agronomy

Review

Innovative Organic Fertilizers and Cover Crops: Perspectives for
Sustainable Agriculture in the Era of Climate Change and
Organic Agriculture

Muhammad Tahir Khan !, Jiraté Aleinikoviené

check for
updates

Citation: Khan, M.T.; Aleinikoviené,
J.; Butkeviciene, L.-M. Innovative
Organic Fertilizers and Cover Crops:
Perspectives for Sustainable
Agriculture in the Era of Climate
Change and Organic Agriculture.
Agronomy 2024, 14, 2871. https://
doi.org/10.3390/agronomy14122871

Academic Editors: Ferdinando Branca

and Brezeanu Creola

Received: 16 October 2024
Revised: 21 November 2024
Accepted: 25 November 2024
Published: 1 December 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,% 1,2

and Lina-Marija Butkeviciené

Department of Agroecosystems and Soil Science, Agriculture Academy, Vytautas Magnus University,

44248 Kaunas, Lithuania; muhammad.tahir.khan@vdu.lt (M.T.K.); lina.butkeviciene@vdu.lt (L.-M.B.)
Bioeconomy Research Institute, Agriculture Academy, Vytautas Magnus University, 44248 Kaunas, Lithuania
Correspondence: jurate.aleinikoviene@vdu.lt

Abstract: Anthropogenic activities have resulted in land desertification in various regions of the
world, leading to the degradation of critical soil characteristics such as organic matter (OM) content,
nutrient stock, and prevailing biodiversity. Restoring such degraded soils through organic matter
amendments and diversified crop rotations is thus an intrinsic part of organic farming. This review
discusses a wide range of organic farming impacts on soil health and crop productivity by focusing
on organic fertilizers and crop diversification. Conventional fertilizers were considered vital for
agricultural production to harvest high crop yields. Nevertheless, they are now deemed as envi-
ronmentally hazardous and an obstacle to sustainable agroecosystems due to intensive chemical
inputs that damage the soil over time and have long-lasting impacts. Conventional fertilization
results in nutrient depletion, loss of microbial diversity, organic matter reduction, and deterioration
of physical characteristics of the soil. Conversely, organic fertilization makes use of naturally existing
resources to improve soil health. Organic amendments such as biochar, manure, and fermented grass
improve soil’s physical, chemical, and biological properties and promote the growth and diversity of
beneficial soil microorganisms—important in nutrient cycling and soil stability. They facilitate the
uptake of nutrients, hinder crop pathogen growth, mitigate heavy metals, and decompose xenobiotic
organic substances. Moreover, growing cover crops is also a major strategy to improve soil health.
Diversified crop rotation with combinatorial use of organic fertilizers may improve soil health and
agricultural yields without any detrimental impacts on the environment and soil, ensuring sustain-
able food production, safety, and security. This integrated approach contributes to minimizing the
use of chemical fertilizers and their effects on environmental health. It also contributes to reducing
agricultural inputs along with enhancing OM, soil microbial diversity and biomass, nitrogen fixation,
and carbon sequestration. Therefore, cover crops and organic fertilization may offer sustainable
agroecosystems and climate change mitigation.
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1. Introduction

Soil health maintenance is a critical prerequisite of sustainable agricultural production.
Unfortunately, excessive anthropogenic activities in recent years—including industrial agri-
culture, deforestation, and overgrazing—have resulted in soil deterioration in widespread
areas of the world [1]. Hence, the restoration of degraded land is paramount to sustain
ecosystems and agriculture, and combat climate change. This can be achieved by imple-
menting organic amendments, growing a diverse variety of crops and cover crops, and
beneficial microbiological applications. Healthy soils support environmentally healthy
habitats for microbial communities and crops grown. Moreover, they provide balanced
nutrient supplies for higher agricultural productivity [2].
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Soil organic matter (SOM) is defined as decaying debris (mainly) of plant or animal
origin. The plant debris may include dissolved or particulate plant materials, exudates,
leaf and needle litter leachates, or dead root or shoot litter [3]. Organic matter (OM) is
one of the most critical components that determines soil health. The role of SOM in crop
production was recognized by agronomists at least two centuries ago. SOM represents
the largest terrestrial C reservoir with higher C quantities even compared to vegetation
and atmospheric C combined [4]. It improves physio-chemical and biological properties
and processes within the soil. As such, it constitutes a key indicator of soil health [5].
Organic matter addition leads to enhanced soil productivity, physical parameters, nitrogen
status, porosity, and water infiltration. Thus, organic matter amendments offer a balanced
supply of nutrients improving crop productivity [6]. Soil organic amendments also facilitate
microbial activity, diversity, and growth, and thus make unavailable nutrients in the soil
more accessible to plants.

Soil microbial biomass (SMB) is also crucial to soil stability and nutrient cycling. The
term SMB describes the living portion of OM, excluding plant roots and animals that
reside within the soil. Although only 5% of SMB is present in SOM, it plays a crucial role
in maintaining soil health through the turnover of carbon and other nutrients. The soil
microbes may enhance plant nutrient uptake through symbiotic associations, suppress
pathogens, and actively participate in heavy metals immobilization and degradation of
xenobiotic organic compounds [7]. Even disturbed ecosystems with higher microbial diver-
sity and SMB are more likely to maintain their ecological processes through microbiological
buffering [8].

Kumar et al. [9] and Dual et al. [10] emphasized that conventional and nano-chemical
fertilizers play crucial role in food production systems to fulfil the demand-supply gap.
These conventional or synthetic fertilizers usually contain N, potassium (K), phosphorus (P),
and other trace elements, whereas urea is also used as a conventional fertilizer. However,
the traditional composite fertilizers, particularly those with a nitrogenous base, tend to
increase the soil pH slowly during the vegetation growth of most crops [11]. Moreover,
conventional fertilizers give rise to serious food safety issues. The use of these fertilizers
for crop production leads to release of carbon dioxide (CO;), ammonium ions (NHy4), and
methane (CH,) in the environment which may cause adverse human health effects [12].
Furthermore, human consumption of crops grown under conventional fertilizers may result
in various health issues in the long run due to the use of hazardous chemicals in their
production [13].

Apart from unsafe food production, plants typically only absorb 50% of the nitroge-
nous fertilizers. The remaining 10% of the 50% usually moves with irrigation or rainwater
into freshwater supplies and, in this process, pollutes water bodies, affects water habitats,
and eventually affects human populations using fresh water. For instance, drinking water
with nitrates present in nitrogen fertilizers leads to gastric cancer in ruminants and blue
baby syndrome in human infants [12]. The rest of the 50% applied chemical fertilizers
either leaches to groundwater or is lost due to volatilization and denitrification. Thus,
overapplication of chemical fertilizers leads to soil and air pollution, which causes soil
acidification and destruction of physicochemical properties such as texture and structure
through nutrient imbalance [14]. It also contributes harmful greenhouse gases, affecting
the protective ozone layer [12,15]. Thus, chemical fertilizers impact soil and environment
in dozens of multidimensional ways. It is a question to ponder whether the application of
these fertilizers for higher crop yields actually benefits or worsens the agricultural systems
and sustainable use of natural soil resources in the long run.

Organic fertilizers can primarily be described as by-products of animal and plant
waste (Table 1). Organic fertilizers can deliver both macronutrients, such as nitrogen, potas-
sium, phosphorus, and sulfur, and micronutrients, such as iron and zinc, among others,
in a well-balanced manner. They stimulate a slow release of nutrients into the topsoil
while improving microbial growth and activity, which helps improve the nutrient and
water availability within the soil. These processes also improve the soil structure. All these
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processes promote plant root development accordingly [16]. Moreover, organic fertilizers
decrease soil acidity and the availability of heavy metals [17], help avoid pest and disease
infestation, and mitigate nutrient leaching. Organic fertilizers decompose slowly and thus
provide a consistent supply of nutrients into the soil for longer duration [18]. Further-
more, organic fertilizers do not release harmful gases and chemicals into the environment,

ensuring food safety.

Table 1. Properties of manure, composted grass, and biological origin compost as a source of OM.

