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Chapter 1

Toward the Recent Advances in
Nutrient Use Efficiency (NUE):
Strategies to Improve Phosphorus
Availability to Plants
Addisu Ebbisa

Abstract

Achieving high nutrient use efficiency (NUE) and high crop productivity has
become a challenge with increased global demand for food, depletion of natural
resources, and deterioration of environmental conditions. Higher NUE by plants could
reduce fertilizer input costs, decrease the rate of nutrient losses, and enhance crop
yields. Nitrogen and Phosphorus are the most limiting nutrients for crop production in
many of the world’s agricultural areas, and their efficient use is important for the
economic sustainability of cropping systems. Furthermore, the dynamic nature of N
and P in soil-plant systems creates a unique and challenging environment for its effi-
cient management. Although numerous fertilizer recommendation methods have been
proposed to improve NUE, technologies and innovative management practices are still
lacking. Therefore, maximizing crop phosphorus (P) use efficiency (PUE) would be
helpful in reducing the use of inorganic phosphorus fertilizers and their escape in the
environment for sustainable agriculture. Improvement of PUE in cropping systems can
be achieved through two main strategies: optimizing agronomic practice and breeding
nutrient efficient crop cultivars that improves P-acquisition and -utilization efficiency.
These strategies are needed for future food security and sustainable agriculture. The
major revised points are the following: concept of NUE, application of nutrient stew-
ardship, cereal-legume intercropping, regulating soil pH, etc., for enhancing phyto-
availability of P and breeding P-efficient crop cultivars that can produce more biomass
with lesser P costs and that acquire more P in P-stress condition. These approaches
consider economic, social, and environmental dimensions essential to sustainable
agricultural systems and afford a suitable context for specific NUE indicators.

Keywords: agronomic strategies, crop productivity, nutrient acquisition, NUE, PUE,
sustainable agriculture

1. Introduction

For sustainable food production, it is an absolute requirement that nutrients
removed with the harvest of crops are replaced to prevent nutrient depletion and soil
degradation. Achievement and maintenance of high nutrient use efficiency (NUE)
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together with high crop productivity have become a major challenge in both devel-
oped and developing countries with an increasing growing population, depletion of
natural resources, and deteriorating environmental conditions. This is occurring at the
same time as society becomes ever more concerned about resource management
practices and the environment, especially when it comes to nutrient management [1].
Fertilizer nutrients applied that are not taken up by the crop are also vulnerable to
losses from leaching, erosion, and denitrification or volatilization in the case of N, or
they could be temporarily immobilized in soil organic matter to be released at a later
time, all of which impact apparent use efficiency [2].

Improving nutrient use efficiency (NUE) in plants is vital to enhance the yield and
quality of crops, reduce nutrient input cost and improve soil, water, and air quality
[3]. Higher NUE by plants could reduce fertilizer input costs, decrease the rate of
nutrient losses, and enhance crop yields. Improving crop nutrient use efficiency
ideally requires an understanding of the whole system, from the macro (agro-
ecosystem) to the molecular level [4]. Nutrient uptake and their internal utilization
efficiencies are the two central cores for improving crop NUE [5]. This can be
achieved through optimizing agronomic strategies (soil-rhizosphere management)
and breeding nutrient-efficient cultivars. Plant genetics and physiological mecha-
nisms and their interaction with best agronomic practice are also a tool that can be
used to increase efficiency of cropping systems [3]. Thus, it needs involvement of
integrated nutrient management strategies that take into consideration improved
fertilizer along with soil and crop management practices are necessary [6]. Sustainable
nutrient management must be both efficient and effective to deliver anticipated
economic, social, and environmental benefits.

Plants experience nutrient deficiency when soil nutrient availability is either an
inherently low amount or low mobility of nutrients in the soil, or poor solubility of
certain chemical forms of soil nutrients [7]. Of the various nutrients essential for
plants, nitrogen (N), phosphorus (P), and potassium (K) are required in the largest
quantities, and their deficiency severely limits crop yield [8]. The dynamic nature of
N and P in soil-plant systems creates a unique and challenging environment with
nitrate and phosphate contamination of surface and/or groundwater, which can be
attributed in large part to low efficiency in plant nutrient uptake. The main challenge
for improving P and K use efficiency at the farm level is to apply the existing knowl-
edge in a practical manner [9]. Hence, the best management practice for N, P, and K
must consider the specific characteristics of crops, cropping systems, environments,
and soils is application of 4R nutrient stewardship. Therefore, this chapter tries to
summarize the concept of NUE and recent strategies for enhancing use efficiency of
N, P, and K. These approaches consider economic, social, and environmental dimen-
sions essential to sustainable agricultural systems and afford a suitable context for
specific NUE indicators.

2. Concept of phosphorus use efficiency (PUE)

The variations in defining nutrient efficient plants and methods used in calculating
nutrient use efficiency make it difficult to compare results of different studies [10–13].
Understanding the terminology and the context in which it is used is critical to prevent
misinterpretation and misunderstanding and determination of NUE in crop plants is an
important approach to evaluate the fate of applied chemical fertilizers and their role in
improving crop yields. In order to develop a common framework for NUE, scientists
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started to formulate concepts and definitions that should serve as a basis for comparison
and discussion of research. Nutrient use efficiency in its broadest sense indicates how
effectively a plant is able to capture and utilize nutrients to produce biomass. It is simply
a measure of how well plants use the available mineral nutrients [10]. The earlier
definition of NUE by [14] is simply increment of yield per applied nutrient (Eq. (1)).

NUE ¼ Total productivity g cm�2 year�1
� �

Rate of resource uptake or acquisition by plant g N m�2 year�1
� � (1)

While the most recent and complicated one used in crop modeling formula is
(Eq. (2)) [12].

NUE ¼ Rac � Rminð Þ ∗NPPmax

Rac � Rmin þ αð Þ ∗Nac
(2)

where Rmin is the estimated minimum resource requirement for positive growth,
Nac is the amount of nutrient uptake by plant, NPPmax is the production asymptote,
and ∝ is the half-saturation constant with respect to resource.

Generally, nutrient use efficiency comprises both yield as a function of inputs and
percentage of nutrient recovered respectively, contributing to yield and quality [15].
The NUE is based on (a) uptake efficiency (acquire from soil, influx rate into roots,
influx kinetics, radial transport in roots are based on root parameters per weight or
length, and uptake is also related to the amounts of the particular nutrient applied or
present in soil), (b) incorporation efficiency (transports to shoot and leaves are based
on shoot parameters), and (c) utilization efficiency (based on remobilization, whole
plant, i.e., root and shoot parameters) [4].

Phosphorus use efficiency can be divided into (i) P acquisition efficiency [the
capacity of a cultivar to extract P from soil] and (ii) P internal utilization efficiency [the
capacity of a cultivar to transform the acquired P into biomass/grain yield] [16–18].

i. Phosphorus uptake or acquisition efficiency (PACE)

Uptake efficiency or the ability of the plant to extract the nutrient from the
soil is calculated as [19] (Eq. (3)).

P‐uptake efficiencyðPACEÞ ¼ Total above� ground nutrient Pð Þ in the plant at maturity Ntð Þ
Nutrient Pð Þ supplied Nsð Þ

(3)

ii. Phosphorus utilization efficiency (PUTE)

Phosphorus utilization efficiency is defined as a crop’s ability to convert the
absorbed P into grain yield [19] (Eq. (4)) can be calculated as:

P‐utilization efficiencyðPUTEÞ ¼ Total above� ground plant dry weight at maturity Twð Þ
Total aboveground plant nutrient at maturity Ntð Þ

(4)

Utilization efficiency can also be calculates as suggested by [20], (Eqs. (5) and (6))
and expressed as follows:
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Utilization efficiency ¼ Harvest index�Nutrient biomass production efficiency

(5)

Utilization efficiency ¼ Harvest index� Inverse of total nutrient concentration in the plant:

(6)

Generally, if P supply is limited or in more acidic and calcareous soil, P acquisition
could be more important than P utilization and high fertilizer application necessary in
order to provide sufficient plant-available P. On the other hand, with adequate P
supply, PUTE could be considered more important than PACE for crop P efficiency
[17]. Therefore, the improvement of both PACE and PUTE in the given species under
different P supply conditions in the different soil types seems to be the perfect
breeding approach (Figure 1) [17].

Hence, Nutrient use efficiency = Uptake efficiency � Utilization efficiency. All
unit dry weights are in g m�2 [19].

For nitrogen use efficiency in their various definitions and components
(Figure 2) [21].

Apparent recovery efficiency is one of the more complex forms of nutrient use
efficiency (NUE) expressions and is most commonly defined as the difference in
nutrient uptake in above-ground parts of the plant between the fertilized and
unfertilized crop relative to the quantity of nutrient applied. It is often the preferred
NUE expression by scientists studying the nutrient response of the crop [22]. Refer-
ence [23] proposed that the balance method be used to assess fertilizer P efficiency
(Eq. (7)). The balance method is described mathematically as:

P‐use efficincy %ð Þ ¼ P taken up by crop fertilized soilð Þ
Amount of P applied

� 100 (7)

Figure 1.
Schematic representation of the possible mechanisms of P acquisition and utilization for better growth of modern
crops grown in intensive cropping systems (adopted from [17]).
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3. Why we worry of phosphorus use efficiency

Phosphorus use efficiency has become burning issues in recent times due to several
reasons [24]. Unlike N, the amount of P is less-abundant, finite resource, less-available,
and poor mobility in the soil, being one of the most inaccessible elements for plants. Its
deficiency is a major constraint to agricultural production, and it affects an area of over
2 billion hectares worldwide that is on about 70% of the world’s arable land [25].
Remarkably, usually only about 10–30% of the P fertilizer applied in the first year is
taken up by the roots, with a substantial part accumulated in the soil as residual P not
readily available for plants [26]. This may be due to nature of P that can bound to
calcium in alkaline soils and readily complexed to charged Al and Fe oxides and groups
hydroxyls on clay surfaces in acidic soils [23]. In addition, agricultural phosphorus (P)
run-off is a primary factor in the eutrophication of aquatic and marine ecosystems and
has also led to blooms of toxic cyanobacteria [27] and can contain heavy metals such as
cadmium that may accumulate in arable soils. Moreover, organic material present in the
soil (e.g., from manure or crop residues) can also bind phosphate ions as well as phytate
(inositol compounds). In order to avoid a future food-related crisis, phosphorus scarcity
needs to be recognized and addressed in contemporary discussions on global environ-
mental change and food security, alongside water, energy, and nitrogen [28].

4. Breeding or crop modification strategies

4.1 Selection of improved genotypes

Selection and breeding nutrient-efficient species or genotypes within a species are
justified in terms of reduction in fertilizer input cost of crop production and also

Figure 2.
Illustration of nutrient use efficiency parameters exemplified by NUE in wheat. Key process contributing to the
NUE trait: nitrogen uptake efficiency, NUpE; nitrogen utilization efficiency, NUtE; nitrogen harvest index, NHI
(adopted form [15]).
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reduced risk of contamination of soil and water. Many plants have evolved morpho-
logical, physiological, biochemical, and molecular adaptive systems to cope with P-
deficiency stress, such as altered root architecture to explore more soil volume and
increased carboxylate exudation containing phosphatases, nucleases, and various
organic acids [29]. These mechanisms and strategies are necessary to liberate or
solubilize Pi from organic and other insoluble pools [30], enhance Pi uptake capacity
[31], recycle internal Pi remobilize/retranslocate P from mature to young developing
organs [32, 33], and reprioritize metabolic P utilization [34]. Under the current situa-
tion, farmers need P-efficient genotypes that perform better than other genotypes
with equivalent P inputs. Therefore, selection/identification of cultivars that can
absorb and use P efficiently is a promising strategy to cope with environments
deficient in bio-available P. Due to the diverse functional and structural roles of P in
plants, P-use efficiency (PUE) is a complex trait to dissect [24].

4.2 Modification of root morphology and physiology

The root morphological factors such as length, thickness, surface area, and volume
have profound effects on the plant’s ability to acquire and absorb nutrients in soil [35].
These parameters are influencing the ability of the roots to penetrate high density soil
layers, to extremes tolerate temperature, moisture, toxicities, and deficiencies of
elements. Additionally, they have the ability to modify the rhizosphere pH and the
nutrient uptake kinetics. Efficient acquisition will depend first on root architecture in
terms of transporters and exudates and often the presence of symbiotic associations
such as mycorrhiza. Hence, improving early root establishment, high-affinity trans-
porter systems, association of microorganisms (mycorrizha), proliferation of roots,
and enhanced mechanisms for increasing bio-availability of nutrients and then
enhancing NUE [5]. Improvement of transporters plays essential roles particularly in
conjunction with effective root proliferation in contributing to nutrient use efficiency.
The other important attribute for uptake efficiency is having adequate sinks to store
acquired nutrients, which will prevent negative feedback regulation on the initial
acquisition/assimilatory processes and should provide important remobilizable stor-
age [5]. The second component of uptake efficiency is root physiological activity such
as differing uptake kinetics, i.e., maximum net influx (Imax), affinity of the trans-
porter (Km) and the roots depletion ability (Cmin), which result in different nutrient
uptake rates per unit root and time due to their effect on P diffusion [36]. Lower Km
values (higher affinity) and higher Imax values indicate a higher uptake rate of plants
for a determined nutrient at low concentration [11].

A recent study further showed that root tips also play an important role and,
despite their small size, accounted for approximately 20% of the total seedling Pi
uptake [37], mainly increasing organic acid exudation strategies [38]. Plants increase
total soil exploration by increasing root length, increasing root branching, increasing
specific root length (i.e., roots with smaller diameter), and modifying branching angle
[39–41]. The findings of Bates and Lynch [39] suggested that increased root growth is
associated with improved plant performance under low P by exploring a larger vol-
ume of soil. Consequently, root: shoot ratio increases significantly in low-P environ-
ments and is an excellent index for partitioning photosynthesized carbon between
above- and below-ground plant parts. Root density and root: shoot ratio generally
increased under P deficiency, thus favoring P acquisition by plants [29].

Genetic variation for root hair traits, particularly root hair length, can be exploited
in breeding for improved P uptake efficiency and P fertilizer use efficiency in crops.
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Moreover, a deeper root with more aerenchyma tissues in the cortex of the roots can
also be an important trait that contributes to efficient N uptake with lower carbon
input in root growth [42]. This root architecture may also be efficient in the uptake of
deep water and therefore help to increase drought resistance [43]. However, Miguel
et al. [44] showed in field trials that shallow and hairy root traits are synergistic in
their effects on Pi uptake by bean. However, modifying root growth in response to
nutrient deficiency, it is a challenge and complex to identify key regulators that are
sufficiently upstream and robust to be suitable for developing plants with optimized
root systems for nutrient uptake [8].

4.3 Improving translocation (partitioning/remobilization)

Levels of fertilizer applications influence the total dry matter accumulation,
thereby affecting the nutrient demand (uptake/utilization) [9]. Improved nutrient
utilization efficiency from agrochemicals through PGPR and (or) AMF can contribute
to the protection of water resources against agro-pollution and reduce the growing
cost of fertilizers [10]. After inorganic phosphate (Pi) acquisition from rhizosphere, Pi
should be efficiently transported to shoot for the requirement of plant growth by
phosphate transporters (Pht1, Pht2, Pht3, and Pht4), which are located on the plasma
membrane, plastidial membrane, mitochondrial membrane, and Golgi compartment,
respectively [45]. In crops, a large fraction of the Pi present in vegetative organs is
remobilized to the grain during the reproductive growth, and soil Pi availability at this
stage has a relatively small effect on grain yield. Enhanced expression of high-affinity,
plasma-membrane-bound Pi transporters in roots and a concomitantly increased P-
up- take capacity were reported as a typical P-starvation response [46]. Moreover,
enhanced metabolic activities of young tissues make them stronger sinks for the
already absorbed P. Remobilization of stored P in the stem and older leaves to meta-
bolically active sites may supplement the restricted P supply under P deficiency [29].

