may also suffer from poor infiltration and aeriation [35,36].

To deal with the above problems, farmers employing no-tillage have two options:
either to implement an integrated strategy using special cover crops with strong tap roots
that perform a “biological” kind of tillage in the soil [37,38], which is, however, a long-
term process requiring persistence and patience, or, to perform periodically some kind of
shallow or deep tillage operation which has rapid outcomes [39,40]. Certainly, the second
solution is favored by the majority of farmers, with plowing, chiseling, or subsoiling being
among the most frequently employed methods to tackle soil compaction [41–46]. This
strategy is also referred to as rotational tillage [47–50] or occasional tillage [51]. However,
introducing mechanical disturbance to a soil that has gradually developed its natural
structure over years of uninterrupted no-tillage comes with a host of adverse outcomes.
Among these, the most significant is the oxidation of soil organic matter (SOM), resulting
in loss of soil carbon due to the aeriation of the soil [52], especially when a soil inversive
kind of tillage is performed, such as moldboard or disc plowing [53,54]. Destruction of
the continuous pores and losses in soil biodiversity are also noteworthy [55,56]. Losses of
soil carbon implies that CO2 is released to the atmosphere, and it is added to the GHGs
that are responsible for climate change [57–60]. On the other hand, carbon farming aims at
mitigating climate change through capturing atmospheric carbon and fixing it in organic
pools into the soil [10,61,62]. As realized, introducing a periodic soil tillage in carbon
farming conflicts with the aims and scopes of the strategy. Nonetheless, hybrid systems
that intermittently combine intensive and less intensive tillage practices could provide a
practical solution for soil compaction, easing the farmers’ apprehensions and facilitating
a smoother transition toward regenerative soil management systems [47,51,63,64]. The
present study capitalizes on the above hypothesis and explores data from the first period
of a long-term tillage experiment established in Greece, during which some changes were
imposed to the experimental design, leading to diverse combinations of conventional and
conservation tillage practices. The study examines the impacts on soil compaction, along
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with the changes in soil carbon, and aims to identify the optimum tillage schemes that
compromise benefits and drawbacks.

2. Materials and Methods

2.1. Experiment Description

The data shown in the present work are obtained from the long-term tillage experiment
named THESUSTILL that was established in 1997 at the University of Thessaly Farm in
Velestino, Central Greece. The data concern the first six years of the experiment and give
a special focus on the fourth, fifth, and sixth years, during which a rotation in tillage
treatments was introduced. The initial experimental design established in 1997 was a
randomized complete block (RCB) with five methods of tillage:

◦ Conventional, moldboard-based tillage (MP). This method included moldboard
plowing at a depth of 0.25–0.30 m while seedbed preparation was accomplished with
two or three passes of a disk harrow or a field cultivator at a depth of 0.07–0.09 m. A
moldboard plow with four 13-inch plowshares was used. The working speed ranged
from 4 to 6 km/h, according to the soil conditions. A tandem disk harrow was used for
secondary tillage, with disks of 0.5 m diameter operating at a speed of 7–8 km/h. The
field cultivator had spring-type tines, 0.3 m long in 0.07 m spaces, and was operating
also at 7–8 km/h. Plowing was usually performed in autumn and secondary tillage
was accomplished a few days prior to planting the winter or summer crops. This is
the most common method for soil preparation in Greece.

◦ Reduced, chisel plowplow-based tillage (CP). The primary tillage was performed
with a chisel plow (also referred as a “heavy cultivator”) at a depth of 0.20–0.25 m,
and seedbed preparation was accomplished with one or two passes of a disk harrow
or a field cultivator. The chisel plow had rigidly mounted tines, 0.80 m long, placed
at 0.23 m space intervals. It operated at a speed of 5–6 km/h, according to the soil
conditions. This method is common for the establishment of winter crops in Greece.

◦ Reduced, power harrow-based tillage (PH). A single tillage was performed with
one pass of a power harrow (also referred to as a “rotary cultivator”) at a depth of
0.12–0.15 m, close to planting. In spring-sown crops, one pass of a disk harrow was
performed during the previous autumn to control natural vegetation. The implement
had tandem vertical tines, 0.30 m long, placed on rotating plates, with a frequency of
180 rpm. The working speed was 4 km/h.

◦ Reduced, disc harrow-based tillage (DH). Shallow tillage was performed with the
same disk harrow used for secondary tillage in conventional tillage. The implement
operated at a depth of 0.06–0.08 m with a speed of 8 km/h. In autumn-sown crops,
two to three passes were made a few days before planting. In spring-sown crops, one
pass was made in autumn for residue management and weed destruction and two
passes were made in the spring, prior to planting.

◦ No-tillage (NT). Direct sowing was applied using a row crop seeder for the summer
crops and a drill seeder for winter wheat. All crop and natural vegetation residues
were left on the soil surface. Weeds were destroyed with glyphosate (5–6 kg·ha−1)
within one week prior to or after planting the crops.

The original experimental plots were 6 m wide by 60 m long (Figure 1) (the corridors
shown on the image were not yet formed). This RCB design was kept constant for a four-
year period. In the fifth year (2001), a modification of the original design was introduced,
and the tillage strips were performed perpendicular to the original ones (Figure 1). That
way, a new strip plot design was formed, with the initial tillage strips comprising the
horizontal factor A and the newly introduced perpendicular tillage comprising the vertical
factor B. The combinations of factors A and B provided sub-plots, where a new tillage
operation was introduced over the previous four-year ones, along with sub-plots still
continuing the initial treatments for a fifth year. The dimensions of the newly formed sub-
plots were 6 × 10 m. This formation allowed the study of the effects of the lastly introduced
tillage operations over the previous ones, as well as the study of the residual effects from
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the previous operations on the last ones. A total of 5 × 5 = 25 tillage combinations were
formed and compared (Table 1).

 

Figure 1. Experimental design. (MP = conventional moldboard plow tillage, CP, chisel plow tillage,
PH = power harrow tillage, DH = disk harrow tillage, NT = no-tillage). Blue shaded polygons indicate
plots with an all-year constant tillage regime.

Table 1. Tillage combinations formed on the fifth year of the experiment.

Tillage A (Years 1–4 & 6): MP CP PH DH NT
Tillage B (5th Year)

MP 5 * MP 4CP + 1MP 4PH + 1MP 4DH + 1MP 4NT + 1MP
CP 4MP + 1CP 5CP 4PH + 1CP 4DH + 1CP 4NT + 1CP
PH 4MP + 1PH 4CP + 1PH 5PH 4DH + 1PH 4NT + 1PH
DH 4MP + 1DH 4CP + 1DH 4PH + 1DH 5DH 4NT + 1DH
NT 4MP + 1NT 4CP + 1NT 4PH + 1NT 4DH + 1NT 5NT
* The numbers indicate the years of applied tillage treatment.

In the sixth year (2002), the direction of tillage was reversed to its original design. In
that way, 25 tillage combinations were formed again with plots of constant tillage for six
years, as well as plots where tillage was interrupted by another method for one year (such
as 4MP + 1CP + 1MP, 4NT + 1MP + 1NT, and so on). The experimental design was again a
strip plot.

The present work examines results from the first six years of the trial, focusing partic-
ularly on the transition period 2000–2002.

A regional common crop rotation scheme was followed, including annual summer and
winter crops (Figure 2). Multiple rotations of sugar beet, maize, and cotton were followed
during the 1997–1999 summer periods, winter wheat was introduced in 1999–2000 and
2000–2001, and the summer cycle started again with sugar beet in 2002, continued with
maize in the following year, and other crops thereafter (the experiment is still running).
Both fields were fallow for a long period before starting the trials.
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Figure 2. The crop rotation that was followed during the first six years of the experiment.

The experiment had four replicates and was repeated at two fields with different soil
types. Field 1 (39◦23′43.87′′ N, 22◦45′25.23′′ E) was a silty-clayey Vertisol (sand 9.7%, silt
41%, clay 49.2%) and Field 2 (39◦24′1.37′′ N, 22◦45′34.11′′ E) was a clayey Vertisol (sand
20.1, silt 32.7, clay 47.1). Both fields present a calcaric Fluvisol origin.

2.2. Field Measurements

Soil properties were measured once per year at selected periods. Multiple sampling
was performed on each plot. During 1997–2000, each experimental field consisted of
5 × 4 = 20 main plots. In 2001 and 2002, after changing the tillage direction, each field
consisted of 25 × 4 = 100 sub-plots. The properties examined in the present study are soil
penetration resistance, soil dry bulk density, and soil organic matter.

2.2.1. Soil Penetration Resistance

Soil penetration resistance (PR) was measured with a handheld soil penetrometer
(Findley-Irvine Ltd., Penicuik, Midlothian, Scotland UK) with a cone base diameter of
12.83 mm and a tip angle of 30◦, following the standards of ASABE [65]. The instrument
recorded the soil penetration resistance at intervals of 0.01 m, down to a depth of 0.50 m.
Five insertions were made randomly at each plot and average values were estimated
at intervals of 0.05 m down to 0.40 m. The 0.40–0.50 m interval was aborted because it
was not possible to always achieve the full (0.50 m) depth, due to the extreme resistance.
Measurements were made once per year, two to three months after the last tillage oper-
ation, to allow adequate time for the soil to consolidate. The mean soil water content
during the measurements were obtained from four soil cores obtained at random places
from each replication, at three depth intervals: 0–0.15 m, 0.15–0.30 m, and 0.30–0.45 m
(Supplementary Materials Table S5). Since the soil resistance on the penetration of a metal
tip depends highly on soil moisture, and since water regime always differs in time, the
penetration resistance values were normalized to allow a year-by-year comparison. The
normalization was performed over the annual MP values that were used as a common
basis according to the formula:

NPRi = 100 + 100
(PRMP − PRi)

(PRMP + PRi)
(1)

where:

NPRi = the normalized value of penetration resistance for a specific treatment i (i refereeing
to MP, CP, PH, DH, and NT) for a particular depth interval.
PRMP = the penetration resistance value for the MP treatment at the corresponding depth.
PRi = the penetration resistance value for a treatment (i) at the corresponding depth.

From the above expression (1) it is conceived that the PRi value for the MP treatment is
always estimated to be 100, being the common base to construct a comparable time series.
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2.2.2. Soil Dry Bulk Density

Dry bulk density (DBD) of the soil was assessed from undisturbed core samples
taken at a depth of 0.30 m. A sampling device consisting of an outer metal cylinder
containing retractable and exchangeable inner plastic tubes for holding the soil cores
was used (Figure 3). The device was designed and constructed by the Laboratory of
Agricultural Engineering, University of Thessaly. The metal cylinder with the inner plastic
tube was pressed into the soil with the help of a farm tractor hydraulic system. After
each sampling, the plastic tube containing the undisturbed soil sample was removed and
replaced with a new, empty one. The plastic tubes have an inner base diameter of 0.048 m
and a height of 0.30 m. These tubes were carried to the lab where the soil was passed
gently to another plastic tube of the same diameter that had predefined perpendicular
slots at distances 0.025 m, 0.10 m, 0.20 m, and 0.275 m from the top (Figure 4). These
slots were used as a guide to separate with a knife the 0–0.30 m original soil core at three
fractions, A: 0.025–0.100 m, B: 0.100–0.200 m, and C: 0.200–0.275 m. For the border, 0.025 m-
long core pieces were omitted from the top and the bottom of the tube to secure any soil
losses during extraction and transportation. As a result, from each original sample, three
sub-samples of constant volume were obtained. The volumes of “A” and “C” samples
were 1.3565 × 10−4 m3, and “B” was 1.8086 × 10−4 m3. The “A” sample represented the
0–0.10 m soil depth, B the 0.10–0.20 m, and C the 0.20–0.30 m depth. The sub-samples
were crumbled manually, oven dried for 48 h at 104 ◦C, and weighted. Dry bulk density
of the soil was expressed as the ratio of the mass to the soil volume (Mg·m−3). From each
plot, three 0–0.30 m samples were taken randomly. From these, average dry bulk densities
were estimated for the three depth intervals. The sampling was performed close to the
penetration resistance measurements.

 

Figure 3. Soil sampling: (a) Tractor-powered metal cylinder inserting the soil; (b) the cylinder
retracted from the soil; (c) removing the cylinder tip; (d) extracting the inner plastic tube; (e) the
extracted plastic tube containing the soil core sample and core segmentation in the lab; (f) the plastic
tube holding the soil core (up) and the empty tube with the predefined slots (down); (g) transferring
the soil from the holding tube (left) to the slotted tube (right); (h) cutting the soil core with a knife
at the predefined dimensions; (i) extracting the core segments from the tube; (j) the three main core
segments (0.025–0.10 m, 0.10–0.20 m, and 0.20–0.275 m) and the two omitted pieces (left and right).
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Figure 4. Soil penetration resistance at the permanent tillage treatments (error bars indicate
95% confidence intervals range, numerical results from the statistical analysis are presented in
Supplementary Materials Tables S1–S4). (a–d) indicate results from different years.

2.2.3. Soil Organic Matter

Soil Organic Matter (SOM) was measured at two depths, 0–0.15 m and 0.15–0.30 m.
Preliminary measurements were taken in 1997, before the introduction of any tillage
treatments, to address the start conditions. The measurements were repeated in 2001 after
the introduction of the tillage combinations and in 2002 when the treatments were revered
to the initial design. The sampling was performed with a screw-type open auger in 1997,
while, for 2001 and 2002, the hydraulic device used for the dry bulk density was utilized.
Three samples were taken from every plot. The same depths were thoroughly mixed and
homogenized to give one composite sample for each plot and depth. The soil organic
matter was estimated with the Walkley and Black method [66].
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2.3. Statistical Analysis

Two statistical models were used for the analysis of the data. For the first four years, a
one-way analysis of variance (ANOVA) was performed for the tillage treatment A. For years
five and six, where a second vertical factor (Tillage B) was introduced, a custom univariate
linear model was built with the following sources of variation: Location, Replication,
Tillage A, error 1, Tillage B, error 2, Tillage AxB, error 3, total. The statistical analysis was
performed in SPSS (IBM SPSS Statistics v29.0. Armonk, NY, USA: IBM Corp). Post hoc
tests for mean comparisons were conducted using Tukey correction with a p level 0.05. The
graphs were built with OriginPro, 2022 (OriginLab Corporation, Northampton, MA, USA).

3. Results

The statistical analysis showed no significant interaction between the site (Field 1 and
Field 2) and the tillage treatments. Therefore, the average values from the two fields are
henceforth presented.

3.1. Soil Penetration Resistance

The soil penetration resistance measurements were carried out at least two months after
the last soil tillage on already established crops. Figure 4 presents measurements obtained from
the plots with a constant tillage regime (blue shaded plots in Figure 2) for years one, three, five,
and six. There are significant differences among the tillage treatments, as revealed by the error
bars and the corresponding p-values in Tables S1–S4 (Supplementary Materials). The graphs
reveal also the efficient decompaction effect of the moldboard plow in the MP treatment.
Deep soil plowing provided essential soil loosening, surprisingly expanding even beyond
the 0.30-m tillage depth. The differences are statistically significant from DH and NT, and
occasionally from PH, but not from CP (see also Supplementary Materials Tables S1–S4).
The deep layer differences cannot be attributed to a mechanical action (conversely, mold-
board plows are known for causing a hardpan underneath), but rather to differences in
soil water content due to altered infiltration and water-holding capacity. This evidence of
course requires further investigation. The CP treatment also provided considerable soil
loosening that was significantly lower than DH and NT below 0.15 m. The use of a chisel
plow in that case, with shanks working also on a deep depth (about 0.25 m), introduced
cracks and soil crumbling without inverting the soil, as did the moldboard plow. The
soil loosening effect shows a gradual decrease with depth. The PH and DH methods
utilized machinery that operated at shallower depths (around 0.10 m). As a result, soil
penetration resistance increased rapidly beyond the disturbed top layer. In 1997, these
methods introduced a soil compaction right below the tillage depth due to the rather wet
conditions during the soil preparation (Figure 4a). The NT method presented an increased
soil penetration resistance, even from the topsoil 0–0.05 m layer. The differences were
not significant from CP, PH, and DH, but were statistically significant compared to MP
(Table S1, Supplementary Materials). This is somehow anticipated, due to the absence of
soil loosening at any depth. Aside from the year 2001, the soil compaction in NT depicted
through penetration resistance presents a rather uniform vertical distribution. The smaller
differences among the treatments in 1999 are attributed to the higher soil water content
during the measurements (Supplementary Materials Table S5).

Soil penetration resistance is a useful and simple measurement to address soil com-
paction, but it is highly affected and too sensitive to differences in soil moisture. The results
may be useful for a ‘snapshot’ comparison during a singular time, but cannot be used to
compare data from different dates or periods with alternative soil water regimes. To over-
come this difficulty, the data were normalized using the MP results as a basis, to construct
a timeseries of soil penetration resistance and access through that the evolution of soil
compaction in time (Formula (1)). For each date, MP were given an arbitrary stable value
of NPR = 100 and the rest of the treatment levels were expressed as a change % (Figure 5).
Average PR values are estimated for three depths: 0–0.10 m, 0.10–0.20 m, and 0.20–0.30 m.
The NT and DH treatments presented a gradual increase in soil penetration resistance in
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time. After the fifth year of constant application, the PR reached a maximum plateau at
the 0.10–0.20 m and 0.20–0.30 m layers, but was still increasing at the top 0–0.10 m layer.
In particular, the NT method had a 25–30% higher PR in the top layer, even from the first
year that was gradually increasing in time, and exceeded 40% in the sixth year. At the
0.10–0.20 m layer, the PR was 15–20% higher in the beginning and became 30–35% higher
in the fifth year, after which it remained constant. At the deeper, 0.20–0.30 m, layer, PR was
only about 8% higher at the beginning and became 30–35% higher after the fifth year. The
pattern was similar for DH, besides some lower PR levels at the top layer. The PH method
presented a 10–20% increased PR from the first year at the 0–0.10 m depth, and a 15–25%
higher PR at the 0.10–0.20 m depth, which remained relatively constantly higher in time.
At the lower 0.20–0.30 m layer, however, the PR showed again a gradual increase from 10%
to 20–25% during a five-year period. Finally, the CP treatment presented an almost similar
PR with the control MP during the first year at the 0–0.10 m layer, but it had an around 10%
higher PR at the 0.10–0.20 m and 0.20–0.30 m depths. Compared with MP, the differences
in PR remained constant at the 0.10–0.20 m layer but presented an increase in time of about
10% for the upper 0–0.10 m and the deeper 0.20–0.30 m layers.

Figure 5. Timeseries of soil compaction accessed through normalized penetration resistance measure-
ments over a period of six years for the permanent tillage schemes (error bars indicate 95% confidence
intervals range). (a–c) indicate normalized penetration resistance for different depths.

The previous findings confirm the farmers’ concerns for increased soil compaction
after some years of reducing or ceasing soil tillage. As revealed in Figures 6a and 7a, the
increase in soil compaction during the first year of non-plowing is relatively low because
the residual effects of the plowshares are still present. Therefore, the farmers do not
encounter serious compaction problems at the beginning. Notably, some residual effects
of the moldboard plow and the chisel plow were detectable in NT, even after four years
(Figure 6c). However, when the intensive plow tillage was abandoned, soil compaction
gradually built in the soil (Figure 5). On the other hand, introducing some kind of deep soil
tillage after a constant no-tillage period was capable of ameliorating most of the built-in
compaction (Figures 6b and 7c). It is also remarkable in Figure 7b that using a disk harrow
after no-tillage was the worst combination for exacerbating the compaction problems.
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Figure 6. Tillage rotation effects in soil penetration resistance in 2001 (error bars indicate
95% confidence intervals range, numerical results from the statistical analysis are presented in
Supplementary Materials Table S3).

Figure 7. Tillage rotation effects in soil penetration resistance in 2002 (error bars indicate
95% confidence intervals range, numerical results from the statistical analysis are presented in
Supplementary Materials Table S4).

3.2. Dry Bulk Density

Dry bulk density was monitored three times; first in 2000, prior to the tillage change,
in 2001 after the tillage alternation, and in 2002 when the tillage treatments were reversed to
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the original pattern. The measurements were made in parallel to the penetration resistance
monitoring. The average results for the two fields for 2000 are presented in Figure 8.
After four years of continuous reduced and no-tillage application, compaction is built into
the soil. At the 0–0.10 m depth, no-tillage presents significantly higher dry bulk density
(1.56 Mg·m−3), and so do the DH and PH methods (1.42 and 1.30 Mg·m−3, respectively,
Supplementary Materials Table S6). Even though the 0–0.10 m depth is within the active
range of the power harrow, the implement caused much less soil loosening compared to
the moldboard plow (1.13 Mg·m−3) or the chisel plow (1.18 Mg·m−3). The disc harrow
was operating at a shallower depth of 0.08–0.10 m; therefore, it presented a higher bulk
density. At a greater depth of 0.10–0.20 m, the DH had almost the same dry bulk density
with no-tillage (1.57 and 1.58 Mg·m−3, respectively). At that depth, the bulk density was
generally high for all the treatment levels, although MP and CP still presented lower values
(1.29 Mg·m−3) compared to PH, and especially DH and NT. The same applies to the third
sampling depth of 0.20–0.30 m and, although the differences among the treatment levels
are smaller, they are still statistically significant (p-value = 0.000). The results of the dry
bulk density agree with the penetration resistance measurements shown in Figure 4.

Figure 8. Dry bulk density of the soil for the five permanent methods of tillage in 2000 error bars
indicate 95% confidence intervals range, numerical results from the statistical analysis are presented
in Supplementary Materials Table S6).

In the following year, rotations to the tillage treatments were introduced (Figure 9).
The plots receiving the same tillage treatment for a fifth year continue to present the
same behavior. MP had a DBD of 1.11 Mg·m−3 at the 0–0.10 m sampling depth, which
increased to 1.33 Mg·m−3 at the 0.10–0.20 m depth and reached 1.42 Mg·m−3 at a depth of
0.20–0.30 m. NT, on the other hand, presented an increased DBD of 1.60 Mg·m−3, even from
the topsoil layer that reached a peak of 1.64 Mg·m−3 at the 0.20–0.30 m depth. Intermediate
values were found for the rest of the tillage treatments. It is remarkable that the previous
year’s tillage presented a considerable residual effect on soil compaction. Whenever a deep
kind of tillage was performed during the previous year (including moldboard plowing or
the use of a chisel plow), the soil compaction was lower. The effect was more profound at
the less intensive methods of DH and NT. For instance, the DBD at the DH method for the
0–0.10 m layer was 1.41 Mg·m−3 when the method was applied constantly, but dropped to
1.12 Mg·m−3 if moldboard plowing had been performed during the previous year. At a
greater depth of 0.10–0.20 m, DBD was 1.64 Mg·m−3 and 1.33 Mg·m−3, respectively. The
same applied when no-tillage was performed after moldboard plowing. These differences
were statistically significant (p-values < 0.001, Supplementary Materials Table S7).
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Figure 9. Dry bulk density in permanent and rotational schemes of tillage for 2001 error bars indicate
95% confidence intervals range, numerical results from the statistical analysis are presented in
Supplementary Materials Table S7.

In 2002, tillage direction was reverted to the initial direction, so combinations of the
five currently applied methods and the methods employed in the previous year were
formed again (Figure 10). The results follow a similar pattern with Figure 9, indicating that
the most significant impact comes primarily from the recent tillage and secondly from the
tillage performed in the previous year (see F-statistic in Table S7, Supplementary Materials).
The permanent application of no-tillage increased DBD at around 1.57 Mg·m−3 at the
topsoil layer and at 1.64–1.66 Mg·m−3 at greater depths. The increased soil compaction
was relieved whenever a deep tillage operation was intervened. Plowing or chisel plowing,
for instance, during the previous year kept the DBD of the soil at a 0–0.10 m depth below
1.40 Mg·m−3. The benefits, however, are limited to greater depths. On the other hand, soil
crumbling was easier whenever a more intensive tillage was applied in the previous year.
For instance, the power harrow resulted in a DBD of 1.15 Mg·m−3 when it was used after
plowing, but raised to 1.38 Mg·m−3 when it was used after no-tillage. The results again
comply with the corresponding PR measurements.

Figure 10. Dry bulk density in permanent and rotational schemes of tillage for 2002 error bars
indicate 95% confidence intervals range, numerical results from the statistical analysis are presented
in Supplementary Materials Table S7).
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3.3. Soil Organic Matter

The preliminary measurements from 1997 revealed an average SOM content of 2.27%
at the topsoil (0–0.15 m) layer and 2.07% at the 0.15–0.30 m depth (Figure 11a,b). No
statistical differences among the plots were detected during that time because the mea-
surements were conducted prior to the introduction of the tillage treatments. The trend
was similar for the two fields, although Field 1 had a slightly higher SOM at both depths
(Supplementary Materials Table S8).

Figure 11. Change in soil organic matter during a five-year period with permanent tillage treatments
(error bars indicate 95% confidence intervals range). (a–c) indicate results from different depths.

Five years later, in 2001, no-tillage significantly improved the SOM from 2.26% to
2.83% at the topsoil layer (Figure 11a and Supplementary Materials Table S9). DH also
raised SOM from 2.22% to 2.50%. On the contrary, continuous moldboard plowing caused
a significant reduction in SOM from 2.20% to 1.44%, while PH had an also negative, but
weaker effect, reducing SOM from 2.31% to 2.16%. Finally, CP didn’t show any important
impact at the topsoil SOM until 2001, but caused a 0.2% reduction in the next year. At a
greater depth of 0.15–0.30 m (Figure 11b), all the methods that imposed a reduction in SOM
from 1997 to 2001 remained stable or slightly increased in the following year, except for
the conventional MP, where SOM continued to drop. The findings, however, were rather
opposite compared to the topsoil. Permanent MP presented greater SOM than permanent
NT. While NT retains all the plant residue on the soil surface, the moldboard plow causes
soil inversion and mixing of the plant residue into deeper layers, where they decompose
and enrich the organic deposits. The overall impacts at a 0–0.30 m arable layer were positive
for NT, slightly negative for the reduced tillage methods of CP, DH, and PH, and strongly
negative for the intensive MP method (Figure 11c). NT resulted in an increase in SOM from
1997 to 2002 of 0.09%, while MP caused a decrease of 0.61%.

Figures 12 and 13 examine the combined effects of previous and current tillage treat-
ments in 2001 and 2002, respectively. The results prove that soil disturbance enhances
SOM decay. Most of the beneficial effects in SOM were inverted whenever a more in-
tensive tillage system was introduced over a less intensive one. Plowing in 2001 after
four years of no-tillage, for instance, significantly decreased SOM from 2.83% to 1.54%
at the topsoil layer. Less intensive methods such as CP and PH were less destructive,
decreasing SOM after NT by 0.43–0.45%, while DH had almost a null effect (Figure 12a).
At a deeper depth, the impacts were less profound (Figure 12b) and less statically impor-
tant (lower F-statistic, Table S9, Supplementary Materials). It is remarkable, nonetheless,
that the greatest SOM content is found when plowing was performed after a four-year
no-tillage period (MP/NT < combination). In that case, the enrichment in SOM was
greater because all the enhanced organic matter built into the surface of NT was buried
into deeper layers. Regarding the overall impacts at the 0–0.30 m layer (Figure 12c and
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Table S9, Supplementary Materials) it is found that continuous long-term no-tillage was
the most beneficial in terms of gains in SOM. The difference was statistically significant
with all the other treatments that involved another tillage method in the previous year.
On the other hand, moldboard plowing had the most negative residual effect. The worst
combination was the application of a power harrow after a four-year moldboard plowing
period (PH/MP<).

Figure 12. Soil organic matter in permanent and rotational schemes of tillage in 2001 (error bars
indicate 95% confidence intervals range, numerical results from the statistical analysis are presented
in Supplementary Materials Table S9).

Figure 13. Soil organic matter in permanent and rotational schemes of tillage in 2002 error bars
indicate 95% confidence intervals range, numerical results from the statistical analysis are presented
in Supplementary Materials Table S9).

During the next year (2002), tillage was revered to the initial direction. That way,
tillage rotations of the type 4MP-1CP-1MP, 4NT-1MP-1NT etc. were formed. As shown in
Figure 13a, there is a much greater amount of SOM at the topsoil layer for the reduced and
the no-tillage methods, either applied recently or during the previous year. On the other
hand, one year of moldboard plowing was able to compensate for almost all the benefits
obtained in the top layer from the continuous application of a conservation tillage system.
For example, while six years of continuous NT raised the SOM at 2.90%, the intervention of
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moldboard plowing in the fifth year caused a significant reduction to 1.79%. Nevertheless,
not all the fixed SOM was lost, but a part of it was reallocated at a greater depth, as shown
in Figure 13b. At the 0.15–0.30 m depth, the NT/MP tillage rotation presented a SOM
of 1.95% compared to 1.57% found on the permanent NT. The benefits apply not only
for NT, but also for all the other reduced tillage methods that facilitate the accumulation
of the SOM on the topsoil layer. Overall, at the 0–0.30 m layer, the greatest advantage
was for the permanent NT that significantly increased the SOM at 2.24% compared to
1.87% for the NT/MP tillage rotation, or 1.54% for permanent MP (Figure 13c and Table
S9, Supplementary Materials). It is also remarkable that the permanent CP facilitated both
the increase in SOM and its uniform distribution on the soil profile. The permanent CP
method presented an increased SOM content, both at the top and the deeper sampling
depths (2.03% and 1.81%, respectively) (Figure 13a,b) that led to an increased total amount
at the whole profile (1.92%) (Figure 13c and Table S9, Supplementary Materials).

4. Discussion

The results of the present study confirm the farmers’ concerns about soil compaction
issues in no-till systems, particularly when applied to soils low in organic carbon content,
as seen in southern Europe. Both penetration resistance (PR) and dry bulk density (DBD)
measurements reveal that fact. The values increase as the tillage system becomes less
intensive and is consistently practiced over a greater period. Similar findings were reported
by other authors [67–70]. In our study, the PR exceeded the 2500 kPa after five years of
constant NT and DH application, and dry bulk density reached 1.60 Mg·m−3, even at
the top 0–0.10 m soil layer. PR values greater than 2500 kPa are considered to hinder the
elongation of the roots [70]. Increased PR for the conservation tillage treatments, however,
may also imply enhanced soil aggregate stability [71]. On the other hand, avoiding soil
disturbance led to an important improvement in the SOM content. While the introduction
of soil inversion through moldboard plowing in the two fields that were previously at
fallow caused a considerable loss in SOM of 0.79% in the topsoil (0–0.15 m) layer, the NT
led to a further improvement of 0.64%. As a result, the two methods differed 1.43% in the
topsoil after five years. Organic matter in the topsoil has a critical role in soil protection. It
promotes the binding of inorganic soil particles, facilitating the formation of more stable
soil aggregates that exhibit enhanced resistance to both soil erosion and compaction [70–72].
Furthermore, this topsoil organic matter serves as a vital resource for the soil biota that
is predominantly concentrated in the uppermost soil layer [73]. Soil microorganisms
transform the soil into a thriving ecosystem that fosters nutrient cycling and improves
fertility [14,74–76]. Nonetheless, it is important to note that soil inversion induced by the
plow did not result in a total loss of the fixed carbon. Instead, a portion of it underwent a
redistribution into deeper soil layers, as evidenced by the measurements in the years 2001
and 2002. Plowing after four years of no-tillage, for instance, resulted in the highest amount
of SOM for the lower, 0.15–0.30 m, layer. Subsequently, when returning to a no-tillage
system in the consequent year, the benefits were even higher (SOM = 1.96% compared to
1.57% for permanent NT). Moreover, the plowing intervention had an additional advantage
by relieving soil compaction in NT. The effects of this soil loosening persisted even after
transitioning back to no-tillage in the subsequent year, and they could be detected for
another two years.

Examining the overall impacts in the 0–0.30 m soil layer, the most beneficial method
for fixing carbon into the soil was the permanent application of no-tillage. The SOM content
after six years of continuous NT was 2.24%, the highest of any other tillage combination.
In contrast, continuous MP resulted in a SOM of 1.54%. However, it could be raised to
1.87% if plowing was applied only once every four years to deal with soil compaction in
a rotational NT/MP scheme. Besides, as shown in weed measurements during the 2001
period, deep plowing also provided benefits in weed suppression [77].

The CP method also showed interesting results. The chisel plow demonstrated a soil
loosening capacity compatible with MP. It also facilitated both the increase of SOM and
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its uniform distribution on the soil profile. The occasional use of a chisel plow in a NT
system and the permanent CP system provided similar results. Studies in Spain and China
demonstrated also that the occasional use of tools with shanks, such as chisel plows or
subsoilers, could serve as an alternative to the moldboard plow for relieving soil com-
paction in no-tillage without destroying its biochemical and biological benefits [46,47,63,69].
Occasional subsoiling in no-till systems have been also proved to improve water storage
and facilitate higher crop yields [45]. Nevertheless, subsoiling is a high-cost operation
requiring a lot of energy, while its effects decrease over time, making new subsoiling
necessary after few years [44]. On the other hand, chisel plows require almost half the
energy compared to conventional moldboard plowing and subsoilers, as depicted from
tractor draft force measurements on the same trials [78]. The present study indicates that a
chisel plow rotational system may provide substantial benefits in relieving soil compaction,
at a considerably lower cost and lower soil carbon losses compared to moldboard plowing.
The worst combination for fixing soil carbon was the application of a power harrow after
moldboard plowing, while the worst combination for exacerbating soil compaction was
the use of a disc harrow after a period of no-tillage.

Yield data from the same experiments concerning the 1997–2002 period are published
in several articles [79–83] and demonstrate that crop yields in the permanent no-tillage and
reduced tillage treatments were 4–37% lower compared to conventional plowing. The most
negative effects were observed in permanent NT. Nevertheless, when a plowing operation
was intervened in the previous year, the yield losses were considerably diminished, or even
equaled MP [83].

The above findings suggest that adoption of rotational soil tillage schemes, which com-
bine no-tillage and occasional plowing or no-tillage and chiseling, are effective alternatives
that strike a balance between soil compaction and carbon sequestration. Constant chisel
plowing is also another option. Despite providing approximately half the carbon credits
compared to permanent no-tillage, these systems offer practical solutions for mitigating
farmers’ concerns about soil compaction, which is a prominent obstacle to the realization
of more sustainable farming practices in the context of southern Europe. Notably, a meta-
analysis study published in 2020 [51] tracked down only two relevant studies in Europe
(Spain) out of 68 worldwide.

Eventually, the appropriate implementation of regenerative agriculture practices
encapsulating the principles of minimum soil disturbance, permanent soil coverage, and
crop diversification is expected to optimize the system’s performance, but farmers certainly
need well-informed advisory services and particular guidance to overcome all the buriers
by increasing their resource-use efficiency and soil conserving ability [10,84].