Parameter

Manure

Composted Grass

Biological Origin Compost

Source

Cows, chickens, or horses

Composted green grass

Kitchen scraps, plant residues,
agricultural waste, or animal manure

Primary Nutrient
Focus

Nitrogen (N), Phosphorus (P),
Potassium (K)

Nitrogen (N)

Balanced (N, P, K, micronutrients)

Nutrient Release Rate

Slow and consistent

Rapid decomposition

Moderate, balanced release

Soil Structure
Improvement

Moderate (increases OM, but
limited effects)

Significant improvement
(boosts soil structure)

Significant improvement (promotes
aggregation, tilth)

Microbial Impact

Moderate (supports
microbial activity)

High (stimulates
microbial activity)

High (promotes diverse
microbial communities)

Long-term Soil Health

Moderate (improves cation

Short to medium-term (quick

High (sustained improvement in

Benefits exghange, gradual OM nutrient and OM boost) OM, microbial health)
buildup)

Stress Tolerance Low to Moderate (depends on  Low (focuses on nutrient Moderate (balanced nutrients

Enhancement nutrient balance) supply, limited stress resilience) improve plant health)

Phosphorus High (direct source, but risk of ~Low to moderate (less P, but High (organic acids enhance P

Availability over-application) improves availability) availability)

References [19-21] [16,22] [23-25]

For the aforementioned reasons, organic agriculture has become increasingly popu-
lar. Organic fertilization methods are therefore in demand to mitigate the environmental
damage caused by conventional chemical fertilizers and pesticides. The development
of advanced technologies for creating new types of organic fertilizers is invaluable to
address the involved challenges [26]. Numerous readily available carbon sources have
been explored and found to exhibit potential implications in this regard. For instance,
biochar, prepared from several C-containing biomasses, such as wood chips, and waste
originating from animals, food, industry, agriculture, and forest, is characterized by a wide
range of beneficial physical and chemical properties. Biochar is mostly produced by pyrol-
ysis [27]. Its combination with organic fertilizers coming from animal sources—manure,
food waste [28]—or plant sources, for example, rice husk or straw compost biochar-coated
urea [29], improves soil physical health and the availability of micronutrients. Even biochar
coating of chemical fertilizers may also be utilized to improve C accumulation, nutrient
absorption and to control soil acidity [26]. The addition of biochar to organic fertilizers
improves the physical and chemical properties of soil, facilitating better root penetration
and overall crop productivity [29,30].

Microbial population is another crucial component of the soil ecosystem. Soil microbes
assist in sequestering carbon, nitrogen cycling, decomposition of organic matter, and
improvement in soil structure. Thus, beneficial microbial species can also be used as
a sustainable strategy of enhancing soil fertility. The combined application of organic
fertilizers along with biofertilizers enriches the soil’s organic carbon pool.

Specific advancements observed for modern organic farming were primarily skewed
toward bridging the yield gap of organic farming with that of conventional farming. The
objectives focused on improving nutrient access and plant utilization and mitigation of
the negative impacts of chemical fertilizers [31]. Novel ideas associated with organic soil
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fertility involve unique organic amendments, cover crops, composting by earthworms, and
growth of phytoaccumulators [26,31].

Crop rotation and cover crops offer another potential strategy for enhancing soil
fertility without chemical amendments. This strategy can effectively substitute the use of
costly fertilizers and pesticides. One of the most feasible approaches is to grow different
species of plants rather than using monocultures because expensive farming inputs like
pest control measures and pollinators can be significantly reduced by planting different
plant species. It is now well proven that diversification of plant species in croplands has
a number of advantages for raising crop and forage yields, controlling weeds and pests,
increasing the level of soil carbon, and enhancing other soil nutrients.

Our previous studies have illustrated that soil fertility and health significantly depend
on soil structure, compaction, and water retention. Moreover, we observed in prior in-
vestigations that low organic matter content is one of the most relevant issues hindering
agricultural productivity in many regions [32]. Our prior research has also indicated that
soil arable lands, which are under the higher influence of anthropogenic activities, exhibit
lower SOC, N, MBC, and MBN compared to perennial grasslands and forests. The lower
SMBC/SOC and SNBN/TN ratios for arable lands also stipulated lower ability to accu-
mulate SOC and N, and sequester C [33]. We also noticed that intensive land utilization,
such as in arable lands, deteriorates soil health in terms of microbial activity, water soluble
organic carbon, humus formation, and acidity [34,35].

The long-term sustainability of agricultural systems depends on management prac-
tices. Our long-term investigation involving different crop residue management strategies,
intercropping combinations, and tillage practices illustrated that utilization of chopped
straw in combination with no-tillage improved SOC levels and reduced CO, emissions. We
also noticed that cultivation of leguminous crops enhanced nutrient cycling and offered
higher SOC stocks. Hence, organic fertilization, intercropping, and farm management
practices play pivotal roles in soil health, CO; emissions, and are linked with climate
change [36].

In similar investigations comparing organic versus conventional farming systems,
we noted that conventional farming deteriorates the soil biological indicators, while these
traits increase in the case of organic farming systems. We also noticed that organic systems
offer higher K, P, and Ca than conventional systems [37]. We have also attempted to use
different novel sources of organic fertilization and observed an increase in SOC, P, K, and
Ca contents. The application of organic fertilizations also resulted in enhanced microbial
abundance, MBC, and MBN in a direction relation [18]. Keeping this context in view, we
aim to comprehensively review organic fertilization, the various options available in this
regard, and mechanisms involved in this article. We also strive to put forward the value
of organic fertilization as a sustainable agricultural practice to ensure stress resilience and
climate change mitigation.

2. Impact of Anthropogenic Activities on Global Soil Deterioration

Excessive anthropogenic activities, such as intensive agriculture, deforestation, indus-
trialization, and unsustainable use of limited resources have resulted in soil degradation in
various regions of the world. Industrial agriculture is characterized by continuous produc-
tion of the same lucrative crops over the years. This monoculture practice undermines the
diversity of available SOM, detrimentally affecting the diversity of microbial communities
thriving in the soil that further hampers the nutrient cycling [38]. These changes in soil
make it prone to nutrient depletion, loss of biological diversity, and diminished resilience
to environmental changes.

Unsustainable agricultural activities severely impact soil sustainability in dryland
and semi-arid areas. The Aral Sea Basin and Mediterranean Basin are particular examples
of such soil deteriorations. Intensive tillage and excessive use of synthetic fertilizers and
pesticides are hallmarks of industrial agriculture. Tillage results in direct deterioration
of soil structure by breaking soil aggregates, disturbing horizons, increasing erosion, and
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reducing water retention capacity. Soil tillage also causes breakdown of organic matter,
resulting in reduced soil fertility [39]. The loss of soil structure from intensive tillage
leads to increased runoff and erosion, especially in rainfall. Moreover, excessive use of
synthetic nitrogen fertilizers and pesticides deteriorates soil quality through acidification
and nutrient imbalance [40]. Acidification also releases toxic heavy metals into the soil.
Likewise, the use of pesticides non-selectively damage microbial communities and soil
thriving invertebrates which are both crucial to soil fertility. Pesticide residues can thrive in
the soil for extended periods of time, resulting in damage to soil biodiversity. In addition,
industrial development over time has also led to soil pollution with toxic contaminants.
Industrial effluents often contain heavy metals such as Pb, Cd, and As which accumulate
in soil and pose risks to plants, animals, and humans [41].

Forests play a critical role in reducing runoff and improving water infiltration. Thus,
loss of vegetation covers to meet housing demands hampers groundwater recharge [42]. For
instance, deforestation has significantly affected the Amazon rainforests in South America,
where areas that were covered by dense forests have now become prone to erosion. Mato
Grosso, Brazil, is a typical example demonstrating such ecosystem losses. The human
activities in this region prioritizing cattle ranching and soybean production resulted in loss
of forest covers and SOC stocks that led to leaching and erosion [43]. Likewise, cutting of
palm and rubber plantations in Southeast Asian regions such as Indonesia and Malaysia
has also resulted in soil deterioration [44].

The large-scale production of cattle to meet human needs results in overgrazing
and loss of ground cover at a greater pace than natural recovery. Hence, overgrazing
leads to soil exposure and compaction, making it prone to water and wind loss. Moreover,
livestock trampling causes a reduction in soil porosity and increased bulk density that limits
water availability, flow, infiltration and plant root growth penetration [45]. Overgrazing
significantly impacts grasslands, savannas, and semi-arid rangelands. For instance, the
Sahel region of Africa, the Mongolian Steppe in central Asia, and Nevada and Utah in
the United States have been significantly impacted by overgrazing. The loss of grasslands
brings about serious implications not only in the form of soil sustainability but also because
of loss of biodiversity depending on such ecosystems [46].

The global decline in SOM because of anthropogenic activities has serious implications.
The loss of topsoil and contamination of soil and water severely hinder rehabilitation efforts.
The regions like Sahel, the Mediterranean Basin and the Amazon Basin demonstrate typical
examples of consequences of mismanagement of limited resources available [47]. Therefore,
coordinated and serious efforts to reverse losses to such ecosystems, restore SOM losses,
and adoption of sustainable agricultural practices are urgently and direly required.

3. Soil Organic Matter: Dynamics and Importance
3.1. Components and Role of SOM in Soil Fertility and Nutrient Cycling

Soil organic matter is a chemically diverse and spatially variable biotic and abiotic
aggregate of carbon-based compounds derived from the residues of plants and animals.
SOM includes live microorganisms, wood roots, and leaves, barks and stems, all forms
of dead plants, and animals [3]. SOM is primarily composed of humic substances and
black C: humic substances are residues of biomass transformation of organic materials,
including humic and fulvic acids [48]. The humic substances are essential components
of soil fertility. Black C is made up of extra biogenic carbon by-products like soot, char,
and charcoal originated from natural fires, burning of crop residues and fossil fuels [49].
The carbon component of SOM provides an energy substrate for microbial populations
in the soil. It makes numerous biochemical transformations possible, such as soil C flux,
the exchange of carbon between the soil and the atmosphere, and nitrogen fixation in the
atmosphere into mineral forms. Similar to undecayed SOM, plant root tips and leaves are
initially broken down by soil microbes during the early stages of soil organic carbon (SOC)
formation into forms that facilitate plant growth [50].
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3.2. Factors Influencing SOM Stability, Turnover, and Sequestration

The composition and source material of SOM determines its nutrient status, decom-
position and chemical structure [51]. Other major factors that influence SOM dynamics
include moisture content, temperature, and pH (Figure 1). Warmer environment promotes
the growth of microorganisms and enzymatic activity. However, it reduces organic matter
with the displacement of carbon, increasing the release of CO, [52-54].