Another promising area for improvement of crop NUE is to enhance the efficiency
of nutrient remobilization from senescing organs to young, developing organs, par-
ticularly immature leaves, and developing seeds [47]. The senescence process, that is,
the dying-off of vegetative plant parts during seed maturation, is at the core of the
nutrient use efficiency issue, as the nutrients need to be remobilized from these parts
and translocated into the developing seed [48]. Maximizing the effectiveness of P-
remobilization from senescing organs could make an important contribution to the
development of crops that can tolerate Pi deficiency, because senescing organs of most
“modern” crop varieties exhibit low P-remobilization efficiencies of <50% [30]. An
integral understanding of P remobilization would facilitate development of effective
biotechnological strategies to improve crop PUE, thereby reducing the rate of deple-
tion of nonrenewable rock P reserves [30, 47]. Therefore, mobilization and redistri-
bution of P from the old tissues to the young tissues will also contribute to high P use
efficiency. Better distribution of nutrients in parts of plant (root, shoot, and grain)
reflects their use efficiency [11].

4.4 Improving internal utilization

In the plant, uptake and utilization efficiency of nutrients are governed by differ-
ent physiological mechanisms and their response to deficiency, tolerance, and toxicity
of element(s) and climatic variables [49]. Efficient internal utilization of nutrient is
generally attributed because of high photosynthetic activity per unit of nutrient (P)
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and more efficient P remobilization from older to young leaves [47]. Acid phosphatase
contributes to the increased P utilization efficiency in bean through P remobilization
from old leaves [50]. Therefore, improving higher total chlorophyll concentration
[51], enhancing phosphorylase stimulation [52], and improving partitioning of carbon
between glycolytic and pentose phosphate pathways [53] also provide an effective
approach to improve phosphorus use efficiency and crop productivity simultaneously.

P-utilization efficient cultivars produce high yield per unit of absorbed P under P
deficient conditions, since they have low internal P demand for normal metabolic
activities and growth. Hence, they have low requirement for mineral P fertilizer
inputs to produce reasonably high yield. Moreover, they remove less P from soil
during growth and therefore the quantity of P removed along with the harvestable
parts of the crop would obviously be less, consequently reducing the quantity of
mineral P fertilizer inputs required for maintenance fertilization [54].

5. Optimization of agronomic practice

Agronomic practices can change soil physicochemical properties and biological
characteristics. As a result, a number of agronomic practices have been proposed to
enhance nutrient availability under diverse climatic conditions [55, 56]. The rhizosphere
(root-soil interface) is the most important area for plant–soil-microorganism interac-
tions and is the hub for controlling nutrient transformation and plant uptake [7]. This
modification is paramount to increase nutrient availability and to minimize losses in
surface runoff. Possible management strategies options for improving NUE through
optimizing agronomic practice or rhizosphere modification [57] are the following:

5.1 Application of nutrient stewardship concept

The 4R Nutrient Stewardship framework promotes the application of nutrients
using the right source (or product) at the right rate, right time, and right place. The
framework was established to help convey how fertilizer application can be managed
to ensure alignment with economic, social, and environmental goals [58]. Nutrient
Stewardship defines the right source, rate, time, and place for fertilizer application as
those producing the economic, social, and environmental outcomes desired by all
stakeholders of the plant ecosystem (Figure 3). This 4R techniques applies (1) right
rate—supplying growing crops with the right amount of nutrients for healthy growth
and development based on experimentation under various environmental conditions;
(2) right time—matching nutrient availability to with the timing of plant peak nutri-
ent uptake and demand; (3) right placement adding nutrients to the soil at a place
where crops can easily access them related to volume of roots.; (4) right source—
applying the correct fertilizer and organic resources that provide growing crops with
all nutrients required for good growth and maturity [58]. The 4R concept was
established to help convey how fertilizer application can be managed to ensure align-
ment with economic, environmental, and social goals [22, 59].

Soil testing remains one of the most powerful tools available for determining the
nutrient supplying capacity of the soil, but to be useful for making appropriate fertil-
izer recommendations good calibration data is also necessary [2]. As P is less mobile,
less soluble, and highly prone to soil fixation; effectiveness of applied P depends on
the properties of soil being fertilized, fertilizer itself, and time and method of its
application [60]. To enhance phosphorus use efficiency (PUE) of applied P fertilizer,
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time and method of its application are critically important, because different P appli-
cation methods differ in PUE [61]. In highly sandy soils, P may need to be managed
like N, by splitting applications and applying small amounts at sowing and topdressing
later in the crop growth cycle [62]. Studies of Jing et al. [63] suggested that localized
supply of superphosphate combined with ammonium-N (NH4

+-N) significantly
stimulated root proliferation, especially of fine roots, and thus improved maize
growth in a calcareous soil. Further studies indicated that localized supply of P and
NH4

+-N at both seeding and later growth stages increased maize yield by 8–10%, P
uptake by 39–48%, and localized increases in root density and length of 50% [64].
Rehim et al. [65] also reported that the fixation of broadcasted P is much greater than
the fertilizer applied in bands because of less contact with P fixing ingredients. At
higher P application, the adsorption of P increased because the plants readily utilize
only 8–33% of applied P in the first growing season and remaining portion remained
fixed that consequently resulted in higher Olsen P. So, at higher P application rates,
plants used smaller proportion of fertilizer P that resulted in low PUE [61].

In principle, N deficiency increases root growth, resulting in longer axial roots
(primary roots, seminal roots, and nodal roots), and this helps maize roots to explore a
larger soil volume and thus increases the spatial N availability [66]; however, long-
term N deficiency stunts root growth due to insufficient N. But also, root elongation
can be inhibited if the N supply is too high. Excessive application of N-P fertilizers
may lead to high concentrations of soluble nutrients in the root zone, which can also
restrict root growth and rhizosphere efficiency [67], even small amounts of P lost can
be a cause of the adverse effects of eutrophication of surface waters. Therefore,
judicious application of fertilizer best management practices (BMP) [22] that includes
the right rate [68], right time [69], right source, right place, and balanced fertilization
(4RB) is the best management practice for achieving optimum nutrient efficiency
[2, 22].

5.2 Cereal-legume intercropping

Cereal-legume intercropping is a crop production system utilized to improve
productivity and sustainability under diverse environmental conditions. It can also
improve nutrient use efficiency and crop productivity [7]. Intermingling of maize and
faba-bean roots increased N acquisition by both crop species by about 20% compared

Figure 3.
The 4R nutrient stewardship concept (adopted from [22, 59]).
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with complete or partial separation of the root systems. Further studies indicate that
N2 fixation can be improved by yield maximization in the intercropping system. The
improved productivity observed in this production system has been associated with
increased levels of available phosphorus (P) in the root rhizosphere. Hinsinger et al.
[70] reported more stable yield, superior land resource utilization or conservation,
and enhanced pest or weed control [71–73]. Furthermore, cereal-legume
intercropping can also enhance the phosphatase enzyme activity and available P in the
soil due to rhizosphere acidification by the legumes in the cropping system [74].

The possible mechanism that increases PUE in intercropping is the increased
rhizosphere soil acid phosphatase (RS-APase) activity observed in intercropping due to
the fact that large amounts of acid phosphatase are known to be released from their
roots into the root rhizosphere. The (RS-APase) activity was significantly higher
(26–46%) in the intercropping and occurred concomitant with a significant increase
in available phosphorus (RS-Pavailable) in the rhizosphere on podzols in cool climate
boreal ecosystem [75]. Another mechanism could be secreting H+ into the soil that
acidifiies the rhizosphere [57, 76] and improves dissolution of phosphorus and then
enhances P-availability [70]. Additional possible mechanism that improves of plant
growth and P uptake in mixed planting was due to root interspecific complementation
or facilitation. The complementarity between root morphological and physiological
traits of neighboring plants underpins the interactive facilitation, which was the main
underlying mechanism improving nutrient-use efficiency, particularly of P, in mixed
cropping system [77, 78]. The complementary niches of maize and faba bean signifi-
cantly reduce interspecific nutrient competition and thus improve nutrient-use effi-
ciency [79]. The presence of maize increased the secretion of carboxylates from alfalfa
roots, suggesting that the root interactions between maize and alfalfa are crucial for
improving P-use efficiency and productivity in intercropping [80]. Subsequently, Sun
et al. [76] reported that decreasing rhizosphere pH and increasing organic anion
exudation played key roles in soil P mobilization of maize and alfalfa, with little
contribution of acid phosphatase.

5.3 Effective microbial inoculation

The mycorrhizal symbiosis particularly, arbuscular mycorrhizal fungi (AMF), is
arguably the most important symbiosis on earth [81]. AMF colonize the roots of many
agriculturally important food and bioenergy crops form (approximately 80–90% of all
known land plant species) [81] and could serve as “biofertilizers and bioprotectors” in
environmentally sustainable agriculture [82]. In AMF associations, two pathways for
plant P uptake exist: the direct pathway (P uptake by roots) and the AM fungal
pathway [83]. AMF facilitates the uptake and transfer of mineral nutrients, such as
phosphorus, nitrogen, sulfur, potassium, calcium, copper, and zinc, from the soil to
their host plants by means of the extraradical mycelium extending from colonized
roots into the soil [84]. The contribution of AMF to P uptake reaches up to 77% under
low P supply compared with only 49% under high P supply [85]. Furthermore, the
commercial inoculumMycobiol, consisting of Glomus spp., Entrophospora colombiana,
and Acaulospora mellea, enhanced P acquisition and plant growth in a pot experiment
[86]. González and Walter [87] observed that Glomus aggregatum increased P uptake
and biomass production of inoculated plants compared.

Various mechanisms have been suggested for the increase in the plant uptake of P.
These include: exploration of larger soil volume; faster movement of P into mycorrhi-
zal hyphae; and solubilization of soil phosphorus [88]. Exploration of larger soil

12

Sustainable Crop Production - Recent Advances



volume by mycorrhizal plants is achieved by decreasing the distance that P ions must
diffuse to plant roots and by increasing the surface area for absorption. Faster move-
ment of P into mycorrhizal hyphae is achieved by increasing the affinity for P ions and
by decreasing the threshold concentration required for absorption of P [88]. Solubili-
zation of soil P is achieved by rhizospheric modifications through the release of
organic acids, phosphatase enzymes, and some specialized metabolites such as
siderophores [55].

The composition and amount of root exudates affect the composition of microbes
in the rhizosphere and the structure of the rhizosphere microbiome, affecting plant
growth and nutrient uptake [81]. For precision rhizosphere management, plant-
microbe interactions must be finely tuned to improve P use efficiency by crops [57].
Figure 4 illustrates the main structural differences between AM (more for P
absorption) and ectomycorrhizal (more for N and few for P absorption) associations
of angiosperms or gymnosperms [81].

Among the soil bacterial communities, ectorhizospheric strains from Pseudomonas
and Bacilli and endosymbiotic rhizobia have been described as effective phosphate
solubilizers [90]. Phosphate-solubilizing bacteria (PSB) are also capable of making P
available to plants from both inorganic sources and organic ones and increasing
P-fertilizer-use efficiency by different mechanisms [91]. They are rhizobacteria that
convert insoluble phosphates into soluble forms through acidification, chelation,
exchange reactions, and the production of organic acids [92]. Therefore, combined
application of AMF and P solubilizers [93] and N fixers are the best inoculants. AM
fungi together with PSMs could be much more effective in supplementing soil P.
Understanding AM-plant symbiosis, developing AM fungi that could be cultured
in vitro, and developing P-solubilizing AM will help realize their potential as
phosphate biofertilizer [94].

Figure 4.
Phosphorus acquisition efficiency related traits of wheat and barley roots affected by arbuscular mycorrhizal
symbiosis in comparison to a non-colonized counterpart (adopted from [89]). (A) Representation of P depletion
zone around the rhizosphere; (B) access to smaller soil pores by AM fungal hyphae; and (C) modulation of plant P
transporters following colonization.
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5.4 Regulating soil pH

Soil pH is one of the most important chemical properties influencing nutrient
solubility and hence availability to plants. Large amount of P applied as fertilizer
enters in to the immobile pools through precipitation reaction (fixation) with highly
reactive Al3+ and Fe3+ in acidic and Ca2+ in calcareous or normal soils [94]. Acidic,
highly weathered, iron (Fe)-rich soils rapidly bind phosphates at mineral surfaces,
limiting access to plant roots. Furthermore, applied Pi (inorganic P) is quickly fixed
into insoluble inorganic or organic forms due to its high reactivity and microbial
action [95].

Soil pH markedly limits plant growth and P chemistry in soils through its effect on
P adsorption and through interactions that affect precipitation of P into solid forms in
soil [62]. Consequently, about 80–90% soil P becomes unavailable depending on soil
composition and pH [96], 50–70% of the total applied conventional fertilizers are lost
to the environment. This level of loss in agricultural nutrients not only leads to the loss
of valuable resources but also causes the severe reduction of yield [97]. The pH of a
calcareous soil is reduced by the presence of gypsum (CaSO4�2H2O) due to the con-
centration of Ca2+, which would be expected to decrease the sorption of P, if followed
by leaching to removed much of the soluble Na+ and Ca2+ [98]. Thus, adjusting soil pH
and base saturation are methods to reduce the amount of P that is bound by Al, Fe,
and Ca, further reducing the effects of Al toxicity to plants, which can inhibit uptake,
and use of P by the plant (Figure 5) [23, 99].

Lime acidic soil is widely used in agriculture to create and maintain a soil pH
optimal for plant growth in acid soils. Lime reduces toxic effects of hydrogen, alumi-
num, and manganese, improves soil biological activities, cation exchange capacity
(CEC), P, Ca, and Mg availability and soil structure, promotes N2 fixation, stimulates
nitrification, and decreases availability of K, Mn, Zn, Fe, boron (B), and Cu [11]. An
increase in soil pH, as a result of liming, was due to an increase in hydroxide ions,
which increases microbial activity and communities, hence, increasing decomposition
of soil organic matter and release of Fe and Al [100]. The decrease in Al-P and Fe-P
could be due to their precipitation as insoluble Al(OH)3 and Fe(OH)3 after increased
addition of liming material [101]. In addition, Al and Fe oxides become more nega-
tively charged with an increase in pH contributing to an increase in available P [102].

Liming, gypsum application, or mixing of both is an effective practice to improve
pH, improve Ca content, and control Al toxicity. Lime has very lowmobility in soil, and
when surface applied, it does not reduce the acidity of subsurface soil horizons. Con-
trary to lime, gypsum (CaSO4) has a greater downward movement, and when applied
to the surface, it can still impact and reduce the acidity of the subsoil [4]. The pH of a

Figure 5.
Soil P availability as affected by soil pH (adopted from Havlin et al. 1999).
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calcareous soil is reduced by the presence of gypsum (CaSO4�2H2O) due to the concen-
tration of Ca2+, which would be expected to decrease the sorption of P, if followed by
leaching to removed much of the soluble Na+ and Ca2+. The uptake of nutrients by
plants, content of nutrients in plants and in soil were substantially positively influenced
by both the wood ash, especially by FGD gypsum [103]. Gypsum application can
ameliorate saline-sodic soil, thereby increasing crop yield and NUE [104].