5. Conclusions

Permanent no-tillage was the most effective method for sequestering soil carbon. Over
a span of six continuous years of no-tillage application, the SOM content was increased by
0.70% compared to continuous plowing. Nevertheless, this accomplishment was obscured
by emerging soil compaction identified from increased bulk density and soil penetration
resistance measurements. When constant no-tillage was interrupted by a moldboard
plowing or a chisel plowing operation in a rotational tillage scheme, the gains in SOM
were 0.33–0.46%. Notably, plowing introduced a more uniform distribution of SOM into
the soil profile compared to the accumulated carbon at the topsoil layer in no-tillage.
Residual soil loosening effects were still noticeable for up to four years after plowing, with
the most prominent effects observed within the initial two years. A permanent, chisel
plow-based system had similar impacts with the rotational, no-tillage/moldboard plowing
approach. The results indicate that carbon credits in carbon farming may be halved if
periodic deep tillage operations should be introduced to counteract the consequences of
extreme soil compaction.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/soilsystems7040090/s1, Table S1: Results from the statistical
analysis for the 1997 penetration resistance measurements, Table S2: Results from the statistical
analysis for the 1999 penetration resistance measurements, Table S3: Results from the statistical
analysis for the 2001 penetration resistance measurements, Table S4: Results from the statistical
analysis for the 2002 penetration resistance measurements, Table S5: Volumetric, average soil water
content during the penetration resistance measurements, Table S6: Results from the statistical analysis
for the 2000 soil dry bulk density measurements, Table S7: Results from the statistical analysis for
2001 and 2002 soil dry bulk density measurements, Table S8: Results from the statistical analysis
for the preliminary (1997) soil organic matter measurements, Table S9: Results from the statistical
analysis for 2001 and 2002 soil organic matter measurements.
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Abstract: The bioaccumulation of selenium (Se) and heavy metals (HMs) in plants is important
because it can affect plant health and human nutrition. Recognizing the factors affecting Se accu-
mulation in plants may have important implications for agricultural practices and human health
in selenium-rich regions. The study primarily focused on the interactions between Se and HMs
in the soil–plant system of the Lower Dniester Valley. Total concentrations of HMs (Cu, Mn, Zn)
were determined by atomic absorption spectrometry, while Se concentrations were determined
by a sensitive single-test-tube fluorometric method in solutions and extracts. Water-soluble Se
(0.09 ± 0.03 mg·kg−1) in soils was 32.1% of the total Se (0.33 ± 0.13 mg·kg−1) and increased with the
total rising Se content (r = 0.845). The results indicated that plants had a greater Zn accumulation
capacity than that of the other HMs, suggesting its importance as a trace element for plant require-
ments. Se also had a high bioaccumulation rate. Se and Zn accumulation varied in different soil types,
reflecting differences in bioavailability. In contrast, Mn and Cu showed low bioaccumulation, which
varied with soil conditions and anthropogenic Cu pollution. Despite the Cu contamination of the soils
in the investigated region, it can be inferred that the hydrogeochemical province with high Se content
in groundwater has favorable conditions for Se mobilization in soils. The absence of antagonistic
interactions with HMs in the soil–plant system contributes to the enhanced Se accumulation in plants
in the Lower Dniester Valley. These results emphasize the complexity of the interactions between Se
and HMs in the soil–plant system and their potential impact on agricultural practices.

Keywords: bioaccumulation; soil properties; mobility; pollution; Fluvisols

1. Introduction

Bioaccumulation is the gradual accumulation of certain substances, such as heavy
metals and selenium, in plant tissues. These elements are derived from a variety of sources,
including natural deposits, industrial activities, and agricultural practices [1–5]. The accu-
mulation of selenium (Se) and heavy metals (HMs) in plants is of great importance due to
the potential threat posed to plant health and human consumption. However, Se and HMs
such as copper (Cu), manganese (Mn), and zinc (Zn) are also known as essential micronu-
trients that can be beneficial or detrimental to plants and animals, with a narrow range
between beneficial and toxic depending on their concentration and species [6–8]. Although
the essentiality of Se has not yet been established for higher plants, it is responsible for
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a number of beneficial effects in several plant species [9,10] and actively contributes to
plant antioxidant defense against all forms of biotic and abiotic stresses [11]. However, it is
indispensable for animals and humans [12]. The essentiality of Se for humans provides
important protection against viral and cardiovascular diseases and several forms of cancer,
and improves immunity, fertility, and mental health among other benefits [13].

The bioaccumulation of HMs and Se in plants and their ecological effects is increas-
ingly being investigated. It was shown that these compounds can either affect plant growth
and development or also disrupt the ecological balance of ecosystems [7,8,14–16]. The
study of bioaccumulation in hydrogeochemical provinces with high concentrations of Se
is of great importance for several reasons. Firstly, such areas are generally at higher risk
of Se contamination in both soils and water sources, with direct implications for plant
uptake. Understanding the mechanisms and patterns of bioaccumulation in these regions
may help to develop effective strategies to manage and mitigate the risks associated with
Se accumulation in plants. Secondly, as these territories are usually located in agricul-
tural areas, Se accumulation in crops may have important consequences for food safety
and health.

The Moldavian hydrogeochemical province with increased Se content in ground-
water and shallow waters was identified in the 1980s due to the presence of a signif-
icant source of this trace element in rocks and its high concentration in groundwater
(0.n–n·10 μg·L−1). Sedimentary formations of the Middle Sarmatian are rich in dissemi-
nated selenium-containing sulfides, which are the main source of Se in groundwater [17].
According to Hannigan et al. [18], Neogene (Middle Sarmatian) clays contained abundant
Se and they were the source of Se in groundwater, the concentrations of which were shown
to locally exceed the maximal permitted value [19] by 1.5–24.0 times and varied from 15.0 to
240.0 μg·L−1. Therefore, a comprehensive investigation is particularly needed to estimate
the regional Se distribution because of the possible ecological problems for agricultural
practices and the water supply [17]. A more extensive study, which included the Dniester
Valley, revealed Se concentrations in the soils ranging from 0.10 to 0.67 g·kg−1. The majority
of soils analyzed had an optimal Se content. The highest Se content was observed at a
depth of 0.4–0.7 m and decreased nearer to the parent rock. High Se concentrations were
also found in the local surface waters with values ranging from 0.2 to 6.1 μg·L−1, indicating
the abundant presence of soluble Se that was available to plants [20]. Se accumulation in
some components of the regional food chains, including insects [21], bee products [22], and
mushrooms [23], was found to be relatively high in the Dniester Valley. Recent studies of
Se content in human hair reported a high supply of the trace element in the environment of
Moldova [24].

Heavy metal pollution in soils in Moldova was found to have significant impacts on
the soil and water environment [25,26]. Moss biomonitoring was used to assess air pollution
levels and sources in the Republic of Moldova. The results indicated consistent pollution
levels for a wide range of HMs [27]. According to some comprehensive studies [27–29],
the main sources of anthropogenic HM pollution in the region are industrial emissions,
transport, and agricultural practices.

The aim of this study was to determine the level of Se in soils and its accumulation
in plants as well as to identify the factors associated with Se bioaccumulation in the
hydrogeochemical province with high Se in groundwater. At the same time, it is expected
that HMs (Cu, Mn, and Zn) in the soil–plant system can act antagonistically [30] and may
reduce the Se bioaccumulation rate in plants.

The choice of these HMs from a wide range of elements was due to the following
reasons. Firstly, Cu, Mn, and Zn are essential for plant, animal, and human nutrition in
certain concentrations [30]. Secondly, these elements have a higher affinity to accumulate
in living organisms in the geochemical landscapes of the Lower Dniester Valley than their
water migration ability. This implies that HMs are more actively involved in biological
cycling and consequently highlights the distribution of matter within ecosystems [31].
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2. Materials and Methods

2.1. Study Area and Geochemical Characteristics of the Lower Dniester Valley (LDV)

The study area of about 1848 km2 represents a terraced plain in the south-eastern
part of Moldova (46◦48′ N 29◦38′ E) and occupies mainly the left bank part of the Lower
Dniester Valley as well as the small right bank part of the area adjacent to the Bendery
(Figure 1).

Figure 1. Location of the study area and sampling sites (•) in the Lower Dniester Valley. White circles
represent geographic position of towns.

Most of the region consists of Quaternary terraces. The terraces are covered by a
thick layer of loess. Towards the north-east, the terraces merge into the root slope of the
Dniester Valley, which is covered by a lower layer of deluvial sediments and is formed by
sands and clays of the Upper Sarmatian. Floodplains cover over 20% of the region, with
predominantly loamy and sandy soils in central and riverine floodplains, accompanied by
shallow groundwater. All floodplain areas in the LDV were artificially isolated from flood
waters by dyke systems constructed to prevent river flooding of the agricultural lands. In
the northeastern part, absolute heights reach 150–200 m, while in the southeastern part
they rarely exceed 80 m. The surface of the terrain is somewhat dissected by small dry
gullies with flat, uneroded slopes.

The depth of the groundwater table in the Pleistocene terraces of the Dniester River
varies significantly, usually ranging from 10 to 15 m. In the Dniester floodplains, the
groundwater level is typically set between 0.5 and 8 m, depending on the fluctuations of
the Dniester River, and is susceptible to flooding [32].

The climate of the area is temperate continental, i.e., warm and arid. The region
has an average annual air temperature of 9.6 ◦C with a cumulative temperature (above
10 ◦C) of 3270◦, and active vegetation for approximately 200 days. The yearly average
precipitation is 420–430 mm, with a corresponding moisture coefficient of 0.50. The study
area is dominated by Chernozem soils which cover almost 77% of the territory. The most
important types are Luvy-Calcic Chernozems (43.8%), Vorony-Calcic Chernozems (24.5%),
and Voronic Chernozems (4.5%). They are followed by Fluvisols which comprise up to 8%
of the whole soil cover.

2.2. Field Studies and Sample Preparation

The study was conducted in the second half of the vegetation season during July
and August. Soils were collected from the topsoil at a depth of 0 to 30 cm using a 1 m
stainless steel auger, taking into account the mesorelief characteristics (watersheds and
terraces, slopes, hollows, floodplains). The combined soil sample was the mixture of 7
to 10 samples taken randomly in a given area. Samples of aboveground parts grown in
the current year (shoots and leaves) of cultivated (wheat Triticum aestivum L., sunflower
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Helianthus annuus L.) and wild (couch grass Elytrigia repens (L.) Nevski) mature plants most
common for the study area were collected at soil sampling sites. Dead plant parts from
previous years were not included in the sample.

The obtained soil and plant samples were dried at room temperature and then thor-
oughly powdered (soil samples were powdered with an agate mortar and after that sieved
with a 1.0 mm sieve, plant samples were powdered in an electric mill with steel blades)
and homogenized. The larger mass of the average sample was reduced by quartering and
then packed in polyethylene bags for subsequent analysis.

Samples were dried in a heating oven at 103 ± 2 ◦C to a constant weight for conversion
to dry weight.

2.3. Chemical Analysis and Extraction

Soil organic carbon content (SOC) was obtained from the dichromate redox titration
method using N-phenanthranilic acid as an indicator [33]. The soil pH in water extract was
measured using a portable pH-meter WTW pH 3110 SET 2 with a SenTix 41 pH electrode
in suspension obtained from stirring of the soil sample with deionized water with the
ratio 1:5.

The procedure of alkalimetric determination of carbonates (as CaCO3) was the fol-
lowing. A soil sample (0.5–2 g) was put to a dry 250 mL Erlenmeyer flask, placing the
sample near the wall of the flask. An empty porcelain crucible was placed in the flask.
Five mL of 2 N HCl was poured into the crucible, using a pipette. Then, a tube without
welt (25 × 90 mm) with 5 mL of 0.4 N NaOH was placed in the flask. This tube was leaned
against the wall of the flask, and it was immediately closed with a rubber stopper moistened
with distilled water. Then, the flask was tilted, overturning the crucible with acid allowed
to distribute along the bottom of the flask. After 4–5 h, the flask was opened, the test tube
was removed, rinsed with distilled water from the outside, and dried with filter paper.
Two drops of a solution of phenolphthalein and about 1 mL of a saturated solution of BaCl2
were added to the test tube. Then, the excess NaOH was titrated with 0.2 N HCl until the
disappearing of the pink color.

The carbonate content (CaCO3, g·kg−1) was calculated as follows:

CaCO3 =
(V − V1)·C·0.022·2.273·1000

m·K , (1)

where V is the acid volume used for titration of the NaOH solution in the control experiment,
mL; V1 is the acid volume used for titration of the excess NaOH in the soil analysis, mL;
C is the concentration of HCl, mmol (eq)·mL−1; m is the mass of the air-dry sample, g;
0.022 is the molar mass of the carbon dioxide equivalent (1/2 CO2), g·mol−1 (eq); 2.273 is
the coefficient for conversion from CO2 to CaCO3 concentration; 1000 is the coefficient for
conversion to g·kg−1; K is the coefficient for conversion of the analysis result to dry soil.

The sum of exchangeable cations Ca2+ + Mg2+ was determined in a 1 N KCl extract
according to Shaimukhametov [34].

The determination of total HMs (Cu, Mn, Zn) was performed by atomic absorption
spectrometry with an Aanalyst800 (Perkin Elmer, Shelton, CT, USA) using a flow-injection
system FLAS-400 in aqua regia extracts of soil according to ISO 11047 [35]. Exchangeable
forms (EXC) of trace metals were extracted by the acetate-ammonium buffer solution with
pH = 4.8 with a soil:solution ratio of 1:10. The Cu acid-soluble forms in an analytical soil
sample were determined through soil extraction. This was achieved by suspending the
sample in a 1 N nitric acid solution for 24 h. The determination of exchangeable forms
of metals and acid-soluble Cu in soil extracts was carried out using atomic absorption
spectrophotometry with the use of a SHIMADZU AA-7000 (Shimadzu, Kyoto, Japan).

Total soil Se was determined in solutions obtained from the acid digestion of perchloric
and nitric acids at 120 ◦C for 1 h, 150 ◦C for 1 h, and 180 ◦C for 1 h. Water-soluble (WS) Se,
a form of exchangeable Se in soil, was extracted using deionized water with a soil to water
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ratio of 1:5 in a hot-water bath for 1 h [36]. Se was determined in solutions and extracts by
a sensitive single-test-tube procedure for the fluorometric determination [37].

2.4. Bioccumulation Assessment and Statistical Analysis

The bioaccumulation factor (BAF) was used to calculate the Se and HMs transfer from
soil to the aboveground part of various plants according to the following equation [38]:

BAF =
Cc

Cs
, (2)

where Cc represents the element contents (in dry matter) in the aboveground part of the
plant and Cs shows the element concentration in the corresponding soils.

Descriptive statistics and a correlation analysis among various sample groups were
carried out using STATISTICA 10.0 software (StatSoft Inc., Tulsa, OK, USA, 2011). Each
variable was checked for outliers, which were excluded from further statistical calculations
based on the rejection criterion at p < 0.05. The statistical significance of the differences
between the two variables was assessed according to the distribution patterns of the sample
data, using non-parametric methods (Mann–Whitney U-test, Kruskal–Wallis ANOVA).
Pearson or Spearman correlation coefficients were calculated, and a regression analysis was
performed to examine the tightness and type of relationship between the two variables. All
statistical calculations were performed at a significance level of p < 0.05.

3. Results

3.1. Total Se and Heavy Metals Content in Soils
3.1.1. Soil Physicochemical Characteristics

The main physicochemical characteristics of soils in the LDV, relevant for assessing Se
and HM content and mobility, are shown in Table 1.

Table 1. Soil’s physical and chemical properties.

Soil Type pH
SOC CaCO3

Exchangeable Cations
Ca2+ + Mg2+

Texture

(g·kg−1) (g·kg−1) (mg (eq)·100 g−1)

Fluvisols 8.09 ± 0.10 ab 13.9 ± 5.9 a 67.2 ± 38.0 ab 25.0 ± 8.9 a Sandy loam
Luvy-Calcic
Chernozems 8.17 ± 0.11 a 13.6 ± 6.3 a 43.9 ± 23.8 b 32.8 ± 10.0 a Loam

Vorony-Calcic
Chernozems 7.88 ± 0.24 b 8.4 ± 8.1 a 28.4 ± 37.0 c 18.2 ± 10.5 a Loam

Voronic
Chernozems 7.95 ± 0.10 b 27.1 ± 1.5 b 12.6 ± 7.9 c 46.4 ± 4.8 b Silt loam

SOC: soil organic carbon; CaCO3: carbonate content. Data (n = 34) are presented as the mean values ± SD. Within
each column, values with the same letters do not differ statistically according to Mann–Whitney U-test at p < 0.05.

Soil pH varied from 7.88 in Vorony-Calcic Chernozems to 8.17 in Luvy-Calcic Cher-
nozems, corresponding to a slightly alkaline soil environment. The ranges of SOC and
carbonate content were very wide, from 8.4 to 27.1 g·kg−1 and from 12.6 to 67.2 g·kg−1,
respectively. The highest content of exchangeable cations was observed in Voronic Cher-
nozems with a silt loam texture (46.4 mg (eq)·100 g−1), but the lowest content of 18.2 mg
(eq)·100 g−1 was found in Vorony-Calcic Chernozems with a loam texture.

3.1.2. Selenium in Soils

Statistical data for the estimation of the content of total and mobile Se and HMs content
in the soils of the Lower Dniester Valley are presented in Table 2.
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Table 2. Selenium and heavy metal concentrations in different soil types (0–30 cm) (mg·kg−1).

Soil Type
Se Mn Zn Cu

Total WS Total EXC Total EXC Total EXC

Fluvisols 0.36 ± 0.09 ab 0.11 ± 0.03 a 429 ± 173 ab 96.1 ± 24.0 a 35.5 ± 25.0 a 1.91 ± 1.29 a 27.6 ± 10.9 ab 0.35 ± 0.22 ab

Luvy-Calcic
Chernozems 0.32 ± 0.16 b 0.09 ± 0.02 a 458 ± 122 a 76.2 ± 25.0 ab 29.3 ± 16.4 a 0.97 ± 0.70 ab 39.1 ± 10.8 a 0.52 ± 0.51 a

Vorony-Calcic
Chernozems 0.33 ± 0.12 b 0.08 ± 0.03 a 374 ± 115 ab 64.6 ± 12.5 ab 25.2 ± 10.3 a 0.46 ± 0.19 b 13.1 ± 8.5 b 0.18 ± 0.03 b

Voronic
Chernozems 0.23 ± 0.07 bc 0.08 ± 0.01 a 565 ± 17 b 56.1 ± 6.2 b 44.0 ± 16.2 a 0.82 ± 1.25 ab 26.2 ± 7.7 b 0.09 ± 0.05 b

All soil types 0.33 ± 0.13 0.09 ± 0.03 464 ± 129 75.7 ± 24.5 33.8 ± 18.4 1.04 ± 0.90 31.2 ± 12.7 0.41 ± 0.45

WS: water-soluble forms; EXC: exchangeable forms. Data (n = 42 for Se, n = 34 for Mn, Zn, and n = 30 for Cu)
are presented as the mean values ± SD. Within each column, values with similar letters do not differ statistically
according to Mann–Whitney U-test at p < 0.05.

The topsoil layer had an average content of total Se of 0.33 ± 0.13 mg·kg−1. Total
Se was the highest in alluvial soils, which were mainly found in floodplain ecosystems,
with an average value of 0.36 ± 0.09 mg·kg−1. The mean Se concentration decreased to
0.32 ± 0.16 mg·kg−1 and 0.33 ± 0.12 mg·kg−1 in Luvy-Calcic Chernozems and Vorony-
Calcic Chernozems, respectively, with a rather large variation. Finally, the topsoil of Voronic
Chernozems, which are evolutionarily more mature steppe soils, contained the least total
Se of 0.23 ± 0.07 mg·kg−1. It should be noted that the maximum concentrations of this
element were found in various locations including the Dniester-Turunchuk interfluve
soils (0.40 mg·kg−1), the right bank floodplain near Kitskani village (0.44 mg·kg−1), and
Copanca village (0.47 mg·kg−1). The highest Se levels were discovered in the soils of the left
bank, where concentrations reached up to 0.65 mg·kg−1. However, based on the average
concentration of this element, the considered soil types can be ranked in the following order:
Fluvisols > Luvy-Calcic Chernozems ≈ Vorony-Calcic Chernozems > Voronic Chernozems.

The average water-soluble Se decreased in a similar sequence as the soil types. Gener-
ally, soils have 0.09 ± 0.03 mg·kg−1 of water-extractable Se forms, which is 32.1% of their
total content. Nonetheless, even though total Se was noticeably higher in alluvial soils,
an analysis of statistics revealed no significant differences for mobile Se concentrations in
various soil types (Table 2). A regression analysis was conducted to examine the correlation
between the total Se content and its water-soluble forms in soil. The results are shown in
Figure 2, indicating a high positive linear correlation (r = 0.845, p < 0.00001). It is evident
that water-soluble Se in the topsoil layer of the Dniester Valley increased with the rising
total Se content.

 
Figure 2. Pearson correlation between total Se in soils and water-soluble Se in soils. The grey shade
area represents the 95% confidence interval.
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3.1.3. Heavy Metals in Soils
Manganese

The soils of the LDV had different levels of Mn, ranging from 196 to 676 mg·kg−1,
with an average of 464 mg·kg−1. Mobile Mn in the upper soil horizons, which is available
for plant uptake, averaged 75.7 mg·kg−1 or 17.9% of the total Mn (Table 2). Table 2 also
displays the significant difference in total Mn content between Voronic Chernozems and
Luvy-Calcic Chernozems. This discrepancy can be attributed to two interrelated factors,
i.e., the higher content of SOC and exchangeable cations found in Voronic Chernozems,
since SOC (r = 0.715, p < 0.05) and exchangeable cations Ca2+ + Mg2+ (r = 0.698, p < 0.05)
strongly correlated with the total Mn content (Figure 3). This led to statistically significant
differences for exchangeable Mn in Fluvisols and Voronic Chernozems. No significant
influence of the investigated physico-chemical properties on the concentration of mobile
Mn was observed in the soils. The correlation between the total Mn content and its mobile
forms was found to be weak and statistically insignificant.

Figure 3. Pearson correlation matrix: correlation coefficients between soil and plant variables. Bold
values are statistically significant (p < 0.05). The abbreviations are the same as in Tables 1 and 2.

Zinc

The soils of the LDV had relatively low total Zn concentrations ranging from 13.2
to 63.0 mg·kg−1, with an average of 33.8 mg·kg−1. Table 2 shows a decrease in total
Zn content in the soil subtypes with no significant differences between them: Voronic
Chernozems > Fluvisols > Vorony-Calcic Chernozems > Luvy-Calcic Chernozems. Similar
to Mn, analyses of total Zn concentration dependance from soil properties suggested that
SOC (r = 0.558, p < 0.05) and exchangeable cations Ca2+ + Mg2+ (r = 0.598, p < 0.05) played
a crucial role in the accumulation of Zn in the upper soil horizons (Figure 3). This explains
the higher metal content in Voronic Chernozems, which have a silt clay texture and higher
organic matter content. The proportion of mobile Zn forms extracted by an ammonium
acetate buffer with pH = 4.8 ranged from 0.3 to 15.6% of the total content, with an average of
4.2%. Statistical significance was found only for Vorony-Calcic Chernozems and Fluvisols.
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Copper

The analysis of the homogeneity of the samples for both total and mobile Cu revealed
anomalous maximum values. These soil concentrations were found locally. For example,
floodplain soils near the village of Kitskani, Slobodzeja district, contained 158.3 mg·kg−1

of total Cu, 115.8 mg·kg−1 of acid-soluble Cu, and 23.7 mg·kg−1 of exchangeable Cu. High
Cu concentrations were also found in the vicinity of Slobodzeja town, with exchangeable
Cu of 5.98 and 3.88 mg·kg−1. These values were excluded from the calculations for Table 2
since they are outliers and do not belong to the general population.

Data were categorized based on the percentage of acid-soluble Cu compared to total
content (Table 3). On the basis of this criterion, two categories of soils were defined
according to the level of Cu loading: unpolluted and low-polluted soils with an acid
soluble Cu content of up to 35%, and highly polluted soils with an acid-soluble Cu content
higher than 50% of the total Cu.

Table 3. Copper concentrations (mg·kg−1) in soil samples with different levels of pollution.

Pollution Level
Cu

Total AS EXC

Unpolluted and
low-polluted soils Mean ± SD 27.3 ± 8.1 a 6.2 ± 3.5 a 0.23 ± 0.19 a

(n = 14) Min–max 12.1–38.3 2.0–11.5 0.03–0.52
Highly polluted soils Mean ± SD 73.7 ± 57.7 b 53.8 ± 43.7 b 8.00 ± 10.71 b

(n = 4) Min–max 28.9–158.3 20.6–115.8 0.85–23.70
EXC: exchangeable forms; AS: acid-soluble forms. Within the pollution levels, values with the same letters do not
differ statistically according to Mann–Whitney U-test at p < 0.05.

The significant variation in soil Cu concentrations is evident in Table 3. For instance,
the total Cu showed a range of two magnitudes, from 12.1 to 158.3 mg·kg−1, while acid-
soluble Cu varied within three orders of magnitude, from 2.0 to 115.8 mg·kg−1, whereas
the concentrations of mobile Cu varied within four orders of magnitude, from 0.03 to
23.70 mg·kg−1. Hence, the discrepancies in the mean metal content amongst soils with
different levels of pollution are dramatically different and statistically significant, both
for the total metal content and for the concentrations of acid-soluble and mobile forms.
Notably, the values of the acid extraction criterion reached 71–93% for the group of highly
polluted soils.

The mean total Cu content in Luvy-Calcic Chernozems was the highest compared
to other subtypes of Chernozems and to Fluvisols (Table 2), although statistical calcu-
lations allowed us to prove the significance of the differences between Vorony-Calcic
Chernozems and Vorony Chernozems. Therefore, the sequence of soil types, according
to the average total Cu content in the upper soil horizons, was as follows: Luvy-Calcic
Chernozems > Fluvisols > Vorony Chernozems > Vorony-Calcic Chernozems. The content
of exchangeable Cu was strongly dependent on the total Cu (r = 0.700, p < 0.01) (Figure 3),
and the percentage of mobile Cu in the total content was 1.41% (excluding outliers). The dif-
ferences in mobile Cu content between Vorony Chernozems and Luvy-Calcic Chernozems
were significant according to the Mann–Whitney U-test at p < 0.05.

3.2. Se, Mn, Zn, and Cu Concentrations in Plants and Their Bioaccumulation

The Se content in plants of the Dniester Valley varied from 0.06 to 0.58 mg·kg−1. The
differences in Se concentrations in aboveground plant tissues and their bioaccumulation
among crops (sunflower, wheat) and wild plant species (couch grass) are shown in Table 4.

Sunflowers had the highest Se accumulation capacity among the studied plants.
Their tissues contained from 0.08 to 0.58 mg·kg−1 of this element with a mean value
of 0.23 mg·kg−1, while wheat and couch grass contained 0.15 and 0.12 mg·kg−1, respec-
tively. A slight positive correlation (r = 0.494, p < 0.001) was observed between the Se
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content in plants and the total Se in soils (Figure 4). Conversely, no relationship was found
between the water-soluble Se and its concentration in plants (Figure 3).

Table 4. Selenium and heavy metal concentrations in plants (mg·kg−1) and their bioaccumulation
factors (BAFs).

Plant Species
Se Mn Zn Cu

(mg·kg−1) BAF (mg·kg−1) BAF (mg·kg−1) BAF (mg·kg−1) BAF

Sunflower
(Helianthus annuus)

Mean ± SD 0.23 ± 0.17 a 0.70 ± 0.41 a 94.9 ± 46.7 a 0.18 ± 0.08 a 21.2 ± 5.5 b 0.74 ± 0.46 a 5.1 ± 6.4 a 0.15 ± 0.13 a

Min–max 0.08–0.58 0.30–1.43 43.6–166.0 0.08–0.30 14.6–27.7 0.36–1.35 1.5–16.4 0.06–0.38
Wheat

(Titicum aestivum)
Mean ± SD 0.15 ± 0.08 ab 0.53 ± 0.26 ab 90.4 ± 28.5 a 0.20 ± 0.01 a 30.1 ± 4.4 a 0.75 ± 0.22 a 3.1 ± 0.9 a 0.11 ± 0.04 a

Min–max 0.07–0.36 0.29–1.05 26.1–126.5 0.19–0.20 22.4–35.6 0.55–1.06 1.9–4.3 0.06–0.15
Couch grass

(Elytrigia repens)
Mean ± SD 0.12 ± 0.07 b 0.43 ± 0.20 b 78.2 ± 37.4 a 0.20 ± 0.17 a 25.4 ± 7.7 b 1.03 ± 0.56 a 3.3 ± 1.6 a 0.14 ± 0.13 a

Min–max 0.06–0.32 0.20–0.86 26.2–152.5 0.05–0.49 13.3–43.4 0.32–2.58 1.5–7.9 0.04–0.49

Data (n = 12 for wheat, n = 10 for sunflower, and n = 26 for couch grass) are presented as the mean values ± SD.
For each plant species, mean values with the same letters do not differ statistically according to Mann–Whitney
U-test at p < 0.05.

Figure 4. Pearson correlation between total Se in soils and Se concentrations in plant tissues. The
grey shade area represents the 95% confidence interval.

The bioaccumulation factors (BAF) showed that Se concentrations decreased in the
order sunflower > wheat > couch grass. This proves that sunflower had a higher ability
to accumulate Se. Generally, plants accumulated the highest Se concentrations in Fluvi-
sols (0.30 mg·kg−1) compared to Luvy-Calcic, Vorony-Calcic, and Vorony Chernozems.
Moreover, a statistical analysis using Kruskal–Wallis ANOVA proved that BAFs were
significantly higher for plants growing on Fluvisols (p < 0.05) compared to those on
Chernozem soils (Figure 5). Generally, among plants growing on different Chernozems,
only plants growing in Luvy-Calcic and Vorony-Calcic Chernozems showed statistically
significant differences.

Similar to Se, higher concentrations of HMs, such as Mn and Cu, were found in the
aboveground part of the sunflower but the differences were not statistically significant for
the different plant species. Most of the BAFs for these metals were lower than 0.20 and
generally did not exceed 0.50. In contrast to Se, Mn, and Cu, the variation in Zn content
and accumulation between different plant species was quite different. For example, despite
the similarity of HM concentrations in the tissues of different plant species, a significantly
higher level of the metal was observed in wheat. In the aboveground parts of sunflower and
wheatgrass, its mean value reached up to 25.4 mg·kg−1. Zn accumulated more intensively
in the plants, and its BAF reached a value of 1.0 and higher. However, the Mann–Whitney
U-test did not prove any species-dependent peculiarities in plant Zn bioaccumulation. A
single plant species, couch grass, was used to investigate the influence of soil factors on the
concentration and accumulation of metals (see Figure 5).
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Figure 5. Heavy metal concentrations and their bioaccumulation in couch grass (E. repens) in the
Lower Dniester Valley. Soil types: FL—Fluvisols, LCCh—Luvy-Calcic Chernozems, VCCh—Vorony-
Calcic Chernozems, VCh—Voronic Chernozems. Data are presented as the mean values ± SD
(n = 30). p-values represent the statistical significance of difference between soil types by Kruskal–
Wallis ANOVA. Values with the same letters do not differ statistically at p < 0.05.

It is obvious that there was variability in HM accumulation and HM content in plants
among different soil types. However, according to Kruskal–Wallis ANOVA, the reliability
of these differences (p < 0.05) has only been established for the BAFs of Zn and Cu, but not
for Mn BAF as well as HM concentrations in plant tissues.

3.3. Se and HMs Interactions in Soil–Plant System

Se and HM interrelations in the soil–plant system in the Lower Dniester Valley are
summarized in Figure 6.

As reported above, Se in plants was positively correlated with its total content in
soils. Furthermore, a positive correlation was observed between Se in plants and the
content of the mobile forms of Zn in soils (r = 0.352, p < 0.05). No antagonistic effects on Se
accumulation by HMs in plants were found. Conversely, negative relationships between
metals were more common. Indeed, the increase of EXC Mn in soils negatively affected the
content of Mn (r = −0.440, p < 0.01) and Cu (r = −0.416, p < 0.01) in plant tissues. Similar
relationships were found between EXC Zn and the content of Mn (r = −0.519, p < 0.001)
and Cu (r = −0.342, p < 0.05) in the aboveground plant biomass.
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Figure 6. Interactions between Se and HMs concentrations in soil–plant system in the Lower Dniester
Valley. Red lines indicate positive correlations, blue lines indicate negative correlations. Only
significant correlations, as determined by Pearson’s correlation matrix in Figure 3, were shown.
Abbreviations are consistent with those presented in Table 2.

4. Discussion

According to the obtained results, Voronic Chernozems were distinguished from other
soils by specific conditions predominantly caused by a relatively high content of SOC (up to
27.1 g·kg−1), a higher cation exchange capacity, leaching the upper horizons from carbon-
ates, and the associated lower soil pH. Luvy-Calcic Chernozems were similar to Fluvisols
in their physical and chemical properties. Vorony-Calcic Chernozems were characterized
by their low carbonate content and pH values comparable to Voronic Chernozems due to
leaching from the upper horizon; at the same time, their lighter texture and lower SOC
determined the lowest content of exchangeable cations there. Generally, the peculiarities
of the soil development process in different soil types under the conditions of the steppe
zone of the Dniester Valley have a significant influence on the content of total Se. The top
horizons of Fluvisols in floodplains had the highest total Se stocks in comparison with
other Chernozems subtypes. Erosion-denudation washout from slopes into floodplains
and alluvial-delluvial processes are probably responsible for this phenomenon [20,39]. The
mean total Se in soils obtained in this study (0.33 ± 0.13 mg·kg−1) was relatively higher
than those in previous studies, 0.143–0.200 mg·kg−1 [18] and 0.246 ± 0.073 mg·kg−1 [20],
but it fell within the range of 0.054–0.711 mg·kg−1 [18] and 0.100–0.668 mg·kg−1 [20].

The total soil Se is not a good indicator of the Se supply in the food chain [40].
Biogeochemical processes involving the formation of various compounds by the free
biogeochemical energy of living organisms occur in soils. Such biogeochemical processes
result in the production of mobile forms of the element, which may be available to plants,
involving it in biogenic migration [7,41]. The water-soluble Se forms in soils are of the
greatest importance to plants, which are a reliable indicator of the element’s status in
landscapes and ecosystems [30,42,43]. It was found that concentrations of WS Se in the
upper layer of soils in the LDV increased with rising total soil Se (r = 0.845). The same
trend was found for arable soils in arid regions of China, but the correlation coefficient
was lower (r = 0.58), while higher values of the coefficient were characteristic only for soils
under natural vegetation [44]. This study confirms previous research indicating that the
relative abundances of Se species in soil are dependent on total soil Se [18].

The mobility of trace elements in the soils of Moldova is largely determined by the
binding of organic matter and soil-absorbing complexes [45]. Meanwhile, the predomi-
nantly slightly alkaline conditions of soil solutions, a low content of soil organic matter, and
the cation exchange capacity of soils had no significant effect on the content of water-soluble
Se. Furthermore, the total soil Se content was only weakly dependent on the soil humus
content and the soil pH. Favorable conditions for Se mobility in soils are indicated by all
of the above results. On average, at least 32% of the total Se in the soils of the Dniester
Valley can be transferred to the water extract. Bogdevich et al. [18] found that the fraction
of soluble and ligand-exchangeable organic and inorganic Se species was up to 24.5% of the
total soil Se near Carpineni township, which are similar to the data obtained in the present
study. Data related to Se in other regions and biogeochemical provinces were provided for
comparison. For example, in different types of soils in China, the WS Se was observed in
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less amounts from 1.07 to 6.69% of total Se [44]; in the acidic soils of Japan—0.5–7.1% [46];
in the soils of Serbia—0.59–16.35% [47]. In Hungary, most of the soils contained no more
than 10% of WS Se, and only in some individual samples did its concentrations reach a
similar level of 20–35% of the total amount [48]. Therefore, our results are consistent with
those reported in other studies.

To identify the geochemical characteristics of Se and studied HMs in the Lower
Dniester Valley, we compared the obtained results with data on element content in soils
worldwide, as well as with mean values and concentration ranges in the soils of the study
region (see Table 5).

Table 5. Selenium and heavy metal concentrations in soils and their threshold levels (mg·kg−1).

Chemical
Elements

World
Soils [30]

Soils of Moldova [20,45]
Soils of the LDV

(This Study)
Threshold Levels [30]

Total Total EXC Total EXC MAC TAV

Se
Mean 0.44 0.25 – 0.33 0.09 * – –

Min–max – 0.10–0.65 – 0.08–0.65 0.04–0.15 * – 3–10

Mn
Mean 488 790 2.4 464 75.7 – –

Min–max – 150–2250 0.4–195 196–676 43–136 – –

Zn
Mean 70 71 1.4 33.8 1.04 – –

Min–max – 10–166 0.1–4.9 13.2–63.0 0.14–3.34 100–130 200–1500

Cu
Mean 38.9 32 1.6 31.2 ** 0.41 ** – –

Min–max – 2–400 0.1–60 7.0–158.3 0.01–23.70 60–150 60–500

(*) Data on water-soluble forms; (**) mean value was calculated excluding outliers. Threshold levels: ranges of
maximum allowable concentrations (MAC) and trigger action values (TAV) for potentially harmful chemical
elements in agricultural soils.