The Carbon Cycle

Atmospheric
carbon dioxide

Sunlight

Photosynthesis

Plant respiration Emission

Animal respiration

Fossil fuel combustion

Plants Consumer Factory

- o

> Carbon fixation

Fossils and fossil fuels

Figure 1. Carbon Dynamics in Soil. Plant or animal residues accumulation on soil leads to organic
matter buildup. These organic materials are degraded by microbial decomposers that fix carbon in
the soil and form humus. Soil organic carbon is used by other microbial communities to support
metabolic activities in the soil living system. Created by author, in BioRender. Khan, M. (2024)
https:/ /BioRender.com/m23a751 (accessed on 28 November 2024).

Likewise, favorable water status increases microbial activities and enhances nutrient
uptake and, hence, reduces oxygen limitations to organic matter decomposition compared
to waterlogged or dried-up conditions. In addition, the pH of the soil is another impor-
tant variable that controls SOM decomposition and carbon accumulation. It affects the
interactions of microbial population dynamics; enzyme production and turnover; and the
availability and distribution of the nutrients that determine the degradation and solidity of
the soils” organic components [55].

4. Microbial Biomass Stabilization and Role in Soil Health
4.1. Soil Microbes: An Integral Part of Soil Ecosystem

Soil microbes form an essential, critical, and decisive factor in soil health determination.
The microbial communities in the soil are fundamentally important to nutrient cycling, soil
physical and chemical parameters, and carbon sequestration. For instance, Clostridium and
Azotobacter spp. are typical examples that serve as free living nitrogen fixers and convert
atmospheric nitrogen (N;) to ammonia (NH3). Ammonia is biologically available to plants
and hence, the microbial species mentioned are important in making this crucial nutrient
biologically available [56]. Moreover, Rhizobium and Bradyrhizobium also serve as nitrogen
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fixers. Furthermore, they form symbiotic relationships with plants, creating nodules
which help plants absorb nitrogen. In addition, nitrifying bacteria (e.g., Nitrosomonas and
Nitrobacter) transform ammonia into nitrate (NO3; ™). This conversion is carried out through
intermediate production of nitrite (NO, ™). These microbial activities are critically important
in making nitrogen readily available for plant uptake. Other microbial communities in the
soil, such as Pseudomonas and Paracoccus serve as denitrifying bacteria under anaerobic
conditions and are involved in maintaining nitrogen balance in the soil [35].

Phosphorus is another important macronutrient essential for plant growth. It is often
present in the soil in immobilized form as an insoluble mineral compound. In organic
amendments, phosphorous is bound to organic compounds or mineral complexes. The
interaction of SOM and microorganisms releases phosphorus for plant use [50]. Conversion
of this unavailable phosphorus to biologically available forms is carried out through phos-
phate solubilizing bacteria (PSB) such as Bacillus megaterium and Pseudomonas fluorescens.
These interactions result in the production of phosphate ions (PO43~). Arbuscular mycor-
rhizal fungi (AMF) also play a crucial role in phosphorus absorption by plants by extending
their roots far beyond into the soil to facilitate its uptake. In addition, Penicillium fungi
secretes citric acid that lowers soil pH and dissolves mineral-bound phosphorous [57].

Carbon cycle is also carried out through microbial activities in the soil (Figure 2).
Saprophytic fungi and bacteria, such as Trichoderma and Bacillus subtilis, are known for their
role in decomposing organic molecules like cellulose and lignin. The resulting organic
residues form the humus that plays a critical role in defining optimal soil structure and
increasing its water retention as well as nutrient holding capacity [58]. Humic substances
form the most stable fraction of soil organic matter. They work as a substrate and mediator
in soil processes and support nutrient availability and plant growth. The humic substances
are utilized by microbial communities as a carbon and energy source [59]. Extracellular
enzymes such as ligninases, peroxidases, and cellulases, released by microbes degrade the
recalcitrant aromatic and aliphatic structure of humus. Oxidoreductase enzymes of fungi
Trichoderma and Aspergillus break down humic substances to release nutrients. Humic sub-
stances carry high cation and anion exchange capacity and thus serve as nutrient reservoirs
and bind and release nutrients depending on microbial activities. Humic substances also
bind metal ions like iron Fe?*, Mg?*, and Ca?* and prevent their leaching off. For instance,
Pseudomonas and Bacillus spp. release organic acids that interact with humic molecules
enabling them to bind the mentioned ions [60].

Humus—phosphorous complexes also serve as a source of phosphorus. Pseudomonas
fluorescens and Bacillus megaterium release phosphorous from humic substances by excreting
citric and gluconic acids, that dissolve mineral-bound phosphorus. Microbial interaction
with humic substances provides a steady supply of phosphorus. Additionally, humic sub-
stances provide nitrogen that is entrapped within their structure through ammonification
and nitrification by interacting with Nitrosomonas and Nitrobacter spp. Humic substances
also act as biostimulants and enhance plant growth [61]. Moreover, humic substances
serve as signaling molecules for crosstalk between plants and microbial communities.
Thus, humic substances are part of feedback interactions in the soil that are essentially
manipulated by their interaction with microbial communities. Microorganisms also interact
with humic substances for enhanced microbial resilience. Their hydrophilic nature and
aggregate-forming capability provides microhabitats for microorganisms. Therefore, the
presence of humic substances in the soil and its interaction with microbial communities
play a critical role in determining soil health [62].
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Figure 2. Comparison of organic and conventional fertilizers for soil fertilization. Organic fertilizers
provide a sustainable and steady supply of nutrients. Moreover, they offer gradual but sustainable soil
health improvement that exhibits resilience against extreme climatic events. Conventional fertilizers,
on the other hand, result in nutrient leaching and degrade soil quality over time. Created by author,
in BioRender. Khan, M. (2024) https:/ /BioRender.com/m23a751 (accessed on 28 November 2024).

Pseudomonas fluorescens and Bacillus subtilis are recognized for the production of an-
timicrobial compounds, siderophores, and enzymes that hinder growth of pathogenic
microorganisms and nematodes [63]. Pseudomonas spp. releases siderophores that trap
iron, making it unavailable to pathogenic organisms. Likewise, Trichoderma fungi parasitize
fungal pathogens by producing chitinase that can decompose fungal cell walls. Because
of these characteristics, Trichoderma can act as a biocontrol agent against various fungal
diseases. In addition to this, certain soil microorganisms also trigger induced systemic
resistance in plants. Hence, soil microorganisms play a critical role in combating plant
diseases and pathogens and SOM addition can improve these activities by supporting
growth of such microbial communities [64].

4.2. Role of Microbial Biomass in Soil Health and Ecosystem Functioning

Soil microbial communities serve both as a reservoir and as the driver of nutrient
cycling. Nitrogen-fixing bacteria such as Rhizobium species convert atmospheric nitrogen
(N2) into ammonia (NHj3), making it available to plants. Leguminous plants form sym-
biotic relationships with Rhizobium spp. for nitrogen uptake. Additionally, Nitromonas
and Nitrobacter produce nitrate (NO3 ™) from ammonia [62]. Similarly, phosphorus (P) is
unavailable to plants despite being present in the soil. The phosphate-solubilizing bac-
teria (PSB), such as Pseudomonas and Bacillus, solubilize insoluble inorganic phosphates
or mineralize organic phosphate compounds into biologically accessible forms for plants.
In addition, mycorrhizal fungi form symbiotic association with plants, increasing their
penetration in the soil system to access nutrients and water. Mycorrhizal associations also
increase crop resilience to environmental stresses [65]. Carbon cycling is also carried out
by microbial communities in the soil. Microorganisms decompose dead plant and animal
material, releasing CO,, water, and other nutrients. For instance, cellulolytic fungi like
Trichoderma play a major role in plant residue decomposition. Thus, microbial communities
are crucial for carbon and nitrogen cycling and phosphorus availability to plants [66].
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Microbial communities also thrive within plant tissues and assist in nutrient supply
and disease resistance. Azospirillum spp. is a particular example in this regard that is in-
volved in plant growth stimulation by improving nitrogen availability and producing plant
hormones [64]. Moreover, soil microbial communities play an important part in disease
suppression. The four most important mechanisms that such microorganisms use include
competition with pathogens for nutrients and space, limiting the availability of such re-
sources. Second, microbial species such as Streptomyces and Actinomyces produce antibiotics
that target pathogenic microbes. Likewise, Trichoderma produces chitinases that decompose
the cell wall of microbial pathogens. Finally, certain bacteria such as Pseudomonas fluorescens
activate induced systemic resistance in plants to combat pathogens [67].