5.5 Application of advanced techniques

Apart from traditional methods, new techniques have been developed such as site-
specific/real-time nitrogen management, slow release/controlled release fertilizer (SR/
CRF), site-specific precision nutrient management, and urease/nitrification inhibitor.
Those techniques play an important role in decreasing fertilizer loss and increasing
NUE [105]. The remote sensing is quicker than the previous two methods, and it
obtains continuous data rather than spot data, which is more advantageous. It is
becoming the major means of obtaining data for precision farming. GIS (geographic
information system) establishes the field management information system by
processing, analyzing, and trimming the data of soil and crops [105]. Another
approach to synchronize release of N from fertilizers with crop need is the use of N
stabilizers and controlled release fertilizers. Nitrogen stabilizers (e.g., nitrapyrin, DCD
[dicyandiamide], NBPT [n-butyl-thiophosphoric triamide]) inhibit nitrification or
urease activity, thereby slowing the conversion of the fertilizer to nitrate. The most
promising for widespread agricultural use are polymer-coated products, which can be
designed to release nutrients in a controlled manner.

Agronomic management strategies such as precision P fertilization, polymer coated
P-fertilizers, and recycling of P from domestic, agricultural, and industrial wastes can
be helpful in improving P use at farm level [106]. Modern concepts for tactical N
management should involve a combination of anticipatory (before planting) and
responsive (during the growing season) decisions [9]. On soils with moderate P and K
levels and little fixation, management must focus on balancing inputs and outputs at
field and farm scales to maximize profit, avoid excessive accumulation, and minimize
risk of P losses. Improving the internal, on-farm and field recycling is the most impor-
tant K management issue worldwide. As for N, the primary determinants for REP and
REK are the size of the crop sink, soil supply, soil characteristics, and fertilizer rate.

Control release fertilizers with polymer coatings are commonly applied to crops to
increase efficiency of nutrients [96]. One way of improving the P availability to crop
plant is by coating diammonium phosphate (DAP) with polymer that allows a steady
but controlled discharge of phosphorus from the granules for crop plant uptake and
improved P recovery percentage. Thus, by the use of polymer, availability of P to
plant increased because it has high cation exchange capacity, which holds the divalent
calcium (Ca+2) and trivalent cations iron and aluminum (Fe+3 and Al+3) and stop P
fixation with these cations. Moreover, polymer absorbs water efficiently and holds
more water and keeps P in available form that enhanced the plant growth and yield-
contributing factors [97]. This is because polymer-coated diammonium phosphate
(DAP) absorbs water many times of its original weight, which increases the availabil-
ity of phosphorus for longer period of time [107] and creates a diffusion shell around
the grain of DAP and directly reduces the fixation and precipitation by reducing the
availability of calcium and magnesium (Ca+2/Mg+2) cations [108]. As the result of this
mechanism, availability of phosphorus to plants increases and leads to more P uptake,
and this uptake indirectly influences the other nutrient absorption by crop plants.
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5.6 Use integrated soil nutrient management practice

Considering the wide variety of soil types, cropping patterns, and farmers’
resources, several management practices are adopted to reduce the magnitude of soil
fertility degradation. Integrated Plant Nutrient Management System (IPNMS) is
defined as the package of practices for the manipulation of the plant growth environ-
ment to supply essential nutrients to a crop in an adequate amount and proportion for
optimum production without degrading the natural resources [3]. Many authors have
reported that combining organic and inorganic P can improve and sustain crop yields
in low fertility soils [109–111]. Best management practices (BMPs) such as use of
fertilizer and amendment (lime), proper crop rotations, increases in organic matter
content, and control of erosion, insects, diseases, and weeds can significantly improve
crop yields and optimize nutrient use efficiency [11]. Integrated use of organic
manures and fertilizers not only improves efficiency of crops but also significantly
increases the availability of P [112, 113].

Organic amendment improves the structure and fertility of the soil by adding
nutrients and organic matter and consequently promotes soil microbial biomass and
activity. Blockage of P sorption sites by organic acids, as well as complexation of
exchangeable Al and Fe in the soil, is potential cause of this mobilization [114].
Organic materials can reduce P fixation by masking the fixation sites on the soil
colloids and by forming organic complexes or chelates with Al, Fe, and Mn ions,
thereby improving P uptake efficiency of crop plants. Decomposition of organic
matter produces organic anions that interact with soil to reduce P sorption via (1)
complexation/competition for soil P binding sites such as Fe and Al oxyhydroxides or
(2) increased soil PH. Organic materials also increase agronomic efficiency by
improving availability of P by promoting soil aggregation, increased soil PH, microbial
biomass, and parameters controlling soil-P-sorption [115]. The integration of biochar
FYM, poultry manure, and inorganic P sources increases in PUE under both wheat
and maize crops, and there is a concomitant increase in crop yields compared with the
unamended soil [112, 113]. This increase in PUE with biochar addition could also be
the result of the additional nutrients made available by biochar [112]. Similarly, FYM
applications increase soil P bioavailability more than applications of triple supper
phosphate that enhance P Uptake Efficiency. FYM is also a source of other nutrients
used by crops via mineralization, which promotes root development and root area
interception and thus increases nutrient uptake including P uptake [116].

Rotating a legume with a cereal can enhance P acquisition by cereals through
indirect feedback interactions [117]. A legume crop modifies the rhizosphere through
biological and chemical processes, thereby increasing P uptake by the following cereal
crop. As reported by [77], legumes are able to mobilize P that is not initially available
to cereal species, thereby improving the availability of P for the following crop. The
biological processes include the promotion of symbiotic mutualists such as nitrogen-
fixing rhizobacteria and mycorrhizal fungi, while the chemical processes are
acidification of the rhizosphere and secretion of organic anions [79].

6. Conclusion

Achievement and maintenance of high nutrient use efficiency (NUE) together
with high crop productivity have become a major challenge in both developed and
developing countries with an increasing growing population, depletion of natural
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resources, and deteriorating environmental conditions. Improving nutrient use effi-
ciency (NUE) in plants is vital to enhance the yield and quality of crops, reduce
nutrient input cost and improve soil, water, and air quality [3]. Higher NUE by plants
could reduce fertilizer input costs, decrease the rate of nutrient losses, and enhance
crop yields. Improving crop nutrient use efficiency ideally requires an understanding
of the whole system, from the macro (agro-ecosystem) to the molecular level.

The development of nutrient-efficient crop varieties that can grow and yield better
with low supply is a key to improving crop production. A prerequisite for nutrient use
efficiency for any germplasm will be the optimization of agronomic practice for any
given environment and season. Judicious application of fertilizer that includes the right
rate, right time, right source, right place, and balanced fertilization (4RB) is the best
management practice for achieving optimum nutrient efficiency. By the coordination of
the acquisition, root-to-shoot translocation, utilization, and remobilization of internal Pi
can be achieved through genetic breeding. Selection and breeding nutrient efficient
species or genotypes within a species are justified in terms of reduction in fertilizer input
cost of crop production and also reduced risk of contamination of soil and water. Overall
NUE in plant is a function of capacity of soil to supply adequate levels of nutrients and
ability of plant to acquire, transport in roots and shoot, and remobilize to other parts of
the plant. Improvement in NUE will ultimately come from integrating a range of
different approaches to develop a more efficient farming system. Use of nutrient effi-
cient crop species or genotypes within species in combination with other improved crop
production practices offers the best option for meeting the future food requirements of
expanding world populations. Modern tools and resources available to plant scientists
and the agronomy and breeding communities should aid further improvements in NUE
and hence crop production. Therefore, integrated strategy that seeks to increase phos-
phorus use efficiency and simultaneously seeks to recover unavoidable phosphorus
losses. The nutrient inputs in the intensive farming system should be optimized to
achieve both high crop productivity and high nutrient use efficiency through maximiz-
ing root/rhizosphere efficiency in nutrient mobilization and acquisition.
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Chapter 2

Effect of Balanced and Integrated 
Crop Nutrition on Sustainable  
Crop Production in a Classical 
Long-Term Trial
Melkamu Jate and Joachim Lammel

Abstract

The classical long-term trial at Hanninghof was established in 1958 on loamy sand 
soil in Duelmen, Germany to study the long-term effects of different nutrient man-
agement strategies. The impact of balanced mineral fertilizer application and inte-
grating farmyard manure (FYM) with mineral fertilizer on indicators of sustainable 
crop production are evaluated in comparison to unbalanced nutrition. Crop rotation 
since 1958 was potato, followed by winter rye and oat. After 2008, the rotation was 
silage maize, winter rye, and potato to adjust the trial to current farm practice, but the 
treatments remained the same: a control plot without fertilizer; FYM alone; and min-
eral P + K, N, N + P, N + K, N + P + K, and N + P + K + Mg fertilizers with and without 
FYM. The effect of each treatment on crop yield, revenue, sustainable yield index, 
water and nutrient use efficiencies, soil nutrient and carbon contents, and soil pH are 
presented. Evaluation of the 62 years data shows that unbalanced nutrition caused 
by omitting nutrients and application of only FYM as organic nutrition reduced crop 
yield and revenue, led to inefficient use of resources and nutrients, and a depletion 
of soil fertility with negative implications on sustainability. Application of mineral 
fertilizer N + P + K + Mg as the balanced nutrition and supplementing FYM with 
mineral fertilizer as the integrated nutrition had social, economic and environmental 
benefits indicating sustainable crop production.

Keywords: balanced nutrition, integrated nutrition, soil fertility, sustainable crop 
production

1. Introduction

Long term trials (LTTs) are conducted on a stationary site for many years and 
classified as Young, Medium, and Classical, respectively in age less than 20, 20–50, and 
older than 50 years [1, 2]. They are appropriate to study the sustainability of crop pro-
duction which is defined as the ability to produce the required crop yield and quality to 
satisfy present and future food demand, while protecting the environment. Population 
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and economic growths are estimated to result in a 50% increase in the demand for 
food by 2050 with little scope to expand the agricultural area [3]. Thus, a sustainable 
increase of crop yield per area is required to meet the rising demand for food.

This target requires improvement of yield through integration of productive crop 
varieties, fertile soils, adequate water supply, sufficient plant nutrients with efficient 
use, protection of crops against weeds, diseases and pests, and post-harvest care [4]. 
Continuous crop yield increases are mostly determined by the improvement of crop 
varieties. Improved crop varieties require advanced cultivation practices, best nutrient 
application strategies, and pre- and post-harvest crop protection [5]. Improvement of 
crop nutrition is one of the essential management factors to increase yield.

A trial conducted in India for example, showed that improved cultivars along 
with balanced nutrition resulted the highest yield increase in range of 92 to 204% 
over the farmer’s practice [6]. Vyn (2014) said “global maize yields will not be able to 
continually boost to achieve food security without providing adequate and balanced 
nutrients” [7]. The synergy between improved genetic and adequate nutrient sup-
ply sustained the increased production of rice and wheat for nearly three decades in 
India; however, in recent years the high productivity is stagnating or declining in spite 
of supplying increased N, P and K fertilizer rates, because of unbalanced nutrient 
application [8].

Soil fertility is the major environmental factor and is viewed as the capacity of 
the soil to retain, cycle, and supply essential nutrients to support crop growth for 
a long time [9]. The relationship of nutrient application and soil fertility is reliably 
studied in the LTTs, because soil fertility develops gradually and therefore, evaluation 
of its effect on crop production requires monitoring over a long time and a proper 
documentation of data [10]. The LTTs are the right tool to study changes that can take 
decades before they become visible, for example: trends of crop yield and effects of 
the environment on agriculture or vice versa [11]. Since agriculture is removing nutri-
ents from the soil an efficient replacement of nutrients back into the soil is required 
to sustain crop yields [12]. The target to increase crop yield per area requires avoiding 
nutrient mining, maintaining soil fertility, and minimizing nutrient loss to protect the 
environment.

Balanced nutrition is the key to sustainable crop production and maintenance of 
soil health with both economic and environmental benefits. An unbalanced nutrition 
results in a low nutrient use efficiency, poor economic returns, and high environmen-
tal pollution [13]. The Law of the Minimum states: “If one of the essential growth 
factors/nutrient is deficient, plant growth will be limited even when all other factors/
nutrient are sufficiently available that growth is improved by the application of defi-
cient factor/nutrient”. Dev (1998) viewed the balanced nutrition as “a best manage-
ment practice refer to the application of essential nutrients in optimum quantity and 
proportion including proper application methods and time for the specific soil, crop, 
and climate conditions” [14]. It ensures accessibility of crops to an adequate nutrient 
supply at every growth stage to avoid over or under-supply enabling the crop for a 
strong, healthy and productive growth while minimizing pollution of the environ-
ment [15]. It can be further defined as the application of right sources of nutrients in 
an adequate amount and ratio with optimum methods at the time required to support 
healthy crop growth to increase yield and quality.

Integrated crop nutrition is the combined application of organic and mineral 
fertilizers to increase yield and to improve soil fertility. Organic fertilizer alone can 
often not fully satisfy the nutritional demand of crops, because it contains inadequate 
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and unbalanced nutrients [16]. It may not be available in sufficient quantities. 
Supplementing organic fertilizer with mineral fertilizer is needed to improve nutrient 
availability and increase crop yield.

The Hanninghof classical LTT was established in 1958. Three strategies of crop 
nutrition are compared: (1) Balanced nutrition, (2) Integrated nutrition, the combina-
tion of farmyard manure (FYM) with mineral fertilizer, and (3) Organic nutrition, 
application of FYM only. The effects of these different treatments on crop yield, 
economic revenue, sustainable yield index, water and nutrient use efficiencies and soil 
nutrient content, organic matter and pH are measured to evaluate social, economic, 
and environmental benefits of best strategies of nutrient application. The objective of 
the trial is to study the long-term impacts of different nutrient management on param-
eters of crop productivity and soil fertility to quantify sustainable crop production.

2. Materials and methods

2.1 Location and history

The Hanninghof LTT is one of few classical LTT in the world. It is located near 
Duelmen in Western Germany. Crop rotation started with potato cultivation in 1958, 
followed by winter rye in 1959 and oat in 1960. The sequence of rotation changed to 
silage maize, winter rye, and potato after 2008 to adjust the trial to current agricultural 
practices, but the basic setup of the trial remains the same. During 1958–2020, potato, 
winter rye, oat, and silage maize were cultivated respectively 19, 21, 17, and 5 times.

2.2 Soil and climate

The trial was established on a loamy sandy soil with the following initial soil 
parameters: P2O5 13.3 mg (100 g) –1, K2O 10 mg (100 g) –1, Mg 2.1 mg (100 g) −1, 
organic carbon 2.1%, N total 0.1%, and pH 5 at soil depth 0–30 cm. The annual rain-
fall and yearly mean air temperature were, respectively 469–1273 mm and 7.7–12.3°C 
during 1958–2020.

2.3 Layout

The trial is a two-factorial experiment in a split-plot with a randomized complete 
block design. The cultivated area of the trial is 0.3 ha (72 m × 42 m). The field is split 
into two parts, one receiving FYM every 3 years during 1958–2008 and yearly since 
2009 and the other part is without FYM. Each of the two parts is subdivided into 32 
plots, i.e., 64 plots in total. The gross area of a plot is 4.5 m × 10.5 m with a harvested 
area of 3.5 m × 9.5 m to avoid the border effect.