In general, the Se content in LDV soils was found to be relatively higher than reported
for a broader area, including the Dniester-Prut interfluve. At the same time, world soils
had a higher mean value of total soil Se. The total Cu in the soils of the LDV (excluding
contaminated sites) was comparable to that of soils in Moldova, which was slightly lower
than the average content of soils in the world. The total Mn in the investigated soils was
similar to the mean value of the metal in soils of the world, but 1.7 times lower than
the total concentrations in the soils of Moldova. Meanwhile, the LDV had relatively low
concentrations of total Zn in the soils. On average, they were more than twice as low as the
regional background and similar to those found in soils worldwide. It is important to note
that the Se and HMs of soils were typically far below the known thresholds.

The investigation of Mn, Zn, and Cu contents in the soil, which are possible anthro-
pogenic pollutants, confirmed the absence of any systematic contamination with Mn and
Zn, but not with Cu [28,45,49]. Agricultural pollution is the main source of high Cu con-
centrations in the environment of Moldova [29,50]. Unlike total metal concentrations,
which reflect general soil contamination, the mobile forms are the main indicator that
fully characterizes the degree of adverse effect on plants. Many researchers explain that
aggressive extracting agents, such as acids, extract the significant quantity of HMs from
the soil. Acidic extracts contain not only the forms available to plants, but also a part of
the total, which can be considered as the next reserve capable of being mobilized [51,52].
Acid-soluble Cu varied within three orders of magnitude from 3.0 to 115.8 mg·kg−1 soil,
then the concentrations of mobile metal forms varied within four orders of magnitude from
0.04 to 23.70 mg·kg−1 soil. According to Kiriluk [45], the range for the soils of Moldova
was much wider (0.1–60.0 mg·kg−1) with an average value of 1.6 mg·kg−1 soil. The acid
extract contained significantly large amounts of mobile Cu in polluted soils, potentially
available for assimilation by plants. Chemicals have been used extensively in Moldavian
agriculture, with approximate estimates of copper-containing preparations being around
6000–8000 tons per year from the early 1950s to the early 1990s [45]. The accumulation
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of Cu in soils can result in high concentrations of Cu even after the cessation of pesticide
use [53,54]. In this respect, the analysis revealed the existence of local Cu contamination in
the alluvial soils of the Dniester Valley with relatively low total content and mobility in
most of the studied region.

Regarding the average Se and HMs content in plants, there were no significant differ-
ences in element concentrations, except for Se in sunflower and Zn in wheat, which were
the highest. This variability, in addition to species-dependent accumulation, could imply a
different availability of elements in the soil.

The studied plants belonged to the ecological group of non-accumulators according
to their ability to accumulate Se in their tissues [55]. Se content in the aboveground part
of the studied crops and wild-growing plants was found to be relatively low compared
to its content in most soils. Substantially, plants growing on Fluvisols, the soils associated
with floodplains, accumulated more Se than plants growing on Chernozems on terraces
and slopes in steppe and arable lands. This can be explained by the higher total Se content
in floodplain soils, which are subordinate in landscape-geochemical systems compared to
Chernozem soils. However, it cannot be ignored that artificially constructed dyke systems
to prevent river flooding isolated the agricultural lands in the floodplain from flood waters.
This altered soil formation process in alluvial soils may have resulted in a greater influence
of groundwater on Se loading in alluvial soils, as shallow groundwater provides additional
moisture to the root zone via capillary fluxes [56]. This may have implications for the
cultivation of selenium-enriched crops and the production of functional foods. Considering
the slightly alkaline nature of soil solutions, the relatively low SOC content, and the
significant cation exchange capacity of soils [30,55,57], selenates, selenites, and ligand-
exchangeable organoselenium compounds are expected to be readily available for plant
uptake. In another study of the soil–plant–groundwater system [58], the Se content in
plants was also relatively low.

The use of biogeochemical indicators (BAFs) characterizing interrelations can be used
to assess certain cases of the soil–plant system. Biological selectivity allows plants to control
their chemical composition within certain boundaries [59,60]. Plants accumulated Zn more
intensively, as indicated by BAFs ≥ 1, in order to meet their requirements. Se was also
characterized by high BAFs ≥ 1, although it is not an essential trace element for higher
plants [11,12,61]. Significant differences in the accumulation of Se and Zn were observed in
different soil types of the Dniester Valley. This indicates that the bioavailability of these
elements differs depending either on the specific landscape and geochemical conditions or
the intensity of their migration. No such patterns were observed for Mn and its BAFs were
low. The bioaccumulation of Cu also varied as a function of the soil geochemical conditions
and the level of anthropogenic pollution, but it was low too (BAFs < 0.5).

5. Conclusions

The conditions for Se bioaccumulation in plants in the Dniester Valley were found to
be favorable. The reasons are connected to the territory location within a hydrogeochemical
province with high selenium content in groundwater, the Se optimal level in soils, its
high mobility, and the occurrence of favorable physical and chemical conditions of soils
for selenium mobilization. Se concentrations in plants varied from 0.06 to 0.58 mg·kg−1

depending on either the plant species or the local landscape and geochemical conditions.
Plants growing on Fluvisols accumulated more Se than those on Chernozems due to the
higher total Se in floodplain soils. This may have implications for producing Se-fortified
crops and functional foods. However, the absence of systematic soil contamination caused
by Mn and Zn, their relatively low levels in soils, as well as local foci of soil pollution with
Cu, determined the absence of antagonistic interactions in the soil–plant system. Further
studies are required to identify the reasons for the high mobility of Se and the significant
content of its water-soluble forms in soils.
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Abstract: In the Pistoia Nursery-Ornamental Rural District (Italy), a leader in Europe in ornamental
nurseries covering over 5200 hectares with over 2500 different species of plant, plant-parasitic
nematodes represent a serious concern. The potential efficacy of a pot cultivation system using
commercial substrates to control plant-parasitic nematodes was assessed. On two different plant
species, two different pot cultivation managements, potted plants, and potted plants previously
cultivated in natural soil were compared to plants only cultivated in natural soil. The entire soil
nematode structure with and without plants was evaluated. The relationship between soil properties
and soil nematode community was investigated. All the studied substrates were free from plant-
parasitic nematodes. Regarding free-living nematodes, Peat–Pumice showed nematode assemblage
established by colonizer and extreme colonizer bacterial feeders, whereas Peat–Perlite included both
bacterial and fungal feeders, and, finally, coconut fiber also included omnivores and predators. In
farming, the substrates rich in organic matter such as coconut fiber could still play an important
role in suppressing plant-parasitic nematodes because of the abundance of free-living nematodes. In
fact, they are of crucial importance in both the mineralization of organic matter and the antagonistic
control of plant-parasitic nematodes. Potting systems equally reduce virus-vector nematodes and
improve the prey/predator ratio favoring natural control.

Keywords: soil nematode community; soil nematode indicators; Pistoia Nursery-Ornamental District;
Acer palmatum; x Cupressocyparis leylandii

1. Introduction

The Pistoia Nursery-Ornamental Rural District (Italy) is a leader in Europe in or-
namental nurseries covering over 5200 hectares, with approximately 1000 hectares of
potting plants, 1500 companies, and over 5500 employees. In total, the Gross Saleable
Product (GSP) is over 700 million Euros of which 360 is related to export (www.cespevi.it;
https://group.intesasanpaolo.com/it/research/monitor-dei-distretti-agroalimentari; ac-
cessed on 11 January 2024). Over 2500 plant species are cultivated and plant-parasitic
nematodes characterized by high polyphagies represent a serious concern. Even though
extensive research has been devoted to the investigation of the effect and management of
plant-parasitic nematodes in crops, the effect of these pests on the ornamental plant indus-
try remains a relatively understudied field [1]. There are many categories of plant-parasitic
nematodes that affect ornamental plants, with the main genera being Meloidogyne, Aphe-
lenchoides, Paratylenchus, Pratylenchus, Helicotylenchus, Radopholus, Xiphinema, Trichodorus,
Paratrichodorus, Rotylenchulus, and Longidorus.
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The majority of states in the world have implemented measures to contrast the spread
of plant pests by enforcing strict controls on the import/export of plant materials. The
new European legislation on protective measures against plant pests (Regulation EU
2016/2031) imposes a “prohibition on the introduction and movement of EU regulated
non-quarantine pests on plants for planting”. The nurserymen as “professional operators
shall not introduce a Union regulated non-quarantine pest into, or move that pest within,
the EU territory on the plants for planting through which it is transmitted” (art. 37 Reg.
EU 2016/2031). A list of eighteen nematode species belonging to the genera Ditylenchus,
Tylenchulus, Aphelenchoides, Heterodera, Meloidogyne, Pratylenchus, Longidorus, and Xiphinema
was established in Annex IV of Regulation (EU) 2019/2072. These plant-parasitic species,
already present and widespread in the European Union, represent a phytosanitary risk
and potentially determine a severe economic, social, and environmental impact in the
EU territory. It is worth remembering that, for these nematodes, the accepted damage
tolerance threshold is “zero”. It is worth noting also that in the Pistoia Nursery-Ornamental
Rural District (Italy), the application of the EU legislation represents a serious threat to the
plant industry because, concurrently, the 91/414 EEC Directive also imposed an important
reduction in the number of plant protection products suitable for marketing. For this
reason, a progressive elimination of many pesticides is still ongoing and, thus, the control
of plant-parasitic nematodes is becoming more difficult.

In this context, it is crucial to understand the role of different commercial substrates
or natural soil in reducing the risk of plant-parasitic nematode infestation in the nursery.
Using healthy commercial substrates or soil is critical for maintaining low infestation levels
of plant-parasitic nematodes. Furthermore, this “exclusion approach” contributes to the
prevention of accidental pest introduction.

At the same time, soil and commercial substrates may also host many free-living
nematodes playing a significant role in controlling plant-parasitic nematodes [2,3]. Sev-
eral studies have shown that populations of these nematodes decrease with the increase
in saprophytic nematodes (bacterial and fungal feeders) [4,5]. Moreover, soil predator
nematodes deserve consideration for their potential activity in pest-regulation services [3].

To date, few studies have been conducted to evaluate the impact of pot cultivation
systems of ornamental plants on soil plant-parasitic nematodes. The use of solid substrates
such as peat, coir, bark, sawdust, compost, rockwool, perlite, pumice, sand, and vermiculite
is considered a valid soil management aimed at controlling plant-parasitic nematodes [6].
Short-term trials on tomatoes demonstrated the absence of plant-parasitic nematodes in pots
with coconut and peat substrates [2]. However, other authors asserted that soilless culture
systems are not effective in the elimination of these noxious organisms [4,7]. Moreover,
plant-parasitic nematodes can be introduced by infested propagation materials, from farm
appliances, and by irrigation [8,9].

The aim of this study was to assess the potential efficacy of pot cultivation systems
using commercial substrates to avoid plant-parasitic nematode infestations and simulta-
neously increase free-living nematode populations. Two different pot cultivation man-
agements, potted plants, and potted plants previously cultivated in natural soil, were
compared to plants only cultivated in natural soil. In detail, the effect of the pot cultivation
system was evaluated on (i) the entire soil nematode structure, with and without plants, in
Acer palmatum and x Cupressocyparis leylandii cultivations and (ii) the relationship between
soil properties (i.e., physical and chemical) and soil nematode community.

2. Materials and Methods

2.1. Field Site

The experimental site was located at “Vannucci Piante” farm, in the Pistoia district
(Central Italy; 43.85096 N, 10.98172 E; 55 m a.s.l.), one of the most important ornamental
nursery areas in Europe. The local climate was classified as Cfa (temperate, no dry season,
hot summer) by Köppen Climate Types, characterized by a mean air temperature of
15.5 ◦C and a mean annual precipitation of 1120 mm throughout the two years of the
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study from 2020 to 2021 (Regione Toscana–Settore Idrologico e Geologico Regionale http:
//www.sir.toscana.it, accessed on 11 January 2024). The average minimum temperature
was 2.5 ◦C in January 2020, and the average maximum temperatures were 24.2 ◦C and
26.7 ◦C in July and August, respectively; the precipitation was concentrated in winter,
particularly in December, and it ranged from 261.6 to 326.8 mm in the three years of study.

The plants used in the trial, A. palmatum and x C. leylandii, were cultivated under
(i) open-air conditions in natural soil and (ii) shaded structures in pots (18 liters/potted
plant) with the standard coconut-fiber substrate.

As regards plant cultivation in the pot, A. palmatum and x C. leylandii seedlings or
sprouted vegetative propagation material were initially planted in Peat–Perlite (75:25
v v−1) (for 3–4 months), then transplanted into Peat–Pumice (60:40 v v−1) (for 18–24
months), and finally into coconut fiber (coir dust–coir fiber 70:30 v v−1) for each of the
following transplants. All these commercial substrates were “added” with controlled
released fertilizers. Concerning commercialization, plants cultivated in natural soil were
used to be potted and then left in the nursery for a variable time until marketing. Irrigation
and fertigation were the same for all plots; the same phytosanitary treatments were applied,
even though no chemical was used to control plant-parasitic nematodes. Specifically, for
both plant species, Universol Blue ICL fertilizer (18-11-18 for N, P2O5, and K2O, respectively,
plus 2.5 MgO and microelements: B 0.01%, Cu 0.01%, Fe 0.1%, Mn 0.04%, Mo 0.001%, Zn
0.01%) were used (1 g/L twice a week). As regards phytosanitary treatments, one treatment
with Sulphoxaflor and another with Acetamiprid were used against aphids on A. palmatum,
whereas 2–3 treatments with copper oxychloride were applied against fungal pathogens on
C. leylandii.

2.2. Experimental Design and Soil Sampling

First trial: substrates in the absence of plants. In spring 2020, three different substrates,
Peat–Perlite (PPE), Peat–Pumice (PPU), and coconut fiber (CF), were compared, before their
use, to evaluate soil nematode community structures in the absence of plants. Moreover,
as regards coconut fiber (the substrate used for the longest period in the trial), possible
changes in the soil nematode community were evaluated at intervals of 0, 10, 30, 60, and
90 days throughout the time in which this material remained in the transplant area of the
nursery before usage. To characterize the soil nematode community, eighteen soil samples
were collected for each substrate and at each time interval.

Second trial: substrates with a plant. Young plants of A. palmatum and x C. leylandii were
selected for the experiments. The absence of plant-parasitic nematodes was confirmed by
previous sampling and analysis of the roots of these plants following the EPPO protocol [10].
For each plant species, potted plants (PP) and potted plants previously cultivated in natural
soil (PNS) were compared to plants only cultivated in natural soil (NS). A total of fifty
plants per plant species and per treatment was used. In 2020 and 2021, three samples
of soil were withdrawn in each season, with the purpose of determining soil nematode
structure (i.e., 3 samples/treatment, for each season, for 2 years, for a total of 72 samples).
Once surface residues were removed, a hand auger was used to carry out each sampling
(5 cm diameter inside) from the 30 cm deep top layer of bare soil. For every sample of soil,
six cores were randomly withdrawn and subsequently mixed in order to form a single
composite sample.

2.3. Soil Physical and Chemical Analysis

The physical and chemical properties of representative soil profiles and the commercial
substrates reported in the field site were determined. Regarding soil, considered parameters
were texture, according to the International Society of Soil Science (ISSS) standards, pH and
EC (1:2.5 and 1:5 water extraction method, respectively), total Kjeldahl nitrogen, N-NO3,
N-NH4, P and K content, organic matter percentage, C/N ratio, and active CaCO3. Physical
characterization of commercial substrates included the water volume for the determination
of available water capacity, the air-filled porosity, the holding water capacity (W −1 kPa),
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the bulk density (BD), and the total porosity (TP), determined as described by De Boodt
et al. [11]. Water tensions at 0, −1, −2, −3, −5, and −10 kPa were used to elaborate the
water retention curve. Then, pH was measured according to the EN 13037/1999 method,
while EC according to the EN 13038/1999.

2.4. Analysis of Soil Nematode Community

The cotton-wood filter extraction method was used to isolate nematodes from 100 mL
of each soil sample. Extraction was performed at room temperature for 48 h at approxi-
mately 20 ◦C. A 25 μm mesh was used to sieve each nematode suspension and nematodes
were then counted by a stereomicroscope (50× magnification). Temporary slides were
made for all specimens and their identification to genus level was carried out at higher
magnification using the keys of Mai and Lyon [12], Bongers [13], and Marinari-Palmisano
and Vinciguerra [14]. Taxonomic families were assigned to trophic groups based on Yeates
et al. [15] and Okada et al. [16]. Nematode communities were characterized adopting the
following criteria: (i) total abundance of individuals; (ii) richness determined by counting
the number of taxa; (iii) Maturity (MI) and Plant Parasitic indices (PPI) determined fol-
lowing Bongers [17] and the food web indicators (BI, Basal Index; EI, Enrichment Index;
SI, Structure Index; CI, Channel Index) following Ferris et al. [18]; (iv) diversity-weighted
abundance (θ) expressed as biomass [19] and categorizing populations of soil nematodes
on a functional basis into plant-parasitic nematodes, predators (including omnivores), and
detritivores (bacterial and fungal feeders), in accordance with Ferris and Tuomisto [20] for
evaluating the eco-system services efficiency; (v) prey-to-predator θ mass ratio aimed at
evaluating regulation function for evaluating the ecosystem services efficiency.

2.5. Statistical Analysis

One-way ANOVA was performed to assess the influence of substrate on nematode
taxa abundance and indicators of nematode community structure (first trial). Two-way
ANOVA was carried out to assess management and plant species effects on nematode taxa
abundance and nematode indicators in the second trial. When the F-test was significant at
p < 0.05, mean treatments were compared using the Student–Newman–Keuls test (SNK)
using CoStat Statistical Software 6.4 2021. Moreover, the comparison of nematode commu-
nities was performed by the multi-variate methods of the past analysis package [21]. Ne-
matode communities were compared using analysis of similarity (ANOSIM), and SIMPER
analysis based on the Bray–Curtis similarity index, nearest neighbor [22]. The nematode
abundance data were square root transformed before the analysis. Bonferroni correction
was then applied. Canonical Correspondence Analysis (CCA) was performed in order to
evaluate the interactions between the communities of nematodes (abundance of nematode
taxa and its indicators) and both soil chemical and physical variables (EC, soil pH, and
TOC). After the analysis, we selected only the significant environmental axes, which were
then graphically represented by vectors. Finally, we assessed the statistical significance of
the relationship between environmental and community variables by the permutation test
of both the first ordination, axis as well as the combination of both the first and second axes.

3. Results

3.1. Soil Physical and Chemical Properties

Natural soil was classified as loamy sand according to the USDA Soil Taxonomy.
The electrical conductivity (EC) values ranged from 448 μS cm−1 (1:2 dry material/water
extract) in the x C. leylandii plot to 2680 μS cm−1 in the A. palmatum plot, and the soil
pH values were 4.7 and 6.8 for A. palmatum and x C. leylandii areas, respectively. The
organic matter content was always less than 2%, which is considered the soil quality critical
threshold in temperate regions [23]. Specifically, the natural soils, in which A. palmatum and
C. leylandii were cultivated, had an organic matter content of 1.4% and 0.72%, respectively.
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Regarding the substrate’s main chemical–physical characterization, data are shown
in Table 1, while the retentions curve did not show remarkable trends with respect to the
recognized optimal range [24,25].

Table 1. Chemical–physical characterization of the used substrates for potted plant cultivation.

Substrate
EC

pH
BD TP W −1 kPa AFP AWC

μS cm−1 g cm−3 % % % %

Peat/Perlite 191.2 ± 10.7 c 5.67 ± 0.12 a 0.12 ± 0.002
b 93.3 ± 0.16 a 58.52 ± 1.07 a 35.73 ± 1.07 28.5 ± 0.27 a

Peat/Pumice 618.3 ± 74.5 b 4.81 ± 0.04 b 0.25 ± 0.002 a 86.8 ± 0.12 c 52.54 ± 1.52 b 34.30 ± 1.51 24.1 ± 0.99 b

Coconut fiber 1545.0 ± 120.5 a 4.00 ± 0.17 c 0.11 ± 0.001 c 92.4 ± 0.09 b 56.23 ± 3.17
ab 36.16 ± 3.16 25.8 ± 2.44 a

ANOVA *** *** *** *** *** n.s. **

Acceptable
range 1 <500 5.5–6.5 <0.40 >85 55–70 20–30 20–30

EC: electrical conductivity, BD: bulk density, TP: total porosity, W −1 kPa: water holding capacity, AFP: air-filled
porosity, AWC: available water content. Data are reported as mean ± standard deviation (n = 3). ANOVA analysis:
n.s. = not significant, *, **, *** = significant 0.01 < p < 0.05, 0.001 < p < 0.01 and p < 0.001, respectively; different
letters for the same parameter indicate significantly different values (STD test, p < 0.05). 1 Abad et al., 2001 [24].

3.2. First Trial: Substrates in Absence of Plants

Ten families of free-living nematodes were identified in soil samples from three differ-
ent commercial substrates. No plant-parasitic nematode family was found. Most families
were consistently found in CF and, to a lesser extent, in PPE. Only two families were
present in PPU. One-way ANOSIM analysis on nematode abundance showed significant
differences in nematode taxa abundance (R 0.61 and p = 0.0005). The R values, calculated
for substrate CF-PPE and CF-PPU pairwise comparison, were 0.52 (p = 0.05) and 0.57
(p = 0.001), respectively, indicating that the coconut fiber substrate was different from the
other ones. No significant difference was found between PPE-PPU.

The SIMPER analysis showed 70.36% of the overall dissimilarity and family break-
down of similarity indicating that eight families accounted for 95% of this similarity
(Table 2). Differences were mainly due to a higher proportion of Neotylenchidae, Aphe-
lenchoidae, and Dorylaimidae. Following the one-way ANOVA analysis, the abundance
of individuals belonging to the Dorylaimidae was significantly higher in CF than in other
substrates. In general, the fungal feeder nematodes were more abundant in PPE and, albeit
to a lesser extent, in CF: specifically, Neotylenchidae and Anguinidae (mainly Ditylenchus
myceliophagus) were more numerous in PPE than in CF and PPU; and the abundance of
Aphelenchoidae (mainly Aphelenchoides composticola, Bursaphelenchus fungivorus, and Ek-
taphelenchoides sp.) was higher in PPE and CF than PPU. In PPU, only bacterial feeder
nematodes were found.
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Table 2. Percentage contribution to the Bray–Curtis dissimilarity in family nematode abundance
among the different substrates (SIMPER analysis). Mean values and standard errors are reported.
Different letters for the same parameter indicate significantly different values (SNK test, p < 0.05).

Taxon Contribution Cumulative % Peat–Perlite Peat–Pumice Coconut Fiber p Value

Neotylenchidae 8.828 21.13 70.0 ± 0 a 0 b 13.4 ± 7.46 b 0.0008
Aphelenchoidae 6.945 37.75 30.0 ± 0 a 0 b 25.0 ± 5.77 a 0.04
Dorylaimidae 6.225 52.65 0 b 0 b 18.0 ± 2.92 a 0.002
Rhabditidae 5.014 64.64 40.0 ± 2.89 b 100.0 ± 5.77 a 52.7 ± 8.20 b 0.007
Cephalobidae 4.976 76.55 40.0 ± 2.89 b 100.0 ± 5.77 a 50.2 ± 7.67 b 0.004
Anguinidae 4.554 87.45 20.0 ± 0 a 0 c 0 c 0.04
Tylenchidae 3.058 94.77 0 a 0 a 8.9 ± 4.15 a 0.29
Seinuridae 1.127 97.47 0 a 0 a 2.2 ± 1.47 a 0.52
Mononchidae 0.6611 99.05 0 a 0 a 1.4 ± 1.40 a 0.75
Diplogasteridae 0.3972 100 0 a 0 a 0.3 ± 0.30 a 0.75
Total abundance 200 ± 5.00 a 200 ± 0 a 172.2 ± 24.36 a 0.69
Overall average dissimilarity 70.36

The evaluation of coconut fiber throughout the time in which this material remained
in the transplant area (at 10, 30, and 60 days before usage) showed a significant increase in
omnivores, predators, and fungal feeder nematodes (Figure 1). Bacterial feeder nematodes
remained the dominant trophic group, even though no significant evidence emerged.

Figure 1. Time trends of different nematode trophic groups in coconut fiber placed in the transplant
area before usage. ANOVA analysis * = significant 0.01 < p < 0.05.

In Table 3, MI values ranged from 1.5 to 1.9, indicating the conspicuous presence of
generalist and opportunistic species; the significantly highest values were found in CF
and PPE. EI was higher in PPU and CF, while SI was significantly higher in CF than in
other substrates. Finally, CI showed values lower than 50 in all types of substrates, and the
highest values were found in PPE.
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Table 3. Soil nematode indices refer to different commercial substrates. Different letters for the same
parameter indicate significantly different values (SNK test, p < 0.05).

Indices Peat–Perlite Peat–Pumice Coconut Fiber p Value

Maturity Index (MI) 1.8 ± 0.01 a 1.5 ± 0.03 b 1.9 ± 0.05 a 0.0007
Basal Index (BI) 126.7 ± 1.33 80.0 ± 4.62 78.0 ± 14.27 0.15
Enrichment Index (EI) 50.1 ± 1.56 b 79.7 ± 1.16 a 68.2 ± 3.52 a 0.004
Structure Index (SI) 0 b 0 b 39.4 ± 6.66 a 0.002
Channel Index (CI) 43.0 ± 1.79 a 0 b 17.7 ± 5.17 b 0.005
Richness 5.0 ± 0 a 2.0 ± 0 b 5.4 ± 0.18 a 0.00001

The CCA conducted between nematode taxa abundance and commercial substrate
variables (organic matter content (OM), EC, and pH), evidenced that axis 1 was dominated
by EC (−0.63) and pH (0.63), while axis 2 was dominated by OM (0.77). Tylenchidae,
Diplogasteridae, Seinuridae, Dorylaimidae, and Mononchidae families were positively
associated with organic matter content while EC Neotylenchidae and Anguinidae were pos-
itively associated with pH. The bacterial feeder families of Rhabditidae and Cephalobidae
were poorly affected by soil parameters (Figure 2A).

(A)                                                     (B) 

Figure 2. Scatter plot of CCA ordination showing relationships between soil properties and nematode
taxa abundance (A) and soil nematode indicators (B). (A) Percentages of variance were 69.27%
(p < 0.002) for axis 1 and 30.73% (p < 0.001) for axis 2; (B) percentages of variance were 62.65%
(p < 0.01) for axis 1 and 37.35% (p < 0.002) for axis 2.

The biplot of CCA including soil nematode indicators and the OM, EC, and pH
environmental variables showed axis 1 dominated by EC (0.73) and pH (−0.73) and axis 2
by OM (0.87). SI was positively influenced by EC and organic matter content, and, instead,
CI was positively correlated with organic matter and to a lesser extent with pH (Figure 2B).

3.3. Second Trial: Substrates with Plants

Seventeen plant-parasitic and free-living nematode families were identified in soil
samples collected. In detail, 16 and 15 families were found on A. palmatum and x C. leylandii,
respectively. Regarding management, consistent differences in the number of taxa were
found: the lowest number of families was in PP (7 families), especially for plant-parasitic
nematodes (only one family), compared to PNS (16 families) and NS (15 families). In

177



Soil Syst. 2024, 8, 60

general, ANOSIM analysis on nematode abundance confirmed the low difference between
the two plant species (R 0.23, p = 0.0001) and higher differences per soil management (R
0.36, p = 0.0001). Pot conditions were different from cultivation in natural soil: R values in
pairwise comparison were for the management PP-PNS 0.44 (p = 0.002); for PP-NS, 0.53
(p = 0.0003); and for PNS-NS 0.31 (p = 0.001). The analysis of the contribution of family
abundance to the average Bray–Curtis dissimilarity, among managements using SIMPER,
was 57.27% of the overall dissimilarity; the family breakdown of similarity showed that
15 families accounted for 95% of this similarity. Differences were mainly due to a higher
proportion of Rhabditidae, Cephalobidae, and Dorylaimidae in PNS than in the PP and NS.

Two-way ANOVA for plant factor further evidenced that Diphterophoridae, Teloty-
lenchidae (mainly Trophurus spp.), Heteroderidae, and Hoplolaimidae (mainly Rotylenchus
spp. and to a lesser extent Helicotylenchus spp. and Scutellonema spp.) were significantly
higher in A. palmatum than x C. leylandii, while Aphelenchoidae, Tylenchidae, Psilenchi-
dae, Pratylenchidae, and Trichodoridae were significantly more abundant in x C. leylandii
than in A. palmatum. As regards management, Seinuridae, Tylenchidae, Psilenchidae, and
Pratylenchidae (mainly Pratylenchus vulnus) were significantly higher in PNS than others
(Table 4). The virus-vector plant-parasitic nematodes Trichodoridae and Longidoridae
showed the highest abundance in NS. Moreover, significant interactions between plant and
management factors were found.

Table 4. Effects of different managements in A. palmatum and x C. leylandii on the abundance of
nematode taxa (mean number ± SE of nematodes/100 mL soil). Samples were collected from PP,
potted plants; PNS, potted plants previously cultivated in natural soil; NS, plants only cultivated in
natural soil. Different letters for the same parameter indicate significantly different values (SNK test,
p < 0.05).

Management Plant Significant Effects (p Value)

PP PNS NS
Acer

palmatum
Cupress.
leylandii M P M + P

Rhabditidae 4.2 ± 1.42 47.0 ± 11.11 7.4 ± 1.94 31.4 ± 14.55 43.3 ± 7.67 0.15 0.70 0.69
Cephalobidae 5.2 ± 2.98 43.8 ± 8.79 9.8 ± 2.09 27.0 ± 11.05 44.2 ± 7.20 0.11 0.35 0.55
Aphelenchidae 0 1.3 ± 0.44 2.8 ± 0.95 1.2 ± 0.36 1.7 ± 0.71 0.19 0.69 0.01
Aphelenchoidae 0 1.3 ± 0.38 0 0.15 ± 0.08 b 1.9 ± 0.61 0.23 0.003 0.16
Anguinidae 3.5 ± 0.50 2.4 ± 0.79 0 3.2 ± 1.04 0.9 ± 0.40 0.31 0.08 0.41
Diphterophoridae 0 1.5 ± 0.72 2.5 ± 1.44 2.6 ± 1.05 a 0.4 ± 0.26 b 0.32 0.03 0.06
Dorylaimidae 1.7 ± 1.12 16.6 ± 4.46 4.6 ± 1.08 11.9 ± 5.67 15.2 ± 3.64 0.29 0.84 0.50
Mononchidae 0 4.1 ± 1.02 4.6 ± 1.08 3.8 ± 0.84 3.8 ± 1.46 0.32 0.66 0.61
Seinuridae 2.3 ± 1.17 ab 7.2 ± 0.99 a 0 b 6.5 ± 1.06 4.6 ± 1.37 0.001 0.08 0.42
Tylenchidae 5.3 ± 0.33 b 23.9 ± 2.26 a 12.9 ± 1.44 b 10.8 ± 0.86 a 32.1 ± 2.86 b 0.00001 0.00001 0.00001
Telotylenchidae 2.5 ± 1.23 b 0 c 7.1 ± 2.92 a 2.6 ± 1.02 a 0 b 0.00001 0.0006 0.00001
Psilenchidae 0 b 3.2 ± 0.77 a 0 b 0 b 5.3 ± 1.15 a 0.006 0.00001 0.02
Heteroderidae 0 0.0 ± 0.07 0.2 ± 0.17 0.2 ± 0.11 a 0 b 0.51 0.05 0.72
Pratylenchidae 0 b 17.3 ± 2.68 a 1.4 ± 0.84 b 3.2 ± 0.94 b 24.9 ± 3.76 a 0.002 0.00001 0.01
Hoplolaimidae 0 32.2 ± 18.12 8.6 ± 3.90 44.4 ± 24.92 3.4 ± 0.75 0.49 0.09 0.60
Trichodoridae 0 b 0.1 ± 0.07 b 3.9 ± 1.62 a 0.2 ± 0.11 b 1.4 ± 0.67 a 0.00001 0.01 0.00001
Longidoridae 0 b 0.06 ± 0.04 b 4.3 ± 1.70 a 1.1 ± 0.57 0.3 ± 0.17 0.00001 0.06 0.00001
Total
abundance 24.7 ± 4.92 202.1 ± 41.08 69.7 ± 10.59 150.1 ± 55.25 183.1 ± 24.30 0.15 0.88 0.60

Richness 5.5 ± 0.22 b 6.9 ± 0.17 a 7.3 ± 0.58 a 6.8 ± 0.24 6.9 ± 0.23 0.01 0.68 0.00001

The soil nematode indicators showed few differences between the two plant species:
BI was significantly higher in A. palmatum than x C. leylandii, while an opposite result was
recorded for SI Table 5. On the contrary, many differences were found per management.
Soil nematode communities in natural soil showed the highest MI, PPI, and CI values,
while BI and EI values were significantly higher in PNS. As expected, the plants only
cultivated in pots using coconut fiber substrate exhibited the lowest MI, PPI, and BI values.
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Table 5. Effects of different managements in A. palmatum and C. leylandii on soil nematode indices
(±SE). PP, potted plants; PNS, potted plants previously cultivated in natural soil; NS, plants only
cultivated in natural soil. Different letters for the same parameter indicate significantly different
values (SNK test, p < 0.05).

Management Plant Significant Effects (p Value)

PP PNS NS
Acer

palmatum
Cupress.
leylandii M P M + P

MI 1.9 ± 0.12 b 2.0 ± 0.03 b 2.2 ± 0.10 a 2.0 ± 0.05 1.9 ± 0.03 0.05 0.13 0.04
PPI 1.5 ± 0.67 c 2.6 ± 0.14 b 3.6 ± 0.11 a 2.7 ± 0.19 2.7 ± 0.19 0.0003 0.49 0.27
BI 10.5 ± 1.94 b 58.7 ± 7.51 a 21.7 ± 2.63 b 34.8 ± 8.75 b 64.7 ± 7.40 a 0.02 0.03 0.11
EI 51.5 ± 5.10 ab 62.6 ± 1.93 a 46.1 ± 4.63 b 59.4 ± 2.12 58.4 ± 3.22 0.001 0.50 0.33
SI 40.7 ± 7.06 45.2 ± 2.82 45.2 ± 7.33 50.1 ± 2.96 a 38.6 ± 3.97 b 0.47 0.01 0.18
CI 39.7 ± 7.54 ab 25.6 ± 2.49 b 45.5 ± 5.55 a 30.5 ± 2.95 29.7 ± 3.84 0.003 0.84 0.40

The average values of the diversity-weighted abundance (θ) index are reported in
Figure 3. Significant differences were found only in the plant-parasitic channel: the highest
value was reported in NS. The regulation functions of opportunistic and plant-parasitic
nematodes by predation were greater in PP and to a lesser extent in PNS; they ranged from
1 to 1.1 and from 1 to 1.47 for PP and PNS, respectively. By contrast in NS, the high θ value
of the plant-parasitic channel together with the low θ value in the predator channel, caused
a predator/prey ratio of 1:5.74 indicating an insufficient regulation. No differences were
found between the two different plant species: the predator/prey ratio ranged from 1:1.63
to 1:1.69 for A. palmatum and x C. leylandii, respectively.

Figure 3. Diversity-weighted abundance (θ) index for functional classes of soil nematode assemblage.
PP, potted plants; PNS, potted plants previously cultivated in natural soil; NS, plants only cultivated
in natural soil. Standard errors are reported. Different letters are significant differences at p < 0.05.