The total microbial composition in the soil is represented by SMB. It is considered a
key indicator of soil health. The rate of nutrient transformation, nutrient availability, and
the quantity and quality of soil organic input significantly influence SMB [68]. SMB also
functions as both an accessible nutrient and a sink in relation to terrestrial bioresources. SMB
comprises microbial biomass nitrogen (MBN), carbon (MBC) and phosphorus (MBP) [67].

MBN comprises potentially mineralizable nitrogen. Hence, it has a significant impact
on nitrogen dynamics and bioavailability in plants [69]. The most labile soil carbon is MBC,
which averages 1-4% of total organic carbon and rapidly alters in response to changes
in C availability [70]. MBC determines the soil’s capacity to store nutrients and energy.
Consequently, MBP constitutes only 2-10% of TP in the soil, while it can be up to 50%
in various P forms, in different soil horizons and its percentage can also depend on soil
developmental stages [71].

Microbes can absorb inorganic phosphorus. They hinder inorganic phosphorus pre-
cipitation by physical and chemical attributes [72]. High SOM content is associated with
an increase in SMB which presents a positive influence on the health of the soil ecosystem.
Beyond nutrient cycling, SMB plays another essential role, viz., provision of extracellular
polymeric substances (EPS) that bind soil particles, enhancing soil structure and aggrega-
tion [73] (Table 2).

Table 2. Functions of different EPS components.

EPS Component

Description Function in Aggregate Formation References

Form a gel-like matrix that encases soil

Polysaccharides Sugars linked together into long chains particles and promotes adhesion [73,74]
. Complex molecules containing Act as bridges between soil particles
Proteins amino acids and EPS polysaccharides (73]
Humic-like substances Similar to humic acids, but Contribute to blndmg.ar}d aggr(?gatlon [76,77]
less decomposed through electrostatic interactions

4.3. Microbial Amendments as Inoculants

The potential of different microbial species has also been explored as microbial inocu-
lants. For instance, nitrogen-fixers (symbiotic Rhizobium and Bradyrhizobium or free-living
Azospirillum and Azotobacter), phosphate solubilizers (Bacillus megaterium or Penicillium) can
be used as microbial inoculants to enhance nitrogen and phosphate availability [78]. Other
species of rhizobia, viz., Azorhizobium, Mesorhizobium, and Sinorhizobium form symbiotic
relationships with different legumes [79]. These microbial species establish nodules in the
plant roots and respond chemotactically to fix nitrogen for the plant.

Phosphate solubilizers increase phosphorus availability by solubilizing insoluble
compounds. Rhizobium-based inoculants have particularly been used in recent studies to
augment crop yields in legume crops [80]. The use of such inoculants can significantly
reduce the requirements of synthetic fertilizers. Microbial inoculants can also be employed
for their role in plant growth promotion. For instance, Pseudomonas fluorescens and Bacillus
subtilis produce plant growth hormones, such as auxins, gibberellins, and cytokinins [81].
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These hormones enhance plant growth, causing better root elongation, nutrient uptake
and branching.

Microbial inoculants offer targeted solutions for certain specific nutrient deficiencies.
Nevertheless, the effectiveness of microbial inoculants to achieve desired benefits varies
widely depending on crop, soil conditions, climate, crop type, inoculant formulation, and
carrier material [82]. On the other hand, organic fertilization offers a highly holistic, sus-
tainable, cost-effective, readily available, and manageable approach to enhance soil health.
These fertilizers enhance SOM content, provide a diverse array of nutrients, and support
diverse microbial and faunal communities. These advantages make organic fertilization
a unique and optimal option for long-term soil management and ecosystem resilience
to harness a wide range of benefits for sustainable soil health improvement, agricultural
productivity, and combat climate change on a larger scale.

4.4. Factors Influencing Microbial Biomass and Activity

Soil microbial biomass is significantly influenced by soil physical characteristics, cli-
mate, crop residues availability, organic and nutrient sources, and crops grown. SMB
directly and positively relates with the amount of soil organic carbon and crop production
in the area [83]. Moreover, moisture availability also influences SMB variations, making
water availability an indirect factor determining plant productivity. However, these climatic
effects are minimal at regional levels: properties such as SMB are more sensitive to the
nature of the local soil or the specific plant community [57].

Other physical parameters such as soil depth, slope, textural class, and mineralogical
groups also have predominant influence on microbial activities. Therefore, it becomes
possible for some soils compared to others to support greater, more biodiverse, and more
metabolically proactive SMB. A comprehensive investigation involving SMB analysis across
2150 sites identified that it is influenced by soil pH, texture, and SOM. In addition, SMB
pools in the sites which received intensive agricultural activities such as horticulture,
viticulture or arable cropping were significantly lower than those which did not [84].
Likewise, a French study with 278 sites elucidated that the microbial communities structure
depends on the textural class of the soil [85].

Several soil physicochemical factors affect SMB and its activity. For example, a rise
or decline in soil pH supports different microbial communities [86] and favors bacterial
richness at various geographic scales [87]. Conversely, soils with acidic pH levels below
4.5 have been shown to negatively impact SMB while also affecting bacterial and fungal
community composition. Notably, these effects are directly influenced by changes in pH
and indirectly by other factors, such as the quantity and quality of organic matter inputs,
crop productivity, nutrient availability, and the toxicity caused by high levels of aluminum
(AI**) and other heavy metals [88].

5. Innovative Organic Fertilizers, Their Types, and Effects
5.1. Types of Innovative Organic Fertilizers

Biochar is an organic product of carbonation of various wastes like animal, food, in-
dustrial, and agricultural wastes, and forestry residues [26]. It is a stable carbon source with
a high surface area and possesses promising physicochemical characteristics of absorbing
nutrients like K, Ca, and NH3 to enhance soil health. Further, biochar has excellent cation
exchange capacity (CEC) that also facilitates nutrient retention [89]. Nutrient adsorption
hinders their leaching and enhances soil fertility. Although biochar pH depends on the
source material, it is often alkaline and can help increase soil pH serving as a valuable
amendment in acidic soils. Its porous structure entraps waters and offers habitat for micro-
bial populations that further assist in carbon sequestration and nutrient cycling [90]. Thus,
it can play a vital role in increasing soil water retention and physical structure improvement.

Manure is one of the most popular organic materials that has been used for soil
fertilization for decades. It is rich in organic matter, nutrients, and microbial content [20].
Manure promotes soil aggregate formation. This structural improvement in physical
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characteristics of soil is particularly important to hold soil particles together to reduce
erosion under extreme climatic pressure [19]. Moreover, aggregation also enhances water
retention. In addition, manure is a rich source of organic matter and nutrients such as
N, P, and K that are vital for plant growth and development. Organic matter serves as a
carbon source that increases growth of rhizobia in the soil, enhancing nitrogen fixation
through their symbiotic relationship with legumes [91]. Also, manure helps balance soil
pH, particularly in acidic soils [20].

Fermented grass, used as another popular source of organic fertilization, is produced
through anaerobic fermentation and is a nutrient rich soil amendment [16]. It serves as a
rapid source of nutrients as fermentation process already breaks down organic material
present in it. Hence, the nutrients in fermented grass are readily available [22]. These
nutrients can immediately support soil fertility and microbial growth. Fermented grass
application also facilitates disease suppression in the soil and promotes a healthy soil
environment. Moreover, it adds a good amount of organic material to the soil which
improves its aggregation and reduces erosion and compaction.

Compost is also used as a promising strategy to enhance soil structure as an organic
amendment. It is made from anaerobic decomposition of food waste, plant residues,
agricultural waste, or animal manure [24]. Compost serves as a sponge-like material in
the soil and absorbs and holds water, increasing moisture availability for longer times. It
also provides a balanced amount of organic material to increase soil fertility. Moreover, it
offers slow and steady release of macro and micronutrients for extended and sustainable
fertilization. Biological origin compost enhances water-holding capacity of the soil and
improves its texture [25]. Thus, the application of compost carries particular importance in
water scarce areas. It is also rich in bacterial and fungal communities and actinomycetes,
which are crucial to soil nutrient transformation [23].

In addition, vermicomposting employs earthworms to convert organic waste into
nutrient-rich manure, enhancing microbial degradation processes [92]. The nutrient compo-
sition, particularly nitrogen (N), phosphorus (P), and potassium (K), is significantly higher
in vermicompost compared to traditional compost, as noted by [93].

Likewise, cover crops cultivation leads to an increase in soil N levels by nitrogen fixa-
tion through symbiotic association with rhizobia, and carbon sequestration via photosyn-
thesis, with organic carbon incorporated into the soil through plant biomass ultimately [94].
In addition, deep rooting cover crops also play a crucial role of accessing nutrients from
the deeper layers of soil and then redistributing them to the upper layers [31]. They can
either be cultivated as sole crops or be planted as intercrops within the cash crop fields.
A study by Murphy [95] found that the soil connected to organic farming with winter
cover crops had better pH, moisture, and dissolved C and N compared with conventional
farming systems.