2.4 Treatment

Sixteen treatments were established as shown in Table 1. Each treatment is repli-
cated four times and randomly assigned to plots. In 1960, a treatment with N only (#8 
and #16) was established. Since the trial was already ongoing for 2 years, new control 
treatments were assigned. The new control treatments (#7 and #15) are omitted from 
data evaluation (Table 1), because they were not different from treatments #2 and #10.
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2.5 Nutrient application

Mineral fertilizer nitrogen (N), phosphorous (P), potassium (K), and magne-
sium (Mg) rates were the same for the treatments with and without FYM during 
1958–2008. FYM was applied as pig manure at a rate of 25 t ha−1 once every 3 years 
in spring. Nutrient content of FYM is calculated based on 7 kg N-total, 6.7 kg P2O5, 
7.2 kg K2O and 2.2 kg MgO per ton of pig manure [17].

After 2008, the trial was adjusted to reflect recent crop rotation and nutrient 
application. Oat was replaced by silage maize. FYM was replaced by cattle slurry and 
applied annually at the rate of 30, 20, and 20 m3 ha−1, respectively during silage maize, 
winter rye, and potato cultivation. The nutrient content of FYM was considered in the 
total nutrient application rate to make the nutrient input with FYM and without FYM 
comparable. The nutrient content of cattle slurry was analyzed every year in the labo-
ratory. Nutrient rates for potato, winter rye, oat and silage maize are given in Table 2.

N, P, K, and Mg from mineral fertilizers were applied as calcium ammonium 
nitrate (CAN) with 4% MgO, triple supper phosphate, potassium chloride, and mag-
nesium nitrate respectively. Since 2013, N was applied as CAN with 6% S to avoid 4% 
MgO content of CAN that resulted in a reduction of the treatment effect of Mg on crop 
yield. Since 1958, lime (CaO) was applied to the whole field at a rate of 1000 kg ha−1 
every 3 years to stabilize soil pH. Since 2009, S fertilizer was applied every year at a 
rate of 20 kg S per ha on the whole field to avoid S deficiency. Pig manure was applied 
10 days before potato planting during 1958–2008. Since 2009, cattle slurry was applied 
10 days before silage maize and potato planting, and at the early vegetative stage of 
winter rye. Mineral fertilizer N was applied once at planting for potato. It was split 
applied for winter rye at early vegetative, stem elongation, and booting; for oat at 
seeding and booting; and for maize at seeding and early vegetative growth stages. P, K 
and Mg mineral fertilizers were applied once at the planting of potato, oat, and silage 
maize; and at the early vegetative stage of winter rye cultivation.

2.6 Analysis of crop and soil parameters

Crop fresh and dry matter yields were recorded. The crop samples were dried in a 
drying cabinet at 70°C. Soil samples were collected before crop seeding (planting) at 

FYM plus mineral fertilizer Mineral fertilizer without FYM

# Treatments # Treatments

1 FYM + N + P 9 N + P

2 FYM without mineral fertilizers 10 Control (without mineral 
fertilizers)

3 FYM + N + K 11 N + K

4 FYM + N + P + K 12 N + P + K

5 FYM + P + K 13 P + K

6 FYM + N + P + K+ Mg 14 N + P + K+ Mg

7 FYM without mineral fertilizers 15 Control (without mineral 
fertilizers)

8 FYM + N 16 N

Table 1. 
Description of treatments.
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0–30 cm soil depth from all 4 plots of each treatment and mixed thoroughly to obtain a 
uniform sample. Macro and micro nutrient concentrations in the tuber, grain, straw and 
silage of crop and soil nutrient content, organic matter and pH were analyzed as follows:

N content of crop: Crop dry matter was digested with sulfuric acid and catalyst 
tablet to produce 50 ml of filtered samples. The N concentration of the sample was 
determined by continuous flow analysis based on standard operation procedures 
according to the Kjeldahl method.

Macro and micro nutrients content of crop: The dried crop samples were digested 
with nitric acid by direct heating in the microwave. The macro and micro nutrient in 
the digested samples were determined on the ICP-OES (inductively coupled plasma-
optical emission spectrometry) according to standard operation procedures.

Soil P and K content: The air-dry soil samples were sieved via 2 mm sieve and 
mixed with 100 ml calcium acetate and lactate solutions and shaken on the flat shaker 
for 90 minutes. The plant available P and K contents of filtrate of the soil samples 
were determined by ICP.

Soil organic matter: The total organic carbon (TOC) was determined by Vario 
Select Elementary device. The TOC content was calculated from the integral values of 
the measurement peaks and the calibration coefficients.

Soil pH: The air-dried soil samples were sieved on 2 mm sieve and pH was mea-
sured in a 0.01molar CaCl2 solution after 1 hour by pH electrode.

2.7 Data organization and evaluation

Crop yield data were converted to cereal units to aggregate data of different crops 
along 62 years. The potato tuber, winter rye grain, oat grain, and maize silage yield 
were multiplied by respectively 0.22, 1.01, 0.85, and 0.18 to convert into cereal unit 
[18]. The significance differences between average crop yield of treatments were 
analyzed statistically. The yield data were grouped into 12 periods (1958–1963, 
1963–1968, 1968–1973, 1973–1978, 1978–1983, 1983–1988, 1988–1993, 1993–1998, 
1998–2003, 2003–2008, 2008–2014, and 2014–2020) to evaluate the trend of crop 
yield, because crop varieties remained unchanged during 5- or 6-years interval per 
each period with similar effect on yield.

Crop Years FYM + mineral fertilizer (kg ha −1) Mineral fertilizer alone (kg ha −1)

N P2O5 K2O MgO N P2O5 K2O MgO

Potato 1958–1979 175 + 100 168 + 90 180 + 160 55 + 50 100 90 160 50

1979–2006 175 + 140 168 + 90 180 + 160 55 + 50 140 90 160 50

2013–2018 68 + 88 29 + 27 83 + 77 18 + 10 140 60 160 30

Rye 1959–1980 0 + 60 0 + 90 0 + 120 0 + 50 60 90 120 50

1980–2007 0 + 140 0 + 90 0 + 120 0 + 50 140 90 120 50

2010–2018 77 + 100 31 + 31 85 + 41 20 + 11 150 60 120 30

Oat 1960–2008 0 + 100 0 + 90 0 + 120 0 + 50 100 90 120 50

Maize 2009–2016 132 + 87 55 + 20 135 + 20 35 + 9 170 60 150 38

2019–2020 78 + 125 35 + 27 95 + 104 24 + 14 200 75 230 44

Table 2. 
Nutrient application rate per year during 1958–2020.
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Crop yields data (1958–2020) were converted to revenue (economic yield) by 
multiplying annual yields with historical crop prices [19]. The cost of mineral fertil-
izer was obtained by multiplying the mineral fertilizer rate with historical prices [20]. 
FYM was regarded free of cost. The economic evaluation included mineral fertilizers 
cost only, because all other costs of crop production were considered equal for all 
treatments. Economic benefit (USDha−1) = crop revenue - mineral fertilizer cost.

Sustainable yield index (SYI) was calculated according to Singh et al. (1990) 
based on the standard deviation of mean to evaluate the stability of yield [21, 22]. 
SYI = average yield (AY) of treatments minus standard deviation (SD) divided by 
maximum yield (MY) in different years and treatments.

Green water use efficiency (WUE) was calculated according to Sharma et al. (2013) 
based on historical rainfall data recorded at the LTT site [23]. WUE (kg yield per mm 
rainwater) = Yield (kgha−1) divided by cumulative rainfall (mm) from sowing to harvest.

Nutrient use efficiency was calculated according to partial factor productivity 
[24]. N use efficiency (%) = N removal with N fertilized crop divided by N fertilizer 
rate and multiplied by 100. The calculation was done similarly for P and K fertilizer 
use efficiencies.

The soil fertility is measured by nutrient content, organic matter and pH. The soil 
parameters were organized with a three-year moving average. The changes in soil 
fertility were evaluated in comparison to the control treatments and initial values 
measured in 1958.

3. Results

3.1  Effect of balanced and unbalanced nutrition on crop production  
and soil fertility

3.1.1 Average agronomic and economic yields

The balanced nutrition (N + P + K + Mg treatment) resulted in the highest average 
cereal unit yield of 5.4 t and an economic benefit of 1216 $ha−1 (Figure 1). The average 
yield of 5.4 tha−1 is low because of the low-yielding varieties at the early decades of the 
trial and a low water holding capacity of the sandy soil at the site. Without fertilizer 
application, the yield was only 1.9 t and 469 $ha−1. The application of P and K without N 
showed almost no increase in crop yield, 2.1 t and 404 $ha−1. N fertilizer application but 
omitting P, K, and Mg resulted in a yield of 3.8 t and 831 $ha−1. The yield declines due to 
omission of K + Mg, P + Mg, and Mg were respectively 18%, 9%, and 7% and the cor-
responding income loss were 315$, 70$ and 89$ (Figure 1). Omitting K fertilizer leads to 
a higher yield reduction than omitting P fertilizer because of decreasing K supply from 
the soil (Figure 2). The yield and income loss due to the omission of P were rather small 
because of the high P content of the soil (Figure 3). Application of CAN with 4% MgO 
during 1958–2013 as a source of N resulted in low effect of omitting Mg fertilizer on 
crop yield. Application of only FYM decreased yield by 38% and 275$ha−1 (Figure 1).

3.1.2 Trend of average agronomic and economic yields

Crop varieties improved during 62 years of the trial which can be seen in the yield 
increase over time in almost all treatments. The balanced nutrition (N + P + K + Mg 
treatment) resulted in the highest yield and income compared to nutrient omissions 
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Figure 1. 
Effect of balanced nutrition, omitting nutrient, and FYM on average crop yields (n = 62 years); Grain yield with 
the same letters showed the insignificant difference.

Figure 2. 
Effect of balanced nutrition, omitting nutrient, and FYM on soil K content in 0–30 cm depth.

Figure 3. 
Effect of balanced nutrition, omitting nutrient, and FYM on soil P content in 0–30 cm depth.
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or FYM application without mineral fertilizer (Figures 4 and 5). Before 1980, the N 
fertilizer rate was insufficient to provide the N demand of potato and winter rye. The 
low N rate of 100 kgha−1 for potato and 60 kgha−1 for rye cultivation during1958–1980 
(Table 2) and reduction of potato yield by nematodes infection in 1973–1982 resulted 
in decreasing yields during 1968–1980. Since 1980, increasing N rate and cultivating 
nematode resistance potato reversed the trend of decreasing yields. Improvement 
of crop variety resulted in increasing yields and income in all treatments, however 
declining cereal prices during 1990–2003 (data not shown) resulted in decreasing 
crop economic yield during 1993–2003. Compared to the income at the initial phase 
(1958–1963), the balanced nutrition increased crop income by 1981 $ha−1 at the final 
(2014–2020) time interval (Figure 5).

3.1.3 Sustainable yield index (SYI) and green water use efficiency (WUE)

SYI indicates the stability of crop yields in the long run. The high index shows 
the low variation of yield increase over years. Application of mineral fertilizers 
N + P + K + Mg increased SYI and WUE of crop. Omitting nutrient and application 

Figure 5. 
Effect of balanced nutrition, omitting nutrient, and FYM on the trend of average economic yield.

Figure 4. 
Effect of balanced nutrition, omitting nutrient, and FYM on the trend of average yield.
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of only FYM decreased SYI and WUE compared to the balanced nutrition. The WUE 
was reduced by 63%, 34%, and 7–59%, respectively at without any fertilizer, applica-
tion of only FYM, and omitting nutrients compared to the N + P + K + Mg treatment 
(Figure 6). The reduction of WUE is directly related to the decline in crop yield 
because of nutrient omission and application of only FYM.

3.1.4 Nutrient use efficiency

Nitrogen use efficiency (NUE) at the balanced nutrition (N + P + K + Mg) treat-
ment was 77%. Any lack of nutrients reduced the NUE to 49% - 73% (Figure 7). 
P use efficiency (PUE) at the balanced nutrition was 49%. Omitting Mg, K + Mg, 
and N + Mg resulted, respectively 46%, 42%, and 25% PUE compared to the 
N + P + K + Mg treatment (Figure 7). The balanced nutrition resulted in the highest 
K use efficiency (KUE) of 84% compared to omitting nutrients and application of 
only FYM. The KUE at omitting Mg, P + Mg, and N + Mg fertilizers and only FYM 

Figure 6. 
Effect of balanced nutrition, omitting nutrient, and FYM on average WUE and SYI of the crop (n = 62 years).

Figure 7. 
Effect of balanced nutrition, omitting nutrient, and FYM alone on average N, P, and K use efficiency 
(n = 62 years).
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application were, respectively 78%, 77%, 37%, and 75% (Figure 7). The highest 
nutrient use efficiencies were achieved in the treatment with the balanced supply of 
nutrients for crop demand. Application of FYM without mineral fertilizer decreased 
N and K use efficiencies, because of the lower plant availability of N and K in the 
FYM. P and K fertilizers application without N resulted in a very low PUE and KUE, 
because of the very low yield and poor recoveries of P and K.

3.1.5 Soil P2O5 and K2O contents

P and K fertilizers application affects soil P2O5 and K2O content. The balanced 
nutrition (N + P + K + Mg) increased soil P2O5 and maintained the soil K2O in com-
parison to the omission of P and K respectively.

The P2O5 content of loamy sand soil on arable land is classified as ‘very low’ 
(below 3), ‘low’ (4–9), ‘medium’ (10–18), ‘high’ (19–32), and ‘very high’ (above 
33) mg P2O5 per 100 g soil at 0–30 cm depth [25]. At the start of the trial the soil 
P content, as well as the K level were therefore classified as medium. P fertilizer 
application increased soil P2O5 content toward very high during 1958–1983: the 
inadequate N rate during 1958–1980 (Table 2) and the limited potato growth in 
1973–1982 caused a low crop yield (Figure 4) that resulted in an accumulation of 
P fertilizer in the soil. Increased crop yield after 1982 due to increased N fertilizer 
rate and cultivating potato variety resistance to nematodes reduced soil P2O5 content 
during 1984–1996. P fertilizer application generally increased soil P2O5 content to 
‘high’ level, but omitting P fertilizer reduced the soil P2O5 content compared to the 
initial measurement in 1958 (Figure 3).

The K2O content of loamy sand soil on arable land is classified as ‘very low’ 
(below 3), ‘low’ (4–9), ‘medium’ (10–18), ‘high’ (19–32), and ‘very high’ (above 33) 
mg K2O per 100 g soil at 0–30 cm depth [25]. Application of K fertilizer-maintained 
soil K2O content at the ‘medium’ range, while the omission of K fertilizer decreased 
soil K2O content to the ‘low’ level (Figure 2). Application of K fertilizer increased 
the soil K2O content during the early decades, because of low K removal from the 
soil. The decreasing soil K2O content after 1981 was generally driven by combined 
effects of increased K removal from the soil with high crop yield and loss of K by 
leaching on sandy soil.

A low crop yield (Figure 1) produced a low PUE and KUE (Figure 7), at P + K 
mineral fertilizers application without N, resulted in the highest soil P2O5 and K2O 
contents (Figures 2 and 3). Soil P2O5 and K2O analysis at 30–90 cm in 1987, 2008, and 
2018 showed residual P and K fertilizers movement below 30 cm depth. P + K mineral 
fertilizers application without N increased the soil P2O5 and K2O contents respectively 
by 43% and 49% in 30–60 cm and by 48% and 96% in 60–90 cm depth compared to 
the application of N + P + K mineral fertilizers (data not shown).