The CCA, conducted between nematode taxa abundance from PP and NS and soil
variables (organic content, soil pH, and EC) showed that axis 1 was dominated by EC
(0.85) and pH (−0.89), while axis 2 was by OM (0.89). The families of Seinuridae and
Anguinidae were positively associated with OM; instead, the families of Trichodoridae and
Pratylenchidae were related to pH. The biplot of CCA conducted between soil nematode
indicators and the same soil variable showed that axis 2 was dominated by OM (0.48 and
pH −0.46); the PPI, which plotted furthest from the origin and so varied the most within
this environmental gradient, was positively associated with the pH and inversely with OM
(Figure 4A).
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Figure 4. Scatter plot of CCA ordination showing relationships between soil properties and nematode
taxa abundance (A) and soil nematode indicators (B). (A) Percentages of variance were 54.96%
(p < 0.001) for axis 1 and 45.04% (p < 0.001) for axis 2; (B) percentages of variance were 30.08%
(p < 0.016) for axis 2 and no significant axis 1.

4. Discussion

This study investigated the response of the soil nematode community (i.e., both
plant-parasitic and free-living nematodes) to artificial substrates both before and during
agricultural practices. It is worth noting that it is relatively difficult to obtain a comprehen-
sive picture of the general problem, as ornamental nurseries represent a complex network
formed by a large variety of plants, with their own cultivation, nutritional, and phytosani-
tary requirements. In this study, the context was simplified by choosing only two different
plant species. Specifically, X Cupressocyparis leylandii and A. palmatum were selected as they
are representative of conifers and broad-leaved trees and because they are economically
relevant cultivated species in the Pistoia district.

4.1. Effect of Pot Cultivation on Artificial Substrate Soil Nematode Community Structure

As previously reported by several authors, the use of artificial substrates, such as
perlite, pumice, and coconut fiber, represents a valid practice aimed at reducing the in-
troduction of plant-parasitic nematodes in nurseries [2,6]. This study provided a reason-
able explanation of this trend. These substrates created an unsuitable environment for
plant-parasitic nematodes due to the absence of plants and the abundance of free-living
nematodes showing a composition typical of organic materials (i.e., compost) [26]. It is well
known that as free-living nematodes increase, plant-parasitic nematodes decrease [4,27].
The dominant trophic groups were bacterial and fungal feeders, both involved in the or-
ganic matter decomposition. As reported by Ferris & Matute [26] and Georgieva et al. [28],
after the application of compost, it is possible to identify a food web succession driving
the mineralization process: colonizer and extreme colonizer bacterial feeders start the
activity of decomposition, while fungal feeders may subsequently develop. The three
analyzed substrates were presumably different phases of this ecological succession: PPU
was characterized by the presence of only colonizer and extreme colonizer bacterial feeders,
PPE included both bacterial and fungal feeders, and, finally, CF also included omnivores
and predators. These differences might be attributed to different content in organic matter,
higher in CF than others, and the different characteristics of inert materials such as pumice
and perlite. Moreover, fungal feeders, omnivores, and predators increased throughout the
period in which CF remained in the transplant area exposed to the air. Substrate aeration
probably stimulated microorganism and nematode growth and consequently allowed
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predator development. The soil nematode indicators confirmed this trend: CF showed the
highest values of MI and SI, indicating both the presence of colonizers and a better soil
nematode community structure than PPE and PPU. On the contrary, CF showed the lowest
EI value. CI indicated that the composition channel was driven by bacteria, even if in PPE
the fungal channel was also relevant.

Pot cultivation changed the composition of the nematode community, as shown by sim-
ilarity analysis. In general, the soilless practice conducted only in pot conditions produced
a decrease in the total number of taxa and abundance of nematodes when compared with
natural soil conditions. The potted plants, previously cultivated in natural soil, showed an
opposite trend. In general, free-living nematodes were moderately affected by pot culti-
vation, and, in all cases, the dominant trophic group was represented by bacterial feeders
followed by fungal feeders, omnivores, and predators. The high presence of free-living
nematodes involved in the detritus food web and the graze on bacteria and fungi in the soil
may regulate decomposition and nitrogen mineralization in soil ecosystems, as well as in
pot cultivations [2,29]. On the contrary, plant-parasitic nematodes were the trophic group
mainly affected by variations due to plant species and management. Plant-parasitic nema-
tode communities were peculiar to each examined plant species. Palomares-Rius et al. [30]
found that nematode community populations in the rhizosphere of cultivated olives dif-
fered according to plant genotype. Although the families were the same, Telotylenchidae,
Hoplolaimidae, and Longidoridae were dominant in A. palmatum, while Pratylenchidae,
Psilenchidae, and Trichodoridae were more numerous in x C. leylandii. A key role could be
played by host–parasite interaction, a factor scarcely investigated yet.

Soilless farming in pots reduced the number of plant-parasitic nematodes in A. palma-
tum and x C. leylandii plants more than in cultivation in natural soil. In this regard, only a
few individuals belonging to the Telotylenchidae family were found. Because coconut fiber
substrates were nematode-free, it can be assumed that these plant-parasitic nematodes were
accidentally introduced [8,9]. As reported by Hug and Malan [31], the risk of contamination
with plant-parasitic nematodes was low only when capped boreholes were the source of
irrigation water. According to the same authors, the plant-parasitic nematodes of economic
importance found in irrigation water belonged mainly to the genera Meloidogyne, Xiphinema,
Tylenchulus, Trichodorus, Criconemoides, and Pratylenchus. On the contrary, in potted plants
previously cultivated in natural soil, plant-parasitic nematodes found environments more
suitable for growth. The abundance of the families Telotylenchidae, Pratylenchidae, and
Hoplolaimidae increased, while virus-vector nematodes belonging to Longidoridae and Tri-
chodoridae decreased. The more homogeneous fertilization and irrigation in pot probably
favored root development and consequently enhanced plant-parasitic nematodes, leading
to their exponential growth. On the contrary, the constrained space negatively affected the
development of virus-vector nematodes, as evidenced by Ali et al. [32] and Landi et al. [33]
reporting that the intensification of agricultural practices disfavoured these nematodes.

The nematode indicators confirmed that differences were mainly due to management
rather than to plant species. Pot cultivation reduced PPI because of the decrease in k-
strategist plant-parasitic nematodes such as virus vectors from natural soil. Moreover,
soilless conditions also reduced MI due to the increment of colonizer species, especially in
PP [3]. BI and EI were higher after repotting, suggesting that the fungal feeders benefited
from these practices, probably due to the high organic matter content supplied by the co-
conut fiber substrate. CI evidenced that the channel decomposition was driven by bacteria.
In terms of ecosystem services, the application of diversity-weighted abundance, expressed
as biomass, evidenced that free-living nematodes implicated in nutrient mineralization
and plant-parasitic nematodes appeared more regulated in pot farming than in natural
soil. However, PP and PNL showed optimal (prey/predator ratio 1:1) and suboptimal
regulation values, respectively.
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4.2. Soil Factor Influencing Soil Nematode Structure

In general, the commercial substrates were rich in organic matter, especially CF. As
reported by Landi et al. [3,5], many families were positively affected by organic carbon,
especially the predators Mononchidae and the omnivores Dorylaimidae, while the An-
guinidae family was favored by soil pH. On the whole, the soil nematode indicators
confirmed that organic matter improved the soil nematode community structure. SI and CI
were mainly positively correlated with organic matter. In accordance with several authors,
during farming, the presence of roots in soil confirmed that organic matter was the relevant
factor for the development of free-living nematodes and the decrease in plant-parasitic
nematodes [3,4]. The families Seinuridae (predators) and Anguinidae (fungal feeder nema-
todes) were always favored by organic matter, whereas the families Pratylenchidae and
Trichodoridae (plant-parasitic nematodes) were mostly influenced by soil pH. Regarding
soil nematode indicators, the studied indices were only moderately influenced by the
explored environmental variables. Only PPI, and to an even lesser extent BI, were weakly
influenced by soil pH and CE, respectively.

5. Conclusions

This work shows that substrates rich in organic matter such as coconut fiber, even
though unable to prevent accidental introduction during cultivation, could still play an
important role in suppressing plant-parasitic nematodes. This is due to the abundance
of free-living nematodes, which are of crucial importance in both the mineralization of
organic matter and antagonistic control of plant-parasitic nematodes. Potting systems,
also, reduce virus-vector nematodes and improve the prey/predator ratio favoring natural
control. However, it is worth noting that the population of some plant-parasitic nematode
species, such as P. vulnus found in C. leylandii, showed a strong increase in abundance.
This pest, listed in Annex IV, Teg. (EU) 2072/2019 among regulated non-quarantine pests,
was the most numerous species representing more than 70% of the entire plant-parasitic
nematode population. Further studies are required to confirm these findings. Additional
research is recommended to investigate the mechanisms determining differences in plant-
parasitic nematodes between plant species and to explore the effectiveness of combining
pot cultivation with other control methods.

Author Contributions: Conceptualization, S.L. and E.R.; methodology, B.C., S.C. and B.N.; inves-
tigation, B.C., F.B., S.C. and B.N.; data curation, S.L. and F.B.; writing—original draft preparation,
S.L.; writing—review and editing, F.B., B.C., S.C., B.N., E.R. and S.S.; visualization, S.L. and F.B.;
supervision, S.L., P.F.R. and S.S.; funding acquisition, P.F.R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Rural Development Program, Tuscany Region, Italy,
UE, grant number 2014IT6RDRP010 under the project AUTOFITOVIV “Good practices for a self-
controlled and sustainable management in ornamental nurseries”. The APC was not due as this
paper was presented upon invitation, and was therefore published free of charge.

Institutional Review Board Statement: No ethical approval was required for the sample types
collected in this study.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We wish to thank “Azienda Agricola Vannucci Piante di Vannino Vannucci” for
their support and field logistics.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Howland, A.D. Plant-Parasitic Nematodes and their Effects on Ornamental Plants: A Review. J. Nematol. 2023, 55, 20230007.
[CrossRef]

182



Soil Syst. 2024, 8, 60
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Abstract: Chickpea (Cicer arietinum L.) is one of the most important legumes currently grown. It is an
important source of proteins and nutrients, such as calcium, potassium and iron. As a result, precise
crop management is necessary for maximizing its production. The presented study deals with the
effect of soil heterogeneity caused by variable contents of macro- and micronutrients on the uptake of
nutrients by chickpea. The values measured (contents of macro- and micronutrients in plant samples)
indicate that soil heterogeneity is an important factor for the contents of nutrients and soil reactions,
which strongly affect the growth of chickpea. We investigated the soil heterogeneity in a chickpea
field. Two zones (A and B) with different stand development were found in the model plot. Zone
A showed a healthy (green) growth, while Zone B exhibited a yellow-coloured growth, indicating
deficits in nutrient uptake. The contents of selected nutrients (P, K, Ca, Mg, Fe, Cu, Zn and Mn) in the
soil and in the plant biomass (i.e., stems, leaves, pods and seeds) were analyzed. In the zone with the
yellow-coloured biomass, the results showed significantly (p < 0.05) reduced contents of N, P, K, Mg,
Fe, Mn, Cu and Zn in the leaves; higher values of soil reaction (pH); and higher contents of calcium
and calcium carbonate in the soil. The uptake of nutrients by the plants and their translocation were
affected by the above-mentioned soil parameters and by their mutual interactions. Therefore, it is
possible to state that soil heterogeneity (caused by variable contents of nutrients in soil) should be
taken into account in the precise crop management of chickpeas.

Keywords: chickpea; macronutrients; micronutrients; management practices; soil heterogeneity

1. Introduction

Nowadays, mineral fertilizers have to be used to obtain proper crop yields [1], which
has led to a rising demand for fertilizers [2]. Plants are able to absorb only about 50%
of applied mineral fertilizers, while the rest escape into the environment with negative
impacts on ecosystems [3,4]. The sustainability of ecological systems and the minimization
of impacts on the environment, on the one hand, and sufficient food production, on the
other hand, should be the main goals of modern agriculture [5]. The high costs of mineral
fertilizers (especially nitrogenous ones), caused by the recent increase in the price of natural
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gas, which is necessary for their production, has made farmers look for partial solutions,
such as growing legumes [6].

One of the possible solutions to reduce the use of nitrogenous mineral fertilizers is
the integration of legumes, which are able to assimilate atmospheric nitrogen through
symbiosis with Rhizobium bacteria, into cropping systems [7]. In ideal conditions, nitrogen
fixation can produce more than 100 kg/ha of N during one year, which is 85% of the overall
nitrogen demand of cicer [8]. According to Flowers et al. [9], cicer can fix 140 kg/ha in
one year, decreasing the occurrence of plant diseases and improving soil structure and
the availability of K and P in soil [10]. According to Carlsson and Huss-Danell [11], this
symbiosis enriches soil with nitrogen, which leads to reduced consumption of mineral
fertilizers. Worldwide, this alternative reduces the overall fertilization of agricultural
soils by 13% [7], which could lead to higher crop yields and reduced N losses into the
environment.

Chickpea or cicer (Cicer arietinum L.), belonging to the Fabaceae, is a legume from
southeast Turkey and Syria [12–14]. Worldwide, it is grown on approximately 17.8 million
hectares, with an annual production of 17.2 million tons [15]; the main producers are India
(65%), Pakistan (10%), Iran (8%) and Turkey (5.5%) [16–18]. Despite the fact that cicer is a
legume grown in temperate zones and is most tolerant to high temperatures and droughts,
these climatic factors can inflict 40–45% of losses in yield worldwide [19]. One reason for
considering the introduction of new procedures (e.g., monitoring of soil heterogeneity) in
growing chickpeas is the crop’s significance for nutrition. Cicer is a high-quality source of
proteins for the human population and for livestock [15,18,20]. Apart from proteins (whose
concentration is twice as high as in cereals), cicer is very rich in fibre and minerals such as
calcium, potassium, iron, phosphorus, magnesium, selenium and zinc [14,21].

Plot heterogeneity in terms of nutrient contents in soil and soil reactions may be
reflected in the chemical composition of plants and their organs, yield and quality. There
also may be some visual changes in the colour of leaves, etc. This heterogeneity can be
caused by a number of biotic and abiotic factors, which may be difficult to determine.
A very frequent cause of heterogeneity can be a lack of nutrients in different parts of
a plot, which can be due to various factors, including a deficit of soil nutrients due to
the absence of fertilization and liming and uneven application of fertilizers [22]. Many
farmers try to prevent this by using technologies of precise agriculture [23]. Based on
information about the contents of soil nutrients (soil sampling) and spectral analysis of
growth, these technologies allow the application of optimum doses of nutrients or the
identification of problematic sites in stands [24]. From the viewpoint of natural ecosystems,
spatial heterogeneity in the availability of soil nutrients affects species diversity [25] and
directly affects the yields of crops in agroecosystems [26,27] through the dynamics of
nutrients [26,28]. Different crops have naturally different nutrient requirements (N, P, K,
Ca, Mg, etc.), but there are generally valid principles which affect the uptake of nutrients
in all plants [27,28]. The most important of them include mutual interactions of nutrients;
for example, surplus Ca2+ cations in soil tend to bind P in calcium compounds [29]. In a
model case, a heterogeneous plot with different contents of Ca2+ will have different levels
of P available to crops grown in different parts of the plot. This can be resolved by variable
application of fertilizers, i.e., by precision agriculture technology. According to Habib-ur-
Rahman [27], the effectiveness of resources can be increased by precision agriculture when
management procedures are adapted to the heterogeneity of plant growth conditions.

The goal of this study was to explain the potential influence of soil heterogeneity in
terms of nutrient contents on differences in the chemical composition of individual parts of
chickpea plants (stems, leaves, pods and seeds).

2. Material and Methods

2.1. Description of the Experimental Location

The health condition of chickpea plants was monitored in 2021 in Horní Moštenice,
near Přerov in the Olomouc Region, Moravia, Czech Republic (Figure 1). The basic me-
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teorological parameters of area of our interest are shown in Table 1. The area belongs to
the sugar beet-growing region. The location is characterized by Luvisol chernozem soil
on sandy–loamy sediments. The soil type of the area of interest is shown in Figure A1
(Appendix A). Two sites were selected, which exhibited different conditions for the growth
of plants over the long term (Figure 1). Basic agrochemical parameters of the experimental
plot (Table 2) were identified in 2019 by regular basal monitoring that is carried out in the
area every three years.

Figure 1. Map of the position of the experimental field within Central Europe and the Czech Republic
(A = Austria, D = Deutschland, PL = Poland, SK = Slovakia) and the yield potential, with the zones
(A and B) for the collection of soil and plant samples indicated. Source of base maps: www.cuzk.cz
(accessed on 10 March 2024).
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Table 1. Meteorological and climatological parameters.

Year
Mean Annual

Temperature (◦C)
Mean Annual

Precipitation (mm)

2021 10.1 559

Long-term standard
(1991–2020) 7.8 708

Comments: Meteorological data were measured using the DAVIS Vantage Pro2 weather station (Davis Instru-
ments, Hayward, CA, USA), which was located in Horní Moštěnice (250 m a.s.l.). Data for the long-term standard
(1991–2020) are for Olomouc Region and were prepared based on data available from the Czech Hydrometeoro-
logical Institute (http://portal.chmi.cz/historicka-data/ (accessed on 10 March 2024)).

Table 2. Basic agrochemical parameters of the experimental field—content of nutrients available to
plants and soil reaction.

pH KCl
P ± SD K ± SD Ca ± SD Mg ± SD

mg/kg mg/kg mg/kg mg/kg

6.85 46 ± 6.44 283 ± 10.75 3958 ± 384.47 220 ± 13.46

2.2. Design of the Field Experiment

The experiment was carried out with the chickpea variety Orion (Cicer arietinum L.),
which was sown on 24 April 2021 (120 kg.ha−1). The field was treated with the NP fertilizer
AMMOPHOS (BelFert, Gomel, Russia; 120 kg of fertilizer/ha) 2 weeks before sowing, and
5 weeks after sowing it was treated with the nitrogen fertilizer LOVOFERT LAD 27 (80 kg
of fertilizer/ha; Lovochemie Ltd., Lovosice, Czech Republic).

Plant samples (stems, leaves, pods and seeds) and soil samples were collected from
two sites (Zones A and B, Figure 1), which exhibited visibly different conditions for plant
growth and development, supporting (A) healthy-looking plants and (B) yellowish plants.
The zones for sampling were selected based on the yield potential map. The zone with the
average yield potential (=100%) represented an area (A) where the growth of chickpeas
occurred without visually conspicuous changes. The zone with the lower yield potential
(≤95%) represented an area (B) where, evidently, there were problems with plant develop-
ment that were indicated by the change in leaf colour (yellowing). The map of the yield
potential (Figure 1) was prepared based on an analysis of multispectral images of the area
taken over the last 8 years, and the potential was calculated by the Laboratory of Precise
Agriculture PrezemLab (Assoc. Prof. Vojtěch Lukas, Mendel University in Brno), according
to Lukas et al. [30].

2.3. Plant and Soil Analyses

Three mixed samples of plants and soil were collected from each zone. The mixed soil
samples were collected in line with ISO 10381-6 [31] from three sampling points regularly
distributed in each zone. A final mixed soil sample of 500 g (min.) was obtained from the
specific sampling points after three collections from the 0–20 cm layer with the use of a
sampling probe. Thus, there were three mixed soil samples collected for each variant.

The sampling of plant biomass proceeded as follows: one mixed sample contained
five plants collected from three points in each repetition. There were, altogether, 3 mixed
samples of plant biomass collected from each zone.

In the plant samples, contents of N, P, K, Ca, Mg, Cu, Zn, Fe and Mn were determined.
All these elements (with the exception of N and P) were established with the use of atomic
absorption spectrometry (AAS; Agilent 55B AA; Agilent Technologies, Santa Clara, CA,
USA), according to Jones [32]. P content was measured spectrophotometrically using the
Onda VIS V-10 Plus spectrophotometer (Giorgio Bormac, Carpi, Italy), according to Olsen
and Summers [33]. Kjeldahl’s method was used to determine the total N content in the
biomass samples.
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In addition to basic nutrients (macroelements) and microelements (micronutrients) in
the plants, contents of macroelements (P, K, Ca and Mg) and microelements (Fe, Mn, Cu,
Zn) in the soil were determined. The individual elements were established via Mehlich
3 extraction [34]. Soil reaction pH/CaCl2 was determined in 0.01 M pH/CaCl2 using the
ion-selective electrode Radelkis OP 211 (Radelkis Electrochemical Instruments, Budapest,
Hungary). The K, Mg and Ca contents of plant-available nutrients in the Mehlich 3 extract
were determined using AAS (Agilent 55B AA; Agilent Technologies, Santa Clara, CA, USA),
according to Sarojam [35]. P contents were determined colourimetrically, according to
Olsen and Summers [33].

2.4. Statistical Analysis

For statistical analysis of the acquired data, the software STATISTICA version 13.5.0.17
(TIBCO Software Inc., Palo Alto, CA, USA) was used. The results presented in this study
are means of at least 3 repetitions for each presented parameter. Statistically significant
differences in the contents of selected elements in the soil, chickpea above-ground organs,
and seeds of the A and B zones were obtained by t-tests and Tukey’s post hoc HSD tests.
Correlation analysis was used to establish Spearman’s correlation coefficients (R) between
the contents of selected elements in the soil and in the chickpea above-ground organs and
seeds. The level of significance chosen for all implemented statistical analyses was p < 0.05.
Map documents were prepared in the QGIS 3.28 programme (QGIS Development Team;
General Public License), with WMS data of CUZK (State Administration of Land Surveying
and Cadastre of the Czech Republic) used as underlying layers.

3. Results and Discussion

The presented study deals with the monitoring of micro- and macronutrients in soil
and plant samples in plots with assumed growth differences in an experimental field. For
greater clarity, the measured values are presented in two subsections.

3.1. Contents of Macro- and Micronutrients in the Soil

In general, the contents of micronutrients in the soil of the experimental variants were
average to high. The highest values of microelements were measured for Mn, followed
by Fe, Zn and Cu, in the two experimental variants (Table 3). There were no significant
differences found between the contents of Mn and Fe within the A variants (p > 0.05),
while a significant difference was recorded in the B variants (p < 0.05). In both variants, a
demonstrably higher Zn content was recorded compared with that of Cu. In terms of the
contents of macronutrients, a similar trend could be observed in both variants, i.e., average
contents of P, K and Mg compared with high contents of Ca (Table 4).

Table 3. Contents of micronutrients in the soil.

Variants
Fe Mn Cu Zn

mg/kg ±SD mg/kg ±SD mg/kg ±SD mg/kg ±SD

Zone A 189 ± 10.44 A 205 ± 1.07 B 5.1 ± 0.006 A 9.01 ± 0.48 A

Classification Medium High High High

Zone B 190 ± 3.09 A 216 ± 2.92 A 5.2 ± 0.04 A 6.27 ± 0.44 B

Classification Medium High High High

Different letters indicate significant differences in the measured values between Zone A and Zone B at a signifi-
cance level of p < 0.05.

The observed statistically significant differences in the contents of the selected elements
in soil samples from locations A and B point to a certain degree of soil heterogeneity with
respect to the presence or availability of these elements. Zone B was deficient in P, K and Zn,
whereas it was enriched with Mn (Tables 3 and 4). Such soil heterogeneity can be caused by
various factors and could be related to an uneven distribution of basic soil sources [36,37].
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Some of the factors are of natural origin (differences in bedrock, calcium carbonate content,
etc.), and others are of anthropogenic origin (level of organic and mineral fertilization,
precise dosing in the individual field parts, etc.) [37–41]. Habib-ur-Rahman [27] suggested
that available water capacity and slope elevation significantly affect soil heterogeneity, the
latter factor being the most significant. The analysis of Shukla et al. [42] showed that soil
pH is significantly correlated with concentrations of extractable Zn, Cu, Mn and Fe. In our
results, statistically significant differences in soil pH were observed (Figure 2). While the
value of exchange or potential soil reaction pH/CaCl2 in Zone A was 6.52, i.e., slightly
acid, the pH/CaCl2 in Zone B was 6.84, i.e., neutral (Figure 2). The actual pH (H2O) copied
the trend of the potential pH, and it only reached higher values. The higher pH value in
Zone B was related both to the higher content of soil calcium (4 504 mg/kg) and the higher
content of calcium carbonate (CaCO3; 0.78%) as compared with Zone B (Table 4).

Table 4. Contents of macronutrients in the soil.

Variants
CaCO3 P K (mg/kg) Ca (mg/kg) Mg (mg/kg)

% ±SD mg/kg ±SD mg/kg ±SD mg/kg ±SD mg/kg ±SD

Zone A 0.59 – 111 ± 8.06 A 190 ± 6.51 A 3 421 ± 203.05 A 180 ± 13.01 A

Classification Medium Good Good High Good

Zone B 0.78 – 95 ± 0.57 B 173 ± 4.72 B 4 537 ± 33.86 B 190 ± 4.08 A

Classification Medium Good Sufficient High Good

Different letters indicate significant differences in the measured values between Zone A and Zone B at a signifi-
cance level of p < 0.05.

Furthermore, the greatest difference in our results between Zone A and Zone B was
observed in the lower soil Zn content in Zone B (Table 3). In contrast, the content of Mn
was higher in Zone B compared with Zone A. Such a decrease can be connected to a higher
CaCO3 concentration [42], which was the case in this study (0.59% CaCO3 in Zone A versus
0.78% CaCO3 in Zone B). Cicer improves soil zinc availability [12], which positively affects
the development of symbiotic nodules and nitrogen fixation [43,44].

The contents of soil macronutrients exhibited a significant decrease in P and K in Zone
B (Tables A1, A2 and 4). Conversely, the Ca content in Zone B was higher (4504 mg/kg)
than in Zone A (3455 mg/kg). Contents of macronutrients in the soil (established via
Mehlich 3 extraction) can be evaluated verbally, according to Joines and Hardy [45], as
“low–sufficient–good–high–very high.” When the content of a particular nutrient is high or
very high, fertilization with the nutrient is not necessary. In our case, only high contents
of calcium in the soil were found in both zones. The contents of the other macroelements
(or basic nutrients) were “good” or only “sufficient” in the case of potassium in Zone B
(Table 4). The low content of a nutrient in soil indicates a low content of the nutrient in
plants, which was demonstrated in the case of N in the chickpea leaves in Zone B (Figure 3).
Basic soil parameters measured in the two zones did not show any extreme values, and
their contents in the soil were likely affected by the soil management system and the soil
type in the given region.

The observed fluctuations in the contents of the macronutrients (or plant-available
nutrients) P, K and Ca between the variants (zones) were probably caused by plot hetero-
geneity based on different soil conditions (soil nutrient contents) and water regimes (field
water capacities, Table 5) [36,38,46]. According to Liu et al. [37], soil heterogeneity has
two components: qualitative and configuration components. The qualitative component
defines differences in the contents of specific parameters (e.g., nutrients in specific areas),
and the configuration component defines the size of these areas. In the presented study,
the area was not defined in terms of its size and precise location. The goal was to find out
whether real differences existed between two qualitatively different zones (according to
indications of growth conditions and different yield potentials) in terms of contents of plant
and soil nutrients (Figure 1 and Table 5). Based on the measured values of the contents
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of micro- and macronutrients, it was possible to state that a difference existed between
Zone A and Zone B with respect to their suitability for growing chickpeas.

Figure 2. Mean values of actual (pH H2O) and potential (pH CaCl2) soil reaction (n = 3) ± SDs.
Different lowercase letters indicate significant differences in pH H2O (p < 0.05; ANOVA Tukey’s post
hoc HSD test); different capital letters indicate significant differences in pH CaCl2.

Table 5. Differences in contents of macronutrients between individual variants of the experiment and
initial states.

Differences in Contents of
Plant-Available Nutrients

P (mg/kg) K (mg/kg) Ca (mg/kg) Mg (mg/kg)

Zone A 65 * −93 * −537 −40

Zone B 49 * −110 * 579 −30
The * symbol indicates a significant difference (p < 0.05, t-test) between the individual variants with respect to one
nutrient and the initial state in 2019.

3.2. Contents of Macro- and Micronutrients in Plant Samples

The plant materials were analyzed separately for contents of micronutrients (Fe, Mn,
Cu and Zn—Figure 3) and macronutrients (N—Figure 4; P, K, Ca and Mg—Figure 5) in
roots, stems, leaves and seeds. What was particularly interesting in our observations was
the reduced contents of all microelements (Figure 3) in the leaves in Zone B as compared to
Zone A and there being no change in their contents in the seeds between the two zones
(Figure 3). This reduction in the contents of microelements in chickpea leaves (at medium
to high contents in the soil) could be attributed to inappropriate soil properties, particularly
alkaline soil reactions, a high content of soil calcium and a high content of calcium carbonate
in the soil of Zone B. Moreover, mutually negative interactions are likely to exist in the
uptake of nutrients by roots in the form of ion antagonism.
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Figure 3. Contents of micronutrients—Fe (A), Mn (B), Cu (C) and Zn (D)—in selected plant organs
(stem, leaves and pods) and seeds. Columns represent average values of the contents of elements
(n = 3) ± SDs. The * symbol indicates a significant difference (p < 0.05, t-test) between the individual
variants with respect to one nutrient and a specific plant organ.

The analysis of micronutrient (Figure 3, Table A3) contents in plant organs revealed
that, in the case of Fe, its presence was significantly reduced by 44.22% in leaf tissues and
by 31.98% in pods. In the case of Mn contents, no significant differences were observed
in any of the selected organs or seeds. The contents of Cu in Zone B were significantly
reduced in the stems, leaves and pods by 62.1, 83.43 and 40.01%, respectively. The Zn
contents in Zone B were also significantly lower in the stems, leaves and pods by 58.95,
79.6 and 51.93%, respectively. The recorded contents of micronutrients in seeds differed
significantly between the A and B plants only in the case of Fe.
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Figure 4. N contents in selected plant organs (stems, leaves and pods) and seeds. Columns represent
average values for N contents (n = 3) ± SDs. The * symbol indicates a significant difference (p < 0.05,
t-test) between the individual variants with respect to a specific plant organ.

The B-variant chickpea plants were recognizable by yellowish leaves, which can point
to an imbalance in the availability of micro- and macronutrients. This particularly relates to
the content of Fe, which was demonstrably lower in the leaves of the B plants. The analysis
of the presence of the selected elements revealed deficiencies in those that are responsible
for the sufficient production of chlorophyll and the proper functioning of photosynthesis.
Iron (Fe), which is an important element in the biosynthesis of chlorophyll [47], is a vital
component of various enzymes [48]. It is also present in various protein complexes involved
in the processes of photosynthesis [49]. In a study by Mahmoudi et al. [50], chickpeas with
iron deficiency suffered from yellowing of young leaves, a large decrease in chlorophyll
concentration and a significant decline in plant biomass. However, a decrease in iron
content is more damaging in roots than in shoots [51]. When compared to other legumes,
chickpea shows stronger resistance to Fe deficiency. This resistance could be explained by
the higher seed iron reserves in chickpea [51]. In our analysis, the Fe content in the leaves
of the B plants was reduced to 156.49 mg/kg as compared with 248.40 mg/kg recorded in
the leaves of the A plants (Figure 3).

The main factors responsible for reduced cicer yields include a lack of nutrients,
namely, zinc (Zn), and low soil fertility [52,53]. Zinc is important for the proper develop-
ment of plants, especially pollen, and can negatively affect their reproduction [44]. The
content of Zn in leaves was markedly reduced to 6.86 mg/kg in Zone B, while in Zone A
it reached 27.02 mg/kg. The differences in Zn contents recorded in the individual parts
of plants between Zone A and B, namely, in the stems, leaves and pods, were some of the
most distinct for all the micronutrients assessed (Figure 3).
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Copper (Cu) is an important micronutrient, and it is necessary for proper growth
of the plant body. In our study, the Cu contents in the B variants were significantly
reduced; for example, the Cu content in the leaves in Zone A was 6.58 mg/kg, and in
Zone B it was 1.29 mg/kg. Chickpea can increase the bioavailable content of Cu in the
soil. In mixed cropping systems, chickpea significantly increased the content of Cu in
the roots of Eucalyptus globulus [54]. According to Kambhampati et al. [55], chickpea is a
cost-effective and environmentally friendly accumulator of Cu. However, the addition of
Ethylenediaminetetraacetic acid (EDTA) is necessary for the acceleration of Cu absorption.
Cu deficiency results in smaller and chlorotic leaves as well as reduced contents of nitrogen,
starch and sugars [56].

Manganese (Mn) is involved in a number of enzymatic processes in plants. Its content
in the leaves was 97.68 mg/kg in Zone A and 70.13 mg/kg in Zone B. However, the
difference was not statistically significant (p > 0.05).

Figure 5. Contents of P, K, Ca and Mg macronutrients in selected plant organs (stems, leaves and
pods) and seeds. Columns represent average values of the contents of elements (n = 3) ± SDs. The *
symbol indicates a significant difference (p < 0.05, t-test) between the individual variants with respect
to one nutrient and a specific plant organ.

In many instances, the contents of macronutrients (N—Figure 4; P, K, Ca and Mg—Figure 5)
in plant organs and seeds showed a similar trend to those of microelements. Particularly
interesting was the significant decrease in N, P, K and Mg in the leaves of plants growing in
Zone B compared with Zone A and an increased content of Ca in Zone B as compared with
Zone A. However, the differences were not significant (Figure 5, Tables A4 and A5). The
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reduced contents of macronutrinetss in the chickpea leaves were caused mainly by alkaline
soil reactions, the high Ca content in the soil, and the higher content of CaCO3 in the soil of
Zone B compared to Zone A. Antagonism between Ca, K and Mg resulted in reduced K
and Mg contents in the leaves (Figure 5).

Plants of the B variant (location) were less able to take up nitrogen, and its content
(%) was significantly decreased in the chickpea leaves and pods. The largest decrease was
detected in leaves, where the N content was lower by 83.43% (Figure 4). A noticeable
depletion of P in Zone B was recorded, the content of which was significantly reduced in
the chickpea stems, leaves and pods by 64.93%, 69.22% and 76.03%, respectively. There
were no statistically significant differences observed in the seeds of the A and B chickpea
variants. The contents of K in the stems and leaves varied significantly between Zones A
and B. The content of K in the stems of the A-variant plants increased by 9.08%, whereas in
the leaves it decreased by 43.74%. In Zone B, contents of Ca in the stems, leaves and seeds
of the chickpea plants significantly increased by 17.71%, 30.66% and 16.24%, respectively.
In the case of Mg, a statistically significant difference was recorded only in the leaves,
where Mg was decreased by 48.08% (Figure 5). No significant differences were observed in
the stems, pods and seeds of chickpeas grown in the A and B zones (Figure 5). Mg is also
important in the primary productivity of plants due to its crucial role in the structure of
chlorophyll [57].

Another important macronutrient, P, was significantly decreased in the stems, leaves
and pods in Zone B (Figure 5). A lack of P is detrimental to the overall fitness of chick-
pea [58]. Yahiya et al. [59] investigated the effect of P on the nodulation and N fixation
of chickpea, and the results showed that P had no direct effect on the nodules. However,
the inoculation of chickpea with phosphate-solubilizing bacteria increased the fitness of
chickpeas [60]. P is a basic macronutrient, and legumes which bind atmospheric N have
higher P requirements than legumes fertilized with mineral N. Therefore, P deficiency
results in lower activity with respect to the symbiotic fixation of N, as well as growth
retardation and lower subsequent P accumulation in plant biomass [61].