Biofertilization is another form of innovation in organic agriculture. It involves using
beneficial microorganisms, for instance, mycorrhizal fungi and nitrogen fixers (Rhizobium).
These microbes interact with crop plants and enhance nutrient uptake in soil either through
solubilization of nutrients, increasing root area or enhancing nutrient cycling particularly
N and P. In a comprehensive study conducted by Begum et al. [96], the authors found
that crops grown with AMF were successful in withstanding adverse environmental fac-
tors including high salinity levels, low temperatures, nutrient unavailability, and abiotic
stress conditions.

Additionally, mulching or conservation tillage facilitates crop residue retention on
the soil surface. These residues have a high nutrient content and gradually decompose
into the soil, releasing P, N, K, and other important macro and micronutrients that are
readily available for plant use [31]. Hence, various sources of organic carbon can be used
as fertilizers [28,29]. The challenge of balanced and sufficient supply of nutrients can be
solved by using phytoextractors and phytoaccumulators. They can effectively close this gap
as they can scavenge and store certain nutrients from the soil. Therefore, considering crop
nutrient requirements, specific phytoaccumulators and phytoextractors can be utilized [97].
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5.2. Benefits and Applications as a Sustainable Agricultural Practice

Organic fertilizers can play a paramount role in fostering sustainable agriculture.
They enhance soil health and structure by increasing soil aggregation, water retention, and
resilience to erosion and compaction [59]. Organic fertilizers bind soil particles together and
form aggregates which are crucial for plant root penetration. Similarly, organic fertilizers
increase the water retention capacity of the soil, which is critically important in water-
scarce arid regions. Moreover, improvement in soil physical and structural parameters
leads to better resilience to erosion and compaction [6]. In addition, organic amendments
of soil increase biodiversity and microbial activity by promoting the growth of beneficial
microorganisms by providing nutrients and a favorable environment. These improvements
in microbial communities in the soil lead to the availability of mycorrhizal fungi and
nitrogen-fixing bacteria, enhancing nutrient supply to plants and reducing the need for
synthetic fertilizers. The increased presence of beneficial microbes in the soil also facilitates
disease suppression [98].

Organic fertilizers reduce dependence of farming systems on synthetic fertilizers,
which are a main source of water pollution and greenhouse gas (GHG) emissions. The use of
organic fertilizers minimizes nutrient runoff, hazardous emissions, and soil acidification [6].
The slow and steady release from organic fertilizers offers sustainable nutrient supply. In
addition, organic matter enhances the CEC of the soil which directly relates to the retention
of essential nutrients and hinders their leaching and runoff [99]. Overall, organic fertilizers
offer a healthier soil environment for plants and microorganisms [52].

Organic fertilizers also play a promising role in carbon sequestration. They are often
derived from crop residues, food waste, and animal manure. Thus, they not only offer nu-
trient cycling but also reduce waste. In addition, organic fertilizers facilitate the growth of
earthworms and nematodes, which form a vital component of soil health. These organisms
improve soil structure by breaking down organic matter and improving aeration in the soil.
Hence, organic fertilizers play a critical role in enhancing soil and environmental sustain-
ability through multidimensional benefits and form a critical component of sustainable
agriculture [100].

5.3. Mechanisms Underlying Effects of Organic Fertilizers on Soil

Compared to chemical fertilizers, numerous studies in the past have supported the
benefits of organic fertilizers in enhancing the fertility of the soil and the growth of crops [6].
Three primary mechanisms of organic fertilization have been proposed to explain these
improvements; namely, nutrient synchrony, the priming effects, and fertility enhancement.
The nutrient synchrony mechanism indicates that organic fertilizers provide C energy
for microbes. Moreover, slow decay leads to slow and consistent N fixation in the soil.
As microbes decompose OM, this nitrogen becomes available to plants at the later stage
of plant growth in a form that is usable by plants. This ensures that crops get the best
value from the nutrients at optimal maturity, with almost negligible leaching losses [80].
Conversely, other authors have postulated that applying organic and mineral fertilizers
simultaneously increases nutrient co-ordination, availability and plant utilization. The
priming effect is an immediate alteration of the rates in nutrient cycling in the soil that
arises from soil incorporation with labile OM. The nutrient content both in the soil and
crops after the amendment period is higher than the initial soil nutrient content [101]. This
additional nutrient content stems from the organic amendment through promoting the
mineralization and dissolution of the hitherto ‘fixed” nutrient content due to enhanced
microbial biomass, variety, and activity. Furthermore, OM positively alters the physical
characteristics of the soil. Thus, OM amendments enhance nutrient content as well as the
physical structure of soils. As a result, crop nutrient uptake capacity, productivity and yield
are improved [6].

Overall, organic fertilizers increase soil fertility and health and improve its structure
by providing large amounts of C, increasing aggregation, improving water retention, and
reducing bulk density [6]. Many of the organic fertilizers such as compost and manure
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exhibit sponge-like qualities that help in holding water in soil matrix. These properties
enhance both water infiltration and retention. Likewise, biochar has a porous structure
while manure exhibits a mix of fibers and organic compounds. These characteristics
of organic fertilizers improve both soil physical and chemical properties [21]. Organic
fertilizers are not only potential sources of macro and micronutrients, and promising
physical characteristics but they are also rich in beneficial bacterial and fungal communities.
These materials introduce promising microorganisms to the soil and support the growth
of already prevailing beneficial communities. These microbial communities, particularly
AMEF, produce glomalin, a glycoprotein that acts as a glue to bind soil particles together,
increasing soil porosity that reduces erosion. Organic fertilizers also increase the CEC of
the soil and help retain K*, Ca?*, and Mg?* ions. The CEC reduces leaching of nutrients,
particularly in sandy soils where nutrient loss is a significant problem [100].

Organic amendments also bring about promising changes to the chemical properties of
soils, such as pH. For instance, compost and manure have buffering capacity that can help
stabilize soil pH and create an environment that facilitates microbial growth and nutrient
availability. Finally, organic fertilizers contribute to carbon sequestration, serving as an
effective resource for long-term carbon storage. Biochar, for instance, has a very stable
structure and can resist microbial decomposition, serving as a slow-releasing carbon source.
These chemical properties make organic fertilizers an excellent option for sustainable
agriculture [59].

5.4. Comparative Analysis of Innovative Organic Fertilizers and Conventional
Fertilization Methods

Agriculture in the last 50 years has become more dependent on non-renewable sources
in the following ways: burning of fossil fuels in agriculture, the production and use of
fertilizers and pesticides, mineral mining for K and P fertilizers, and the use of limited
water resources. These costly inputs adversely affect environmental sustainability as well
as crop production and food security [102]. Significant concerns have been raised about the
impacts of these agriculture-related practices on the soils, microorganisms, diversity, crop
yields, food quality, and resource efficiency, as indicated in Figure 2 [102,103].

Organic farming benefits the soil, biodiversity, and food quality as concluded from
the various studies [102,103]. It has also been explicitly noticed that organic farming has
lesser effects on global warming potential, terrestrial and aquatic toxicity, eutrophication,
and acidification. This contrasts with conventional farming, where tremendous amounts of
nitrogen and phosphorus are used unwisely. The conventional fertilizers are not only chal-
lenging resource efficiency but they also contribute food security issues and environmental
toxicity [104].

6. Effects of Organic Fertilizers on Microbial Biomass, Diversity, and Activity

Various short-term and long-term experiments have been conducted to evaluate the
soil function and health on SMB [36]. The concentration of C and N and C/N ratios
are deemed important to determine SMB. Moreover, microbial growth and activity are
increased under high C content. For instance, Li et al. [105] reported that MBC increased
by about twofold under organic amendments compared to the control, in short-term
experiments. Likewise, the C/N ratio of the SOM plays an important role in the rate of OM
decay [106], because a substantial enhancement in the MBC and MBN was noted when
the soil was supplemented with manure and crop residues. However, the crop residue
with a high C/N ratio increased MBC and MBN more significantly compared to manure
treatment in a short-term study [105]. High SOC content offers a higher SMB than soils
with low SOC [105].

Studies indicate that long-term organic manure amendments are superior to short-term
manure amendments in that they improve the exchangeable cations and, thus, the pH of the
soil more than chemical fertilizers and treatments [50]. Organic manure amendments also
enhance SOC and MBC. This enhancement can be explained by high organic C and MBC
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inputs and nutrient accumulation and high carbon addition by long-term organic manure
treatment [107]. These studies also disclosed organic amendments to be more effective in
increasing total soil N (TN), total soil P (TP), and total soil K (TK) than chemical fertilizers.
In the same way, the inorganic fertilizer applied decreases the OM in the soil more than the
organo-mineral amendment containing inorganic fertilizer with crop residues [108].

Furthermore, organic manure amendments have been observed to enhance the soil
bacterial and fungal load, as highlighted by the shift in the microbial communities under
long-term organic amendments [38]. Specific microbial operational taxonomic units report-
edly associated with organic manure amendments include Chytridiomycota, Aleuria aurantia,
Cyanobacteria, Firmicutes, and Myxococcales [109]. Such changes may affect the functional-
ity of the soil, specifically with respect to certain types of microbes being favored, while
others are reduced in number. Consequently, evidence suggests that organic amendments
influence soil microbial number, biomass, and activity, including SMB, MBC, MBN, and
dehydrogenase activity; by a greater extent than the conventional fertilizers [49].