3.1.6 Soil organic matter and soil pH

Improvement of soil organic matter positively influences soil fertility through its 
impact on the chemical, physical, and biological properties of a soil. The soil organic 
matter was measured as soil C (carbon) content. The soil organic C decreased in 
comparison to the initial value of 2.1% measured in 1958, because crop residues were 
removed from the field during 1958–2009. It was slightly increased with mineral 
fertilizer and FYM application compared to the treatment without any fertilizer 
(Figure 8). During 1959–1973, the soil organic C was not measured.
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The soil pH was optimized by lime application to avoid the negative effect of pH 
on nutrient availability. Lime (CaO) applied every 3 years to the whole field at 1000 
kgha−1 increased soil pH compared to the initial pH measured in 1958 (Figure 9).

3.2  Effect of integrating FYM with mineral fertilizer on crop production  
and soil fertility

3.2.1 Average agronomic and economic yields

Application of FYM plus mineral fertilizer increased yield and income. The 
highest yield was measured at 6 tha−1 in the treatment of FYM plus NP fertilizer. FYM 
application without mineral fertilizer as organic nutrition only, decreased yield by 
44% (Figure 10). Application of FYM + N, FYM + NP, FYM + NK, FYM + NPK, and 
FYM + NPKMg achieved similar yield levels, but FYM + PK fertilizer significantly 
decreased yield and income due to inadequate availability of N applied as FYM in 
the treatment. Integrating FYM with NK fertilizer resulted in the highest income 
measured at 1433 $ha−1 (Figure 10). The economic yield at FYM + NP treatment was 

Figure 9. 
Effect of balanced nutrition, omitting nutrient, and FYM on soil pH in 0–30 cm depth.

Figure 8. 
Effect of balanced nutrition, omitting nutrient, and FYM on soil carbon content in 0–30 cm depth.
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14 $ lower than the economic yield at FYM + NK, because the historical P fertilizer 
price was higher than K fertilizer price (data not shown). Application of only FYM 
significantly decreased yield and income, because of the insufficient availability of 
nutrients in the FYM for the crops.

3.2.2 Trend of average agronomic and economic yields

Improvement of crop varieties during the 62 years of the trial resulted in increasing 
yield and income trends in all the treatments. The integrated nutrition supported the 
highest yield and income compared to FYM application only (Figures 11 and 12). The 
decline in yield during 1968–1980 was caused by the low N fertilizer rate in1958–1980 
and the reduction of potato growth by nematodes infection in 1973–1982. Increased 
N fertilizer rate after 1980 and cultivating nematode resistance variety after 1982 
reversed decreasing yield levels. The yield was high at integrated nutrition treatment 
because nutrients were balanced and adequately available compared to only FYM 

Figure 11. 
Effect of integrated nutrition and FYM on the trend of average cereal unit yield.

Figure 10. 
Effect of integrated nutrition and FYM on average crop yields (n = 62 years); Grain yield with the same letters 
showed the insignificant difference.
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application. Crop yield and income at integrated nutrition was even higher than at the 
balanced nutrition (NPKMg) because until 2008, the treatments with FYM received 
the nutrients from the FYM in addition to nutrients from the mineral fertilizer.

3.2.3 Sustainable yield index (SYI) and green water use efficiency (WUE)

The sustainability of crop production is measured by SYI. A high or low index 
indicates the level of variations in yield. It is measured as the standard deviations 
and it is seen as an indicator for sustainability. Nutrient management influences the 
long-term yield stability. Application of FYM plus mineral fertilizers increased SYI 
and WUE of the crop (Figure 13). WUE decreased by 67% without any fertilizer and 
by 40% at only FYM compared to the WUE of integrating FYM with NP fertilizer 
(Figure 13). A reduction of crop yield because of nutrient deficiency resulted in a low 
SYI and inefficient use of water.

Figure 12. 
Effect of integrated nutrition and FYM on the trend of average economic yield.

Figure 13. 
Effect of integrated nutrition and FYM on average WUE and SYI (n = 62 years).
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3.2.4 Nutrient use efficiency

Nitrogen use efficiency (NUE) was 73% at the integrated nutrition treatment 
(FYM + NP mineral fertilizer). Application of FYM only and FYM plus PK fertilizer 
decreased NUE to 49% and 51% (Figure 14). Low yield (Figure 10) due to low N avail-
ability in the FYM reduced NUE at the treatments FYM only and FYM plus PK fertil-
izer. The highest P use efficiency (PUE) of 66% was calculated at FYM + NK fertilizer 
(Figure 14). Low PUE of 51% at the application of only FYM and 32% at FYM plus 
PK fertilizer were recorded, because inadequate availability of N from FYM reduced 
yield (Figure 10) and P output. Combining FYM with NK or N fertilizer significantly 
increased PUE. K use efficiency (KUE) was increased to 99% at integrating FYM with 
NP fertilizer (Figure 14). It was decreased to 75% at the application of FYM only and 
decreased to 47% by omitting mineral nitrogen at FYM plus PK. The nitrogen defi-
ciency in the FYM plus PK fertilizer treatment decreased yield and limited K recovery.

3.2.5 Soil P2O5 and K2O contents

The soil P2O5 content indicates the capacity of a soil to supply P for crop growth 
and it is affected by P fertilizer application. It was increased during 1958–1983, 
because of inadequate N fertilizer rates during 1958–1980 (Table 2) and low yield-
ing potato from 1973 to 1982 resulted in an accumulation of P fertilizer in the soil. 
Increased crop yield after 1982 due to increased N fertilizer rate and cultivating 
nematode resistance variety caused a decreasing trend of soil P2O5 during 1984–1996 
compared to the highest soil P2O5 content recorded in1977 and 1982. Integrating FYM 
with P fertilizer increased soil P2O5 content to the ‘very high’ level. FYM only and 
FYM plus N or NK fertilizers increased soil P2O5 to the ‘high’ level compared to the 
initial soil P2O5 measured in 1958 (Figure 15).

Integrated nutrition and application of FYM only increased soil K2O during 
1958–1980 compared to the initial soil K2O content (Figure 16), it was caused by 
low crop yield resulting in an accumulation of residual fertilizer K in the soil. The 
decreasing trend of soil K2O after 1980 was caused by a combined effect of increased 
K removal from the soil through high crop yields (Figure 10) and K loss by K leaching 

Figure 14. 
Effect of integrated nutrition and FYM alone on average N, P, and K use efficiency (n = 62 years).
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on sandy soil. FYM combined with K fertilizer generally maintained soil K2O content, 
but FYM only and FYM plus N or NP fertilizers depleted soil K2O to the ‘low’ level 
after 1982 (Figure 16). The negative input–output balance caused a K-mining of 
the soil of 5 kg K per ha and year at FYM alone, and 41, and 30 kg K per ha per year, 
respectively at FYM plus N, and FYM plus NP fertilizers and decreased soil K2O con-
tent. FYM plus PK fertilizer resulted in the highest soil K2O content (Figure 16) due to 
low crop yield (Figure 10) and inefficient use of K fertilizer (Figure 14). Analysis of 
soil K2O in 30–90 cm in 1987, 2008, and 2018 showed residual K fertilizer movement 
below 30 cm depth. The soil K2O content increased by 37% in 30–60 cm and 22% in 
60–90 cm depth at FYM plus PK fertilizer compared to the FYM plus NPK fertilizer 
(data not shown).

3.2.6 Soil organic matter and soil pH

The soil organic matter improves soil fertility by its influence on the chemical, 
physical, and biological properties of a soil. It was measured as an organic fraction 
of soil C. The soil organic C decreased in comparison to the initial value of 2.1% 

Figure 16. 
Effect of integrated nutrition and FYM on soil K content in 0–30 cm depth.

Figure 15. 
Effect of integrated nutrition and FYM on soil P content in 0–30 cm depth.
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measured in 1958, because crop residues have been removed from the field until 2009. 
Integrated nutrition increased soil C compared to only FYM application (Figure 17). 
Reduction of crop growth and low root biomass indicated by low yield (Figure 10) 
decreased soil C content at the treatment without any fertilizer. During 1959–1973, 
the soil organic C was not measured.

Liming of soil every 3 years with 1 tone CaO per ha increased soil pH compared to 
the initial pH measured in 1958 (Figure 18).

4. Discussion

Sustainable crop production can be defined as the agricultural practices that meet 
human needs for food, is economically viable, while at the same time being environ-
mentally positive [26]. Evaluation of 62 years data of the classical long term trial has 
shown the importance of nutrient management on all three aspects of sustainability: 
(1) Improvement of crop yield, sustainable yield index, WUE and soil fertility to 

Figure 18. 
Effect of integrated nutrition and FYM on soil pH in 0–30 cm depth.

Figure 17. 
Effect of integrated nutrition and FYM on soil carbon content in 0–30 cm depth.
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produce sufficient food (Social), (2) Profitability of crop production, efficient 
use of resources, and maintenance of soil fertility to grow the income of farmers 
(Economic), and (3) Efficient use of nutrients and improving soil fertility to mini-
mize nutrient loss (Economic and Environmental).

4.1 Effect of balanced nutrition on the sustainability of crop production

The data of the trial confirmed that a balanced nutrition increases crop yield, 
avoids nutrient deficiency, increases nutrient and water use efficiency, protects the 
environment by minimizing nutrient loss, and improves soil fertility. Chopra et al. 
(2014) reported similar results [27]. Application of mineral N + P + K + Mg fertilizer 
as balanced nutrition resulted in the highest yield and income of crop (Figure 1). 
Similar results were reported for potato with N + P + K + Mg + S application [28] and 
for maize with N + P + K + Mg application [29, 30] as balanced nutrition compared 
to treatments of unbalanced nutrition. Omitting nutrients reduced crop yield and 
resulted in an economic loss of between 89 and 812 $ha−1 (Figure 1). Dev (1998) and 
Chander et al. (2012) also reported that omitting nutrients significantly decreased 
yield and profit of maize, millet, rice, soybean, and wheat [14, 31]. Application of 
only FYM significantly reduced crop yield and income compared to the balanced 
nutrition (Figure 1). Černý et al. and Dilshad et al. (2010) and Abid et al. (2020) 
reported a significant reduction of barley, maize, potato, rice, and wheat yields 
with the application of FYM only compared to N + P + K mineral fertilizer [32–34]. 
Bhattacharyya et al. (2014) reported a decrease in maize and wheat economic benefit 
at FYM alone compared to N + P + K fertilizer [35].

Crop varieties improved during the 62 years of the trial and resulted increas-
ing yields. Evaluation of the cereal yield per ha indicates that the average yield was 
increased by 101% during the latest decade (2010–2020) compared to the average 
yield measured between 1961 and 1970 for Germany [19]. Fertilizer application is 
an essential management practices that positively affects yield and income in the 
long-term. The balanced nutrition of the essential plant nutrients was best nutrient 
management practice and resulted in the highest yield (Figures 4 and 5). Crop yield 
and income increased during the years 2008 to 2020 were 66% and 1901$ha−1higher 
than in the earliest years 1958 to1968 (Figures 4 and 5). The combined effects of bet-
ter varieties and fertilizer application improved crop yield and soil fertility during the 
trial periods (Figures 2, 3 and 9). An unbalanced nutrition resulted in yield loss of 6 
to 53% or up to 311$ha−1 during the earliest decade, but 8 to 69% (158 to 3075$ha−1) 
loss during the latest decade. N fertilizer application without PK fertilizer similarly 
resulted in 86% reduction of maize grain yield during 2001–2006 compared to maize 
yield at N without PK fertilizer during 1987–1988, because cumulative K releasing 
power of the soil has depleted 33% in 2003 compared to K releasing power of the soil 
in 1986 [36]. The high productivity and revenue per area with the balanced nutrition 
support the social and economic aspects of sustainable crop production.

The long-term application of balanced nutrient positively affects the stability of 
crop yield [37]. Balanced nutrition (N + P + K + Mg fertilizer) resulted in the highest 
SYI compared to omitting nutrients (Figure 6). Ray et al. (2017) similarly reported 
the highest SYI with the balanced nutrition (N + P + K + S + Zn fertilizer) compared 
to the unbalanced nutrition [38]. Application of only FYM decreased SYI by 8% 
compared to both the N + P + K and N + P + K + Mg treatments (Figure 6). Abid et 
al. (2020), Bhattacharyya et al. (2014), and Malarkodi et al. (2019) reported a reduc-
tion of SYI, respectively by 6%, 17% and 5% with only FYM compared to N + P + K 
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mineral fertilizer [34, 35, 39]. The highest SYI was observed at the balanced nutrition 
and it confirms stable yields as an indicator of sustainability.

Land, solar energy, and water are the major natural resources required to produce 
crop. Efficient utilization of these resources is necessary for sustainable crop produc-
tion. Nutrient application is important to increase land and water use efficiency. 
Reduction of yield because of unbalanced nutrition (Figure 1) resulted in inefficient 
use of land, because more land (1.1 to 1.7 ha) is required to achieve the same yield 
as on 1 ha of land at the balanced nutrition treatment. The N + P + K + Mg fertilizer 
resulted in the highest WUE compared to omitting nutrients and FYM application 
alone (Figure 6). Omitting nutrients decreased WUE by 7 to 63%. Chander et al. 
(2013), Suhas et al. (2013) and Chander et al. (2012) reported similar results [6, 
8, 31]. Efficient use of resources is only possible in a balanced application of plant 
nutrients.

The best practice of nutrient management increases nutrient use efficiency in crop 
production. The N, P, and K use efficiencies (NUE, PUE, and KUE) of major cereal 
crops are reported to be between 40 and 65%, 15–25%, and 30–50% respectively at 
recommended management practices with recommended soil P and K contents [40]. 
The balanced nutrition (N + P + K + Mg fertilizer) resulted in a high nutrient use 
efficiency compared to the unbalanced nutrition. The average NUE, PUE, and KUE 
of crop at the balanced nutrition were, respectively 77%, 49% and 84% (Figure 7). 
Omission of nutrients and application of only FYM decreased nutrient use efficiency 
by 5–56%, because crop growth and yield were limited by nutrient deficiency. Kumar 
et al. (2021) reported reduction of nutrient use efficiency by 27–65% for potatoes due 
to nutrient omission compared to the balanced nutrition [41]. Similar results were 
reported in Wang et al. (2010) for maize and wheat [42]. Inefficient use of nutrients 
causes a high cost of production or economic loss and a high risk of environmental 
pollution.

Physical, chemical, and biological parameters of soil fertility influence the capac-
ity of soil to support crop growth. Nutrient management with its direct impact on 
nutrient and organic matter contents, pH, and cation exchange capacity of soil 
supports sustainable crop production. Long-term soil fertility is ensured by balanced 
nutrition and concurrent application of lime [43]. Omitting P fertilizer decreased soil 
P content (Figure 3). Bhattacharyya et al. (2015) also reported a reduction of soil P 
content due to P fertilizer omission [44]. K removal without replacement depleted 
soil K from the medium to the low level (Figure 2). Zhao et al. (2014) reported that 
omitting K fertilizer similarly decreased soil K content at different depths [45]. 
Balanced nutrition improved soil nutrient content to desirable levels and increased 
yield with positive impacts on sustainable crop production.

The soil organic matter improves soil water-holding, aeration, nutrient absorption 
and release, and minimization of leaching and erosion [46]. Application of mineral 
fertilizer and FYM alone slightly increased soil organic carbon (SOC) compared to 
the treatment without any fertilizer (Figure 8). This was also found by Aula et al. 
(2016), they reported a significant increase in SOC through the application of NP 
and NPK fertilizers and FYM compared to without any fertilizer [47]. The only slight 
increase of organic matter at the application of mineral fertilizer and FYM alone was 
caused only by root residues (Figure 1), because crop residues were removed from 
the field for more than 50 years. Zhao et al. (2014) reported a significant increase of 
SOC at mineral NP and NPK fertilizers plus wheat straw compared to NP and NPK 
fertilizers without straw [45]. The unbalanced nutrition depleted soil organic matter 
content through a low crop yield. The balanced nutrition improves soil organic matter 
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with positive implications on soil fertility supporting crop growth and yield directly 
related to sustainable crop production.