Multiple studies [61–63] have researched the effect of excessive salt content (Mg2+, K+,
Na+, Cl−, etc.) in soil on the overall fitness of chickpeas. In our results, only the content of
K in the soil was determined to be an indicator of soil salinity (Table 2—initial state from
2019 and Table 4—situation during the field experiment in 2021). This is very important,
because Gul and Ullah [62] found that the sodium cation (Na+) content in chickpeas was
significantly affected by salinity. High concentrations of chlorine anions (Cl−1) in chickpea
leaves were tolerated, while the increased presence of Na+ caused growth impairment
in multiple phenotypes. Saxena and Rewari [63] found that Na+ affected the nodulation
ability of chickpea, and nodule and shoot dry weights were reduced to 55% and 58%,
respectively, in the control. The presence of elevated Na+ content could have also decreased
the content of K+ [64]. Different results were obtained by Turner et al. [65], where chickpea
genotypes more susceptible to salt stress exhibited higher concentrations of Na+ and K+

(106 and 364 μmol.g−1 DW, respectively) under salt stress. The excessive accumulation of
Na+ in the leaf mesophyll cells resulted in structural damage to chloroplasts. The resistance
of some of the studied genotypes was caused by the ability to exclude excessive Na+ from
the photosynthetically active mesophyll cells [66]. The ability of chickpea to create nodules
under salt stress is mediated by the presence of Zn and phosphates [63]. In our results,
the Zn and P contents in the above-ground chickpea parts were significantly decreased in
Zone B (Figures 3 and 5).

The regression analysis showed that the dependence of the concentrations of selected
elements in plant organs on their contents in the soil was lowest in seeds, where only the
Ca content depended on the presence of Ca in the soil (Table 6). In stems, the presence of
Ca, Cu, Zn and Mg correlated with their presence in the soil. In leaves, the contents of Cu,
K, and Zn correlated with their contents in the soil. Finally, Cu, Zn and Mg contents in
pods depended on the presence of these selected elements in the soil. The content of Mn in
the selected chickpea organs was not correlated with the Mn content in the soil (Table 6).
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Table 6. Simple linear regression analysis results of the relation between the contents of selected
macronutrients (Ca, K and Mg) and micronutrients (Fe, Mn, Cu and Zn) in the chickpea plant organs
(stems, leaves, pods and seeds) and in the soil.

Organ Element
Regression
Coefficient

p Value
SE of

Estimation
F

Stem

Ca 0.9872 0.0002 * 0.3397 153.1783
P 0.3729 0.4666 0.6085 0.6461

Cu 0.8896 0.0176 0.8156 15.1795
Fe 0.7721 0.0720 19.3931 5.9057
K 0.8356 0.0383 1.2312 9.2553

Zn 0.8973 0.0153 1.9978 16.5316
Mn 0.3623 0.4804 0.6615 0.6043
Mg 0.9771 0.0008 * 0.0844 84.3579

Leaf

Ca 0.5832 0.2243 8.8070 2.0622
P 0.8054 0.0531 0.5065 7.3876

Cu 0.9116 0.0114 1.3431 19.6772
Fe 0.2896 0.5778 57.1325 0.3662
K 0.9616 0.0022 * 0.9558 49.0872

Zn 0.9732 0.0011 * 2.9401 71.7409
Mn 0.7297 0.0997 15.2389 4.5561
Mg 0.5980 0.2099 0.4700 2.2271

Pod

Ca 0.4926 0.3208 1.7234 1.2818
P 0.6901 0.1292 0.5077 3.6377

Cu 0.9025 0.0138 0.1796 17.5632
Fe 0.3396 0.5101 23.8670 0.5216
K 0.6277 0.1821 1.7115 2.6011

Zn 0.8998 0.0146 1.5591 0.7518
Mn 0.3106 0.5491 1.0739 0.4270
Mg 0.9645 0.0019 * 0.0425 53.3639

Seed

Ca 0.8664 0.0256 0.1572 12.0407
P 0.1919 0.7158 0.06 0.1529

Cu 0.2580 0.6216 0.6332 0.2852
Fe 0.4121 0.4169 20.3876 0.8181
K 0.5086 0.3029 0.3605 1.3957

Zn 0.3977 0.4348 1.7868 0.7518
Mn 0.3194 0.5372 1.5507 0.4544
Mg 0.0446 0.9331 0.1578 0.0080

Results of a simple linear regression analysis of the relation between the contents of selected elements in the soil
and in selected chickpea plant organs and seeds are shown. Statistical significant correlation at level of p < 0.05 is
illustrated with red colour. The * symbol indicates that the difference was significant, also at a significance level of
p < 0.01.

To obtain certain elements, especially micronutrients, plants need to control several
steps during the journey from soil to seed, such as uptake, transport, remobilization and
storage [67]. Apart from internal factors, the environment also influences the rate of
micronutrient absorption [68–70]. The presence of phosphorus increases the contents of
Ca, Mg, Fe, Mn and Zn in wheat, while it decreases the contents of Ca, Mg, Fe and Zn in
chickpea [68]. In our results, we could observe a decreased content of phosphorus in the
soil of Zone B and decreased contents of Mg, Fe and Zn in the chickpea leaves. Another
external factor that affects the uptake of micronutrients is arbuscular mycorrhiza [69].

In our results, we did not observe a correlation between Fe contents in any of the
observed chickpea organs and seeds. Contrary to this result, Mahmoudi et al. [51] revealed
that the Fe content in plant tissues was strongly dependent on the Fe content in the soil.

4. Conclusions

The measured values confirm that, to reach the maximum effectiveness in producing
important crops such as chickpea (Cicer arietinum L.), field and soil heterogeneity must be
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considered. In our study, we revealed the effect of the heterogeneity of certain elements
(nutrients) and soil reactions on the ability of chickpea to uptake and translocate these
elements into plant organs and seeds, thus proving that soil heterogeneity strongly affects
the overall fitness of chickpea. The experimental plot we used was situated in a flatland
with a relatively homogeneous chernozem soil type. The measured data indicated that
extreme soil heterogeneity could be detected, even on the site which did not otherwise
show it, at a level that affects the development of plants. The heterogeneity in the presented
study consisted in the variable contents of carbonates in the soil and related changes in
soil reactions, which were demonstrated by changes in plant uptake of nutrients and
their translocation within the plant. In many cases, farmers can influence detected plot
heterogeneity by taking appropriate measures (mineral and organic fertilization, liming,
etc.) using a system of precision agriculture—in other words, a system of targeted farming.
In this case, a crucial measure appears to be reduced input of calcium fertilizers in the parts
of a plot that exhibit increased contents of carbonates in the soil.
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Appendix A

Figure A1. Soil type in the area of interest and the experimental field (marked in red). Source of data:
PREFARM© system (MJM, Ltd., Litovel, Czech Republic).

Appendix B

Table A1. Results of t-test statistical analysis for independent samples according to groups—contents
of macroelements in the soil.

Variable
Average

A
Average

B
Value p Number of

A Values
Number of

B Values
±SD A ±SD B F p

P 113.578 95.233 3.60617 4 0.022634 3 3 8.7538 1.00167 76.37357 0.025849
K 190.333 173.000 2.87122 4 0.045413 3 3 6.5064 8.18535 1.58268 0.774390

Mg 180.333 190.333 −1.12827 4 0.322297 3 3 13.3167 7.63763 3.04000 0.495050
Ca 3421.500 4537.000 −7.06657 3 0.005826 2 3 287.7925 58.66004 24.06989 0.078248

Statistical significant differences between individual variants of experiment in content of macro(nutrients)elements
(p < 0.05) is illustrated with red color.

Table A2. Results of t-test statistical analysis for independent samples according to groups—contents
of microelements in the soil.

Variable
(mg/kg)

Average
A

Average
B

Value p Number of
A Values

Number of
B Values

±SD A ±SD B F p

Fe 188.1700 190.5440 −0.21800 4 0.838095 3 3 18.08849 5.344287 11.45578 0.160568
Mn 204.7267 215.6800 −3.51752 4 0.024505 3 3 1.85133 5.065807 7.48735 0.235645
Cu 5.1200 5.0500 1.91703 4 0.127708 3 3 0.01000 0.062450 39.00000 0.050000
Zn 9.0267 6.2700 4.27192 4 0.012930 3 3 0.82470 0.754387 1.19510 0.911119

Statistical significant differences between individual variants of experiment in content of micro(nutrients)elements
(p < 0.05) is illustrated with red color.
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Table A3. Results of t-test statistical analysis for independent samples according to groups—contents
of microelements in individual plant parts.

Variable
Average

A
Average

B
Value p Number of

A Values
Number of

B Values
±SD A ±SD B F p

Parameter: Fe (mg/kg)

Stem 150.1387 116.1050 1.869704 4 0.134877 3 3 31.10846 5.12638 36.8244 0.052876
Leaf 248.4022 156.4934 5.662339 4 0.004796 3 3 11.15334 25.80693 5.3538 0.314772
Pod 141.0395 101.0936 7.249932 4 0.001922 3 3 9.03939 3.06005 8.7261 0.205632
Seed 127.6415 93.4381 5.321621 4 0.005999 3 3 11.11641 0.59497 349.0868 0.005713

Parameter: Mn (mg/kg)

Stem 27.00713 26.19582 1.960562 4 0.121476 3 3 0.40521 0.591214 2.129 0.639239
Leaf 97.68317 70.12653 2.318110 4 0.081305 3 3 20.58257 0.547139 1415.155 0.001412
Pod 19.00216 19.18008 −0.193791 4 0.855783 3 3 1.21092 1.030787 1.380 0.840323
Seed 29.04051 30.19522 −0.958327 4 0.392167 3 3 2.07546 0.218916 89.882 0.022007

Parameter: Cu (mg/kg)

Stem 4.728312 1.813914 54.20307 4 0.000001 3 3 0.093062 0.003547 688.5556 0.002900
Leaf 6.581654 1.297449 14.22110 4 0.000142 3 3 0.582956 0.272701 4.5698 0.359080
Pod 1.891200 1.291513 3.71838 4 0.020503 3 3 0.245971 0.132395 3.4516 0.449274
Seed 3.422010 3.957789 −1.15651 4 0.311839 3 3 0.742713 0.303711 5.9803 0.286522

Parameter: Zn (mg/kg)

Stem 12.44880 5.05823 131.9236 4 0.000000 3 3 0.010227 0.096492 89.02685 0.022216
Leaf 27.02489 6.86004 7.3801 4 0.001797 3 3 4.493783 1.484147 9.16791 0.196697
Pod 11.16978 5.33553 93.8513 4 0.000000 3 3 0.059551 0.089706 2.26919 0.611773
Seed 22.71773 25.11203 −2.2877 4 0.084068 3 3 1.412992 1.135567 1.54830 0.784838

Statistical significant differences between individual variants of experiment in content of Fe, Mn, Cu and Zn
(p < 0.05) is illustrated with red color.

Table A4. Results of t-test statistical analysis for independent samples according to groups—contents
of macroelements in individual plant parts.

Variable
Average

A
Average

B
Value p Number of

A Values
Number of

B Values
±SD A ±SD B F p

Parameter: N (%)

Stem 1.519458 0.645628 2.82313 4 0.047676 3 3 0.535946 0.013353 1611.008 0.001241
Leaf 2.089035 0.698369 23.83607 4 0.000018 3 3 0.062298 0.079565 1.631 0.760119
Pod 1.423570 0.316445 7.52089 4 0.001673 3 3 0.234417 0.100289 5.463 0.309431
Seed 2.552791 2.490321 1.60241 4 0.184325 3 3 0.048473 0.047010 1.063 0.969376

Parameter: P (g/kg)

Stem 1.519458 0.645628 2.82313 4 0.047676 3 3 0.535946 0.013353 1611.008 0.001241
Leaf 2.089035 0.698369 23.83607 4 0.000018 3 3 0.062298 0.079565 1.631 0.760119
Pod 1.423570 0.316445 7.52089 4 0.001673 3 3 0.234417 0.100289 5.463 0.309431
Seed 2.552791 2.490321 1.60241 4 0.184325 3 3 0.048473 0.047010 1.063 0.969376

Parameter: K (g/kg)

Stem 15.43472 18.43853 −2.87274 4 0.045343 3 3 1.598768 0.850849 3.53074 0.441429
Leaf 12.45889 6.90129 9.25038 4 0.000759 3 3 0.977703 0.356329 7.52856 0.234506
Pod 13.35620 14.92493 −0.97146 4 0.386330 3 3 2.695461 0.746606 13.03417 0.142509
Seed 10.19347 10.05765 0.40544 4 0.705904 3 3 0.116292 0.568471 23.89572 0.080335

Parameter: Ca (g/kg)

Stem 12.82150 16.06492 −5.17691 4 0.006620 3 3 1.018377 0.37480 7.3825 0.238591
Leaf 36.17069 46.16988 −1.36870 4 0.242925 3 3 1.308391 12.58589 92.5322 0.021383
Pod 11.08363 11.99436 −0.58697 4 0.588754 3 3 2.681937 0.17110 245.7086 0.008107
Seed 1.56556 2.01582 −3.62568 4 0.022245 3 3 0.042804 0.21080 24.2534 0.079197

Parameter: Mg (g/kg)

Stem 1.357471 0.991020 1.373126 4 0.241656 3 3 0.440246 0.140879 9.7655 0.185778
Leaf 2.042080 1.116067 7.580073 4 0.001624 3 3 0.211358 0.010004 446.3230 0.004471
Pod 1.139188 0.980919 1.508301 4 0.205970 3 3 0.176385 0.043826 16.1981 0.116292
Seed 1.088609 1.196372 −0.919453 4 0.409888 3 3 0.039462 0.199129 25.4636 0.075575

Statistical significant differences between individual variants of experiment in content of N, P, K, Ca and Mg
(p < 0.05) is illustrated with red color.
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Table A5. Results of statistical analysis via Tukey’s post hoc HSD test—contents of macroelements in
individual plant parts.

Parameter: P (mg/kg)

Variants A—Stem A—Leaf A—Pod A—Seed B—Leaf B—Pod B—Seed B—Stem

A—Stem 0.073303 0.999106 0.000592 0.004728 0.000238 0.001018 0.002699

A—Leaf 0.073303 0.026185 0.207612 0.000181 0.000175 0.353142 0.000178

A—Pod 0.999106 0.026185 0.000321 0.013572 0.000360 0.000463 0.007574

A—Seed 0.000592 0.207612 0.000321 0.000175 0.000175 0.999947 0.000175

B—Leaf 0.004728 0.000181 0.013572 0.000175 0.409081 0.000175 0.999983

B—Pod 0.000238 0.000175 0.000360 0.000175 0.409081 0.000175 0.580214

B—Seed 0.001018 0.353142 0.000463 0.999947 0.000175 0.000175 0.000175

B—Stem 0.002699 0.000178 0.007574 0.000175 0.999983 0.580214 0.000175

Parameter: K (mg/kg)

Variants A—Stem A—Leaf A—Pod A—Seed B—Leaf B—Pod B—Seed B—Stem

A—Stem 0.134553 0.490919 0.002107 0.000177 0.999512 0.001652 0.128371

A—Leaf 0.134553 0.984106 0.391229 0.001219 0.298115 0.326429 0.000638

A—Pod 0.490919 0.984106 0.097769 0.000364 0.778691 0.077000 0.002800

A—Seed 0.002107 0.391229 0.097769 0.077875 0.005323 1.000000 0.000179

B—Leaf 0.000177 0.001219 0.000364 0.077875 0.000182 0.098860 0.000175

B—Pod 0.999512 0.298115 0.778691 0.005323 0.000182 0.004137 0.052254

B—Seed 0.001652 0.326429 0.077000 1.000000 0.098860 0.004137 0.000178

B—Stem 0.128371 0.000638 0.002800 0.000179 0.000175 0.052254 0.000178

Parameter: Mg (mg/kg)

Variants A—Stem A—Leaf A—Pod A—Seed B—Leaf B—Pod B—Seed B—Stem

A—Stem 0.014492 0.881953 0.735994 0.821678 0.369054 0.972995 0.399907

A—Leaf 0.014492 0.001256 0.000769 0.000999 0.000345 0.002315 0.000366

A—Pod 0.881953 0.001256 0.999982 1.000000 0.975447 0.999959 0.982905

A—Seed 0.735994 0.000769 0.999982 1.000000 0.997426 0.997415 0.998631

B—Leaf 0.821678 0.000999 1.000000 1.000000 0.989867 0.999609 0.993576

B—Pod 0.369054 0.000345 0.975447 0.997426 0.989867 0.888437 1.000000

B—Seed 0.972995 0.002315 0.999959 0.997415 0.999609 0.888437 0.909912

B—Stem 0.399907 0.000366 0.982905 0.998631 0.993576 1.000000 0.909912

Parameter: Ca (mg/kg)

Variants A—Stem A—Leaf A—Pod A—Seed B—Leaf B—Pod B—Seed B—Stem

A—Stem 0.000399 0.999698 0.115134 0.000175 0.999998 0.141609 0.985386

A—Leaf 0.000399 0.000264 0.000175 0.202119 0.000322 0.000175 0.001387

A—Pod 0.999698 0.000264 0.247113 0.000175 0.999996 0.295686 0.874817

A—Seed 0.115134 0.000175 0.247113 0.000175 0.167709 1.000000 0.023143

B—Leaf 0.000175 0.202119 0.000175 0.000175 0.000175 0.000175 0.000180

B—Pod 0.999998 0.000322 0.999996 0.167709 0.000175 0.203907 0.950893

B—Seed 0.141609 0.000175 0.295686 1.000000 0.000175 0.203907 0.029132

B—Stem 0.985386 0.001387 0.874817 0.023143 0.000180 0.950893 0.029132

Statistical significant differences between individual plant organs in content of P, K, Mg and Ca (Tukey’s post hoc
HSD test, p < 0.05) is illustrated with red color.
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Abstract: Greenhouse gas emissions from agricultural production systems are a major area of concern
in mitigating climate change. Therefore, a study was conducted to investigate the effects of crop residue,
nutrient management, and soil moisture on methane (CH4) emissions from maize, rice, soybean, and
wheat production systems. In this study, incubation experiments were conducted with four residue
types (maize, rice, soybean, wheat), seven nutrient management treatments {N0P0K0 (no nutrients),
N0PK, N100PK, N150PK, N100PK + manure@ 5 Mg ha−1, N100PK + biochar@ 5 Mg ha−1, N150PK+
biochar@ 5 Mg ha−1}, and two soil moisture levels (80% FC, and 60% FC). The results of this study
indicated that interactive effects of residue type, nutrient management, and soil moisture significantly
affected methane (CH4) fluxes. After 87 days of incubation, the treatment receiving rice residue with
N100PK at 60% FC had the highest cumulative CH4 mitigation of −19.4 μg C kg−1 soil, and the highest
emission of CH4 was observed in wheat residue application with N0PK at 80% FC (+12.93 μg C kg−1

soil). Nutrient management had mixed effects on CH4 emissions across residue and soil moisture
levels in the following order: N150PK > N0PK > N150PK + biochar > N0P0K0 > N100PK + manure >
N100PK + biochar > N100PK. Decreasing soil moisture from 80% FC to 60% FC reduced methane
emissions across all residue types and nutrient treatments. Wheat and maize residues exhibited the
highest carbon mineralization rates, followed by rice and soybean residues. Nutrient inputs generally
decreased residue carbon mineralization. The regression analysis indicated that soil moisture and
residue C mineralization were the two dominant predictor variables that estimated 31% of soil methane
fluxes in Vertisols. The results of this study show the complexity of methane dynamics and emphasize
the importance of integrated crop, nutrient, and soil moisture (irrigation) management strategies that
need to be developed to minimize methane emissions from agricultural production systems to mitigate
climate change.

Keywords: methane; mitigation; crop residue; soil moisture; nutrient; residue mineralization

1. Introduction

Methane (CH4) is a potent greenhouse gas (GHG) that significantly contributes to global
warming. Thus, it is crucial to consider the role of CH4 fluxes in the global carbon cycle.
Methane, in particular, has seen a significant increase in atmospheric concentration, reaching
1.5 times the levels observed in pre-industrial times [1]. Methane contributes 18% of the
global warming potential, making it the second-highest contributor to long-lived GHGs.
Agriculture, forestry, and other land use (AFLOU) are responsible for approximately 22%
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of global net anthropogenic emissions, with AFLOU-CH4 accounting for almost 41% of the
total net anthropogenic CH4 emissions, with agriculture accounting for 88% of the AFOLU
component [2]. When it comes to agricultural activities like managing residue and applying
nutrients, it is important to comprehend how different types of residue, nutrient management,
and soil moisture interact and influence methane emissions. That is because these factors
have varying effects on the release of methane [3–7]. Different residue types, including maize,
rice, soybean, and wheat, possess unique chemical compositions and decomposition rates,
which can affect the soil’s methane production and consumption processes [8–11]. Nutrient
management practices, such as fertilization with nitrogen (N), phosphorus (P), and potassium
(K), as well as the use of biochar and organic manure, can alter soil microbial activity and
nutrient availability, influencing methane emissions [9,12–17]. Soil moisture content is another
critical factor that regulates methane production and consumption, as it affects the availability
of oxygen required for methane oxidation [4,18–20]. This study aims to develop effective
mitigation strategies by examining the effect of crop residue type, nutrient management, and
soil moisture with the underlying mechanisms on CH4 emission.

Crop residues, commonly used to enhance soil fertility and soil health [21], can serve
as both sources and sinks of atmospheric CO2 and CH4 [8]. Adding crop residues provides
carbon substrates and nutrients that promote methanogenesis, increasing CH4 production
and consumption [16,22–24]. Residue incorporation can create anaerobic microsites, in-
creasing soil moisture and favoring methanogenesis and CH4 emissions [25]. On the other
hand, improved aeration due to residue addition enhances CH4 oxidation by promoting
methanotroph activity [26,27]. Methanogenesis, carried out by methanogenic archaea in
anaerobic environments, is stimulated by carbon-rich crop residues, leading to increased
CH4 emissions [28]. Conversely, methane oxidation, performed by methane-oxidizing
bacteria in aerobic conditions, can be influenced by residue addition through changes
in soil properties and oxygen availability [29]. Additionally, crop residues can indirectly
influence methane oxidation by altering soil properties, such as oxygen availability, pH,
and nutrient availability, which affect the activity and abundance of methanotrophs [29–31].

The effect of crop residue on CH4 emissions is also driven by soil moisture and nutrient
concentration. Soil moisture content is critical in regulating CH4 emissions by influencing
soil water and oxygen availability for microbial activity, carbon and nitrogen mineralization,
and CO2 respiration [18,20,32]. Decreased soil moisture levels can enhance CH4 uptake
under semi-arid conditions due to increased oxygen diffusivity, stimulating soil CH4
oxidation [32–34]. Excess soil moisture through flood irrigation with straw incorporation
resulted in the highest average CH4 fluxes, leading to a total CH4 emission of −0.94 kg ha−1.
In the wheat–maize cropping system, straw incorporation (ca. straw removal) reduced
CH4 emission by 17.1% with surface drip irrigation and 14.0% with partial root-zone
irrigation [26]. Du et al. [35] reported that limited irrigation and nitrogen management
resulted in a relatively higher cumulative CH4 uptake in the wheat season in the wheat–
maize cropping system and reduced greenhouse gas intensity without additional cost. In
a laboratory experiment, Korkiakoski et al. [36] demonstrated that excess soil moisture
with fresh carbon input reduced the CH4 oxidation potential of soil. A literature review
reported a shift in the balance between methanogens and methanotrophs’ activities and
abundance influencing either an increase/decrease in soil CH4 emission under different
soil moisture content driven by soil organic input and nitrate nitrogen concentration [37].

Soil nutrient concentrations, particularly nitrogen and phosphorus, affect CH4 emis-
sions or oxidation, with excess nitrogen promoting methanogenesis and nutrient limitation
enhancing methane oxidation [12,27]. Additionally, adding organic residues has increased
CH4 oxidation in clay soil [38]. Shaukat et al. [12] reported that incorporating a biochar
amendment at a rate of 2% in conjunction with a nitrogen (N) application of 140 kg N per
hectare can be a promising approach to mitigate CH4 emissions from paddy rice cultivation
in an Alfisol soil. Sainju et al. [7] reported that N rates did not affect soil CH4 uptake but
increased soil CO2 fluxes in the northern Great Plains, USA. A meta-analysis concluded that
CH4 emissions were stimulated at low N application rates (<100 kg N ha–1) but inhibited
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at high N rates (>200 kg N ha–1) as compared to no N fertilizer (control) [39]. Applying
chemical NPK fertilizer (240 kg urea-N ha−1, 90 kg P2O5 ha−1, and 120 kg K2O ha−1), ma-
nure, and their combination increased seasonal mean CH4 emissions by 67.4%, 20.4%, and
101.2%, respectively, compared with PK (90 kg P2O5 ha−1 and 120 kg K2O ha−1) treatment
without N fertilizer input in rice paddies of China [16]. Nutrient addition alters the soil
elemental stoichiometry (C:N:P ratio) with residue C input, resulting in varied responses
of GHG emission from residue return soils [1]. There is growing evidence of biochar as
an amendment for soil carbon sequestration [40–42]; however, previous researchers have
reported positive [43], negative [40], and uncertain [44] effects of biochar on mitigating CH4
emissions from agricultural soils. Several environmental [44], soil [40,44], and manage-
ment [45,46] factors regulate the effectiveness of biochar, including the rate of N fertilization
and crop residue type. Therefore, in this study, we aimed to assess the integrated applica-
tion of synthetic fertilizers with manure/biochar as a nutrient management strategy for
evaluating the responses to CH4 emissions.

By considering these factors (residue types, nutrient application, and soil moisture)
and investigating the associated mechanisms, we can develop effective strategies to mitigate
methane emissions while maintaining crop productivity. Furthermore, quantifying the
impact of residue, nutrients, and soil moisture on residue carbon mineralization can
improve our understanding of greenhouse gas inventories and enhance predictive models
for assessing climate change impacts. In this study, we hypothesize the following: (1)
residue types and nutrient management will significantly impact methane emissions,
with variations observed among different residue types and nutrient treatments; (2) soil
moisture content will interact with residue and nutrient management, leading to distinct
methane flux patterns under different moisture conditions; and (3) specific soil properties
and microbial processes, such as labile organic carbon, nutrient availability, and residue
C mineralization, will significantly mediate methane emissions in response to residue,
nutrient, and moisture conditions.

2. Materials and Methods

2.1. Study Site

The experiment was conducted in the ICAR-Indian Institute of Soil Science laboratory
in Bhopal, India. The place is at 23◦15′ N latitude and 77◦25′ E longitude, with an elevation
of 427 m above sea level and a humid subtropical climate. The soil is deep Vertisols
(IsohyperthermicTypicHaplustert) with a clayey texture (54% clay). Its bulk density is
1.34 Mg m−3 at 0.27 g g−1 soil water content and has 0.99% total soil organic carbon content
(0–15 cm depth). The soil is neutral to alkaline (pH—7.85) with an electrical conductivity
of 0.3 ds m−1, and Ca2+ is the main exchangeable cation in the Ap horizon. The soil
sample for incubation was collected from the top 0–15 cm of soil after harvesting wheat in
2020. It came from a 12-year conservation tillage experiment in a soybean–wheat system.
The production method involved reduced tillage with 30% residue return plus fertilizer
(30:60:30 kg N–P2O5–K2O ha−1 for soybean and 100:60:30 kg N–P2O5–K2O ha−1 for wheat).

2.2. Incubation Experimental Detail

The soil sample for incubation was collected from the top 0–15 cm of soil after harvest-
ing wheat in 2020. It came from a 12-year conservation tillage experiment in a soybean–
wheat system. The production method involved reduced tillage with 30% residue return
plus fertilizer (30:60:30 kg N–P2O5–K2O ha−1 for soybean and 100:60:30 kg N–P2O5–K2O
ha−1 for wheat). The soil samples were sieved to remove big fragments and stored at
4 ◦C until further study. Various crop residues like rice, maize, soybean, and wheat were
air-dried, then milled and sieved to 2 mm. A subsample of crop residues was dried for
water content assessment, while others were analyzed chemically. An elemental analyzer
(NC analyzer, Thermofisher Scientific, Rodano, Italy, Flash 2000 model) and the acid deter-
gent fiber method were used to determine C and N concentrations and lignin and cellulose
contents, respectively. The total carbon/nitrogen (TC:TN) ratio of the organic amendments

206



Soil Syst. 2024, 8, 88

was 8:1 in manure, 45:1 (biochar), 76:1 (wheat straw), 50:1 (rice straw), 61:1 (soybean straw),
and 65:1 (maize straw), respectively. The mean lignin content was 13.1% (w/w), 13.5%
(w/w), 15.4% (w/w), and 9.0% (w/w) for wheat, rice, soybean, and maize straw, respectively.
The mean cellulose content was 56.0% (w/w), 29.0% (w/w), 42.3% (w/w), and 49.7% (w/w)
for wheat, rice, soybean, and maize straw, respectively. Reference is made to our previous
work (Lenka et al. [5] and Raul et al. [47]) for more details on the properties of biochar and
crop residues.

The soil had been pre-incubated for ten days at 70% of the two moisture levels (80%
FC and 60% FC) and room temperature to kickstart microbial activity. Following pre-
incubation, the crop residues (<2 mm) were completely mixed with soil (<2 mm) for
incubation. A factorial experiment was set up with three replications to investigate the
impact of crop residue type, nutrient levels, and soil moisture on CH4 emission and carbon
mineralization. The experiment consisted of five different levels of crop residue (wheat
straw, maize straw, soybean straw, rice straw, and no residue), two levels of soil moisture
content (80% FC and 60% FC), and seven nutrient treatments (N0P0K0, no nutrients; N0PK;
N100PK; N150PK; N100PK + manure@ 5 Mg ha−1; N100PK + biochar@ 5 Mg ha−1; and
N150PK+ biochar@ 5 Mg ha−1). The various degrees of nutrient management have been
used to simulate the impact of synthetic fertilizer or the combined use of synthetic fertilizers
and organic amendment (manure/biochar) on CH4 emissions. Two treatments were set up
in 460 mL glass jars: (a) 20 g soils (dry weight basis) combined with wheat, maize, soybean,
or rice straw residues at a rate of 2.23 mg g−1 soil, equaling 5 Mg ha−1 residue incorpo-
ration; and (b) 20 g soil (dry weight basis) without crop residue (control). Seven nutrient
treatments were applied to both the control soil and residue-incorporated soil: N0P0K0 (no
nutrients), N0PK, N100PK, N150PK, N100PK + manure@ 5 Mg ha−1, N100PK + biochar@ 5
Mg ha−1, and N150PK+ biochar@ 5 Mg ha−1. The treatments N100 and N150 represented
N application rates of 100 kg N ha−1 and 150 kg N ha−1, respectively, using AR-grade
ammonium nitrate. Besides the no-nutrient (N0P0K0) treatment, the same concentrations
of phosphorus (P)@ 22 kg ha−1 and potassium (K)@ 21 kg ha−1 were added to the rest of
the six nutrient treatments to assess the effect of increasing N levels. The application of
phosphorus and potassium was made through AR-grade potassium dihydrogen phosphate
to maintain a nutrient ratio of N: P2O5: K2O of 4:2:1, equivalent to 100 kg N ha−1. Nutrients
were given in a solution made with distilled water containing NH4NO3 + KH2PO4 with
pH adjusted to 7 using 1 M NaOH while maintaining incubation moisture levels at 80% FC
and 60% FC. Field capacity was measured at matric potentials of −33 kPa using sieved (< 2
mm) soil samples in pressure plate extractors from Soil Moisture Equipment Corp., Santa
Barbara, CA, with FC moisture content at 0.27 m3 m−3. The two soil moisture levels, 80%
FC and 60% FC, were selected for the incubation study to represent optimal and deficit
moisture conditions, respectively. The 80% FC provides an environment conducive to
microbial activity, supporting organic matter decomposition and nutrient cycling processes.
This level mimics near-optimal conditions where microbial communities are most active. In
contrast, 60% FC represents a moderate moisture deficit, which helps study how reduced
water availability impacts microbial processes, particularly those involved in decomposing
organisms and methane production and consumption. That allows for assessing microbial
responses and greenhouse gas emissions under varying moisture regimes. A blank glass jar
without soil or residue was included to consider atmospheric CO2 and CH4 concentration
in the headspace of incubation jars for determining evolved gasses from the treatments.
Evolved gasses (CO2/CH4) from the treatments were calculated alongside a blank jar
without soil or residue, accounting for atmospheric CO2/CH4 concentration at an incuba-
tion temperature of 30 ◦C based on the region’s long-term average temperature over an
incubation period spanning 87 days where soil moisture was maintained through regular
weighing and water addition to make up for evaporation losses during gas sampling
intervals.
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2.3. Greenhouse Gas Sampling and Measurements

Headspace gasses were sampled with a syringe before being promptly transferred to
an evacuated glass vial at set intervals on specific days and analyzed using gas chromatog-
raphy (Agilent Technologies model 7890A, Santa Clara, CA, USA). These days included
0, 1, 4, 10, 17, 26, 33, 40, 47, 57, 67, 77, and 87 days of incubation. The purpose of these
uneven intervals was to capture the usual asymptotic decrease observed in incubation
experiments. All jars remained open for half an hour to replenish headspace oxygen and
CO2 to the normal concentration before being tightly sealed with aluminum caps on each
sampling day. The flux rate (CH4/CO2) was determined by calculating the change in
headspace concentration (μg C or mg C) per kg of soil (dry wt. equivalent) over a unit time
of incubation using the ideal gas law. Cumulative CO2 and CH4 emissions were computed
by integrating the fluxes from each measurement time. Apparent residue C mineralization
was evaluated as the difference in CO2 emission between soil amended with residue and
control soil at the corresponding nutrient level [5].

2.4. Post Incubation Soil Analysis

During the incubation period of 87 days, soil samples were collected to analyze soil
mineral N components—NO3, NO2, and NH4. Dehydrogenase (DHA) and labile SOC
were also included in the analysis. The moisture content was determined gravimetrically
using the oven dry method. For soil mineral nitrogen extraction, 2 M KCl was used,
and the subsequent analysis employed standard methods [48]. Dehydrogenase activity
assessment involved tracking the production rate of triphenylformazon (TPF) [49]. Labile
SOC calculations utilized the potassium permanganate oxidation method [50,51]. More
information on the incubation experiment and soil analysis can be found in our prior
research work reference [5].

2.5. Statistical Analysis

Data underwent testing for normality and homogeneity of variance. In cases where
a significant improvement was observed in normality variance, log transformation was
utilized. Given the factorial design of our experiment setup, the statistical analysis was
conducted using SPSS software (version 21.0, SPSS Inc., Chicago, IL, USA) through an
analysis of variance under the generalized linear model. This analysis explored potential
differences in the response variable (CH4/residue C mineralization) regarding residue
types, nutrients, and soil moisture treatments. The significance level was established at
α = 0.05. Tukey’s HSD multiple comparisons were employed to compare the main factor
and interaction means and derive homogenous subsets. To identify predictor variables of
soil CH4 emissions, Pearson correlation (two-tailed significance) and a stepwise multiple
regression analysis were conducted.

3. Results

3.1. Methane (CH4) Fluxes

Soil CH4 fluxes were significantly influenced by the main factor effect of crop residue
type, nutrient, and soil moisture, and the interactive effects of residue × nutrient, residue ×
moisture, nutrient × moisture, and residue × nutrient × moisture (Table 1). The results of
two-way and three-way interactions are presented in this section because, while a three-way
interaction indicates that the relationship between any two factors depends on the third,
discussing two-way interactions helps clarify how these relationships behave in simpler
contexts. That can guide the interpretation of the three-way interaction.

208



Soil Syst. 2024, 8, 88

Table 1. Analysis of variance (significance p value) for methane (CH4) emissions to study the
interactive effect of residue type and nutrient management at 80 and 60% FC soil moisture content
after 87 days of incubation.