Sabir et al. [50] analyzed the impact of conventional fertilization versus organic fertil-
ization on microbial communities in soil and suggested that organic fertilization enhances
the growth of heterotrophic microbes and increases organic carbon. On the contrary, inor-
ganic fertilization causes soil acidity and changes soil osmolarity disturbing the taxonomic
diversity of soil microbes. Azarbad [38] concluded that organic farming can be used to
enhance soil microbial diversity, which can help attain improved soil resilience. In addition,
the author also proposed that organic farming offers high organic matter and water holding
capacity. Likewise, Dinca et al. [57] suggested that inorganic fertilizers cause changes in
soil chemical properties that lead to OM losses and affect bacterial species abundance.

Wooliver et al. [49] investigated the association between crop diversification, microbial
diversity, and SOC and observed that organic systems increase microbial diversity in con-
trast to conventional management that deteriorates it. They suggested that carbon storage
and microbial diversity are positively associated with organic farming systems. Colautti
et al. [40] compared soil microbiota between organically and conventionally fertilized soils.
Armalyté et al. [110] studied microbial diversity using 165 rRNA gene sequencing under
differently fertilized soils and reported shifts only in lower bacterial taxa between organic
versus conventional farming systems.

Likewise, Peltoniemi et al. [98] investigated long term impact of organic and conven-
tional fertilization on microbiota. They determined microbial abundance using bacterial 165
rRNA genes and the fungal ITS2 region using qPCR. Moreover, bacterial and AMF fungal
community compositions were investigated using amplicon sequencing. The organic sys-
tems demonstrated higher microbial richness. The fungal abundance also implied microbial
activity and C sequestration. The typical bacterial community representatives indicated
lower diversity in conventionally fertilized soil. Furthermore, Amadou [52] reported that
potential bacterial functions of both roots and above-ground plant tissues are influenced by
organic or inorganic fertilization; and even type of fertilization in each category.

7. Diverse Plant Varieties and Their Implications for Soil Health
7.1. Importance of Crop Diversity for Soil Health, Ecosystem Resilience, and Nutrient Cycling

Soil health is related to the environmental viability of the farming system over time.
Soil stability, in turn, concerns five distinct soil attributes: biodiversity, nutrient cycling,
physical structure, water regulating capacity, and the filtration and buffering capacity
against environmental challenges [111]. Implementing crop diversification can serve as a
potential strategy to increase soil fertility and mitigate other agricultural challenges such
as insect/pest and weed control. Their implementation with organic farming or cover
cropping may result in more profitable and resilient farming systems [112].

Crop rotation increases yields and productivity while enhancing water and nutrient
use efficiency. This, in turn, enhances the ability of the agroecosystem to resist agricultural
threats, such as weed invasions, pests, and diseases, and helps the system recover quickly
once these pressures are alleviated [113]. Furthermore, crop diversification contributes to
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increased carbon sequestration by enhancing the process of converting atmospheric CO,
into carbon stored in plant biomass and soil [94].

It is worth noting that legume-based crop diversification also spears the use of external
N fertilizers because legume crops are able to fix N, from the atmosphere and thrive in
microbial communities that promote nutrient cycling, soil bioremediation, and health, and
lessen anthropogenic impacts [94,114]. Baldwin-Kordick et al. [113] observed potential
C and nutrients cycle improvement, better conservation, and their accessibility to plants
in a 4-year study with composted cattle manure applied under a diversified cropping
system ((maize-soybean—oat (Avena sativa L.) + alfalfa (Medicago sativa L.)-alfalfa). Studies
using meta-analysis have also corroborated the role of soil macro and microflora in the soil
nutrient availability [115]. Hence, these studies indicate attributes of crop diversification in
the restoration of soil quality and sustainable environmental management.

7.2. Effects of Crop Diversification on SMB and SOM

Crop diversification improves SMB, microbial diversity, and community composi-
tion [116], which contribute to the better functional resilience of soil [117]. Hence, it serves
as a protective and corrective measure in crop management to benefit soil fertility. Adding
forages, pulses, oilseeds, multipurpose trees, and balanced organic and residue amend-
ments increases and maintains the net accrual of SOC content. Pulses are an excellent
source of biological nitrogen fixation. They also offer a deep rooting system enhancing the
physical parameters of soil. Moreover, pulses can be grown as intercrops with cereals [118].
For example, a long-term investigation found a 6% enhancement of SOC and 85% of MBC
over a cropping system of the rice-wheat-mung bean compared with the conventional
rice-wheat cropping system [119].

In addition, intercropping of cowpea—berseem enhanced the amount of SOC and
its rate of accumulation significantly than that observed with the conventional Guinea
grass-based cropping system [118]. However, these strategies should be adopted with
caution as crop diversification does not eliminate the impacts of potential diseases such as
soil-borne diseases or pulse-specific pathogens which may elevate given the application of
pulse crops in the cropping system [120]. Overall, the diversified crop rotation is useful
to support the maintenance of agroecosystem species richness and prevent diseases and
pest attacks (when used appropriately), improve soil quality and health, and enhance the
production of crops [121].

The crop rotation strategy should be decided based on factors such as type of crops,
the possible pattern of rotation series [59], the number of crops grown per year [122], and
the characteristics of agricultural land [123]. For instance, some rotations can promote
beneficial bacteria in soil populations, while decreasing pathogenic outbreaks by breaking
the cycles of soil pathogens related to specific crops or crop cultivars. Baldwin-Kordick
et al. [113], in a four-year experiment, observed 62% higher MBC and 80% higher MBN
under the (maize-soybean—oat (Avena sativa L.) + alfalfa (Medicago sativa L.)-alfalfa) crop
rotation system with livestock manure compared to two-year investigation under maize
soybean rotation with synthetic N fertilizer.

Lastly, it has also been shown that cropping systems, by virtue of rotation, can control
pests, weeds, and disease pathogens, by breaking the disease cycle [124]. Therefore, diverse
crops with unique characteristics should be part of crop rotation to improve SOM, SOC,
SMB, and crop productivity, while reducing crop diseases to improve overall soil quality
and health [94].

7.3. Relationship Between Crop Rotation, Cover Crops, and Soil Health

Crop rotation in fallow times increases plant litter amount and diversity on the soil
top [117]. This significantly changes SOM quantity and quality and helps raise and sustain
SOC levels over the years. Several long-term studies found higher SOC and total N in
complex crop rotation systems [125] due to better cycling of plant leftovers.
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Using diverse plant types in crop rotation is deemed to release different root exudates
and other substances into the rhizosphere, which changes soil nutrient content and avail-
ability for microbes [49]. The different root exudates facilitate the growth and development
of variable microbial communities giving rise to diverse microbial environments in the
soil. Microbial diversity, such as the presence of nitrogen fixing bacteria, mycorrhiza fungi,
and efficient decomposers enhance fertility, nutrient cycling, and resilience against extreme
climatic events. The microbial diversity also enhances soil aggregation by production of
glycoproteins [58]. Crop rotation also facilitates growth of mycorrhizal fungi in the soil,
which enhances porosity and density of soil and supports plant growth by providing them
with a better, longer rooting system.

Legumes and brassicas efficiently and significantly enhance microbial diversity in
the rhizosphere to create a microbial network that improves soil health [126]. Under
these principles, rotation of a deep-rooted crop (e.g., alfalfa) with a shallow-rooted crop
(e.g., wheat) can form a system in which the deep roots break up compacted soil forming
macropores while shallow roots stabilize the surface soil. This rotation system can offer
efficient aggregation and prevent compaction, especially in clay soils. Prior studies have
strongly advocated for increasing crop diversity in rotation, as it enhances microbial
diversity and, in turn, improves soil health. Growing cover crops helps to stabilize the
structure of the soil, its water-holding capacity, ability to retain N and C, and the infiltration
rate more than the cultivation of bare soils [127]. Furthermore, cover crops exudates aid
in managing biotic crop stress factors such as pests, weeds, and other diseases from the
soil [128].

Cover crops also significantly influence other soil characteristics. For instance, grass
covers reduce soil nutrient content through nutrient uptake, while using legume covers
provides the soil with nitrogen that they first capture from the atmosphere, meaning that
the requirement of synthetic nitrogen can be reduced [124]. Likewise, brassica residues
contribute to production of glucosinolates that exert anti-parasitic nematodes activity, serve
as a buffer for the soil, and alter the physicochemical properties supporting better root
penetration of the subsequent planted cash crops [129].

Crop diversification also enhances soil’s ability to infiltrate and retain water. A combi-
nation of shallow and deep-rooted system crops can provide micropose with better water
infiltration and reduced runoff. In this regard, maize cultivation with a deep-rooted crop
like pigeon pea can offer a dual root system. The shallow roots of maize offer better surface
oil porosity, while the deep roots of pigeon pea increase water infiltration across the soil
profile [130]. Moreover, diversification with cover crops can offer a protective canopy that
decreases soil erosion. The dense root systems of cover crops can hold the soil particles
together preventing erosion by wind and water. In addition, cover crops cultivation can
help in maintaining soil health indicators as well [131].