4.2 Effect of integrated crop nutrition on the sustainability of crop production

The integrated crop nutrition as the combination of organic and mineral fertilizer 
contributes: (1) to maintain or enhance soil fertility, (2) to improve nutrient stocks in 
the soil, and (3) to reduce nutrient loss to the environment by increasing nutrient use 
efficiency [48]. It improves the availability of nutrient and corrects nutrient imbal-
ances to increase crop yield. Application of FYM plus mineral fertilizers significantly 
increased crop yield compared to FYM alone (Figure 10), which was also reported 
by Abid et al. (2020) and Mahmood et al. (2017) for maize yield [34, 49] and by 
Baniuniene and Zekaite (2008) for potato yield [50]. FYM without mineral fertilizer 
reduced crop yield by 44% and 492$ha−1 (Figure 10). Bhattacharyya et al. (2014) 
similarly reported 47% yield and 59% profit reductions for maize and 49% and 52% 
for wheat at only FYM application compared to FYM plus NPK fertilizer [35]. The 
integration of FYM with mineral fertilizer increased yield and income, because it 
improved nutrient availability required to support the healthy growth of crops.

Integrated nutrition was the best nutrient management practice, because it 
increased crop yield and income to the highest level (Figures 10–12) and it improved 
soil fertility (Figures 15–17). Vasuki et al. (2009) similarly reported that the inte-
grated and balanced use of mineral fertilizer plus organic manures have maintained 
an increase of crop yield at a higher level over the years [36]. Application of only FYM 
resulted in a loss of income of 1347 $ha−1 in the latest years (2008–2020) compared to 
237 $ha−1 in the earliest years (1958–1968) of the trial, as compared to the treatment 
of FYM with NK fertilizer during the respective time intervals (Figure 12). Hejcman 
and Kunzova (2010) similarly reported that wheat yield reduction due to applica-
tion of FYM only was high during the latest decade (1997–2006) and low during the 
earliest decade (1957–1966) compared to yield at integrating FYM with NPK fertilizer 
[51]. The synergy between improved varieties and integrated nutrition sustained the 
increasing yield and income during the long-term, because nutrients have been avail-
able in quantity and ratio demanded by high-yielding crop varieties.

The SYI is viewed as a quantitative measurement of sustainability. A high SYI with 
minimum standard deviation indicates low variability of yield. Integrated nutrition 
increased SYI compared to the application of FYM alone (Figure 13). Integrating FYM 
with NPK fertilizer similarly increased SYI of maize [34] and sunflower [39] compared to 
only FYM treatment. Low SYI at only FYM application shows a high variability of yield, 
while the high SYI at the integrated nutrition indicates sustainable crop production.

Natural resource use efficiency of crop production is increased by improving crop 
growth. Best nutrient management is therefore needed to achieve efficient utilization 
of land and water for crop production. Application of only FYM resulted in inef-
ficient land use, because crop yield was 44% lower than at the integrated nutrition 
(Figure 10). Therefore, it requires 1.4 ha of land to achieve the same yield as with 
FYM plus NP fertilizer on 1 ha, and it decreased WUE by 40% (Figure 13). Dubey et 
al. (2014) similarly reported a 9% reduction of WUE of the crop at only FYM applica-
tion compared to FYM plus NPK fertilizer [52]. Improvement of land and water use 
efficiency is an important contribution to sustainable crop production.

Efficient use of nutrients applied as organic plus mineral fertilizers reduces 
nutrient losses, protects the environment and improves economic return on invest-
ment in fertilizer. It was confirmed in the trial data as the highest percentage of crop 
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NUE, PUE, and KUE were achieved with integrated nutrition. Application of only 
FYM decreased nutrient use efficiency by 15–24% compared to integrated nutrition 
(Figure 14). Abid et al. (2020) similarly reported a 36% reduction of nutrient use 
efficiency of maize [34] and Bhattacharyya et al. (2014) reported a 24% and 23% 
reduction for maize and wheat [35] at only FYM compared to integrating FYM with 
NPK fertilizer. Application of only FYM was resulted in inadequate and unbalanced 
availability of nutrients, so that it has been caused a reduction of crop growth and 
yield, which were ultimately leading to low recovery and inefficient use of nutrients.

Nutrient management improves nutrient availability in the soil and supports soil 
fertility via its impact on nutrient content, soil organic matter and pH. Integrating 
FYM with P fertilizer increased soil P2O5 content compared to only FYM (Figure 15). 
Malarkodi et al. (2019) and Hejcman and Kunzova (2010) reported similar results [39, 
51]. FYM plus K fertilizer-maintained soil K2O content within the medium range, but 
only FYM and FYM + NP fertilizer decreased soil K2O to the ‘low’ level compared to 
the initial soil K2O (Figure 16). Application of only FYM similarly depleted soil K2O 
compared to FYM plus K fertilizer [39, 49]. Integrated nutrition improved soil nutrient 
content and increased crop production as an indicator of efficient use of input and 
resources with positive implications on sustainability.

Some authors claim that the production of cereal crops have stagnated or declined 
in recent years due to unbalanced and inadequate nutrient application and degrada-
tion of the soil organic matter [27]. The decomposition of organic matter releases the 
nutrients necessary to increase crop yield. Integrated nutrition increased soil organic 
carbon (SOC) compared to the application of FYM alone (Figure 17). A similar result 
was reported in Malarkodi et al. (2019) and Hejcman and Kunzova (2010) [39, 51]. 
An increase in SOC indicates organic matter improvement that makes soil condition 
favorable to increase yield and to sequestrate carbon in crop residues.

The soil pH regulates solubility and availability of nutrients. It increased rapidly 
during 1958–1998 at integrated nutrition compared to FYM alone by CaO (lime) 
application (Figure 18). Abid et al. (2020) similarly reported that supplementing 
FYM with NPK fertilizer significantly increased soil pH compared to only FYM [34]. 
Since 1998, the soil pH was maintained at a desirable level with a slight difference 
between treatments due to the accumulated effect of lime.

5. Conclusion

Analysis of 62 years of data of the long-term trial confirmed that application of 
mineral fertilizer N + P + K + Mg as the balanced nutrition and supplementing FYM 
with mineral fertilizer as the integrated nutrition supports the social, economic, and 
environmental aspects of sustainable crop production. Any unbalanced nutrition 
caused by omitting nutrients or applying average quantities of FYM alone resulted 
in a reduction of crop yield and revenue. It contributed to inefficient use of nutrients 
and resources, an unstable yield increase, and a depletion of soil fertility with nega-
tive implications on sustainability.

Violation of the Law of the Minimum by omitting nutrients decreased crop 
yield, revenue, SYI, WUE, NUE, PUE, and KUE, respectively by 7–65%, 89–812 
$ha−1, 1–22%, 7–63%, 5–23%, 6–49%, and 7–56% compared to the balanced nutri-
tion, because essential functions of the missing nutrients cannot be fulfilled by any 
other nutrient. Application of FYM alone as organic fertilizer at the local rates in 
the long-term trial decreased crop yield, revenue, SYI, WUE, NUE, PUE, and KUE, 
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respectively by 44%, 492 $ha−1, 10%, 40%, 33%, 23%, and 24% compared to the 
integrated nutrition, because nutritional needs of crop were not fully satisfied due to 
unpredictable availability and the unbalanced ratio of nutrients in the FYM.

Therefore, both the balanced and integrated principles of crop nutrition are the 
best management strategies to support the positive impacts of technological progress 
in crop production without depleting the soil fertility. They are important to sustain 
crop production for future generations while the environment is protected.
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Chapter 3

Vermicomposting: A Step towards 
Sustainability
Priyanka Saha, Anamika Barman and Anurag Bera

Abstract

Agricultural production depends on so many things. Proper nutrient management 
is one of them. It becomes a trend to apply excess amount of fertilizer for enhancing 
productivity without considering its effect on soil health. Vermicomposting is a pro-
cess of scientifically decomposing agricultural, municipality, and industrial wastes 
into nutrient enriched compost by earthworms. Vermicompost not only balance 
underground soil environment and makes is a suitable habitat for soil micro biota but 
also improves above ground environment. Microbes are the fundamental element of 
ecosystem. Use of vermicompost increases growth and proliferation of microbes that 
amplify environment’s betterment. Vermicomposting is also affordable for resource 
poor small and marginal farmers. Therefore, vermicompost use is more economical 
than synthetic organic fertilizer. So, economic viability, environmental stability, and 
enhancing livelihood quality are the major causes for its worldwide adoption in food 
production.

Keywords: vermicompost, soil fertility, sustainability, earthworm, soil health

1. Introduction

Increasing population and food demand has forced the farming community to 
apply excess amount of chemical fertilizer that leads to degradation of soil health and 
causing environmental pollution. Factor productivity of the soil is also decreasing due 
to injudicious fertilization. The technology advancement and industrialization has 
created many challenges associated with sustainability. Sustainability is a concept of 
utilizing the natural resources without compromising the ability of future generation 
to meet their own needs. Rapid urbanization and industrial growth is worrisome with 
respect to huge amount of waste generation. Unscientific management of these wastes 
causing social, economic, and environmental problems. After consuming so much 
chemicals during the green revolution era, the soil eventually became unproductive 
due to a lack of sufficient organic matter amendments. Vermicomposting is one of the 
many potential approaches that have gained significant attention over decades. It is 
an eco-friendly concept of waste management where decomposition process is aided 
by microorganisms [1–3]. Earthworms are the biological engineers since the beginning 
of humankind. The technique of culturing earthworm for managing wastes and 
preparing compost is known as vermicomposting. Vermicomposting is defined as a 
bio-oxidative process where earthworms and decomposer microorganisms (bacteria, 
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fungi, and actinomycetes) act synergistically to manage organic waste in a scientific 
way that also aids in improvement of soil physical, chemical, and biological properties 
[4]. A wide range of raw materials (Figure 1) such as agricultural waste [5], animal 
waste [6], and municipality [7] waste are decomposed by earthworms and microor-
ganisms for preparing vermicompost. This bio-technique increases mineralization 
of waste material led to enhancement in bioavailability of essential plant nutrients. 
Vermicompost not only supplies plant nutrients and growth promoting hormones but 
also improves soil physical property through soil aggregation [8]. Hence it is used as 
a component of organic farming. Vermicompost has also been proven to be a miracu-
lous plant growth stimulator [9]. Vermicast, the end product is also rich in hormones 
and enzymes which make the soil environment favorable for soil biota. Residue 
burning is a common issue nowadays that causing severe environmental hazards. This 
issue can also be overcome by adopting vermicomposting technique.

In spite of having so many benefits, use of vermicompost is still not accepted 
widely due to lack of awareness and technology barriers. There is a need for proper 
extension to explore the potentialities of vermicompost. So, this study was conducted 
with the objectives for getting a precise idea about general properties, preparation 
methods, benefits and its limitations, and most importantly understanding the 
significance of vermicompost in crop production.

Figure 1. 
Vermicompost and its role in agriculture.
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2. Earth worm and its kind

Among the soil biota, earth worm is one of the major kinds and a key component 
of tropical and subtropical ecosystems [10, 11]. It helps is soil aggregation, nutrient 
recycling, litter decomposition, etc. Earthworm improves the soil environment by 
producing cast, pellets, and galleries. Mucus secretion from the gut of earth worm 
enhances microbial activity. Around 3000 species of earthworms documented so far 
[12]. The earthworms are of three types that have been described in Figure 2.

The most common earthworms [13] have successfully used in India for vermicom-
post preparation are:

Figure 2. 
Earth warm classification.

Indices Chemical fertilizers Vermicompost

Synthesis process They are synthesized and 
manufactured in factories.

They are the product of natural decomposition of 
organic matter with the help of earth worms.

Macronutrients Major chemical fertilizer contains only 
one macronutrient (either nitrogen or 
phosphorus or potassium).

Vermicompost contains almost all the primary 
minerals along with some quantities of secondary 
minerals (Ca, Mg, and S) [14].

Micronutrients Not present. Significant amount of micronutrients: Zn, B, Mn, 
Fe, Cu, etc. also present [15].

Soil structure Over use of chemical fertilizer 
degrades soil structure.

It improves soil aggregation, water holding 
capacity, soil aeration, etc.

Biological activity 
of soil

It reduces biological activity of soil. It improves activity of soil microbes thus enhances 
soil fertility [16].

Environmental 
impact

Excessive use of chemical fertilizers 
causes environmental pollution.

Vermicompost is an eco-friendly approach [17].

Saving cost of 
cultivation

Use of chemical fertilizers increases 
the cost of cultivation.

The farmer/consumer can expect approximately 
$110–$350 in additional income from applying 
one ton of vermicompost due to offset costs of 
traditional fertilizer and pesticides [18].

Table 1. 
Difference between chemical fertilizer and vermicompost.
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• Perionyx excavates (a native species)

• Eisenia fetida (exotic species that have colonized many ecosystems)

• Eudrilus eugeniae (exotic species largely confines to experimental setup)

Apart from being ecological engineer, earth worm is a rich source of protein thus it 
can be used as high quality feed to farm animals. Das et al. [13] reported that earth-
worm cast increases mushroom production. The brief difference between chemical 
fertilizer and vermicompost is given in Table 1.

Most commonly used earthworm species are: African earthworm (E. eugeniae), 
that is, Figure 3, Tiger worm (E. fetida), that is, Figure 4, and Asian worms  
(Perionyx excavatus), that is, Figure 5.

3. General properties of vermicompost

In terms of sustainable crop production, the acceptability of vermicompost has 
been rising rapidly as soon as the human realizes the significance of organic inputs in 
crop field. The excreta of earthworms, which is considered as the main product, that 
is, vermicompost has several characteristics. These are:

Figure 3. 
African earthworm (Eudrilus eugeniae).

Figure 4. 
Tiger worm (Eisenia fetida).

Figure 5. 
Asian worms (Perionyx excavatus).
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3.1 Physical properties

• A good vermicompost is always non-toxic, well-decomposed, ecologically compatible, 
and environment friendly.

• Any type of green waste viz. municipal waste, agricultural waste, sewage sludge, 
industrial waste, and human feces can be used for the conversion by earthworm.

• When turning of soil is occurred in proper manner, it is symptomatic to aero-
bic decomposition which will produce normal odor after preparation. If there is 
improper aeration, foul odor can be formed.

• The final outcome of vermicomposting would be comprising of fine particulate 
structure, granular form.

• Vermicompost plays the role of a “soil conditioner” by improving the soil porosity, 
drainage, and water holding capacity [19].

3.2 Chemical properties

• Vermicompost is rich in almost all essential macro and micro plant nutrients. 
Several experiment states that average nutrient content of vermicompost is greater 
than other conventional compost, produced from other procedures.

• Among all the secondary nutrients, calcium content in vermicompost is higher 
than other compost.

• In contrast with other conventional compost, vermicompost contains worm mucus 
which facilitates in preventing washing away of nutrients present there [20].

• Due to vermi-conversion, heavy metal present in feeding material is found to be 
reduced in earthworm cast owing to its accumulation in worm tissue. According 
to the feed used, the rate of removal of heavy metal depends in vermicomposting 
techniques. This property makes vermicompost lesser contaminant than any other 
compost. Thus, it becomes more environmentally sustainable [21].

• There are certain differences found in chemical properties between simple farm yard 
compost and vermicompost. Vermicompost ranges higher in macro and micro-nutri-
ents as well as soil organic carbon status that can be observed from the Table 2 [22].