Source of Variation Degrees of Freedom CH4 Emission Degrees of Freedom Residue C Mineralization

Residue 4 <0.001 3 <0.001
Nutrient 6 0.002 6 <0.001
Moisture 1 <0.001 1 <0.001

Residue × Nutrient 24 <0.001 18 0.066
Residue × Moisture 4 <0.001 3 0.002
Nutrient × Moisture 6 0.003 6 0.001

Residue × Nutrient ×
Moisture 24 <0.001 18 0.124

Error 140 112
Total 210 168

Corrected Total 209 167

3.1.1. At 80% FC Interactive Influence of Residue × Nutrient

The magnitude and trend of temporal dynamics of CH4 fluxes differed with treatments
(Figures S1 and S2). For 60% FC, the average CH4 fluxes ranged from −8.25 μg C kg−1 soil
day−1 (maize + N0P0K0) to 5.41 μg C kg−1 soil day−1 (soil without residue + N100PK +
biochar@ 5 Mg/ha). Similarly, at 80% FC, the average CH4 fluxes ranged from −1.76 μg
C kg−1 soil day−1 (soybean + N100PK) to 6.91 μg C kg−1 soil day−1 (soybean + N0PK).
Irrespective of nutrient management, the cumulative mean CH4 flux was negative and
the lowest in soil amended with maize residue (−1.87 μg C kg−1 soil). The cumulative
CH4 fluxes (μg C kg−1 soil) during 87 days of incubation followed the order maize (−1.87)
>rice (−0.33) ≈ soybean (2.21) > wheat (6.88) >control soil (7.18) (Figure 1). Averaged
across residue types, the trend of nutrient management on CH4 fluxes (μg C kg−1 soil)
was N100PK (0.78) < N100PK + biochar (1.28) < N150PK + biochar (1.43) < N0P0K0 (2.76)
< N100PK + manure (4.10) < N150PK (4.27) < N0PK (5.08). Mixed responses of nutrient
application were observed on CH4 fluxes; e.g., N100PK + manure, N150PK, and N0PK
nutrient treatments increased CH4 emission by 48–84% compared with minus nutrients,
N0P0K0. On the contrary, N100PK, N100PK + biochar, N150PK+ biochar decreased CH4
emission by 48 to 72% across residue. Further, the effect of nutrient management varied
significantly with different residue treatments and soil without residue. In soil without
residue, the nutrient effect followed the order N100PK + biochar < N0P0K0 < N150PK <
N0PK < N100PK < N100PK + manure < N150PK + biochar. However, in soil amended with
rice residue, the nutrient effect varied in the order N100PK + biochar < N100PK < N150PK
< N0P0K0 < N100PK + manure < N150PK + biochar.
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Figure 1. Cont.
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Figure 1. Cumulative soil methane (CH4) flux (μg-C kg−1 soil) (a) effect of residue types and soil
moisture across nutrient management, (b) effect of nutrient management and soil moisture across
residue treatment, and (c) effect of nutrient management and residue types across soil moisture
treatment. Vertical bars represent mean ± standard error (n = 3). Different lower-case letters indicate
significant differences among treatments at α < 0.05.

3.1.2. At 60% FC Interactive Influence of Residue × Nutrient

Soil CH4 flux was significantly influenced by soil moisture (p < 0.001) (Table 1). The
mean cumulative CH4, flux was negative indicating methane oxidation after the end of the
87-day incubation period in all treatments at 60% FC. Similar to 80% FC, the interaction effect
of the residue and nutrient was found to be significant (p < 0.001) (Table 1). The highest impact
of methane oxidation was observed in soil amended with maize residue + N100PK + biochar
(−13.87 μg C kg−1 soil), and the lowest in wheat + N0PK (+12.93 μg C kg−1 soil) (Figure 1).
Irrespective of nutrient management, the residue treatments followed the order of rice < maize
< wheat < soil without residue < soybean. In rice, maize, and wheat residue-amended soils,
the methane oxidation increased by 86, 29, and 22%, respectively, compared to soil without
residue. In contrast, the soybean residue decreased methane oxidation by 11% across nutrient
management. The nutrient management had an inconsistent effect on methane oxidation
from soils amended with and without residue. Overall, across soils with and without residue,
the nutrient effect on CH4 fluxes (μg C kg−1 soil) followed the order N100PK + manure
< N100PK < N0P0K0 < N0PK < N100PK + biochar < N150PK + biochar < N150PK. The
treatments N100PK + manure, N100PK, N0PK, N100PK + biochar, N150PK + biochar, and
N150PK increased the cumulative mean CH4 consumption by 35.5%, 17.7%, −8.3%, −9.3%,
−38.4%, and −44.7%, respectively, compared with the control treatment (N0P0K0), across
with and without residue treatment. Similar to 80% FC, the effect of nutrient management
varied with residue type and control soil without residue.

211



Soil Syst. 2024, 8, 88

3.1.3. Interaction Effect

A significant influence of residue type, nutrient management, and soil moisture and
their interactions on CH4 fluxes was observed in the present study (Tables 1 and S1). The
cumulative mean CH4 flux was the highest in the treatment receiving wheat residue +80%
FC + N0PK (+12.93 μg C kg−1 soil) and the lowest in rice residue + 60% FC + N100PK
(−19.24 μg C kg−1 soil). On decreasing the soil moisture from 80% FC to 60% FC, the CH4
fluxes decreased by −1.76 times, indicating CH4 consumption across residue types and
nutrient management. Across nutrients and soil moisture, residue application decreased
the methane fluxes (μg C kg−1 soil) in the order soil without residue (+1.61) > wheat
(1.03) > soybean (−0.65) > maize (−3.48) > rice (−3.84). The increasing effect of different
nutrient management across residue and soil moisture on CH4 fluxes was N150PK > N0PK
> N150PK + biochar > N0P0K0 > N100PK + manure > N100PK + biochar > N100PK. Overall,
the nutrient treatments N100PK + manure, N100PK + biochar, and N100PK decreased
methane fluxes by 20%, 39%, and 115%, respectively, compared to those without nutrients
(N0P0K0), and N150PK, N0PK, and N150PK + biochar increased emissions by 152%, 108%,
and 28%, across soil moisture and residue types. The results showed that the effects of
nutrient inputs on CH4 emission varied significantly with different nitrogen application
rates, integrated use of nutrients, crop residue types, and soil moisture.

3.2. Apparent Residue C Mineralization

Apparent residue C mineralization (% residue C yr−1) was significantly influenced
by residue type, nutrient management, soil moisture, and residue × nutrient × moisture
interaction (p < 0.01) (Table 1). The mineralization of total residue C was the highest in wheat
(39–86%) and maize (40–94%), followed by rice (32–74%) and soybean (14–47%) residue, at
80% FC (Figure 2). The cumulative residue C mineralization was three times (p < 0.001) higher
in 80% FC than 60% FC soil moisture, suggesting that soil moisture affected the mineralization
of residue C. Nutrient input decreased the mineralization of residue C, and the decreasing
order observed was N0P0K0 > N150PK > N0PK > N100PK + biochar > N100PK + manure
> N150PK + biochar > N100PK. Regardless of soil moisture, the residue C mineralization
decreased by 8% (N0PK), 37% (N100PK), 4% (N150PK), 18% (N100PK + manure), 8% (N100PK
+ biochar), and 31% (N150PK + biochar) over N0P0K0 treatment. The treatment combination
maize residue + N0P0K0 + 80% FC recorded the highest residue C mineralization (94.08%)
compared with soybean + N100PK + 60% FC being the lowest (10.46%).

3.3. Correlation and Regression between CH4 Emission, Residue C Mineralization,
and Measured Variables

The partial correlation tests showed that the cumulative residue C mineralization was
significantly correlated with soil and residue characteristics (Table 2). Among the soil prop-
erties, the correlation was positively robust for NH4-N, NO3-N, labile C, dehydrogenase
activity, and soil moisture (p < 0.01), and among the properties of residue, negative for
lignin/TC but positive for cellulose/TC (p < 0.05). Factors significantly influencing the
residue C mineralization were chosen by the stepwise regression analysis, which showed
that soil labile C, lignin, soil moisture content, and residue TC exerted powerful effects.
The constant and each coefficient of variables were significant (p < 0.001), including the R2

(0.391) and adjusted R2 (0.376) in Equation (1).

Residue C mineralization (% residue C yr−1) = −7.895 + 0.128 labile C (mg/kg) − 2.457 lignin (%) + 1.155 soil
moisture (% FC) − 1.878 residue TC (%)

(1)
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Figure 2. The apparent residue C mineralization (% residue C yr−1) (a) effect of residue types and
soil moisture across nutrient management, (b) effect of nutrient management and soil moisture across
residue treatment, and the effect of nutrient management and residue types across soil moisture
treatment were found to be nonsignificant; therefore, the figure is given in the Supplementary File
as Figure S3. Vertical bars represent the mean ± standard error (n = 3). Different lower-case letters
indicate significant differences among treatments at α < 0.05.
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The cumulative CH4 emission was significant (p < 0.01) and positively correlated with
NH4-N, labile SOC, residue C mineralization, C: N ratio of crop residue, and lignin/N
ratio of crop residue, and negatively correlated with plant total nitrogen (Table 2). The
quantification of the variation partitioning analysis of the effects of studied soil and crop
properties on CH4 emissions was performed by the stepwise multiple regression analysis.
Equation (2) describes CH4 emissions as a function of studied soil and crop residue proper-
ties. The constant and each coefficient of variables were significant (p < 0.001), including
the R2 (0.314) and adjusted R2 (0.306) in Equation (2).

CH4 (μg C kg−1 soil) = −27.037 + 0.352 soil moisture (% FC) + 0.069 residue C mineralized (mg C kg−1 soil) (2)

The regression analysis showed that the two dominant predictor variables within the
studied variables were soil moisture and residue C mineralization, which estimated 31% of
soil methane fluxes in Vertisols.

4. Discussion

4.1. Apparent Residue C Mineralization

The results indicate that apparent residue carbon (C) mineralization was significantly
influenced by several factors, including residue type, nutrient management, soil moisture,
and their interactions. The mineralization of total residue C varied among different crop
residues, with wheat and maize residues showing the highest mineralization rates, fol-
lowed by rice and soybean residues. Different crop residues have varying biochemical
compositions, with wheat and maize residues often containing higher amounts of labile
organic matter that decomposes faster than rice and soybean residues [52–54]. As a result,
the higher mineralization rates observed in wheat and maize residues are attributed to
their higher content of easily decomposable carbon compounds [55]. On the other hand,
soybean residues typically have higher lignin content (cf. wheat, maize, and rice), which
makes them more resistant to microbial degradation and, consequently, leads to slower
carbon mineralization [5]. This study also found that soil moisture played a crucial role
in residue C mineralization, with higher moisture levels (80% FC) leading to three times
higher mineralization than lower moisture levels (60% FC). The role of soil moisture in
regulating residue C mineralization is well established in the literature. Adequate soil mois-
ture levels promote microbial activity and enhance the decomposition of organic matter,
including crop residues [5,18,56,57]. Under conditions of waterlogged soils or high soil
moisture, anaerobic conditions prevail, leading to a slowdown in residue decomposition
and lower carbon mineralization rates [8]. The residue C mineralization was weakly corre-
lated with residue TC: TN and total nitrogen (TN); however, it was negatively correlated to
lignin/total carbon (TC) and positively with cellulose/TC at p < 0.05 (Table 2). In our study,
the application of nutrients (NPK/NPK + organic amendments) eliminated the nutrient
stoichiometry imbalance from crop residue incorporation (cf. N0P0K0), which explains
why residue TC: TN ratio/TN probably did not significantly affect the residue C miner-
alization. Furthermore, previous studies have indicated that the mechanism of residue
C mineralization involves soluble residue C as the crucial factor during the initial stage,
while lignin, cellulose, and hemicellulose are the primary drivers in the later stages [53].
Factors significantly influencing the residue C mineralization were chosen by the stepwise
regression analysis, which showed that soil labile C, lignin, soil moisture content, and
residue TC exerted powerful effects (p < 0.001; Equation (1)).

Additionally, averaged across residue types and soil moisture, nutrient inputs de-
creased the mineralization of residue C, with the lowest mineralization observed in N100PK
treatment (cf. N0P0K0). The findings align with previous studies that have reported the
inconsistent influence of nutrient management on residue decomposition and carbon min-
eralization in agricultural soils [16,55,58,59]. The inverse relationship between nutrient
inputs and residue C mineralization may be attributed to the priming effect [60]. Nutrient
application, particularly nitrogen (N), can stimulate microbial activity and increase crop
residues and soil organic matter decomposition. However, in the presence of an abundant
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external carbon source (crop residue in this case), the microbes preferentially utilize the
labile carbon from the residue, leading to a reduced decomposition of native soil organic
matter [60]. Nutrient (NPK alone or in combination with organic amendments) application
would retard the mineralization of crop residues when soil nutrient enrichment satisfies
the microbial N and nutrient demand and thereby decreases the need for microbes to
decompose crop residue for obtaining N and nutrients [61,62].

4.2. Methane Fluxes

The results of this study clearly indicate a significant variation in soil methane fluxes
based on residue types and nutrient management, aligning with prior research that has under-
scored the importance of these factors in greenhouse gas emissions from soils [14,15]. The neg-
ative cumulative mean CH4 flux in soil amended with maize residue (−1.87 μg C kg−1 soil)
is particularly noteworthy, as it suggests a methane oxidation process, turning the soil into
a CH4 sink rather than a source. This finding is consistent with previous research that has
shown that different crop residues can have varying effects on methane emissions from
soils [4,7,9,10,30]. Studies have reported that the type of crop residue added to the soil can
influence methane emissions due to differences in the composition and decomposition rates
of the residues. For example, rice residues are known to be a significant source of methane
emissions due to their high carbon content and the presence of easily decomposable organic
matter, which facilitates methanogenesis in flooded paddy soils [1]. Rice straw application
significantly increased seasonal CH4 flux by an average of 28–122% over no straw [13]. On
the other hand, maize residues typically have a higher lignin content, resulting in slower
decomposition and lower methane production [53,63]. Further crop residues provide a source
of carbon for methanogenic microbes, which are microorganisms that produce methane. The
availability of fresh organic carbon from crop residues can stimulate the growth and activity
of these methanogenic microbes, leading to increased methane production [13,22,24], thereby
accelerating soil C and N cycling. In contrast, wheat straw return and soil warming in northern
China Plain increased the CH4 uptake due to reduced decomposition and mineralization from
soil warming [22].

The mixed responses of nutrient application on CH4 fluxes highlight the complexity
of these interactions, necessitating a nuanced approach to nutrient management in agroe-
cosystems. For instance, the increase in CH4 emissions with N100PK + manure, N150PK,
and N0PK treatments could be due to the enhanced availability of labile organic carbon,
stimulating methanogenic microbes [30]. In contrast, the decrease in CH4 emissions with
N100PK, N100PK + biochar, and N150PK + biochar treatments could be attributed to the
stimulation of methane-oxidizing bacteria or changes in soil physicochemical properties
that suppress methane production [12,16,64]. On the other hand, the nutrient management
treatments show a clear trend, with N0PK inducing the highest CH4 emissions, which
could be associated with its potential to stimulate methanogenic microbial activities or
suppress methane-oxidizing bacteria [8,55,65]. For instance, the addition of biochar has
been reported to increase soil porosity, enhance soil microbial activity, and thus poten-
tially augment CH4 oxidation [21,43,66,67]. In contrast, high nitrogen rates have often
been linked to higher CH4 emissions, as excessive nitrogen can inhibit methane oxidation.
Further, nitrogen (N) fertilization, in particular, has been shown to stimulate methane
production in soil. Nitrogen fertilizer application can enhance microbial activity and or-
ganic matter decomposition, promote anoxic conditions, and be favorable for methanogens,
leading to higher methane emissions [14]. However, the effect of other nutrients like
phosphorus (P) and potassium (K) on methane emissions is less consistent and may vary
depending on soil conditions and microbial activity [30,68]. Similar to our results, Yang
et al. [55] reported that N fertilization significantly increased cumulative CH4 emissions
from maize straw incorporation during the spring season, and cumulative CH4 absorption
decreased with a higher N fertilization rate in autumn in dual maize cropping in China.
The integration of biochar with N100PK significantly decreased CH4 emissions, which
could be due to enhanced porosity and nutrient availability, fostering methanotrophic
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activity. This reinforces the argument that biochar application can significantly enhance
methane oxidation in agricultural soils [15,24,30,67]. In contrast, the application of manure
with N100PK increased CH4 emissions, which might be due to increased organic matter
providing substrates for methanogenesis [31,38].

The distinct influence of soil moisture on CH4 flux is in line with the existing literature, as
soil moisture levels are well known to significantly impact methane emissions and oxidation
in soils [18,32,36,69–72]. The observed decrease in CH4 flux during the incubation period sug-
gested enhanced methane oxidation at lower soil moisture levels. This aligns with previous
studies that have reported increased CH4 oxidation in drier soil conditions [18,32,73–75]. The
significant impact of residue and nutrient interaction at 80% and 60% FC further highlights
the complexity of these relationships. The highest cumulative methane consumption in soil
amended with rice residue + N100PK at 60% FC (−19.24 μg C kg−1 soil) was comparable
to maize residue + N100PK + biochar (−13.87 μg C kg−1 soil) and is a promising result, in-
dicating the potential of these combinations in mitigating CH4 emissions from soils. This
result highlights the effectiveness of these combinations in mitigating methane emissions
from soils, demonstrating a promising strategy for reducing greenhouse gas emissions in
agricultural practices. Soil moisture significantly influences methane flux optimal moisture
levels (e.g., 60% FC) with the addition of nutrients (N100PK)/N100PK + biochar along with
maize and rice residue possibly having supported methanotrophic bacteria while prevent-
ing conditions that favor methanogenesis [30]. In contrast, the highest cumulative CH4
fluxes (production) were observed in treatment receiving wheat residue + N0PK at 80% FC
(+12.93 μg C kg−1 soil), suggesting that not all residue types contribute positively to CH4
mitigation. The inconsistent effects of nutrient management on methane oxidation in soils
amended with and without residue highlight the need for site-specific and residue-specific
nutrient management strategies to mitigate CH4 emissions effectively.

This study explored the relationship between methane (CH4) emissions and various
soil and crop properties. The results revealed significant correlations between cumulative
CH4 emissions and specific parameters. Notably, CH4 emissions were positively correlated
with NH4-N (ammoniacal nitrogen), labile SOC (labile soil organic carbon), residue C
mineralization, and the TC: TN ratio of crop residue. On the other hand, CH4 emissions
were negatively correlated with plant total nitrogen (N). The positive correlation between
CH4 emissions and NH4-N and labile SOC is consistent with previous research. Ammo-
nium nitrogen is a precursor for methanogenesis, and its availability in the soil positively
influences methane production by promoting the growth and activity of methanogenic
microorganisms [55]. Similarly, labile SOC provides a readily available carbon source for
methanogens, enhancing methane production in the soil [1]. The negative correlation
between CH4 emissions and plant total nitrogen is likely due to competition for nitrogen
between methane-producing microbes and other heterotrophic microorganisms [1]. The
positive correlation between CH4 emissions and the TC: TN ratio of crop residue suggests
that crop residues with higher TC: TN ratios (e.g., wheat) may contribute more to methane
emissions than residues with low TC: TN ratios (e.g., rice). Residues with lower TC: TN
ratios decompose more rapidly, releasing labile carbon that supports higher methane oxi-
dation [30]. The regression analysis using Equation (2) provides insights into the relative
contributions of soil moisture and residue C mineralization to CH4 emissions. Soil mois-
ture and residue C mineralization were identified as the dominant predictor variables,
explaining 31% of the variation in soil methane fluxes.

While this study provides valuable insights into methane flux dynamics, the relation-
ships between methane emissions, and various soil and crop properties, it is essential to
acknowledge some limitations. This study was conducted under controlled laboratory
conditions, and the results may not fully represent the complexities of methane emissions
in actual field environments. Additionally, this study focused on short-term incubation
experiments, and long-term field studies are needed to confirm the findings and assess the
sustainability of the observed effects. However, the findings underscore the importance of
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adopting sustainable soil management practices to mitigate greenhouse gas emissions and
enhance soil carbon sequestration.

5. Conclusions

This research shows the importance of relationships between methane (CH4) fluxes,
residue C mineralization, and agricultural management practices (nutrient and irrigation
practices) to mitigate climate change. Key findings of this study emphasize that CH4 emis-
sions are significantly affected by residue type, nutrient management, and soil moisture
levels, with rice and maize residue exhibiting the lowest CH4 flux under specific nutrient
practices. The effect of N100PK with biochar was found to be the best strategy for miti-
gating CH4 emission. Additionally, soil moisture plays a pivotal role, and at lower soil
moisture levels (60% FC), methane oxidation becomes evident across treatments. Residue
C mineralization was significantly influenced by nutrient management and soil moisture
levels. Nutrient inputs, particularly nitrogen, decreased residue C mineralization. The
results of this study elucidate the intricate relationships between soil and residue charac-
teristics, C mineralization, and methane emissions in agricultural fields. They underscore
the significance of considering both intrinsic soil properties and residue quality in under-
standing and predicting organic matter decomposition and greenhouse gas emissions from
soils. Two predictors, soil moisture and residue C mineralization, were identified in this
study, and their relationships with CH4 emissions are significant findings of this study,
which will help develop more accurate models for mitigating greenhouse gas emissions
from agricultural soils.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/soilsystems8030088/s1, Figure S1: Effect of crop residue types
and nutrient management on temporal dynamics of soil methane (CH4) flux (μg-C kg−1 soil day−1)
at 80% FC during the incubation period of 87 days; Figure S2. Effect of crop residue types and nutrient
management on temporal dynamics of soil methane (CH4) flux (μg-C kg−1 soil day−1) at 60% FC
during the incubation period of 87 days: Figure S3. Apparent residue C mineralization (% residue
C yr−1 (c) effect of nutrient management and residue types across soil moisture treatment. Vertical
bars represent the mean ± standard error (n = 3). Different lower-case letters indicate significant
differences among treatments at α < 0.05: Table S1: Effect of crop residue type, nutrient management,
and soil moisture on soil cumulative CH4 flux (μg C/kg soil) over 87 days of incubation.

Author Contributions: Conceptualization, S.L. and N.K.L.; methodology, R.C., S.L., N.K.L. and M.S.;
software, D.S., N.K.L. and A.S.; validation, N.K.L. and D.K.Y.; formal analysis, R.C., S.L., D.S. and
M.S.; investigation, R.C., S.L., A.S. and D.S.; resources, S.L.; data curation, R.C., S.L., D.K.Y. and
R.S.K.; writing—original draft preparation, R.C. and S.L.; writing—review and editing, N.K.L., R.S.K.
and T.A.; visualization, S.L. and R.S.K.; supervision, S.L., A.S. and T.A.; project administration, S.L.
and N.K.L.; funding acquisition, S.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received external funding from National Agricultural Science Fund of the
Indian Council of Agricultural Research, New Delhi (Grant No. NASF/CA-7019/2018–2019).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We gratefully acknowledge the Science and Engineering Research Board POWER
Fellowship granted to the corresponding author (S.L.), and the invaluable contributions of the editor
and reviewers in shaping this research.

Conflicts of Interest: The authors declare no conflicts of interest.

218



Soil Syst. 2024, 8, 88

References

1. Tian, H.; Chen, G.; Lu, C.; Xu, X.; Ren, W.; Zhang, B.; Banger, K.; Tao, B.; Pan, S.; Liu, M.; et al. Global methane and nitrous
oxide emissions from terrestrial ecosystems due to multiple environmental changes. Ecosyst. Health Sustain. 2015, 1, 11878978.
[CrossRef]

2. Nabuurs, G.-J.; Mrabet, R.; Abu Hatab, A.; Bustamante, M.; Clark, H.; Havlík, P.; House, J.; Mbow, C.; Ninan, K.; Popp, A.;
et al. IPCC Sixth Assessment Report. Mitigation of Climate Change, Chapter 7: Agriculture, Forestry and Other Land Uses; Cambridge
University Press: Cambridge, UK; New York, NY, USA, 2022; ISBN 9781009157926. [CrossRef]

3. Korres, N.E.; Singh, A.; Prasad, S. Agricultural Residues Management: Life Cycle Assessment Implications for Sustainable Agricultural
Practices and Reduction of Greenhouse Gases Emissions, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2023.

4. Lenka, S.; Lenka, N.K.; Rao, A.S.; Raghuwanshi, J.; Singh, B.; Saha, J.K.; Patra, A.K. Tillage and nutrient management influence net
global warming potential and greenhouse gas intensity in soybean-wheat cropping system. Indian J. Exp. Biol. 2022, 60, 207–214.

5. Lenka, S.; Choudhary, R.; Lenka, N.K.; Saha, J.K.; Amat, D.; Patra, A.K.; Gami, V.; Singh, D. Nutrient Management Drives the
Direction and Magnitude of Nitrous Oxide Flux in Crop Residue-Returned Soil Under Different Soil Moisture. Front. Environ. Sci.
2022, 10, 857233. [CrossRef]

6. Singh, D.; Lenka, S.; Lenka, N.K.; Yadav, D.K.; Yadav, S.S.; Kanwar, R.S.; Sarkar, A.; Kushwaha, J. Residue Management and
Nutrient Stoichiometry Control Greenhouse Gas and Global Warming Potential Responses in Alfisols. Sustainability 2024,
16, 3997. [CrossRef]

7. Sainju, U.M.; Ghimire, R.; Dangi, S. Soil carbon dioxide and methane emissions and carbon balance with crop rotation and
nitrogen fertilization. Sci. Total Environ. 2021, 775, 145902. [CrossRef]

8. Wang, N.; Yu, J.G.; Zhao, Y.H.; Chang, Z.Z.; Shi, X.X.; Ma, L.Q.; Li, H.B. Straw enhanced CO2 and CH4 but decreased N2O
emissions from flooded paddy soils: Changes in microbial community compositions. Atmos. Environ. 2018, 174, 171–179.
[CrossRef]

9. Battaglia, M.L.; Thomason, W.E.; Fike, J.H.; Evanylo, G.K.; Stewart, R.D.; Gross, C.D.; Seleiman, M.; Babur, E.; Sadeghpour, A.;
Harrison, M.T. Corn and Wheat Residue Management Effects on Greenhouse Emissions in the Mid-Atlantic USA. Land 2022,
11, 846. [CrossRef]

10. Akiyama, H.; Yamamoto, A.; Uchida, Y.; Hoshino, Y.T.; Tago, K.; Wang, Y.; Hayatsu, M. Effect of low C/N crop residue input on
N2O, NO, and CH4 fluxes from Andosol and Fluvisol fields. Sci. Total Environ. 2020, 713, 136677. [CrossRef]

11. Weller, S.; Kraus, D.; Ayag, K.R.P.; Wassmann, R.; Alberto, M.C.R.; Butterbach-Bahl, K.; Kiese, R. Methane and nitrous oxide
emissions from rice and maize production in diversified rice cropping systems. Nutr. Cycl. Agroecosyst. 2015, 101, 37–53.
[CrossRef]

12. Shaukat, M.; Samoy-Pascual, K.; Maas, E.D.v.L.; Ahmad, A. Simultaneous effects of biochar and nitrogen fertilization on nitrous
oxide and methane emissions from paddy rice. J. Environ. Manag. 2019, 248, 109242. [CrossRef]

13. Song, H.J.; Lee, J.H.; Jeong, H.C.; Choi, E.J.; Oh, T.K.; Hong, C.O.; Kim, P.J. Effect of straw incorporation on methane emission in
rice paddy: Conversion factor and smart straw management. Appl. Biol. Chem. 2019, 62, 70. [CrossRef]

14. Banger, K.; Tian, H.; Lu, C. Do nitrogen fertilizers stimulate or inhibit methane emissions from rice fields? Glob. Change Biol. 2012,
18, 3259–3267. [CrossRef]

15. Anderson, C.R.; Condron, L.M.; Clough, T.J.; Fiers, M.; Stewart, A.; Hill, R.A.; Sherlock, R.R. Biochar induced soil microbial
community change: Implications for biogeochemical cycling of carbon, nitrogen and phosphorus. Pedobiologia 2011, 54, 309–320.
[CrossRef]

16. Kong, D.; Li, S.; Jin, Y.; Wu, S.; Chen, J.; Hu, T.; Wang, H.; Liu, S.; Zou, J. Linking methane emissions to methanogenic and
methanotrophic communities under different fertilization strategies in rice paddies. Geoderma 2019, 347, 233–243. [CrossRef]

17. Lenka, S.; Malviya, S.K.; Lenka, N.K.; Sahoo, S.; Bhattacharjya, S.; Jain, R.C.; Saha, J.K.; Patra, A.K. Manure addition influences
the effect of tillage on soil aggregation and aggregate associated carbon in a Vertisol of central India. J. Environ. Biol. 2021, 41,
1585–1593. [CrossRef]

18. Zhou, X.; Smaill, S.J.; Gu, X.; Clinton, P.W. Manipulation of soil methane oxidation under drought stress. Sci. Total Environ. 2021,
757, 144089. [CrossRef]

19. Lenka, S.; Lenka, N.K.; Singh, A.B.; Singh, B.; Raghuwanshi, J. Global warming potential and greenhouse gas emission under
different soil nutrient management practices in soybean–wheat system of central India. Environ. Sci. Pollut. Res. 2017, 24,
4603–4612. [CrossRef] [PubMed]

20. Zhou, X.; Zhang, M.; Krause, S.M.B.; Bu, X.; Gu, X.; Guo, Z.; Jia, Z.; Zhou, X.; Wang, X.; Chen, X.; et al. Soil aeration rather than
methanotrophic community drives methane uptake under drought in a subtropical forest. Sci. Total Environ. 2021, 792, 148292.
[CrossRef] [PubMed]

21. Al-Kaisi, M.M.; Kwaw-Mensah, D.; Ci, E. Effect of nitrogen fertilizer application on corn residue decomposition in Iowa. Agron. J.
2017, 109, 2415–2427. [CrossRef]

22. Wu, G.; Ling, J.; Xu, Y.P.; Zhao, D.Q.; Liu, Z.X.; Wen, Y.; Zhou, S.L. Effects of soil warming and straw return on soil organic matter
and greenhouse gas fluxes in winter wheat seasons in the North China Plain. J. Clean. Prod. 2022, 356, 131810. [CrossRef]

23. Wang, X.-g.; Luo, Y. Crop residue incorporation and nitrogen fertilizer effects on greenhouse gas emissions from a subtropical
rice system in Southwest China. J. Mt. Sci. 2018, 15, 1972–1986. [CrossRef]

219



Soil Syst. 2024, 8, 88

24. Wang, C.; Shen, J.; Liu, J.; Qin, H.; Yuan, Q.; Fan, F.; Hu, Y.; Wang, J.; Wei, W.; Li, Y.; et al. Microbial mechanisms in the reduction
of CH4 emission from double rice cropping system amended by biochar: A four-year study. Soil Biol. Biochem. 2019, 135, 251–263.
[CrossRef]

25. Oertel, C.; Matschullat, J.; Zurba, K.; Zimmermann, F.; Erasmi, S. Greenhouse gas emissions from soils—A review. Chemie der Erde
2016, 76, 327–352. [CrossRef]

26. Zhang, H.; Liang, Q.; Peng, Z.; Zhao, Y.; Tan, Y.; Zhang, X.; Bol, R. Response of greenhouse gases emissions and yields to irrigation
and straw practices in wheat-maize cropping system. Agric. Water Manag. 2023, 282, 108281. [CrossRef]

27. Jiang, Y.; Qian, H.; Huang, S.; Zhang, X.; Wang, L.; Zhang, L.; Shen, M.; Xiao, X.; Chen, F.; Zhang, H.; et al. Acclimation of
methane emissions from rice paddy fields to straw addition. Sci. Adv. 2019, 5, eaau9038. [CrossRef] [PubMed]

28. Nguyen, B.T.; Trinh, N.N.; Bach, Q.V. Methane emissions and associated microbial activities from paddy salt-affected soil as
influenced by biochar and cow manure addition. Appl. Soil Ecol. 2020, 152, 103531. [CrossRef]

29. Jin, Z.; Shah, T.; Zhang, L.; Liu, H.; Peng, S.; Nie, L. Effect of straw returning on soil organic carbon in rice–wheat rotation system:
A review. Food Energy Secur. 2020, 9, e200. [CrossRef]

30. Shakoor, A.; Shakoor, S.; Rehman, A.; Ashraf, F.; Abdullah, M.; Shahzad, S.M.; Farooq, T.H.; Ashraf, M.; Manzoor, M.A.; Altaf,
M.M.; et al. Effect of animal manure, crop type, climate zone, and soil attributes on greenhouse gas emissions from agricultural
soils—A global meta-analysis. J. Clean. Prod. 2021, 278, 124019. [CrossRef]

31. Kaleeem Abbasi, M.; Mahmood Tahir, M.; Sabir, N.; Khurshid, M. Impact of the addition of different plant residues on nitrogen
mineralization-immobilization turnover and carbon content of a soil incubated under laboratory conditions. Solid Earth 2015, 6,
197–205. [CrossRef]

32. Liu, L.; Estiarte, M.; Peñuelas, J. Soil moisture as the key factor of atmospheric CH4 uptake in forest soils under environmental
change. Geoderma 2019, 355, 113920. [CrossRef]

33. Anandakumar, S.; Bakhoum, N.; Chinnadurai, C.; Malarkodi, M.; Arulmozhiselvan, K.; Karthikeyan, S.; Balachandar, D. Impact
of long-term nutrient management on sequestration and dynamics of soil organic carbon in a semi-arid tropical Alfisol of India.
Appl. Soil Ecol. 2022, 177, 104549. [CrossRef]

34. Ruf, T.; Emmerling, C. The effects of periodically stagnant soil water conditions on biomass and methane yields of Silphium
perfoliatum. Biomass Bioenergy 2022, 160, 106438. [CrossRef]

35. Du, C.; Liu, Y.; Guo, J.; Zhang, W.; Xu, R.; Zhou, B.; Xiao, X.; Zhang, Z.; Gao, Z.; Zhang, Y.; et al. Novel annual nitrogen
management strategy improves crop yield and reduces greenhouse gas emissions in wheat-maize rotation systems under limited
irrigation. J. Environ. Manag. 2024, 353, 120236. [CrossRef] [PubMed]

36. Korkiakoski, M.; Määttä, T.; Peltoniemi, K.; Penttilä, T.; Lohila, A. Excess soil moisture and fresh carbon input are prerequisites
for methane production in podzolic soil. Biogeosciences 2022, 19, 2025–2041. [CrossRef]

37. Nwokolo, N.L.; Enebe, M.C. Methane production and oxidation—A review on the pmoA and mcrA genes abundance for
understanding the functional potentials of the agricultural soil. Pedosphere 2024, in press. [CrossRef]

38. Brenzinger, K.; Drost, S.M.; Korthals, G.; Bodelier, P.L.E. Organic residue amendments to modulate greenhouse gas emissions
from agricultural soils. Front. Microbiol. 2018, 9, 3035. [CrossRef] [PubMed]

39. Sun, B.F.; Zhao, H.; Lü, Y.Z.; Lu, F.; Wang, X.K. The effects of nitrogen fertilizer application on methane and nitrous oxide
emission/uptake in Chinese croplands. J. Integr. Agric. 2016, 15, 440–450. [CrossRef]

40. Qi, L.; Pokharel, P.; Chang, S.X.; Zhou, P.; Niu, H.; He, X.; Wang, Z.; Gao, M. Biochar application increased methane emission, soil
carbon storage and net ecosystem carbon budget in a 2-year vegetable–rice rotation. Agric. Ecosyst. Environ. 2020, 292, 106831.
[CrossRef]

41. Barrow, C.J. Biochar: Potential for countering land degradation and for improving agriculture. Appl. Geogr. 2012, 34, 21–28.
[CrossRef]

42. Han, J.; Zhang, A.; Kang, Y.; Han, J.; Yang, B.; Hussain, Q.; Wang, X.; Zhang, M.; Khan, M.A. Biochar promotes soil organic carbon
sequestration and reduces net global warming potential in apple orchard: A two-year study in the Loess Plateau of China. Sci.
Total Environ. 2022, 803, 150035. [CrossRef]

43. Han, X.; Sun, X.; Wang, C.; Wu, M.; Dong, D.; Zhong, T.; Thies, J.E.; Wu, W. Mitigating methane emission from paddy soil with
rice-straw biochar amendment under projected climate change. Sci. Rep. 2016, 6, 24731. [CrossRef]

44. Nan, Q.; Xin, L.; Qin, Y.; Waqas, M.; Wu, W. Exploring long-term effects of biochar on mitigating methane emissions from paddy
soil: A review. Biochar 2021, 3, 125–134. [CrossRef]

45. Bhoi, T.K.; Samal, I.; Saraswat, A.; Hombegowda, H.C.; Samal, S.K.; Dash, A.K.; Sharma, S.; Lawate, P.; Vyas, V.; Raza, M.B.
Biochar as a soil amendment: Effects on microbial communities and soil health. In Biochar Production for Green Economy; Academic
Press: Cambridge, MA, USA, 2024; ISBN 9780443155062.