Graminaceous cover crops have also been shown to increase the subsequent cash
crop production [132]. Legumes form efficient symbiotic relationships with rhizobia and
AMF. This symbiotic association with fungi offers deep-rooted system to absorb water
and nutrients for C and N cycling [133]. Hence, soybean, an excellent nitrogen fixer,
can reduce the need for synthetic nitrogen fertilization for the subsequent growth of high
nitrogen demand crops such as maize [134]. Similarly, deep-rooted crops such as sunflowers
can mine phosphorus from lower layers of soil and make it available for shallow-rooted
crops [135] to be grown in the next cycle (for instance, lettuce).

Crop rotation also interrupts pest and disease cycles by the unavailability of their plant
hosts. For instance, Paudel et al. [136] reported that sorghum /sorghum-sudangrass cover
crops cultivation not only increased soil moisture, microbial biomass, and other fertility
parameters but also suppressed the infestation of plant-parasitic nematodes in the cropping
system. Moreover, Mushtaq et al. [137] also proposed that parasitic nematodes can be
managed using antagonistic plant diversity.
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Hence, crop diversification and rotation bring about various promising changes to soil
health that increase nutrient availability, fertility, soil chemical and physical parameters,
and disease mitigation. Overall, appropriate cover cropping systems can improve soil
health to mitigate the impact of climate change and can assist in controlling soil-borne
diseases [138].

8. Synergistic Effects and Field Applications of Organic Fertilizers and
Crop Diversification

8.1. Impact of Interactions Between Organic Fertilizers and Plant Diversification on Soil Health

The disastrous and permanent outcomes of synthetic fertilizers on soil health are
alarming and demand sustainable agricultural development [139] in a way that can fulfill
the needs of the growing human population without degrading the quality and fertility
of the soil for next generations [140,141]. Studies have demonstrated that organic farming
can mitigate the negative consequences caused by chemical fertilizers [142,143]. Organic
farming, which is hailed as a sustainable agricultural practice, can increase income from
cash crops without adversely affecting soil fertility [122,144].

Organic fertilizers offer multifaceted benefits to agroecosystems by providing macro
and micronutrients, controlling soil erosion and affecting the composition and diversity of
soil microbial communities [145]. Crop rotation and cover cropping practices are strongly
related to organic fertilization [146,147]. Organic fertilizers, such as green manure, for
example, have been proven to contribute primarily to an increase in SOM [148]; thus,
cover cropping or intercropping can improve soil fertility and biodiversity. The application
of leguminous cover crops and organic N sources together allows greater conversion of
atmospheric N and CO, into plant-available N and C through nitrogen fixation performed
by the soil microbes associated with these crops. Diversity in plant use in crop rotation also
helps curb the growth of harmful pests, pathogens, and weed species, protects cash crop
yields and productivity, increases soil nutrient content availability [79], and improves soil
health characteristics as well as fertility [149-151].

8.2. Field and Case Studies Demonstrating the Impact of Organic Fertilizers and
Crop Diversification

Environmental conservation and sustainability are equally vital to food production
and high yield. It is critical to shift current monocultural cropping and chemical fer-
tilization methods to diversified crop rotations and organic fertilization approaches for
agricultural and environmental conservation. This improvement is especially noted when
more than three years of crop rotations are accompanied by slurry and manure fertilizer
applications [152]. De Roest et al. [153] pointed out that apart from sustainability and food
security, crop diversification also enhances the economic benefits. Similar observations
were recorded by Scherer et al. [154] as well.

Francaviglia et al. [152] explored the effect of both crop diversification and the use
of organic fertilization on arable crops and noticed that unlike chemical fertilization that
involved tilling in conventional farming, either diverse crop rotation of autumn-winter
cereals/fodder grains or spring—summer cereals/fodder grains led to a 12% increased
production compared to synthetic farming. Likewise, using organic fertilizers like slurries,
crop residues, or mulch increased crop yields by 40%, 39%, and 74%, respectively [152].
Another study established that a maize—soybean—oats rotation scheme with alfalfa for
four years and cattle manure as an organic amendment decreased the soil root growth
resistance by 8%, enhanced the CEC by 16%, increased the microbial biomass by 62%,
and enhanced the value of salt-extractable soil carbon by 157%. With better soil health,
farming became less dependent on inputs, grew higher-yielding crops, incurred lesser
environmental impacts, and became more profitable [113].

Nascimento et al. [155] investigated the crop performance of wheat under a three-year
crop diversity program of canola-pea—wheat and a cereal crops rotation program of barley—
triticale-wheat with either organic nutrition from anaerobic digestate or inorganic fertilizer.
The outcome of the study revealed that diversification of crop rotation enhanced the yield
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of wheat by 1.79 t ha—!, improved N uptake through better availability of high N content
preceding the growth of pea and enhanced the water use efficiency. Similarly, the fields
with crop rotation and digestate also had relatively higher nitrogen content in the form of
nitrate compared to the fields that applied mineral fertilizers [155].

These field-level studies indicate the need to employ crop rotations, particularly for
long-term, and the use of organic amendments, to improve the yield and productivity of
crops. This approach can contribute to the decrease in the use of mineral fertilizers, the
reduction in the negative impact on the environment, as well as the increase in SOC, SOM,
SMB, and the overall quality of soil [113].

9. Significance of Soil Health: A Larger Perspective Beyond Agriculture

Soil is an integral part of ecosystem resilience against climatic extremes including
drought, temperature fluctuations, and floods. Healthy soils with high organic matter
content, diverse microbial communities, and promising physical parameters can buffer
against such environmental extremes [156]. Soil is one of the largest carbon reservoirs on
earth. The organic matter of the soil contains carbon derived from plant residues, microbial
biomass, and root exudates. This carbon is stored within the soil for centuries after the
decomposition of organic matter. The carbon stored in the soil reduces the amount of CO; in
the atmosphere. Soil organic carbon serves as an energy source for microbial communities,
improves soil structure, and regulates the availability of nutrients [49].

The microorganisms in the soil in turn enhance nutrient availability and carbon seques-
tration from the environment into the soil. Thus, healthy soils improve the environmental
sustainability and help in climate change mitigation [157]. All these roles of soil as an
integral part of agroecosystems are also essential for hosting biodiversity in terms of mi-
crobial populations, plants, fungi, and earthworms. Biodiversity is critical to maintain soil
and ecosystem health and food chain. The biodiversity of life forms in the soil enhances
resilience to pests and diseases and offers sustainable resource utilization by providing
promising physical properties to the soil [158]. Healthy soil also offers balanced nutrient
availability through natural activities, without the application of synthetic contaminants.

Healthy soils containing high amounts of organic matter exhibit good water hold-
ing capacity which is an important parameter in water scarce regions. They have good
infiltration capacity and thus serve as a source of moisture preventing runoff. Healthy
soils also serve as natural filters to remove contaminants, pesticides, and other hazardous
chemicals from excess water. Soil particles and organic matter entrap these chemicals from
the surface runoff and hinder their movement to groundwater and other water bodies [159].
Furthermore, microbes thriving in the soil detoxify hazardous industrial effluents through
their metabolic activities.

10. Environmental Trade-Offs of Organic Versus Conventional Fertilizers

Soil fertilization is a prime component of modern agriculture. Nevertheless, fertiliza-
tion practices come at the cost of environmental impacts, particularly GHG emissions. The
environmental footprints of fertilization practices vary significantly [160]. Exploring these
trade-offs is critical for evaluating available fertilization options.

Organic fertilization makes use of natural resources to enhance soil fertility and
therefore is of utmost importance for sustainable agriculture with limited environmental
outcomes [52]. Contrarily, conventional fertilizers are synthesized chemically. They im-
mediately release nutrients and may result in leaching and runoff. For instance, nitrogen
fertilizers synthesis is carried out through the Haber-Bosch process; a highly energy-
intensive method that relies on fossil fuels [161]. Hence, production of these fertilizers
results in a significant amount of CO; emissions. Around 5% of the global GHG emissions
is attributed to the production and use of these fertilizers [162]. In addition, synthetic
nitrogen fertilizers release nitrogen at a higher rate, resulting in higher N,O emissions
because of leaching and volatilization as the release exceeds plant uptake. The use of
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conventional fertilizers is also often associated with frequent tillage, which enhances SOM
decomposition and releases stored carbon [38].

Organic fertilizers, on the other hand, generally release nitrogen slowly on decomposi-
tion and thus, the risk of oversaturation and emission is lower. Still, proper application
and management is required in the case of organic fertilizers as well [21]. The processing
and transporting of organic materials causes emissions, if not managed locally. Moreover,
manure application in waterlogged soils may result in N,O emissions; but even in such
cases, this release is generally localized and small. Compositing before application of these
fertilizers can further help reduce the chances of such outcomes [163].