3.3 Biological properties

• The by-product of earth casting is an inhabitant of several microorganism, viz. 
bacteria, fungi, and actinomycetes. These micro-organisms release several enzyme 
and phytohormones which helps in improving plant growth. Thus, vermicompost 
facilitates both microbial and enzymatic activity [22, 23].

• The microbial population of nitrogen fixer bacteria and other symbiotic associative 
bacteria are supposed to be in a good range of numbers in the excreta of earthworm.

• In addition, earthworm casts harbor a large number of vesicular-arbuscular 
mycorrhiza (VAM) propagules. These propagules survive up to 11 months on the 
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cast, and helps in increasing microbial activity to produce nitrogen and phospho-
rus in readily available form to the plant (Table 3) [24].

4. Preparation methods

Earthworms are often termed as “Bio-engineers” because of their unique ability to 
convert organic wastes into dark brown nutrient rich compost materials. We use these 
worms along with some easy-available inputs to produce the vermicompost. In South-
Asian countries like India, we often see market price of the vermicompost is very low, 
which is attributed to the low-cost inputs of this compost. This vermicompost can be 
prepared in various techniques, among all those two most common methods are: bed 
and pit methods.

Bed method is easy to prepare and maintain throughout the process as here com-
posting is done on pucca or kachcha floor by making the bed with organic materials 
like hay, straw, corn silage, etc.

Properties Impact References

Soil physical 
properties

Soil aggregation, soil structure, and water holding capacity, 
infiltration rate improves after vermicompost application.

Edwards and 
Burrow [19]

Soil chemical 
properties

Vermicompost also offers a greater chance for reducing salinity, 
alkalinity, and reduction of heavy metal contamination.

Nancarrow et al. 
[20]

Soil microbial 
properties

Microbial biomass is also increases with the use of vermicompost. Blouin et al. [12]

Table 3. 
Effect of vermicompost on different soil properties.

Properties Compost Vermicompost

pH 7.16 7.72

EC (dSm−1) 3.65 6.88

OC 20.5 17.3

Total N (%) 2.42 3.5

Total P (%) 0.88 0.71

Total K (mg.kg−1) 653.5 950.5

Total Ca (%) 2.9 3.5

Total Mg (%) 1.5 2.8

Total Fe (mg.kg−1) 4467 6045

Total Zn (mg.kg−1) 115.5 189.5

Total Cu (mg.kg−1) 59 38

Total Mn (mg.kg−1) 221.45 344.15

C:N 8.47 5.51

Table 2. 
Chemical properties of compost and vermicompost.



59

Vermicomposting: A Step towards Sustainability
DOI: http://dx.doi.org/10.5772/intechopen.102641

Pit method is comparatively strenuous process where composting is done on 
cemented pits of approx. The unit is covered with grass or any other organic mixtures 
(Figures 6–10).

Figure 6. 
Bed method.

Figure 7. 
Pit method.

Figure 8. 
Spraying of water in bed.

Figure 9. 
Adult worms in compost.
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4.1 Step by step of preparation methods

Figure 10. 
Fully prepared vermicompost.
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5. Beneficial effects of vermicompost

5.1 Effect of vermicompost on the soil physiochemical properties

Addition of vermicompost improves soil physico-chemical properties viz. soil 
structure, soil water holding capacity, penetration resistance, bulk density, soil 
organic carbon, aggregation, nutrient content, etc. According to the findings of vari-
ous long term research addition of vermicompost reduces the bulk density of the soil 
and increases the water holding capacity of soil [25]. Aksakal et al. [26] found that 
when vermicompost was added in the soil, the mean bulk density, and mean total 
porosity were the least. Air permeability rose and penetration resistance reduced 
dramatically as wet aggregate stability improved and bulk density reduced. Increased 
microbial population and activity led in the development of aggregates and increased 
soil porosity, resulting in decreased particle and bulk densities. Physicochemical 
characteristics such as pH, electrical conductivity (EC), porosity, moisture con-
tent, water holding capacity, and chemical properties like nitrogen, phosphorous, 
potassium, calcium, and magnesium were all found to be significantly improved 
in vermicompost treated soil, while the corresponding physicochemical values in 
control soil were minimal in rice crop [27]. Vermicompost has indeed been found 
to have significant concentration of total and bioavailable nitrogen, phosphorus, 
potassium (NPK), and micronutrients, as well as microbial and enzyme activity and 
growth regulators [28]. Polysaccharides appeared to be abundant in vermicompost 
[29]. Polysaccharide worked as a cementing ingredient in the soil, causing aggregate 
stability, which helped to establish and maintain the soil structure for improved 
aeration, water retention, drainage, and aerobic conditions. The preservation of soil 
structure is essential for root elongation and nutrient uptake. The inclusion of mucus 
secretion and microorganisms from the earthworm’s gut improves the soil’s aggregate 
stability. The absorbent organic matter in vermicomposts increases the soil’s water 
retention capacity by holding only the quantity of water required by the plant roots 
[30]. Vermicomposts have been found to have a higher base exchange capacity and 
a higher oxidation potential rise [31]. The C/N ratio of vermicompost is usually 
lower, indicating that it is more suited for use as a soil amendment. By altering the 
physiochemical parameters of the soil, vermicompost was able to limit the loss of 
nutrients through leaching [32]. Humic acid and biologically active compounds like 
plant growth regulators are abundant in vermicompost [33]. Humic acid has been 
proven to improve nutrient accretion in situations where nutrients are scarce or 
when additional nutrients are provided. Humic acids may have a hormone-like effect 
on plant growth and productivity as a result of their involvement in cell respira-
tion, photosynthesis, oxidative phosphorylation, biogenesis, and a variety of other 
enzymatic functions.

5.2 Effect of vermicompost on the soil biological properties

Biological properties of soil can be enhanced through application of vermicompost. 
Recent studies founded that soil biological characteristics viz. soil organic carbon as 
well as soil microbial biomass, enzymatic activity, population of different beneficial 
microorganism, hormones, etc. significantly enhanced with application of vermicom-
post [34]. The activity of the dehydrogenase enzyme, which is commonly employed 
to quantify the respiratory activity of microbial communities, was shown to be higher 
in vermicompost than in commercial medium [35]. Application of vermicompost 
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improved the nitrogen status of soil by introducing the beneficial microorganism in 
the rhizosphere of the plant which ultimately enhances the nitrogenase activity in soil, 
which is the enzyme responsible for nitrogen fixation (Tables 4 and 5).

5.3 Effect of vermicompost on the soil fertility

Vermicompost has a great importance to increase the soil fertility level. In recent 
years organic amendments are getting more importance for nutrient management 
and sustainable crop production since the long-term use of inorganic fertilizer 
lacking organic additives has the ability to ruin soil qualities [34]. Long-term treat-
ment of balanced inorganic fertilizers led to reduced soil bulk density, improved 
total porosity, and higher water-holding capacity. Inorganic fertilizers also promoted 
soil aggregation in deeper soil layers and raised maize and wheat grain and straw 
yields [38]. In their research, using farmyard manure (organic fertilizer) instead of 
inorganic fertilizer improved soil qualities in a similar way. Furthermore, compost 
provides substantially higher boosts in soil organic carbon as well as some plant 
nutrients when compared to mineral fertilizers [39, 40]. Thus, using vermicompost 
improves overall soil fertility by improving numerous soil physical, chemical, and 
biological qualities.

Parameters Compost (g m−2)

Vermicompost Conventional compost

100 150 100 150

Nitrogen (%) 0.61 0.72 0.54 0.62

Phosphorus (%) 0.0057 0.0077 0.0039 0.0047

Potassium (%) 11.11 11.17 10.41 10.48

Calcium (%) 1.443 1.683 0.561 0.641

Source: Islam et al. [37].

Table 5. 
Comparison between the effect of vermicompost and conventional compost on different nutrient content of the 
Amaranthus viridis production.

Crop Treatments Physiochemical effects References

pH EC (dSm−1) BD 
(g cm−3)

Porosity 
(%)

Rice Control 7.4 ± 2.01 2.0 ± 1.0 — 39 ± 2.0 Tharmaraj  
et al. [27]Vermicompost 7.1 ± 0.01 1.01 ± 1.0 — 41 ± 1.0

Vermi-wash 7.2 ± 1.02 2.0 ± 1.1 — 40 ± 1.1

Vermicompost+ 
Vermi-wash

7.0 + 0.03 0.02 ± 0.01 — 44 ± 1.0

Wheat Soil sample 8.56 25.82 1.52 25.38 Mahmoud  
et al. [36]Vermicompost 

@5 g kg−1 soil
7.6 4.65 1.42 26.85

Table 4. 
Effect of vermicompost on physiochemical properties of soil on different crops.
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5.4 Effect of vermicompost on plant growth and development

Vermicompost promotes the growth and development of a variety of plant species, 
especially various horticulture crops, that is, sweet corn, tomato, strawberry [41], 
cereals crop rice [27], wheat, sorghum [32], fruit crops papaya [42], and pineapple 
[43]. Several growth and yield metrics viz. stem diameter, plant height, marketable 
yield per plant, mean leaf number, and total plant biomass of tomato plant were 
recorded significantly higher with the application of vermicompost (Figure 11).

The increase in growth and development of plant is due to the improving action 
of vermicompost application on soil physical, chemical, and biological properties 
which ultimately improves the overall soil fertility, which enhances the plant growth 
and development. Vermicompost has been demonstrated to improve plant dry weight 
[44] and uptake of plant N [45] serve as a naturally available, slow released sources of 
plant nutrients.

5.5 Effect of vermicompost on plant diseases

Various studies had showed that vermicompost is useful for remedies of different 
plant diseases. Many plant diseases caused by soil-borne, foliar plant pathogens, and 
pests have been suppressed by vermicompost products, which have been proven to be 
effective as organic fertilizers and biological control agents. In conventional agriculture, 
excessive and repeated use of chemical pesticides resulted in “biological resistance” 
in crop diseases and pests. As a result, significantly higher doses are now needed to 
inhibit them for the growth of high-yielding crops that are more sensitive to pests and 
diseases [46]. A study was conducted to compared the inhibition performance of two 
different methods, in which two nonconventional chemicals ZnSO4 and oxalic acid, as 
well as the bio-control agent Pseudomonas syringae, were practiced as foliar sprays and 
seed coatings, respectively, against collar rot of chickpea caused by Sclerotium rolfsii, 
with the combination of vermicompost substitution. When compared to controls, 
vermicompost substitutes reduced chickpea mortality significantly, but inhibition was 
much more efficient for treatments that included pre inoculation with nonconventional 
pesticides as foliar sprays against pathogen [47]. Vermicompost applications suppressed 

Figure 11. 
Effect of vermicompost on growth parameters of Phaseolus vulgaris (20 DAS). Source: Ref. [34]. T1: Control 
(without application of inorganic NPK or vermicompost), T2: 100% recommended dose of NPK (20:80:40 kg ha−1), 
T3: 100% recommended dose of vermicompost (5 t ha−1), and T4: 50% vermicompost supplemented with 50% NPK 
(W/W).
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the tomato late blight caused by Phytophthora brassicae, Phytophthora nicotianae, and 
tomato Fusarium wilt produced by Fusarium lycopersici, as described by. Earthworm 
has stimulatory effect on soil microbial activities thus it suppressed the plant diseases 
more potentially than aerobic compost. There is a lot of research on the suppression 
effect of organic matter amendments in soils, with gratifying levels of reduction in 
plant parasitic nematode infestations. There are few scholarly publications on the 
suppressing effect of solid vermicomposts on numbers and outbreaks of plant parasitic 
nematodes relative to OM and thermophilic compost additives. Solid vermicompost 
applications for control of plant parasitic nematode populations have been studied [48]. 
Solid vermicomposts ranging from 2 to 8 kg ha−1 were applied to tomatoes, peppers, 
strawberries, and grapes in field treatments. They were able to suppress plant parasitic 
nematodes with great success. These researchers investigated the suppression capacity 
of plant parasitic nematodes in vermicomposts made from paper waste, food waste, and 
cattle manure under field circumstances and found considerable suppression.

5.6  Effect of vermicompost on bioremediation and detoxification of industrial 
wastes

Vermicompost has a greater importance in bioremediation and detoxification 
of industrial waste. Because of their robust metabolic system and the participation 
of earthworm gut bacteria and chloragocyte cells, earthworms have the potential 
to valorize and detoxification of heavy metals in industrial by-products. The 
majority of research found that vermicompost made from organic waste comprises 
greater concentrations of humic chemicals, which are important for plant growth 
[49]. Earthworm has a vast role in bioconversion of waste materials. Because of 
their robust metabolic system and participation of varied intestinal micro biota, 
enzymes, and chloragocyte cells that decrease hazardous forms to benign forms, 
earthworms have the ability to bio-convert and detoxify most heavy metals in 
industrial sludges (Table 6) [51].

6. Limitations of vermicompost

1. Vermicomposting is a time taking process. It requires almost 6-month for decom-
posing the organic wastes to prepare vermicompost.

2. In comparison to the traditional composting process, vermicompost requires 
higher maintenance.

Industry sludge 
type

Earthworm 
species used

Physico-chemical properties and heavy metals 
reduction

References

Sewage sludge 
derived biochar

Eisenia 
fetida

Biochar injected before composting lowered E. fetida’s 
bioavailability of Cd and Zn. Except for higher Cr 
concentrations, the biochar-added vermicomposts had 
good fertilizing capabilities.

Malińska  
et al. [50]

Municipal 
sludge mixed 
with cow dung

E. fetida Cr, Cu, Ni, and Pb all the metal compounds were 
reduced after vermicomposting.

Srivastava  
et al. [51]

Table 6. 
Effect of different types of earthworm species on heavy metal reductions of industrial sludge.
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3. Vermicompost may harbor pest and diseases as the temperature of vermicom-
posting pit have to be cool enough to support earthworm life.

7. Conclusion

Since vermicompost is organic in nature, it is not harmful for the environment. 
Vermicomposting process is also easy to operate and can be successfully prepared by 
unskilled small and marginal farmers. Amidst the environmental degradation and 
increasing food demand, vermicompost can be a solution. Although, its use alone 
in agriculture would not be able to meet the food demand but its use with chemical 
fertilizer through integrated manner can achieve sustainability in food production. 
The adoption rate of vermicompost is low and there is tendency of adopting vermi-
compost by female famers only. The potentiality of vermicompost is still not fully 
exploited yet. Hence, there is a need to appoint more extension worker to educate the 
farmers about vermicomposting and its benefits for achieving sustainability.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Irrigated agriculture has been identified as an important practice to achieving food 
security and socio-economic development in the face of rapid population growth and 
climatic uncertainties. In northern Nigeria, irrigation has long been identified as the 
key to achieving the much-desired increase in food production to meet the ever-
increasing population. However, the existing irrigation schemes encountered several 
challenges coming from different dimensions including economic, social, environ-
mental, institutional and technological. To attain sustainable crop production, this 
paper attempts to uncover the underline challenges confronting irrigation schemes 
in northern Nigeria that cut across sustainability pillars. The findings revealed that 
irrigation schemes contributed immensely toward achieving food security and 
improving the wellbeing of rural dwellers. However, the huge investment in large- 
and medium-scale irrigation schemes have resulted in massive economic losses. This 
could be attributed to their under-utilization, poor management and abandonment 
although few ones are performing remarkably well. The study recommends the need 
to adopt new water allocation and application methods that can improve water use 
efficiency, users-managers join approach (participatory), effective and competent 
institutions which include improved monitoring, evaluation and surveillance systems, 
frequent policy review to suit the situation, law enforcement, and timely sensitization 
and awareness campaigns.