46. Li, H.; Lin, L.; Peng, Y.; Hao, Y.; Li, Z.; Li, J.; Yu, M.; Li, X.; Lu, Y.; Gu, W.; et al. Biochar’s dual role in greenhouse gas emissions:
Nitrogen fertilization dependency and mitigation potential. Sci. Total Environ. 2024, 917, 170293. [CrossRef]

47. Raul, C.; Bharti, V.S.; Dar Jaffer, Y.; Lenka, S.; Krishna, G. Sugarcane bagasse biochar: Suitable amendment for inland aquaculture
soils. Aquac. Res. 2021, 52, 643–654. [CrossRef]

48. Kempers, A.J. Determination of sub-microquantities of ammonium and nitrates in soils with phenol, sodium nitroprusside and
hypochlorite. Geoderma 1974, 12, 201–206. [CrossRef]

220



Soil Syst. 2024, 8, 88

49. Klein, D.A.; Loh, T.C.; Goulding, R.L. A rapid procedure to evaluate the dehydrogenase activity of soils low in organic matter.
Soil Biol. Biochem. 1971, 3, 385–387. [CrossRef]

50. Blair, G.J.; Lefroy, R.D.; Lisle, L. Soil carbon fractions based on their degree of oxidation, and the development of a carbon
management index for agricultural systems. Aust. J. Agric. Res. 1995, 46, 1459–1466. [CrossRef]

51. Islam, K.R.; Stine, M.A.; Gruver, J.B.; Samson-Liebig, S.E.; Weil, R.R. Estimating active carbon for soil quality assessment: A
simplified method for laboratory and field use. Am. J. Altern. Agric. 2003, 18, 3–17. [CrossRef]

52. Hadas, A.; Kautsky, L.; Goek, M.; Kara, E.E. Rates of decomposition of plant residues and available nitrogen in soil, related to
residue composition through simulation of carbon and nitrogen turnover. Soil Biol. Biochem. 2004, 36, 255–266. [CrossRef]

53. Trinsoutrot, I.; Recous, S.; Bentz, B.; Linères, M.; Chèneby, D.; Nicolardot, B. Biochemical Quality of Crop Residues and Carbon
and Nitrogen Mineralization Kinetics under Nonlimiting Nitrogen Conditions. Soil Sci. Soc. Am. J. 2000, 64, 918–926. [CrossRef]

54. Malhi, S.S.; Lemke, R.; Wang, Z.; Chhabra, B.S. Tillage, nitrogen and crop residue effects on crop yield, nutrient uptake, soil
quality, and greenhouse gas emissions. Soil Tillage Res. 2006, 90, 171–183. [CrossRef]

55. Yang, L.; Muhammad, I.; Chi, Y.X.; Liu, Y.X.; Wang, G.Y.; Wang, Y.; Zhou, X.B. Straw return and nitrogen fertilization regulate soil
greenhouse gas emissions and global warming potential in dual maize cropping system. Sci. Total Environ. 2022, 853, 158370.
[CrossRef]

56. Guntiñas, M.E.; Gil-Sotres, F.; Leirós, M.C.; Trasar-Cepeda, C. Sensitivity of soil respiration to moisture and temperature. J. Soil
Sci. Plant Nutr. 2013, 13, 445–461. [CrossRef]

57. Zhou, W.; Hui, D.; Shen, W. Effects of soil moisture on the temperature sensitivity of soil heterotrophic respiration: A laboratory
incubation study. PLoS ONE 2014, 9, e92531. [CrossRef] [PubMed]

58. Liu, Y.; Zang, H.; Ge, T.; Bai, J.; Lu, S.; Zhou, P.; Peng, P.; Shibistova, O.; Zhu, Z.; Wu, J.; et al. Intensive fertilization (N, P, K, Ca,
and S) decreases organic matter decomposition in paddy soil. Appl. Soil Ecol. 2018, 127, 51–57. [CrossRef]

59. Muhammad, W.; Vaughan, S.M.; Dalal, R.C.; Menzies, N.W. Crop residues and fertilizer nitrogen influence residue decomposition
and nitrous oxide emission from a Vertisol. Biol. Fertil. Soils 2011, 47, 15–23. [CrossRef]

60. Fang, Y.; Nazaries, L.; Singh, B.K.; Singh, B.P. Microbial mechanisms of carbon priming effects revealed during the interaction of
crop residue and nutrient inputs in contrasting soils. Glob. Change Biol. 2018, 24, 2775–2790. [CrossRef] [PubMed]

61. Nottingham, A.T.; Turner, B.L.; Stott, A.W.; Tanner, E.V.J. Nitrogen and phosphorus constrain labile and stable carbon turnover in
lowland tropical forest soils. Soil Biol. Biochem. 2015, 80, 26–33. [CrossRef]

62. Ji, D.; Ding, F.; Dijkstra, F.A.; Jia, Z.; Li, S.; Wang, J. Crop residue decomposition and nutrient release are independently affected
by nitrogen fertilization, plastic film mulching, and residue type. Eur. J. Agron. 2022, 138, 126535. [CrossRef]

63. Liang, X.; Yuan, J.; Yang, E.; Meng, J. Responses of soil organic carbon decomposition and microbial community to the addition of
plant residues with different C:N ratio. Eur. J. Soil Biol. 2017, 82, 50–55. [CrossRef]

64. Yao, Z.; Zheng, X.; Wang, R.; Xie, B.; Butterbach-Bahl, K.; Zhu, J. Nitrous oxide and methane fluxes from a rice-wheat crop rotation
under wheat residue incorporation and no-tillage practices. Atmos. Environ. 2013, 79, 641–649. [CrossRef]

65. Yin, X.; Peñuelas, J.; Sardans, J.; Xu, X.; Chen, Y.; Fang, Y.; Wu, L.; Singh, B.P.; Tavakkoli, E.; Wang, W. Effects of nitrogen-enriched
biochar on rice growth and yield, iron dynamics, and soil carbon storage and emissions: A tool to improve sustainable rice
cultivation. Environ. Pollut. 2021, 287, 117565. [CrossRef]

66. Feng, J.; Zhu, B. Global patterns and associated drivers of priming effect in response to nutrient addition. Soil Biol. Biochem. 2021,
153, 108118. [CrossRef]

67. Abhishek, K.; Shrivastava, A.; Vimal, V.; Gupta, A.K.; Bhujbal, S.K.; Biswas, J.K.; Singh, L.; Ghosh, P.; Pandey, A.; Sharma, P.; et al.
Biochar application for greenhouse gas mitigation, contaminants immobilization and soil fertility enhancement: A state-of-the-art
review. Sci. Total Environ. 2022, 853, 158562. [CrossRef] [PubMed]

68. Omonode, R.A.; Vyn, T.J.; Smith, D.R.; Hegymegi, P.; Gál, A. Soil carbon dioxide and methane fluxes from long-term tillage
systems in continuous corn and corn-soybean rotations. Soil Tillage Res. 2007, 95, 182–195. [CrossRef]
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Abstract: Manure application is the primary input route for antibiotic resistance genes (ARGs)
in farmland soil. This study investigated the effects of varying the rates of five chicken manure
applications on the accumulation and distribution of ARGs across different soil depths (0–20, 20–40,
and 40–60 cm) using metagenomic sequencing. The results revealed that the distribution of ARGs
in farmland soil was closely linked to soil depth and influenced to some extent by the fertilizer
quantity after 30 days of fertilization. ARGs were predominantly concentrated in the surface soil
and exhibited a significant decrease in type and abundance with an increased soil depth. Compared
with soil treated with chemical fertilizers alone, chicken manure-treated surface soil presented a
higher diversity and abundance of ARGs. However, the diversity and abundance of ARGs did
not increase proportionally with the increasing ratios of chicken manure application (0, 25, 50, 75,
and 100%). ARGs in soil primarily conferred resistance to host bacteria through antibiotic efflux
pumps (~33%), antibiotic target alteration (~31%), antibiotic inactivation (~20%), and antibiotic target
protection (~8%). Correlation analysis involving ARGs and soil microorganisms revealed widespread
multidrug resistance among soil microorganisms. Furthermore, two genera of human pathogenic
bacteria (Pseudomonas sp. and Listeria sp.) were identified as potential microbial hosts of ARGs in
all treatments. Correlation analysis involving ARGs and environmental factors indicated that soil
ARGs are predominantly influenced by heavy metals and microorganisms. This paper offers valuable
insights for environmental risk assessments regarding the utilization of livestock manure resources.
Additionally, it furnishes a scientific foundation for farmland application strategies pertaining to
livestock manure.

Keywords: chicken manure; antibiotic resistance genes (ARGs); farmland soil; microorganisms;
soil depths

1. Introduction

Livestock manure is rich in nutrients (e.g., nitrogen, phosphorus, and potassium) that
promote crop growth [1–5]. The application of manure to farmlands has been proven to
be an effective strategy for mitigating soil constraints, augmenting soil organic matter,
enhancing soil health, and boosting crop yields [6–9]. Prolonged manure application not
only improves soil microbial characteristics but also enhances soil chemical properties,
and thus, it plays a pivotal role in sustaining agricultural productivity and ecosystem
services [10]. Concurrently, pollutants commonly found in manure, including heavy metals,
antibiotics, antibiotic resistance genes (ARGs), and pathogens, may accumulate in soil with
manure application, leading to soil contamination and posing risks to human health.

Although the careful administration of veterinary antibiotics can prevent animal
illnesses and promote growth, significant portions of these antibiotics are not fully absorbed
and utilized within the animal gut. With the rapid development of the livestock and

Soil Syst. 2024, 8, 89. https://doi.org/10.3390/soilsystems8030089 https://www.mdpi.com/journal/soilsystems223



Soil Syst. 2024, 8, 89

poultry industries, the consumption of veterinary antibiotics has gradually increased. The
emissions of 80 veterinary antibiotics ranged from 23,110 tonnes/year to 40,850 tonnes/year
in 2100–2020 [11]. Tetracyclines, sulfonamides, chloramphenicols, and quinolones account
for 94% [11]. Approximately 75% to 95% of antibiotics, along with ARGs induced by the
prolonged selective pressure of antibiotics, are excreted in feces and urine [12–14], and
most of these excreted compounds retain their potency in soil [15]. Numerous studies have
shown that the application of manure can elevate antibiotic concentrations in soil (from
μg/kg to mg/kg levels) [16–18], increasing the number of drug-resistant bacteria and the
abundance of ARGs [19,20].

The application of manure significantly enriches soil with carbon-containing substrates
and nutrients, stimulating the growth and activity of soil microbial populations [21,22].
This enrichment increases soil microbial biomass and diversity [23,24], subsequently influ-
encing the maintenance and distribution of ARGs. For example, numerous nutrient-rich
bacterial communities have emerged in carbon-rich fertilizer soils [25]. Soil fertilized with
manure exhibits a higher microbial biomass compared with soil that uses only chemical
fertilizers [26]. Peng et al. [27] demonstrated that 3 years of continuous manure appli-
cation could alter the structures of microbial communities and antibiotic resistance in
soil. Moreover, Li et al. [20] revealed that manure application significantly enhanced the
abundance and α diversity of ARGs in soil. The effect of manure application on soil ARGs
is attributable not only to nutrient increase but also to antibiotics, heavy metals, and other
factors. Gabini et al. [28] observed that 20 mg/kg of sulfamethoxazole caused only prelimi-
nary and short-term changes in soil bacterial community composition while no significant
effect was noted on fungal communities. However, higher concentrations (100–300 mg/kg)
of sulfamethoxazole induced substantial and persistent changes in the β diversity of both
bacteria and fungi [29]. Additionally, the presence of heavy metals in livestock manure
leads to the compound pollution of antibiotics in soil [30,31]. These heavy metals can
act as selective agents for the proliferation of ARGs and promote their persistence in the
environment [32]. For example, Kuppusamy et al. [33] discovered a positive correlation
between soil ARGs and residues of tetracyclines, sulfonamides, quinolones, copper, and
cadmium. However, most studies have, to date, been focused on the surface soil or on a
few types of ARGs. Although these studies are very useful for understanding the envi-
ronmental risks of ARG accumulation in farmland soils, there is little information on the
vertical distribution of ARGs along the soil profile. In addition, insufficient attention has
been paid to actual production conditions in studies. Soil depth leads to heterogeneity in
the soil environment, and within farmland, the vertical variation of soil properties with
depth is much greater than the horizontal spatial variability. Research on the vertical
distribution of ARGs in farmland soils after manure application is helpful for improving
the understanding of ARG environmental risks. The co-application of organic and chemical
fertilizers is a common fertilization strategy in agricultural production. Understanding
the effect of the ratio of manure to chemical fertilizer application on the accumulation of
ARGs in farmland can help us formulate ARG environmental risk management strategies
that better align with production needs. We believe that a reasonable application ratio
of manure and chemical fertilizers can alleviate the accumulation of ARGs caused by the
resource utilization of livestock manure in agricultural production to a certain extent and
control the diffusion of ARGs into deep soil. This study aimed to investigate the influence
of different manure application rates on the vertical distribution of ARGs in agricultural
soils, assess the relationship between ARGs and microbial communities, and identify the
principal environmental factors that influence ARG retention. The findings of this research
can provide theoretical guidance for ecological risk assessment pertaining to the sustainable
utilization of livestock manure.
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2. Materials and Methods

2.1. Sample Collection

The soil samples utilized in this study were collected from corn farmland in Changtu
County (123◦58′0.340′′ E, 42◦48′14.083′′ N, Liaoning Province, China). Corn cultivation
follows rotary tillage practices. The fertilizers consist of chemical fertilizers (self-made
corn-specific fertilizers) and organic fertilizer (chicken manure after high-temperature
composting). Various proportions of chemical and organic fertilizers were combined and
applied to the farmland soil in three repeat regions. The chicken manure was labeled JF
in figure and the application rates of organic fertilizers and sample numbers for differ-
ent treatments are provided in Table 1. Sampling was performed at depths of 0–20 cm
(Layer A), 20–40 cm (Layer B), and 40–60 cm (Layer C). Each sample comprised a blend
of soils collected from five sampling points after fertilization for 30 days. A portion of
the soil samples was stored at −80 ◦C in Whirl-Pak bags for the subsequent analysis of
microorganisms, ARGs, and antibiotics. The remaining portion of samples was cleared
of plant roots, large gravel particles, leaves, and other debris. After indoor drying, it
was sifted through a 2 mm standard sieve and homogenized for the assessment of soil
physicochemical properties and heavy metal content.

Table 1. Application rate of organic fertilizer (chick manure) under different treatments.

Soil Layers
Control Group

(100% Chemical
Fertilizer)

Treatment 1 (25%
Organic Fertilizer

Replaced Chemical
Fertilizer)

Treatment 2 (50%
Organic Fertilizer

Replaced Chemical
Fertilizer)

Treatment 3 (75%
Organic Fertilizer

Replaced Chemical
Fertilizer)

Treatment 4 (100%
Organic

Fertilizer)

A (0–20 cm) A0 A1 A2 A3 A4
B (20–40 cm) B0 B1 B2 B3 B4
C (40–60 cm) C0 C1 C2 C3 C4

2.2. Antibiotic and Heavy Metal Determination

Eight antibiotics that were commonly used in livestock and occurring in poultry ma-
nure (oxytetracycline, tetracycline, doxycycline, tilmicosin, tylosin, sulfamonomethoxine,
sulfamethazine, and sulfadiazine) were determined in this study [34–36]. The recoveries
of the eight antibiotics measured via the external standard method [37] in the manure
samples ranged from 70% to 120%. In particular, the antibiotics were extracted from 5.0 g
of the manure samples by following this procedure: 20 mL of mixed extractant (0.4 g
Na2EDTA + acetonitrile mixed with phosphate buffer at the ratio of 1:1, v/v) was added to
the samples and shaken vigorously for 3 min and then centrifuged at 21,500× g for 5 min.
The supernatant was transferred into a conical flask, adding 10 mL of mixed extractant.
Then the extraction was repeated again. Finally, the pH of the extracting solution was
adjusted to 2–2.5 and extraction was performed using HLB solid-phase extraction columns.
The HLB columns was pre-activated with 6 mL methanol and 6 mL water. After extraction,
each sample was vacuumed for 5 min and then 6 mL of methanol was used to elute the
HLB columns. The eluate was collected and blown to near-dryness at 40 ◦C under nitrogen
atmosphere, dissolved in 2 mL of 1:1 methanol: water v/v) with 0.2% formic acid, and
centrifuged at 32,250× g for 10 min. Liquid chromatographic conditions for antibiotics
analysis were set as follows: Poroshell 120 EC-C18 column (2.1 × 50 mm, 1.9 μm), flow rate
of 0.3 mL/min, column temperature of 40 ◦C, injection volume of 2 μL, mobile phase A
with 0.1% formic acid in methanol, and mobile phase B with 2.5 mmol/ammonium acetate
(containing 0.1% formic acid) in water.

The concentrations of Cu, Zn, Cd, As, Pb, and Hg in the digested soil and manure
were determined using inductively coupled plasma mass spectrometry (ICP-MS) (NexION
350, Perkin Elmer, Waltham, MA, USA). About 0.1 g soil/manure sample was placed in a
digestion flask, and 5 mL HCl, 10 mL HNO3, 2 mL HF, and 1 mL HClO were added, then
the samples were digested using a graphite furnace digestion apparatus. The accuracy of
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the experimental data was verified using reagent blank samples and duplicate soil samples.
The recovery rate of the standard samples was 90–110% and the relative standard deviation
(RSD) of the data was less than 5%.

2.3. Soil Physical and Chemical Indicators

All soil samples were air-dried at 25–30 ◦C in the laboratory, ground and sieved
through a 0.25 mm mesh, and then analyzed for physicochemical properties. The pH was
measured using a pH analyzer (Sartorius PB-10, Shanghai, China). The cation exchange
capacity (CEC) was determined using atomic absorption spectrometry (AA700, Perkin
Elmer, Waltham, MA, USA) [38]. The contents of total carbon (TC), total nitrogen (TN),
and total phosphorus (TP) were measured with an elemental analyzer (Vario MICRO
cube, Hanau, Germany). The concentration of potassium (K) was determined using an
inductively coupled plasma mass spectrometer (ICP-MS) (NexION 350, Perkin Elmer,
Waltham, MA, USA).

2.4. DNA Extraction and Metagenomic Sequencing

Manure/soil DNA was extracted using HiPure Soil DNA Kit B. Integrity and purity
of extracted DNA were assessed using 1% agarose gel electrophoresis and its concentra-
tion and purity were determined using a NanoDrop 2000 ultra-micro spectrophotometer
(Thermo Fisher, Wilmington, DE, USA) and a QuantiFluor fluorometer (Promega, Madison,
WI, USA). PE150 bipartite sequencing was performed using the Illumina HiSeq/Illumina
Novaseq/MGI2000 platform. Sequencing raw data (pass filter data) were removed from
splices and low-quality sequences using the second-generation sequencing data quality
statistics software, Cutadapt (v1.9.1), with primer and splicer sequences removed. The
clean data for subsequent information analysis were obtained by removing bases with
quality values lower than 20 at both ends, excluding sequences with N-base content greater
than 10%, and retaining the minimum read length of 75 bp. Clean reads were assem-
bled into overlapping clusters for each sample using MEGAHIT [39] and coding genes
were predicted using the Prodigal software (v3.02) [40]. Then, the gene sequences of all
the samples were integrated and further de-redundated by sequence clustering software
MMseq2 (v11-e1a1c), which defaulted to 95% identity and 95% coverage for clustering
to obtain a non-redundant gene set of unigene sequences. The representative sequences
in the redundant gene set were compared with those in the NCBI NR database to obtain
bacterial annotation and taxonomic information. Identification and analysis of ARGs were
conducted based on the Comprehensive Antibiotic Research Database (CARD), employing
a threshold set above 90.

2.5. Statistical Analysis

Figures were plotted using TB tools (heat map) and Origin 2021 (Origin Lab, Northamp-
ton, MA, USA). The Duncan test was performed using SPSS (27 IBM, Armonk, NY, USA)
to compare the differences among treatments at a probability level of less than 0.05.

3. Results and Discussion

3.1. Types and Abundance of ARGs in Manure

The identification and quantification of ARGs in manure are essential for evaluating
the environmental ramifications of manure utilization in agriculture and formulating
efficient fertilization methodologies [41–44]. A total of 462 ARG subtypes were identified in
chicken manure. Among them, lincosamide (eighteen subtypes), aminoglycoside (fourteen
subtypes), macrolide (eleven subtypes), chloramphenicol (nine subtypes), and glycopeptide
(nine subtypes) were the primary types of ARGs (Figure 1A). ARGs that belonged to the
lincomycin, macrolide, and aminoglycoside classes exhibited higher abundance, with 3187,
2651, and 1614 counts, respectively (Figure 1B). The major ARG subtypes in chicken manure
were tetA(58), saur_walk_dap, msbA, bcrA, Ecol_fabG_TRC, macB, and novA. Among these,
tetA (58) and bcrA showed higher abundance (Figure 2). tetA(58) is a common gene that
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confers resistance to tetracyclines while bcrA confers resistance to peptides. Both genes
are widely distributed in chicken manure and soil [45–47]. Multidrug resistance genes
are defined as ARGs that confer resistance to three or more antibiotics [48], facilitating
the spread of ARGs among different bacteria [49]. The classification and analysis of
ARGs in chicken manure revealed that subtypes of ARGs that are resistant to one-class
drugs (40) >two-class drugs (23) > multidrug-resistant ARGs (19) (Figure 3). In terms
of abundance, ARGs resistant to one-class drugs were still the largest (4032), but the
abundance of multidrug-resistant ARGs (2653) > that of two-class drugs (1172). The major
resistance mechanisms of ARGs detected in chicken manure were antibiotic target alteration
(33.33%), antibiotic efflux pump (27.49%), antibiotic inactivation (17.75%), and antibiotic
target protection (10.17%) (Figure S1). Antibiotics affect fundamental bacterial functions,
including protein synthesis, RNA polymerase transcription, chromosome segregation,
and folate metabolism. Antibiotic target alteration directly affects associated proteins or
indirectly triggers the activation or inhibition of regulatory proteins that oversee these
modifications, diminishing drug affinity and bolstering bacterial resistance [50]. Antibiotic
efflux pumps are transporter proteins that expel toxic substrates out of cells and into the
external environment [51]. Characterized by the expulsion of intracellular antibiotics from
the cell via transporters, they assume a pivotal role in bacterial multidrug resistance and
the development of numerous drug-resistant phenotypes [52].

Figure 1. Quantities (A) and abundance (B) of ARGs in chicken manure.
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Figure 2. Changes in the relative abundance of major ARGs in soil and heatmap: subtypes and
abundance of ARGs under different treatments (A) and the heatmap of ARGs under different
treatments (B). A, B, and C represent the 0–20 cm, 20–40 cm, and 40–60 cm soil layers, respectively.
The numbers 0, 1, 2, 3, and 4 correspond to the application of 0, 25, 50, 75, and 100% manure in the
soil, respectively. JF: organic fertilizer (chicken manure after high-temperature composting).
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Figure 3. Abundance and quantities of ARGs in chicken manure in terms of resistance to drug classes.

3.2. Diversity and Abundance of ARGs in Fertilized Farmland Soil

After the application of chicken manure to soil, various factors such as the diffusion of
ARGs from manure, the alteration of environmental conditions, nutrient dynamics, and
antibiotic stress can influence the relative abundance of ARGs in soil [53–55]. Although
no significant positive correlation was observed between the quantity of applied chicken
manure and the diversity of ARGs in soil, the soil treated with 100% chicken manure
exhibited the highest diversity of ARG types (A4). Notably, the application of chicken
manure contributed to an increase in the diversity of ARGs in agricultural soil. ARGs were
still detected in soils treated only with chemical fertilizers, indicating that the application
of organic fertilizers had led to the long-term presence of ARGs in farmland soils. A total
of 652 ARG subtypes were identified in soil, with peptide, glycopeptide, fluoroquinolone,
and elfamycin as the primary types of ARGs. The dominant ARGs detected in soil from
each treatment included macB, TRC, tetA (58), Ecol_fabG_TxR, evgS, Saur_walK_DAP, and
Saur_fusA_FA (Figure 2A). A comparison between ARGs detected in chicken manure
and those in soil post-application revealed similarities in major ARG subtypes, albeit
with significant variations in their abundance (Figure 4). Variations in the abundance of
resistance genes are intricately linked to microbial communities within the environment [56].
In particular, the relative abundance of bcrA in soil ranged from 58.66% to 77.83%, lower
than that in chicken manure, while the relative abundance of TxR ranged from 73.94% to
86.56%, higher than that in chicken manure. The dominant ARGs observed in Layer A
(0–20 cm) and Layer B (20–40 cm) were similar, with macB as the most prevalent ARG in
both layers (Figures S2 and S3). macB confers resistance to macrolides in bacteria through
the mechanism of antibiotic efflux pumps [57]. ARGs detected in soil predominantly exhibit
four mechanisms of antibiotic resistance (Figure S1), including antibiotic target protection
(~8%), antibiotic target alteration (~31%), antibiotic inactivation (~20%), and antibiotic
efflux pumps (~33%) [58,59].

The distribution of ARGs in farmland soil was closely associated with soil depth and
influenced by the application rate of manure. As shown in Figure 4A, the surface layer
(Layer A, 0–20 cm) presented a rich diversity of ARGs. As the soil depth increased, the
diversity of ARGs in each soil treatment decreased to varying extents (e.g., 41 subtypes of
ARGs in A4, 16 subtypes of ARGs in B4, and none in C4). Notably, in the deepest soil layer
(Layer C, 40–60 cm), no ARGs were detected in soils treated with chicken manure. The
surface soil, as the primary recipient of manure, retained a more diverse array of ARGs. In
terms of gene abundance, the ARG abundance in surface soil (Layer A) was significantly
higher than that in deeper soils (Figure 5A). For instance, in soils treated with 100% chicken
manure, the highest ARG abundance in Layer A was 347 (A4), which decreased to 109 in B4
and was absent in C4. However, the distribution of individual ARG types varied across soil
layers. The abundance of fluoroquinolone ARGs, which was dominant in A4, decreased
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by 85.45% in B4 and was entirely absent in C4. The abundance of peptide ARGs in B2
was 59, which was 47.9% higher than that in A2. The variation in individual ARG types
distribution across soil layers is linked to microbial communities, antibiotics, and mobile
genetic elements [20]. Conversely, the abundance of ARGs in the surface soil did not exhibit
a significant increase with the rise in chicken manure application (e.g., the abundance
values of A1, A2, A3, and A4 were 207, 173, 223, and 347, respectively). This result is
attributed to the application of chemical fertilizers also influencing the maintenance of
ARGs in soil [60]. The application of manure increased the diversity and abundance of
ARGs in surface soil, with the most notable effect observed in soil treated only with manure.
The accumulation of ARGs can foster the emergence of multidrug-resistant bacteria in the
environment [61].

Figure 4. Quantities of ARGs (A) and drug resistance classes (B) in different soil layers (A: 0–20 cm,
B: 20–40 cm, C: 40–60 cm). The numbers 0, 1, 2, 3, and 4 correspond to the application of 0, 25, 50, 75,
and 100% manure in the soil, respectively.

According to the analysis of ARG resistance classes in soil (Figure 4B), ARGs that were
resistant to only one-class drugs comprised the highest number (648) while the abundance
of multidrug-resistant ARGs was the lowest (137) (Figure 5B). This distribution was aligned
with the proportion of ARG resistance types observed in chicken manure. All types of ARG
resistance were predominantly concentrated in the surface soil (Layer A), with abundances
decreasing significantly with an increased soil depth. For example, in samples treated
with 100% chicken manure, the numbers of ARGs that were resistant to one class of drugs
were ten (A4), six (B4), and zero (C4), while the numbers of ARGs that were resistant to
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two classes of drugs were four (A4), four (B4), and zero (C4). No significant correlation
was observed between ARG resistance types in soil and the application amount of chicken
manure, which was also true for abundance (Figure 5A). The abundance of multidrug-
resistant ARGs was the highest in topsoil treated with 100% organic fertilizer while the
abundance of ARGs that were resistant to one and two classes of drugs was higher in
surface soil treated with 75% organic fertilizer.

Figure 5. Abundance of ARGs (A) and drug resistance classes (B) in different soil layers (A: 0–20 cm,
B: 20–40 cm, C: 40–60 cm). The numbers 0, 1, 2, 3, and 4 correspond to the application of 0, 25, 50, 75,
and 100% manure in the soil, respectively.

3.3. Soil Microbial Community in Fertilized Farmland Soil

Nutrients, microorganisms, ARGs, antibiotics, and heavy metals present in manure can
directly or indirectly influence the accumulation and maintenance of ARGs in soil [62–65].
The contents of carbon, antibiotics, and heavy metals in soil treated with chicken manure
increased to varying degrees (Figure S4). These components exhibit the potential to affect
the structure of the microbial community in soil, thereby influencing the maintenance of
ARGs. The predominant bacterial phyla identified in chicken manure were Actinobacte-
ria, Firmicutes, and unclassified with relative abundance values of 46.95%, 40.95%, and
10.82%, respectively (Figure 6). Actinobacteria and Firmicutes were recognized as ma-
jor bacterial hosts of ARGs [66–69]. Changes in the relative abundance of species at the
phylum level in soil from different treatments are depicted in Figure 6A, revealing that
Chloroflexi (1.03–7.67%), Verrucomicrobiota (0.84–10.61%), Firmicutes (0.49–1.17%), Gem-
matimonadetes (2.96–8.47%), unclassified (11.42–14.29%), Actinobacteria (7.06–20.46%),
Acidobacteria (12.2–30.02%), and Proteobacteria (14.86–46.93%) were the predominant
bacterial phyla in all treated samples.
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Figure 6. Changes in the relative abundance of microbial species in different soil layers: the relative
abundance of species at the phylum level under different treatments (A) and heatmaps of species
at the phylum level under different treatments (B) (others represent all phyla or genera with a
relative abundance of less than 1%). A, B, and C represent the 0–20 cm, 20–40 cm, and 40–60 cm
soil layers, respectively. The numbers 0, 1, 2, 3, and 4 correspond to the application of 0, 25, 50,
75, and 100% manure in the soil, respectively. JF: organic fertilizer (chicken manure after high-
temperature composting).
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There were significant differences in the structures of bacterial communities in soils at
different depths (Figures S5 and S6). In Layer A soil, the dominant phyla were Proteobacte-
ria, Acidobacteria, Actinobacteria, unclassified, and Gemmatimonadetes. In Layer B soil,
the relative abundance of Proteobacteria and Gemmatimonadetes decreased by 48.06% and
14.19%, respectively, while the relative abundance of Acidobacteria and Actinobacteria
increased by 66.48% and 7.69%, respectively. Nutrients in manure can promote the growth
and reproduction of soil bacteria, enhancing bacterial diversity [70]. However, heavy
metals exert a suppressive effect on microbial activities [71]. Therefore, changes in nutrient
composition and heavy metal content in soil collectively influence the structure of the
microbial community.

Compared with the control treatment that only used chemical fertilizers, the appli-
cation of chicken manure exerted varied effects on the bacterial community structure in
soil. At the phylum level, Proteobacteria exhibited an increase in Layer A soil (levels in A1,
A2, A3, and A4 were 37.18%, 27.47%, 51.42%, and 19.41% higher than the control group
A0) (Figure 6A). Proteobacteria, which consist of Gram-negative bacteria, prefer environ-
ments with a high nutrient content and are significantly affected by the type of fertilizer
used [72,73]. Consequently, Proteobacteria decreased by 58.45% in Layer B soil compared
to layer A soil. Acidobacteria also declined in layer A soil (it decreased by 38.32%, 29.22%,
51.57%, and 16.43% in A1, A2, A3, and A4 compared to control A0). Acidobacteria, which
are oligotrophic bacteria, can thrive in complex environments and under oligotrophic
conditions [74]. Hence, Acidobacteria exhibited higher relative abundance in deeper Layer
B soil. Due to the complex conditions of field soil, changes in the bacterial community
structure were only correlated with the application rate of chicken manure in surface soil.

Figure S7 shows the KEGG cluster and functional analyses of microbial community
genomes in chicken manure and soil. The enzymes primarily involved in genes were
glycosyltransferases and glycoside hydrolases. The major functional pathways were related
to metabolism, genetic information processing, and environmental information processing.

The differences in microbial function and classification composition among different
layers of soil were analyzed (Figure 7). According to the analysis of similarities (ANOSIM),
the differences in microbial function (Figure 7A) and classification (Figure 7B) between
groups in Layers A and B were greater than those within groups (R > 0, p < 0.05). The
principal component analysis (PCA) based on the Bray–Curtis distance matrix (Figure 7)
indicated that the first two principal components (PCs) explained 62.04% of the variance
in microbial communities. PC1 was a principal component associated with soil layers,
accounting for 40.91% of the variance, while PC2 was a principal component associated with
treatments within groups, accounting for 21.13% of the variance (Figure 7C). The correlation
between the soil layers and microbial communities was greater than that between the
treatments within the groups and microbial communities. Soil properties, such as chemical
composition and physical structure, change from surface to deeper layers; hence, significant
changes also occur in community composition and functional characteristics with depth
in the soil microbiome [75]. The compositions of microbial communities in soil samples
with different fertilization treatments exhibited differences on the PC axis (Figure 7D).
On the PC1 axis, each treatment group was relatively scattered, with chicken manure
(JF) distributed in the positive direction, while the other treatment groups were mostly
distributed on the negative axis of PC1. On the PC2 axis, JF and C5 were distributed on
the positive axis while Groups A and B were distributed on both the positive and negative
axes, with group A mainly in the negative direction. The results indicated that PC1 was a
principal component related to the characteristics of chicken manure, and it could explain
50.42% of the variance. PC2 was a principal component related to soil depth, accounting
for 18.46% of the variance. The microbial community structures in A1, A2, A3, and A4
were similar while those in JF and soil samples with different fertilization rates showed
significant differences.

233



Soil Syst. 2024, 8, 89

Figure 7. Differences in microbial function and classification composition at different soil layers:
differences in microbial function (A) and classification (B) among ANOSIM groups; PCA of microbial
community distribution characteristics in different soil layers (C) and fertilization rates (D) based on
the Bray–Curtis distance matrix.

3.4. Correlation Analysis of ARGs with Microorganisms in Soil

The correlation between the major ARGs and microorganisms in soil and their an-
tibiotic resistance types were analyzed. Figure 8 shows that multidrug-resistant ARGs
are widely found in soil microorganisms, and microorganisms can harbor multiple ARGs.
The presence of multiple ARGs in the same potential microbial host increases the risk of
ARGs spreading among pathogens [76–78]. Upon comparing the potential microbial hosts
of ARGs in soil with pathogenic bacteria in the NCBI database (Table S1), the potential
microbial hosts of ARGs in all the samples encompassed three species of human pathogenic
bacteria: Pseudomonas sp. (Pseudomonas aeruginosa LESB58 and P. aeruginosa PAO1) and
Listeria sp. (Listeria monocytogenes EGD-e). The three pathogenic genera simultaneously
contain multiple ARGs and nearly every pathogen has developed resistance to at least
one antibiotic. The antibiotic resistance mechanism of Pseudomonas involved antibiotic
efflux and the alteration of antibiotic targets while that of Listeria was antibiotic inactivation.
Listeria, which consists of a series of Gram-positive bacteria, can obtain resistance genes
from plasmids and associated transposons possessing various resistance mechanisms [79].
The dissemination of ARGs resulting from manure application and their accumulation in
pathogenic bacteria significantly increase risks to human health.
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Figure 8. Mulberry plot of microbes, ARGs, and antibiotic resistance types in soil.