Conventional fertilizers do not directly result in methane emissions; however, their
application in monocropping systems may cause indirect release of CHy, especially in rice
paddies [11]. Organic fertilizers need to be produced under regulated and well-managed
conditions to ensure proper composting. However, organic fertilization has a promising
advantage of carbon sequestration. This benefit gives organic fertilizers a unique edge as a
sustainable and feasible agricultural practice [101].

Conventional fertilizers also generally offer higher yields per unit area. Therefore,
emissions per unit of crop output need to be compared between organic versus inorganic
fertilizers. Nevertheless, organic systems enhance soil health by augmenting microbial
activity and diversity, SOM content, and carbon sequestration and result in long-term soil
health improvement and sustainable climate resilience [39]. Conventional systems, on the
contrary, often deteriorate soil organic matter, fertility, and biological diversity, resulting in
lower resilience to climate stresses.

11. Challenges and Limitations

Organic fertilization also faces several challenges and limitations. Improving microbial
biomass through organic fertilization is critical to ensure optimal nutrient cycling [164].
However, efficiency of organic interventions substantially varies among different ecosys-
tems. For instance, high temperatures and low moisture in arid and semi-arid aeras offers a
challenge to microbial activity and biomass stabilization [165]. Under such conditions, OM
decomposition slows down, and it becomes challenging to achieve a robust soil microbial
population. Moreover, sandy soils also offer such limitations because of low water retention
and nutrient-holding capacity. Such environments hinder microbial growth and may neces-
sitate frequent re-application of the amendments [166]. In addition, acidic soils deteriorate
microbial growth because of low pH, while saline soils introduce such challenges because
of osmotic stress on microbial cells. Hence, profiling of the target environmental conditions
is important, and organic amendments need to be applied accordingly. Climate-specific
management practices and localized strategies may be required to attain better efficiency of
such applications [167].

From farmers’ perspectives, they are generally reluctant to adopt organic measures
due to the possibility of a decline in the yield and productivity of crops and the cost
of machinery necessary for organic farming and crop diversification [152]. The lack of
capital investments, human resources, machinery, and R&D are also major challenges
in this regard [168,169]. Including other crops in crop rotation also presents economic
challenges and risks to farmers. Another reason contributing to the low adoptability of
crop rotation and organic fertilization is the fact that most farmers are tenant farmers; they
do not actually own the farmlands they cultivate and hence cannot invest in long-term
soil health and fertility improvement [170]. The inability of farmers to implement these
practices successfully and the deficit of technological support from policymakers and other
stakeholders are also significant challenges [171].

Hence, poor knowledge, lack of funds, low interest in long-term soil improvement,
and inadequate human resources are perceived as major challenges that hinder farmers
from practicing sustainable agricultural techniques [172]. Likewise, lenders are also mostly
unaware of the potential of sustainable and long-term cropping systems economically
and are often reluctant to expend funds for such purposes. Moreover, the absence of
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market opportunities in a diverse range of agricultural produce and high dependence on
government policies supporting major crops dampens the farmers’ confidence and hinders
them from embracing crop diversification initiatives [169,173].

In addition, organic fertilization is particularly challenging in areas with limited access
to organic inputs and knowledge about diversified cropping systems and their benefits.
Unavailability of infrastructure and limited access to organic fertilizers and economic
resources makes their adoption difficult in such regions [174]. For instance, livestock
densities in arid and semi-arid regions are often low. In such regions, the availability of
manure in enough quantities may be too low for such applications [175]. Additionally,
farmers in resource-scarce regions, such as Sub-Saharan Africa or South Asia may have
limited access to high-quality compost or biochar. Moreover, organic fertilizers require
higher transportation costs as they are less dense in nature, making them less fit for use by
small farmers. Finally, the production of organic fertilizers is labor- and time-intensive and
requires basic knowledge of operations [176].

Organic fertilizers also provide an inconsistent supply of nutrients. Furthermore,
nutrient release in arid and semi-arid regions may be very slow and thus the efficacy of
organic fertilizers falls off. Organic fertilization may be less effective in saline or acidic
soils. Additionally, it also requires technical knowledge which may not always be available
to farmers in under-privileged regions [177]. Establishing biochar kilns, cover cropping
systems, or composting facilities require investments, which may be unavailable to small
farmers. Organic fertilization also needs to be managed properly, or it can result in GHG
emissions, particularly under anaerobic conditions [174].

In addition to the mentioned obstacles, geographical impediments like limited mar-
keting infrastructure for different crops, unfavorable climate, technological transitional
problems, institutional and socioeconomic factors such as non-consolidation of land owner-
ship and group farming models are the main issues which hinder crop diversification on
larger scales [169,178,179]. To summarize, the main challenges to adopting organic farming
in agricultural lands include slow production and low crop yield concerns, shortages of
certified organic inputs, and technical limitations [180,181]. Hence, appropriate capacity
building, policy support, and technology development are necessary for making use of
organic fertilization on large scales.

12. Future Directions for Research and Practical Implications

There are considerable gaps in the current knowledge on the practical implications of
organic farming. Extensive socioeconomic analyses are required to evaluate the effect of
crop diversification and organic farming on the income of rural communities for poverty
alleviation. Comprehensive data on economic outcomes are critical to incline policymakers
and average farmers towards organic fertilizers and crop diversification [182,183]. Addi-
tionally, the impacts of inter- and intra-season crop rotations on soil fertility, nutrients, and
moisture need to be explored considering the multifaceted aspects involved.

There is also a need to explore the relationships between organic practices and their
impact on increasing SOC, SMB, and promoting agroecosystem health and sustainability.
Particularly, the interaction of diversified crops and various types of organic amendments
needs to be investigated under different climatic conditions. It is also critical to explore
organic fertilization in relation to nutrient leaching, pest or weed establishment, and soil-
borne pathogens inhibition [184].

In addition, the social implications of crop diversification and organic farming should
also be investigated in detail [185]. Moreover, composting processes for optimal production
of organic fertilizers need to be established. Methods of converting organic sources to high-
quality fertilizers need to be optimized, while new organic materials need to be explored
for wider availability of organic fertilization. Also, organic fertilizers” fortification with
nutrient-dense additives needs dire attention. There is also a need to develop precision
and predictive models for optimal in-field analysis of organic fertilizers [26]. Finally, the
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environmental impact of organic fertilization should be established under different climatic
conditions and region-specific fertilization strategies should be developed.

13. Conclusions

This comprehensive review underscores the critical role of organic agricultural strate-
gies in improving soil health, sustainable nutrient cycling, and mitigation of climate change.
Organic systems make use of natural interactions between soil, plant, and microorganisms
to ensure ecosystem resilience for sustainable agricultural development and productivity.
The use of organic fertilizers and crop diversification are potential organic agricultural
practices that can enhance crop productivity and carbon sequestration, while limiting the
use of chemical inputs in the farming systems at the same time. Thus, organic farming
can help reduce GHG emissions and decrease the use of synthetic fertilizers, diminishing
the energy footprint of farming operations. Organic fertilizers provide a slow, steady, and
long-term supply of macro- and micronutrients for recycling natural resources. Hence,
organic fertilization helps increase SOM, SOC, and SMB content in the soil and thrives
beneficial microbes that fix N, solubilize P, and mobilize nutrients. It provides multifaceted
benefits to soil fertility and crop development by acting not only as a source of micro-
and macronutrients but also improving chemical and physical characteristics of the soil,
reducing runoff. Moreover, incorporating cover crops and crop diversification in an agri-
culture system may help enhance atmospheric nitrogen fixation, carbon sequestration,
and phosphate solubilization by interacting with soil microbes. In addition to this, crop
diversification breaks disease cycles and enhances soil porosity, aggregate formation, and
water infiltration and retention. It also helps preserve biodiversity by creating diverse
habitats for beneficial organisms and reducing the need for chemical pesticides. Hence,
combinatorial use of organic fertilizers, crop rotation, and crop diversification can serve
as an excellent strategy for sustainable agriculture, organic farming, reduction in methane
and nitrous oxide emissions, mitigation of climate change, and even reversal of soil degra-
dation. These broad and long-term environmental advantages highlight the transformative
potential of organic agricultural practices. Therefore, organic fertilization and crop diversi-
fication have serious implications for agricultural and environmental policies to combat
soil deterioration, food security, and climate change. Nevertheless, widespread adoption of
these sustainable strategies in the field is met by several challenges such as socioeconomic
aspects and farmers’ cost and benefit ratio in the short versus the long term. There is also
a lack of comprehensive data on interaction of SOM and different microbial populations
under varying environments such as arid versus tropic regions. Future studies should
focus on establishing long-term, field-scale experiments under varying climatic conditions
to evaluate the influence of organic inputs. A knowledge gap also exists in certain condi-
tions under which high-nitrogen organic fertilizers may exacerbate nitrous oxide when
mismanaged. Determining rotational strategies, region-specific crop combinations, and
amendments that diminish environmental trade-offs are crucial for large-scale applications.
Furthermore, new sources of organic materials such as algae-based fertilizers warrant
detailed exploration. More research and technological developments can help address
these limitations and assist in environmental safety, food security, and sustainable use of
land resources for the generations to come.
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