3.5. Correlation Analysis of ARGs in Soil with Environmental Factors

The effects of environmental factors on ARGs in soil were assessed with an aggrega-
tion boosting tree (ABT). The analysis of Bray–Curtis distance indicated that factors that
influenced the abundance of ARGs included heavy metals, microorganisms, antibiotics, and
nutrients, with relative effects of 26.9%, 23.7%, 16.5%, and 17.4%, respectively (Figure 9A).
The redundancy analysis (RDA) of ARG abundance and environmental factors further
suggested that the selected microorganisms accounted for 71.3% of abundance changes in
ARGs, with RDA1 and RDA2 accounting for 41.5% and 29.8%, respectively. Among them,
Enterococcus faecalis exerted the most significant effect on ARGs. The abundance of E. faecalis
was positively correlated with macB, TxR, olec_walk_DAP, saur_walk_DAP, and evgS, but
negatively correlated with tetA(58), Ecol_fabG_TRC, Saur_fusA_FA, and novA. Meanwhile,
the abundance of E. faecalis was positively correlated with P. aeruginosa, Streptomyces fradiae,
and Neisseria gonorrhoeae [80]. E. faecalis is an opportunistic pathogen of animals and hu-
mans. It not only acts as the primary host of multidrug-resistant bacteria but also possesses
unique virulence factors that facilitate the transfer of ARGs and virulence genes. It is also
an indicator of food and manure contamination [45,81].

Figure 9. Cont.
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Figure 9. ABT assessment of the effect of environmental factors on ARGs (based on the Bray–Curtis
distance) (A) and RDA based on ARGs and microbial abundance (B).

4. Conclusions

A total of 462 ARG subtypes, which are predominantly resistant to lincomycin, amino-
glycoside, macrolides, chloramphenicol, and tetracyclines, were detected in chicken manure.
After manure application, 652 ARG subtypes were detected in soil after 30 days. Among
them, peptide, glycopeptide, fluoroquinolone, and elfamycin were the primary types of
ARGs. Variations in environmental conditions resulted in disparities in the composition
of ARGs. The distribution of ARGs in farmland soil was closely related to soil depth and
influenced by the amount of manure applied. Although the types and abundance of ARGs
were significantly higher in surface soil treated with chicken manure compared with the
control samples treated only with chemical fertilizers, they decreased significantly with
an increased soil depth. However, ARGs did not exhibit a gradual change with increasing
fertilizer application. The subtype compositions of ARGs in chicken manure and soil were
similar, but differences in abundance were observed. Resistance to one class of drugs was
identified as the major type of drug resistance among ARGs in soil and chicken manure.

The analysis of soil microbial communities revealed that Chloroflexi, Verrucomicrobia,
Firmicutes, Gemmatimonadetes, an unclassified phylum/phyla, Actinobacteria, Acidobac-
teria, and Proteobacteria were the dominant bacterial phyla in all the treated samples. The
structure of soil bacterial communities was affected by the amount of chicken manure
applied. ARGs in soil endowed host bacteria with resistance through antibiotic efflux
pumps (~33%), antibiotic target protection (~8%), antibiotic target alteration (~31%), and
antibiotic inactivation (~20%). Further analysis showed that multidrug-resistant ARGs
were widespread among soil microorganisms, with the potential microbial hosts of ARGs
including two human pathogenic genera (Pseudomonas sp. and Listeria sp.). The transfer of
ARGs due to manure application considerably increases human health risks. Heavy metals
(26.9%) and microorganisms (23.7%) exerted relatively greater effects on the accumulation
and a maintenance of ARGs in soil. Therefore, the harmless treatment of livestock manure
and the reasonable manure application strategy are crucial for reducing the accumulation
of pollutants and avoiding the occurrence of compound pollution in farmland soil.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/soilsystems8030089/s1, Figure S1: The composition of the detected
ARGs drug resistance mechanism in different soil layers. A, B, and C represent the 0–20 cm, 20–40
cm, and 40–60 cm soil layers, respectively. The numbers 0, 1, 2, 3, and 4 correspond to the application
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of 0, 25, 50, 75, and 100% manure in the soil, respectively. JF: organic fertilizer (chicken manure after
high-temperature composting). Figure S2: Relative abundance of ARGs in different soil layers. A:
0–20 cm soil layer, B: 20–40 cm soil layer. Figure S3: Heatmap of relative abundance of ARGs in
different soil layers. A: 0–20 cm soil layer, B: 20–40 cm soil layer. Figure S4: Changes in pH (A), CEC
(B), heavy metals (C), antibiotics (D), carbon (E), and nutrients (F) in different soil layers. A, B, and C
represent the 0–20 cm, 20–40 cm, and 40–60 cm soil layers, respectively. The numbers 0, 1, 2, 3, and 4
correspond to the application of 0, 25, 50, 75, and 100% manure in the soil, respectively. JF: organic
fertilizer (chicken manure after high-temperature composting). Figure S5: The relative abundance
of microbial phylum in different soil layers (others represent all phyla with relative abundance less
than 1%). A: 0–20 cm soil layer, B: 20–40 cm soil layer. Figure S6: Heatmap of microbial phylum in
different soil layers. A: 0–20 cm soil layer, B: 20–40 cm soil layer. Figure S7: KEGG cluster analysis
and functional analysis of microbial community genomes in chicken manure and different soil layers:
Enzyme activity annotation of microbial communities in chicken manure and different soil layers (A);
KEGG clustering of microbial community genomes in chicken manure and different soil layers (B). A,
B, and C represent the 0–20 cm, 20–40 cm, and 40–60 cm soil layers, respectively. The numbers 0, 1, 2,
3, and 4 correspond to the application of 0, 25, 50, 75, and 100% manure in the soil, respectively. JF:
organic fertilizer (chicken manure after high-temperature composting). Table S1: Pathogenic bacteria
with ARGs and resistance mechanisms in soil.
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Abstract: Grasslands play a crucial role in exchanges between global ecosystems and the atmosphere
and form an integral part of the agricultural industry. Arbuscular mycorrhizal fungi (AMF) are
mutualistic symbionts of most grassland plant species and thereby influence the functional capacity
of grassland systems. Agricultural grasslands are primarily used for livestock farming and are
subjected to various management practices designed to increase production, but which also alter
both plant and soil communities in the process. This research investigated the effects of a selection
of management practices and environmental factors on the presence and abundance of AMF in
upland Welsh grasslands. The aim was to identify how these management practices affected the
abundance of AMF, assessed through microscopic observations of four AMF structures: spores,
hyphae, vesicles and arbuscules. The results suggest grazing sheep and cattle together had the
highest overall influence on AMF abundance compared to grazing sheep or cattle separately. High
plant diversity correlated with high arbuscule and vesicle abundance, but conversely, the application
of lime reduced vesicle abundance. These findings offer new insights into the effects of management
practices on AMF. Mixing livestock, increasing plant diversity and reducing lime applications are
shown here to improve the abundance of AMF and could, therefore, help to inform sustainable farm
management decisions in the future.

Keywords: arbuscular mycorrhizal fungi; effects of management practices; mixed grazing

1. Introduction

Grasslands are a globally important habitat with the potential to offer substantial
resources and extensive ecosystem services, e.g., flood prevention, biologically diverse
habitats and carbon storage [1–3]. Current research into the importance and value of
these habitats focuses predominantly on their uses within the agricultural industry, a key
area of which is the impact of livestock production, through direct grazing, silage or hay-
making [1,2]. Multiple avenues of research are now seeking to understand how grasslands
can be managed more appropriately by studying the complex interactions that occur both
above and below ground [4–9].

Recent analysis suggests 70% of all agricultural grasslands are now used for livestock
production, but these practices are also the main threat to many grassland habitats, with
inappropriate management cited as the leading cause of grassland degradation and soil
erosion [4,10–14]. However, if managed appropriately, livestock can be an essential tool
in sustainable agricultural grasslands by increasing plant diversity and improving soil
structure and function, to the extent that many conservation organisations now advocate
the use of grazing animals in restoration projects [9,15–17].
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Soils play a key role in healthy grasslands, containing a rich and varied diversity of life,
including meso and macrofauna, as well as archaeal, bacterial and fungal communities [5,9].
The permanent vegetative canopy above buffers surface temperatures and evaporation,
helping to regulate water filtration, decomposition rates and microbial activity in the
soil below [5,9]. Soil health underpins many aspects of grassland health but is highly
influenced by environmental and anthropogenic changes, both short-term and long-term.
This research focuses on the soil microbial level, specifically arbuscular mycorrhizal fungi
(AMF), and the influence of a range of management practices widely utilised within the
livestock farming community [18,19].

1.1. The Role of Mycorrhizal Fungi within Healthy Grassland Soils

Mycorrhizal fungi are a major group of symbiotic soil fungi, predominantly from the
phylum Glomeromycetes, but have also evolved independently in the phyla Ascomycota and
Basidiomycota [20,21]. Approximately 80% of all terrestrial plant species form symbiotic
relationships with mycorrhizal fungi, a phenomenon which is thought to have evolved
around 410 Mya ago and is one of the reasons the plant kingdom has been so successful in
colonising terrestrial environments [22–24]. The central benefit of these relationships is the
exchange of nutrients, especially phosphorus to the plant and carbohydrates to the fungi,
although continuing research is finding more varied and complex exchanges which are still
not yet fully understood [25–27].

Arbuscular mycorrhizal fungi (AMF) are one of the most notable species in this group
of symbiotic fungi and are unique in their appearance, due to the distinctive, highly
branched ‘tree-like’ structure, the arbuscule, which forms inside plant root cells [24]. AMF
are also the only group which form balloon-like storage structures, called vesicles [24]. The
ability of the hyphal network to extend into the surrounding soil in order to absorb nutri-
ents surpasses that of the host plant’s roots [21,25,28,29]. Both the plant and fungal partner
typically produce and obtain more carbon and nutrients together than they require individ-
ually, further supporting evidence that these associations are mutually beneficial [26,28,29].
The mycorrhizal network formed around the plant’s root system has been strongly linked
to improved soil aggregation through the release of glomalin, a glue-like deposit released
by the hyphae [25]. Additionally, this hyphal network also creates a microscopic habitat
for surrounding microbes which, in turn, release further micro-nutrients for the AMF to
absorb, increasing the mutual benefits [30,31].

Although some species of AMF have been commercially produced as soil inoculants,
most AMF cannot be synthetically cultivated [32]. This makes enhancing their abundance
within agricultural soils highly dependent on appropriate management techniques as
opposed to reliance on artificial enrichment [33,34]. This study focuses on how agricul-
tural management practices change the abundance of four mycorrhizal structures (spores,
hyphae, vesicles and arbuscules).

1.2. Impact of Livestock and Agricultural Management on Grasslands

Cattle and sheep are globally important animals with estimated numbers of 1.5 billion
and 1.2 billion respectively [35]. They provide an important food source in places where
the land and soil quality are not sufficient to support arable crops and, therefore, provide
vital economic benefits [36]. However, their increasing numbers and influence on grassland
ecosystems are now the focus of much attention, especially in light of global food security,
climate change, environmental degradation and shifting dietary preferences.

Grassland plants have evolved to tolerate a degree of herbivory without long-term
damage, and research has shown that the action of non-intensive grazing can promote bio-
diversity and stimulate plant growth through compensatory vegetative production [16,37].
Large grazing mammals can, therefore, play an important role in maintaining open grass-
land habitats, by reducing the encroachment of trees and scrub, varying feeding preferences
to create a mosaic of plant species, contributing to the nutrient cycle with deposits of dung
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and urine, trampling the ground to open niche microhabitats and moving seeds both in
and on their bodies [38].

However, overgrazing has been the most cited cause of grassland decline, and it is esti-
mated that between 25 and 30% of global grasslands have been degraded by inappropriate
levels of livestock grazing [4,39,40]. Multiple studies offer evidence that high-intensity graz-
ing can negatively impact grasslands by excessive vegetation removal, adversely altering
species composition and damaging the soils either directly or indirectly [41–44]. To combat
these issues and maintain or even increase the productivity of agricultural grasslands, appli-
cations of fertilisers and other agrochemicals are used to artificially elevate grassland yields
and livestock productivity [45,46]. However, the consequences of these agrochemicals are
now emerging, as increasing application rates are required to compensate for diminishing
soil health, so understanding how to readdress the natural balance of grassland soils is of
vital importance to ensuring a sustainable future [46].

1.3. Agricultural Management

This research focuses on four agricultural practices within the livestock sector which
are each controlled to a greater or lesser degree by management decisions of farmers. The
aim of each practice is to increase agricultural output, but this study will investigate their
effects on AMF.

Livestock type varies largely across the globe depending on the environmental, social
and economic context and area of interest [47]. This study focuses on farmland in Wales,
which covers 88% of the land area of this region [48]. Livestock production is central to
Welsh farming, accounting for around 75% of total agricultural output [49]. It supplies 40%
of the UK’s sheep and cattle demand, despite only accounting for 10% of the agricultural
land area for the whole of the UK. Currently, there is no published research specifically
related to different livestock types and their effects on AMF, so this study aims to investigate
this knowledge gap.

Grazing livestock on grasslands is one of the dominant agricultural features of Wales,
as the low soil quality and the steep topography of the land is typically unsuitable for high
arable output [48]. Almost 80% of Welsh agricultural land is used for either permanent of
rough grazing, and Powys has one of the lowest arable land uses in Wales [48]. Only around
8% of farmers house their livestock year-round, with most choosing a mix of housing and
grazing, highlighting the importance of healthy grasslands [49]. Currently, most research
focuses on the effects of grazing intensity and AMF, commonly linking high-intensity
grazing with reduced AMF abundance [43,44].

Lime is applied to soils in order to counteract the negative effects of soil acidification.
The soils in Wales are predominantly acidic as a result of natural geological formation
and, therefore, typically low in organic content [50,51]. Research has shown that different
AMF taxa colonise soils of different pH; therefore, any alteration in the soil’s pH by the
application of lime could cause a disruption to or decline in the AMF community [52,53].

Plant diversity within livestock grasslands is commonly altered by farmers to max-
imise forage quantity and quality and compliment the application of agrochemicals, such
as fertiliser [54,55]. Ryegrass and clover often dominate agricultural grasslands due to the
quality and quantity of their forage, fast establishment and persistence within the field [55].
However, this reduces biodiversity and drought resilience. Research has shown that in-
creased plant diversity can improve soil health and overall grassland resilience [55,56].
Plant diversity has also been linked with AMF, but more research is required as there
are many compounding factors that influence this relationship, such as environment and
soil composition.

Grasslands and their soils are of great importance to global food systems and environ-
mental functions. Understanding the complexities with which these systems interact is vital
for a sustainable and viable agricultural future. This research, therefore, aims to investigate
the impact of widely used agricultural management practices upon the aforementioned
four structures of AMF, a well-known but still relatively poorly understood element of
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healthy grassland soils. It is hypothesised that each of the management practices outlined
in Section 1.3. will impact one or more of the AMF structures to a greater or lesser degree. It
is predicted the practices which align more closely with sustainable practices, e.g., reduced
grazing and inputs and increased plant diversity, will result in greater AMF abundance.

2. Materials and Methods

2.1. Site and Field Selection

This study focuses on farmland in Wales, with study sites chosen from a self-selected
group of farmers consisting of 11 farms within the lower Wye Valley area of Powys. This
area is dominated by livestock, consisting mostly of sheep and cattle and is, therefore, repre-
sentative of the Welsh livestock industry [49]. The farms ranged in size between 12 hectares
and 200 hectares and had varied management approaches with a mix of livestock including
sheep and/or cattle.

The farmers were asked to identify two fields on their farm that had been under grass
for at least five years and were currently used in a grazing rotation using a low or moderate
grazing intensity. Information regarding management practices, such as type of livestock
used in the grazing rotation (sheep or cows) and the application of lime, was also collected
and recorded (Table 1). Each of the fields were sampled across three temporal periods to
ensure representative data across the growing season: early spring (end of March 2022), late
spring (late May 2022), and mid-summer (mid July 2022). During each temporal sample
period, it was noted whether the fields were being actively grazed by livestock (Table 2).
All the farmers were given an identification code and completed a consent form prior to
research commencing.

Table 1. Field codes and their corresponding management practices.

Field Code Livestock Type Lime Plant Diversity

A.1 Cattle No lime Medium
A.2 Sheep and Cattle No lime Medium
B.1 Sheep and Cattle No lime Medium
B.2 Sheep and Cattle No lime Medium
C.1 Cattle Lime High
C.2 Cattle Lime High
D.1 Sheep Lime Medium
D.2 Sheep Lime Low
E.1 Sheep No lime High
E.2 Sheep No lime High
F.1 Sheep and Cattle No lime High
F.2 Sheep and Cattle No lime High
G.1 Sheep and Cattle Lime Medium
G.2 Sheep and Cattle Lime Medium
H.1 Sheep and Cattle Lime Low
H.2 Sheep and Cattle Lime Low
J.1 Sheep and Cattle Lime Low
J.2 Sheep and Cattle Lime Low
K.1 Sheep No lime Medium
K.2 Sheep No lime Medium
M.1 Sheep Lime Low
M.2 Sheep Lime Low

Table 2. Field codes and their corresponding grazing practices per temporal period.

Field Code Early Spring Late Spring Summer

A.1 No grazing Active grazing No grazing
A.2 Active grazing No grazing Active grazing
B.1 No grazing No grazing No grazing
B.2 No grazing No grazing No grazing
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Table 2. Cont.

Field Code Early Spring Late Spring Summer

C.1 No grazing No grazing No grazing
C.2 No grazing No grazing No grazing
D.1 No grazing No grazing No grazing
D.2 No grazing No grazing No grazing
E.1 No grazing No grazing No grazing
E.2 No grazing No grazing No grazing
F.1 No grazing Active grazing No grazing
F.2 Active grazing Active grazing No grazing
G.1 No grazing Active grazing No grazing
G.2 No grazing No grazing No grazing
H.1 No grazing No grazing Active grazing
H.2 No grazing No grazing Active grazing
J.1 No grazing Active grazing Active grazing
J.2 Active grazing No grazing No grazing
K.1 No grazing No grazing No grazing
K.2 No grazing Active grazing No grazing
M.1 No grazing Active grazing No grazing
M.2 No grazing No grazing No grazing

2.2. Plant Diversity

A 50 × 50 cm quadrat sample was taken at random from the selected fields, avoiding
gateways, individual features such as trees, water troughs or footpaths and not within
20 m of hedgerows to ensure a representative sample (Table 1). The plants were identified
using multiple keys to ensure accuracy [57–59].

The diversity was then ranked in one of three categories: low (indicating 6 or fewer
species per quadrat), medium (indicating between 7 and 10 species per quadrat), and high
(indicating over 10 species per quadrat).

2.3. Soil Samples
2.3.1. Collection and Storage

Three soil cores were taken from each of the selected fields per temporal period using
a standardised auger, 5 cm in diameter and 15 cm deep. The cores were taken at random
within the fields, but no cores were collected within 20 m of hedgerows, gateways or
obvious access paths. At each sampling point, the three cores were mixed into a single field
sample and any large vegetative matter was removed. In total, 66 samples were taken. The
samples were kept cool and stored within 48 h in a freezer at a constant −18 ◦C.

2.3.2. Staining

Root staining preparations were adapted from the protocols of Wu et al. (2012) and
Penn State, (2022) [60,61]. Blue Parker QuinkTM ink was selected as the stain, due to its
low toxicity and optimal staining performance comparable to other staining options which
were deemed too noxious/carcinogenic [60,62].

Approximately half (600 g) of each field sample was removed from the freezer and
defrosted thoroughly for a minimum of 24 h. These subsamples were then weighed and
fractioned through 6 mm and 2 mm sieves to isolate the roots, which were separated
and rinsed in a fine mesh strainer to remove the remaining soil. The isolated roots were
then reweighed.

The roots were then cut into ~1 cm fragments and any large, thick or dead roots
removed. The fragments were placed in a 10% potassium hydroxide mixture (KOH) and
heated to 80 ◦C for 30 min. The fragments were rinsed three times in distilled water, placed
in blue Parker Quink™ ink and clear white vinegar mix and left to stain for 15 min at room
temperature, in alignment with the adapted protocols of Wu et al. (2012) and Penn State,
(2022). The fragments were rinsed with distilled water and then submersed in distilled
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water with two drops of vinegar overnight at room temperature to de-stain further. A total
of 660 root fragments were selected at random, mounted on plates with distilled water and
observed using a compound microscope at ×250 and ×400 magnification.

2.3.3. Identification of Mycorrhizal Structures

The four AMF structures—spores, hyphae, arbuscules and vesicles—were identi-
fied using features standardised by Willis, Rodrigues and Harris, 2013 [25], Dixon et al.,
2014 [63], and Walker et al., 2018 [64] (Figure 1).

 

Figure 1. Microscopy images of AMF structures after staining and cleaning process for (a) spores,
(b) hyphae, (c) arbuscules, (d) vesicles (Copyright Annie Buckle 2022).

For each root fragment selected, the spores, arbuscules and vesicles were assigned
an abundance value, shown here in brackets, based on the amount observed through
the microscope: none (0), between 1 and 4 (2), between 5 and 9 (5), and 10 or more (10).
These scores were used due to the large differences between samples (and to reduce
inaccuracy when counting large numbers on microscope slides). Hyphae were noted for
their presence (1) or absence (0).

2.4. Data Analysis

All data were analysed in GenStat Version 20.1.2.24528 by VSN International Ltd.,
Rothamsted Research, St Albans, UK. The data were verified for normality and homoscedas-
ticity prior to analysis and a transformation applied (log10 + 1) if necessary. Two-way
sample T-tests were used to test for significance in pairwise comparisons, and Analysis
of Variance (ANOVA) were used to determine significance for multiple pairwise compar-
isons. Graphs are presented with means of the abundance values, observed for each AMF
structure, to provide an abundance assessment.
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3. Results

Overall, all soil samples were found to contain root fragments which had at least one
AMF structure, and 78% of the individual root fragments taken from the soil samples were
found to contain more than one AMF structure. Significant results are denoted on the
graphs by the use of an asterisk (*).

3.1. Livestock Type

There was a significant association between the type of livestock and the relative
abundance of arbuscules and the presence of hyphae. When cattle and sheep were grazed
together, there was a 43% higher abundance of arbuscules compared to when cattle or
sheep were grazed separately (p = 0.036, Figure 2a). Similarly, when cattle and sheep were
grazed together, there was a 30% higher rate of hyphae presence compared to when cattle
or sheep were grazed separately (p = 0.001, Figure 2b). No significant differences were
found in vesicle or spore abundance.
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Figure 2. The abundance of (a) arbuscules and the presence of (b) hyphae were both significantly
higher when both sheep and cattle grazed together compared to field systems where sheep or cattle
grazed separately. No significant differences were found between vesicles or spores.

3.2. Active Grazing

The fields which were sampled whilst being actively grazed showed significantly
lower hyphae presence than those which were not being actively grazed (p = 0.001, Fig-
ure 3b). No significant differences were found in the abundance of vesicles, arbuscules or
spores (Figure 3a).
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Figure 3. No significant differences were found for the abundance of (a) vesicles, arbuscules or spores,
but (b) the presence of hyphae was significantly lower in fields which had active grazing compared
to those which were not being actively grazed.

3.3. Application of Lime

There was a significantly lower abundance of vesicles when lime was applied to
the sampled fields, compared to when lime was not applied (p = 0.014, Figure 4a). No
significant differences were found between the abundance of arbuscules, spores or the
presence of hyphae (Figure 4a,b).
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Figure 4. The abundance of (a) vesicles was significantly lower in fields which had received an
application of lime within the management period of that field but no significant differences were
found in the abundance of arbuscules, spores or (b) the presence of hyphae.

3.4. Plant Diversity

There was a significantly lower abundance of arbuscules with high plant diversity,
compared to that of medium or low diversity (p = 0.001, Figure 5a). Conversely, there was
a significantly lower abundance of vesicles with low plant diversity, compared to that of
medium or high diversity (p = 0.044, Figure 5a). No significant differences were found in
the abundance of spores or the presence of hyphae (Figure 5a,b).
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Figure 5. The abundance of (a) vesicles was significantly lower in fields with low plant diversity,
and the abundance of arbuscules was significantly lower in fields with high plant diversity. No
significance was found in the abundance of spores or (b) the presence of hyphae.
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3.5. Farm Differences

The overall abundance of vesicles, arbuscules and spores, and the presence of hyphae
were tested for significance across all eleven farms sampled (Figure 6). The abundance of
vesicles showed a greater significant difference between farms D and B (p = 0.001), with
farms E, G, H, J, K and M most similar to D, and farms A, C and F most similar to B.
The abundance of arbuscules showed a greater significant difference between farm E and
farms B, G and J jointly (p = 0.007), with all remaining farms otherwise unrelated to one
another. The presence of hyphae had a greater significant difference between farms D
and B (p = 0.001), with farms C, K, M and H most similar to one another. No significant
differences were found in the abundance of spores (p = 0.761).
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Figure 6. Farm B had a significantly higher abundance of arbuscules and vesicles and higher presence
of hyphae compared to the other farms. Farm D had a significantly lower abundance of vesicles
and lower presence of hyphae compared to the other farms. Farm E had the lowest abundance of
arbuscules compared to the other farms.

It should be noted that farms C and F are organic, and the fields sampled on farms H
and J were part of a crop rotation and, therefore, not permanent, despite being within the
5-year timespan stipulated in the selection process. However, these differences were not
noticeable in comparison to the other farms (Figure 6).

Each farm showed considerable variation in the abundance and presence of the four
AMF structures, and plant diversity. Here, the farms were ranked according to the highest
abundance and presences of the four AMF structures (Figure 6) and are considered against
each of the four agricultural interventions tested. It was observed that only the practice of
grazing cattle and sheep together consistently appeared to correlate with the top-ranking
farms (Table 3). No other treatments, which had previously yielded significant results,
consistently appeared within these top performing farms.

Table 3. The farms which had the highest overall abundance or presence of the four AMF structures
were ordered from highest to lowest (with farm B being the highest).

Overall Mycorrhizal
Occurrence
(by Farm)

Cattle and
Sheep
(Per Field)

Lime Applied
(Per Farm)

Plant Diversity
Ranked High
(Per Field)

Actively Grazed
(/Field/Temporal
Period)

B ++ + − ++++++
A + + − +++
F ++ + ++ +++
J ++ − − +++
G ++ − − +++++
H ++ − − ++++
M − − − +++++

250



Soil Syst. 2024, 8, 94

Table 3. Cont.

Overall Mycorrhizal
Occurrence
(by Farm)

Cattle and
Sheep
(Per Field)

Lime Applied
(Per Farm)

Plant Diversity
Ranked High
(Per Field)

Actively Grazed
(/Field/Temporal
Period)

C − − ++ ++++++
K − + − +++++
E − + ++ ++++++
D − − − +++++

The two fields on each farm are marked with a (+) if they used both cows and sheep within their grazing rotation,
or a (−) if they used either cows, or sheep. The farms which reported to use lime are marked with a (+) or a (−) if
they did not use lime. The two fields on each farm are marked with a (+) if they ranked high on plant diversity or
a (−) if they ranked either medium or low. The two fields are marked with a (+) if they had been actively grazed
at each temporal period or (−) if they were not being actively grazed at each temporal period.

4. Discussion

This study investigated the effects of a selection of common agricultural management
practices on the abundance of four structures of AMF. The results show that the most
positive effect on AMF resulted from mixed grazing, while plant diversity had mixed
results, and the application of lime, along with active grazing, negatively affected AMF.
These variable results are discussed in more detail below.

4.1. The Effect of Mixing Livestock

The influence of mixing livestock types and the positive effect on the abundance of
arbuscules and presence of hyphae is a novel outcome of this research as there is currently
no other research into this particular phenomenon (Figure 1). Although research exists
which investigates the influence of mixed grazing on other grassland functions, none refers
specifically to the influence of mixed grazing on AMF. The results of this study, therefore,
offer a new gateway for research to explore and examine the potential influence of mixed
grazing on AMF.

Studies into the effects of mixed grazing or co-grazing on other aspects of grassland
functions have found that combining cattle and sheep increases the soil organic content,
reduces the bulk density and improves the species composition of the grassland [65–67].
Multiple studies conducted by Cuchillo-Hilario et al. have also shown that grazing sheep
and cattle together alters the animals’ grazing behaviours and, therefore, foraging selectivity
and duration to the extent that plant diversity and botanical composition are also altered in
a positive way [68–70]. A study by Zhang et al. (2022) also concluded that mixing livestock
resulted in a higher turn-over of root growth and increased organic carbon soil content when
compared to only one grazer type or no grazing at all [71]. Additionally, other influencing
factors of mixing livestock may include the following: different grazing mechanisms such
as ripping or biting, variable grazing duration and amounts consumed, body sizes and
the associated weight impact on the soil, varying excretion composition and amount, and
even potentially the sex of the animals as hormones within the excrements could affect the
soil biome differently [67,72,73]. A recent meta-analysis of mixed grazing, conducted by
Su et al. (2023) [65], highlighted the multi-dimensional benefits of mixing sheep and cattle,
including effects on plant vegetation, both above and below ground, and the physical,
chemical and biological effects on soil. However, with the exception of nematodes, the soil
variables they investigated did not include any specific soil communities such as fungi or
specifically AMF. As the role of hyphae and arbuscules are concerned predominantly with
the transfer of nutrients between the fungi and the plant, the aforementioned beneficial
effects exhibited within the soil by mixed grazing are, therefore, likely to be transferred to
the AMF network also.

From the perspective of practical application, this initial analysis suggests mixing
livestock types could be beneficial to AMF abundance in grassland soils. This study begins
to fill this knowledge gap and highlights the need for further research to explore the
value of mixed grazing alongside the existing and ongoing research which focuses on
grazing intensity.
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4.2. Active Grazing Impacts

The effect of grazing intensity on grasslands is one of the most widely studied areas
in this field of research and the results from this study support previous findings which
suggest grazing can negatively impact AMF (Figure 2) [43,45]. However, these results only
indicated a reduction in the presence of hyphae, reflecting the findings of Faghihinia et al.
(2020) [43], and support other suggestions [74] that the influence of grazing on AMF, whilst
variable, may not necessarily be wholly detrimental.

In their study, Faghihinia et al. (2020) [43] found hyphal length was negatively
correlated with increasing grazing intensity, but the number of root fragments colonised
by hyphae and the amount of hyphal colonisation on those root fragments were not
significantly affected. They also investigated arbuscule intensity, which did not express
any significant correlation either. Earlier research by van der Heyde et al. (2017) [74] and
Ren et al. (2017) [75] also showed hyphal length was negatively affected by grazing, but
root colonisation itself was not. The results of this study appear to agree with those of
Faghihinia et al. (2020) [43] and Heyde et al. (2017) [74].

Although it is unclear exactly why hyphal length is affected more severely than
hyphal root colonisation, other studies have shown that carbon allocation to the plant
roots decreases following the removal of above ground biomass by grazing, as available
carbon is reserved for plant regrowth instead of being exchanged with the mycorrhizal
associates [45,76]. A similar response also occurs with phosphorus, whereby it is absorbed
by the plant for regrowth after vegetative removal, thereby altering the soil phosphorus
availability [77]. Early research, supported by these later studies, also shows external
hyphal growth is more sensitive to phosphorus availability than other nutrients, with
phosphorus being a key trigger in hyphal growth [21,76]. This may go some way in
explaining this phenomenon, but more research into the detailed mechanisms is needed.
Additionally, the synergetic effects of grazing intensity and mixed grazing would be useful
to explore as it is possible the impact of grazing intensity could be reduced or buffered by
mixed stocking.

4.3. The Effects of Applying Lime

This research found that the application of lime negatively affected the abundance of
both vesicles and root density, which appears to contradict the previous understanding of
the benefits of liming (Figure 3).

Early research by Siqueira et al. (1984) [78] on the effect of soil acidity on mycorrhizal
fungal colonisation suggests that reducing soil acidity improves colonisation, but it is now
known that soil pH affects species of soil fungi differently, and this original assumption can-
not be extrapolated across all AMF species [79]. There are currently no directly comparable
data related specifically to the abundance of vesicles and the application of lime. However,
research by Olsson et al. (2011) [80] identified phosphorus as a key element found within
vesicles, along with calcium, sulphur and potassium. These particular nutrients become
less available in soils with a pH of 6.5 or less, and therefore, the ability for AMF to provide
a reserve of these nutrients for use by the host plants is highly advantageous in acidic soils.
However, if lime is applied to readdress the pH balance, thus improving the availability of
these nutrients, the need for vesicles is reduced as plants are able to receive them directly
from the soil through their own roots or hyphal associations.

4.4. Plant Diversity

The relationship between plant diversity and AMF observed within this study ap-
pears to diverge from the published literature (Figure 4). Previous research has found
that increased AMF correlates with increased plant diversity, but whilst both vesicle and
arbuscule abundance occurred most frequently under medium plant diversity, arbuscule
abundance significantly reduced under high plant diversity [81].

A study conducted by Horn et al. (2017) [82] found plant communities are not a
strong predictor of AMF communities. Although their findings suggest plant commu-
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nity structure as a driver of AMF community structure, many compounding variables
in the environment, such as soil requirements and temporal influences, meant the link
was not necessarily universal across all plant and fungal interactions [82]. Research by
Faghihinia et al. (2020) [42] also found plant diversity did not have a direct, linear effect on
the presence or abundance of AMF, but was more variable and environmentally dependant.
As plant diversity increases, the resource demands diversify, thus reducing inter-species
competition and enabling the utilisation of different nutrients in different amounts. This
trend has been observed in studies whereby increased plant species diversity improved
soil resource use and correspondingly increased total plant biomass [83]. This theoretically
leads to a reduced reliance on the AMF arbuscule exchanges sites within the root cells but
an increase in storage vesicles, as excess nutrients are stored for later utilisation.

4.5. Implications and Limitations

The results of this study have highlighted further areas of potential research that
could be applied to sustainable agricultural management practices related to both soil and
grassland health within the livestock industry.

Considering the practical applications, utilising a mixed grazing approach could not
only reduce reliance on artificial inputs and, therefore, reduce costs, but also offer farmers
a more stable and resilient business model through diversification. Collaborations with
other local farmers could also be encouraged through the sharing of livestock.

This study recommends more research is urgently required to better understand the
effects of mixed grazing animals and AMF. The limitations of this study could be improved
upon by increasing the sample size and the area of study to enable better extrapolation
of the data, and by the addition of further parameters related to mixed grazing. This
could include investigating the effectiveness of existing mixed grazing systems, such as
‘co-grazing’ or ‘follow-on’ grazing and the ability for mixed grazing to counteract the
impact of grazing intensity.

5. Conclusions

This research aimed to investigate the impact of specific but widely used agricultural
interventions on arbuscular mycorrhizal fungi in grazed grasslands.

The results of this research offer two novel insights: Mixed grazing promoted AMF,
and the application of lime reduced AMF. The positive effect of mixed grazing is an
important finding when considering the potentially negative effect of certain grazing
intensities and, therefore, could have a significant impact on how livestock is managed in
the future.

Grasslands play a key role within agriculture. As well as being an irreplaceable
resource for the livestock industry, they provide invaluable habitats for wild species and
multiple other ecosystem services. This research contributes to the knowledge required to
inform best-practice grassland management, policy and governance and will help to inform
the development and restoration of healthy, diverse and resilient grassland ecosystems.
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