Keywords: irrigation scheme, management, Nigeria, sustainable crop production, 
sustainability pillars
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1. Introduction

Agriculture is an important sector in the economic development, poverty alleviation 
and in addressing food insecurity of many countries including Nigeria [1]. The problem 
of food insecurity represents the biggest crisis of the 21st century worldwide especially 
with the ongoing challenges posed by the notorious Corona Virus (COVID-19). The 
main point of concern here is that the impact of food insecurity is spreading from the 
developing to the developed countries of the world. According to the FAO report of 
2018, about 821 million people do not have enough food, 2 billion people suffer from 
malnutrition and the numbers are rising at a high rate in both Africa and Asia [2]. 
Nigeria is not exceptional as its population is increasing at an alarming rate and this 
has glaringly highlighted the need for more food production to meet up and sustain 
the population demand. For example, the level of food insecurity in the rural areas of 
Nigeria is reportedly disturbing as it affected about 84% and 56% of the communities 
in northern and southern parts of the country respectively [3].

Nigeria relies mostly on the importation of agricultural products as about 31 and 
23% of the total food demands were imported in 2011 and 2012 respectively [4]. 
For example, about 8 million metric tons of Rice and 5.6 million tons of Wheat were 
imported in 2019 to feed its growing population despite its production potential in 
agriculture [5]. Nigeria imported more than 10 million metric tons of Rice between 
2010 and 2014 [6]. It has been suggested that the only way out of food insecurity and 
poverty is to remarkably attain a sustainable crop production in the country [7]. To 
improve agricultural productivity in the country, irrigation farming along with the 
use of improved seeds, fertilizers, mechanized and smart farming as well as other 
relevant and modern farming technologies is the best alternative option. This will 
help in reducing the level of hunger, poverty and malnutrition [8]. Therefore, irriga-
tion can be regarded as a powerful factor in increasing crop productivity, more stable 
incomes and providing employment and increasing prospects for multiple cropping 
and crop diversification [9]. In the specific context of agriculture, sustainable irriga-
tion strategies need to allow for increased and sustainable crop production to meet the 
ever-increasing food demands, while preserving natural resources [10, 11]. Moreover, 
irrigation farming allows farmers to produce all year round thereby resulting in 
higher agricultural outputs and improved farmer’s income. According to [12], the 
objective of irrigation practice is to achieve the economical use of available water 
and ensure equity for distribution over time and space. In addition, the success of 
any irrigation project depends on the proper functionality of water conveyance and 
distribution systems. Unfortunately, many irrigation schemes in northern Nigeria 
are performing far below their potentials due to poor management by both relevant 
governmental agencies and farmers [13].

It was observed that improvement of the performance of the existing irrigation 
schemes is one of the possible approaches to water conservation, particularly in dry-
land areas like northern Nigeria [14]. The term sustainability in irrigation is often char-
acterized through indicators that express the performance of an irrigation scheme not 
only in terms of its ability to deliver the required irrigation water but also on economic 
viability, social wellbeing, environmental health, institution arrangement and techno-
logical advances. Thus, sustainable irrigated agriculture is said to be attained if irriga-
tion practices do not lead to the depletion of either natural or human resources [11]. To 
meet the Nigerian population demands of food and fiber, there is a need to employ the 
concept of sustainability to further improve irrigated agriculture, thereby achieving 
sustainable food production, processing and value addition [15]. This can be achieved 
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if all the causes and effects of many problems that have been lingering are diagnosed, 
propose solutions and the suggested solutions are implemented and put into practice. 
This review was therefore aimed to disclose the current status of the available irrigation 
schemes in northern Nigeria for their sustainability and functionality. The study will 
provide inside into what has been going on with regard to maintenance, utilization and 
level of crop productions in the irrigation schemes from sustainability point of view.

2. The state of irrigation schemes in northern Nigeria

This section presents the review on the state of irrigation schemes in northern 
Nigeria and sustainability pillars were used to guide this review. The aim was to get 
more insight into the global irrigation scheme operations and maintenance practices 
with the main focus on northern Nigeria. This review yielded a schematic overview of 
irrigation scheme management using sustainability pillars. This is to evaluate the pres-
ent state of functionality and the level of impact on the lives of people. Figure 1 shows 
the map of Nigeria showing the northern part, which constituted three regions (North 
West, North East and North Central), and southern part, which constituted three 
regions (South West, South East and South South). The irrigation scheme manage-
ment sustainability-based review was conducted and restricted to the northern part 
of the country. The history of irrigation practices in the northern Nigeria begun since 
when it was realized that the region is characterized with low rainfall and high rate 
of evaporation which make it either arid or semi-arid regions in addition to abandon 
arable lands. These made the previous governments of the regions to construct several 
water storage infrastructures (dams and canals) for irrigation practices. These resulted 
to several major irrigation schemes available in northern Nigeria most of which are 
intended to stimulate and facilitate the sustainable food production in the country.

Figure 1. 
Map of Nigeria showing 3 northern and southern regions.
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2.1 Economic aspect of irrigation schemes sustainability

The economic productivity of several human endeavors depends largely on access 
to water resources [16]. Although about 24% of the global land area suffering from 
severe water scarcity [17] and 35% of the global population living in areas affected 
by water shortages [18], the economic development often occurs at the cost of over-
exploitation of water resources [19]. Agriculture is a major performer in the human 
appropriation of the limited water resources as about 70% of the global freshwater 
is consumed by this sector. After abandonment for about four decades due to abun-
dant petroleum resources, the agricultural sector in Nigeria is gradually occupying a 
dominant position in the development of the national and rural economy. The sector 
provides not only food but also serves as the major source of employment to the 
teeming population of Nigeria. The agricultural sector provides jobs to about three-
quarters of the Nigerian working population [20]. Farmers are usually less busy on the 
farm during the dry season, putting into account the rainy (May to October) and the 
dry (November to April) seasons of Nigeria. Hence, the provision of irrigation facili-
ties that offer the opportunity for all-year-round farming can serve as an alternative 
source of employment and an additional gain to the Nigerian economy [21].

Recently, drastic agricultural reforms (closure of land borders and banning of 
importation of major agricultural food products among others) have been made in 
Nigeria resulting in a sharp increase in crop production which significantly reduce 
food importation and jobs were created [22, 23]. Agriculture is one of the main eco-
nomic sectors in Nigeria employing about 60% of the population of the country [23]. 
This scenario is in line with other developing countries that agriculture provides the 
leading source of employment. Thus, increasing agricultural productivity is critical 
to economic growth, development, and the nation’s Gross Domestic Products (GDP). 
One important way to increase agricultural productivity is through the introduction 
of improved agricultural technologies and management systems.

In Nigeria, post-project evaluations of the majority of the irrigation schemes 
revealed that their economic performances are low compared to pre-project predic-
tions [14, 15]. Such undesirable outcomes are a result of the fact that social and 
environmental concerns of these schemes were not incorporated in the analysis. The 
participation issue presents the usefulness of water users’ involvement in the mainte-
nance and sustainability of the irrigation schemes which further improve economic 
benefit [24]. One of the possible causes of the decline in food production is an inef-
ficient allocation of resources in the agricultural production potentials [25]. For 
example, Land, labour, capital and water resources are inefficiently allocated thereby 
leading to a decrease in their productivity. To further improve the economic status 
of the rural dwellers as well as to attain food security and national growth, irrigation 
schemes need to be revitalized to increase food and cash crops production [26].

The economic welfare of a country and its ecosystem health is directly linked to 
water stress and the rate of water depletion [24]. Evidently, the Kano River Irrigation 
Project (KRIP) has played an important role in discouraging migration from rural to 
urban centers and alleviating the employment problems of its immediate community 
[20]. Similarly, there has been a sharp difference from the dry season farmers’ income 
in Bauchi State when compared with rain-fed farmers for the same kind of farm 
produce. The dry season (irrigation) farmers get more profit than rain-fed farm-
ers counterparts. This is not unconnected with the high demand for fresh irrigated 
crops during the dry season [27]. Moreover, a study on the Socio-economic impact 
of an irrigation project in Taraba State reported similar findings among the farmers 
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in respect of economic gain. Project on the beneficiary of the Fadama II project in 
Kaduna State indicates an increase in the net farm income of the beneficiary farmers 
[28]. Hence, creating a more efficient irrigation water management approach has the 
potential to substantially increase agricultural production, farmers’ incomes, and 
create employment opportunities.

2.2 Social aspect of irrigation schemes sustainability

Naturally, human beings have inherent needs that they are aiming to satisfy. 
These needs describe in-born requirements that need to be satisfied for an individual 
to remain healthy – physically, emotionally and mentally [29]. The management of 
open-access resources such as irrigation water involved numerous stakeholders with 
diverse interests which posed a unique challenge to the managers. These interests are 
the factors that affect individuals’ ethical practices including propensity to compliant 
or unlawful activities. Ethical awareness is the ability of an individual to identify his 
deliberate action and understand what consequences that action might cause to oth-
ers. Thus, for an individual to make an ethically accepted action depends on a person’s 
moral awareness, motives and the benefits that individual is expected to gain. This 
depends largely on value-related factors such as culture, knowledge, religious beliefs, 
public trust and social wellbeing [30]. One of the problems that devastate irrigation 
water users’ social wellbeing is water scarcity which leads to poor crop production. 
Water scarcity represents a multidimensional state of human social deprivation char-
acterized by a lack of access to affordable and safe water to satisfy societal needs or a 
condition in which these needs are met at the expense of the environment [10]. The 
mission for sustainable natural resource utilization is an essential part of the ongoing 
2030 agenda for sustainable development goals (SDGs). It is one of the 169 agreed 
targets being aimed at monitoring and assessing the level of sustainability with which 
resources, such as irrigation water are being managed and utilized [31].

This creates a challenge of ensuring societal wellbeing through the supply of 
human basic needs including food security, income to the rural dwellers and national 
GDP of which water (through irrigation) plays an essential role [32, 33]. Thus, 
irrigation contributed immensely to the provision of a wide range of socio-economic 
benefits on which the wellbeing of society is based [34]. However, irrigation water is 
subjected to several challenges including climate change, poor management, chemi-
cal, wastage, overexploitation and other human-related influences [35–38].

The social setting can be a social group, a community, town, region or a nation, 
thus, any change that occur either as ideas, norms, values, roles and social habits can 
be referred to as social change. When alteration occurs in the rural social system, it is 
termed as rural social change, and such a change could be in all attributes of a societal 
unit such as number, quality and importance. Different changes come to the notice of 
the rural population of the developing countries, including Nigeria. For example, the 
introduction of large scale irrigation projects, use of the machine in farming prac-
tices, application of agrochemicals to control weeds, pests, diseases and increase and 
sustain the fertility of the soil lead to the transformation of sustainable agriculture 
and hence, the wellbeing of that society [20]. The attainment of a sustainable agricul-
tural production system is becoming a major concern of agricultural researchers and 
policymakers all over the world [39]. Implementation of sustainable development, 
therefore, requires integrated policy, planning and social learning process. Irrigation 
practices provide employment and stabilization to the rural population and undoubt-
edly provide major social benefits. A typical example is how the Kano River Irrigation 
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Project (KRIP) played an important role in limiting rural–urban migration by creat-
ing jobs for the rural dwellers [20].

2.3 Environmental aspect of irrigation schemes sustainability

Environmental impact refers to any change in the environment or in its compo-
nents that may affect human health, flora, fauna, natural and cultural heritage as 
well as other physical structures, social, economic or cultural conditions [40]. For 
example, the challenges facing the irrigation sector in Nigeria is not only to attain 
food security and eradicate poverty among rural dwellers but also to ensure a healthy 
environment. Inappropriate management of irrigation schemes might lead to envi-
ronmental problems such as high water tables, poor drainage, salinization and pollu-
tion [13]. The majority of irrigation schemes in northern Nigeria are characterized by 
environmental degradation such as salinity, waterlogging and declining groundwater 
resources which could adversely affect future demand for water [41]. Both quantity 
and quality aspects of water are important as these jointly affect the success of irriga-
tion schemes and environmental sustainability [42]. Thus, in the process to establish 
any socio-economic projects such as irrigation schemes, there is a need to ensure long-
term maintenance of valued environmental resources in an evolving human influence 
[43]. Studies revealed that the majority of the economic development of the develop-
ing countries often occur at the expense of overexploitation of water resources which 
ultimately leads to ecosystem degradation [19].

Even though the extent is different, several environmental-related problems 
including soil erosion, aquatic weeds infestation, sedimentation, infrastructural 
deterioration and overgrazing are observed in many irrigation schemes in Nigeria 
[43]. For example, despite the functioning of the Kano River Irrigation Project 
(KRIP), there was a serious decline in hectares of land due to environmental-related 
issues such as waterlogging, salt accumulation (salinity, sodicity, saline-sodic) and 
reduced fertility [20]. There is a gradually building up of salinity problems in KRIP, 
even though the threat from salinity is not alarming yet. This problem of salinity 
has been reportedly alleged to continue to increase as long as irrigation is practiced 
unless preventive and corrective measures are put in place [44]. Generally, irrigation 
schemes design, operation and management should seek to maximize not only crop 
productivity and economic and social gains but also to ensure environmental stabil-
ity and health as shown on Figure 2 [46]. Thus, irrigation scheme designs should 
consider using new technologies that ensure water allocation and application efficien-
cies such as micro irrigation methods (sprinklers and drip). In addition, in situ soil 
and water conservation methods such as mulch practices and deficit irrigation can 
significantly improve the overall ecosystem health.

2.4 Technological aspect of irrigation schemes sustainability

The development and improvement achieved so far in irrigation technologies are 
key to addressing the challenges of low agricultural productivity [47]. Availability 
and access to irrigation water and smart agricultural technologies were considered 
essential for crop production [48]. For instance, the success of the green revolution 
in Asia was achieved through the rapid expansion of irrigation areas with avail-
ability and access to new technologies including the development of high yielding 
varieties, fertilizers, micro irrigation techniques, tube-wells and water extraction 
mechanisms [49]. For example, technological advance provides irrigation sector 
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with methods of optimizing water usage using variety of solutions based on sensor 
networks, microcontrollers and machine learning or fuzzy logic [45]. These methods 
have been in use to evaluate and predict optimum water required for irrigation. Such 
a smart irrigation is a systems made up of solar power station, networking infra-
structure and water management and control stations (water storage, sprinkle or 
drip lines, water pumps, soil moisture sensors and micro-controller unit). In smart 
irrigation systems, the system components are commonly coupled using the Internet 
of Everything (IoE) approach as schematically summarized and shown in Figure 3. 
The use of such irrigation technology exerted a positive and significant impact on 
sustainable crop production and food security in Nigeria specifically [48].

Figure 2. 
Framework for sustainable irrigation scheme design, operation and management [45].

Figure 3. 
Technological advances for coupling smart irrigation components using IoE [45].
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Agricultural activities in Jibia Irrigation Project (JIP), Katsina State, depends 
mainly on power supply from diesel generators and electricity from the national grid 
to supply water to the farmlands. This has slowed down the pace of irrigation devel-
opment in the area. The full exploitation of the agricultural potential of JIP and that 
of Nigeria in general, requires the exploitation of our vast renewable energy sources 
to provide the needed power. Also, an alternative way to the high power demand of 
the operation of JIP and the likes is water conservation practices using different types 
of mulch. KRIP being one of the major irrigated agriculture in the northern Nigeria 
reported that, the majority of the farmers lack the technical know-how on water 
conservation and it is based on this that the researchers recommended the need to 
create awareness to the farmers where major irrigation is taking place. This will assist 
in achieving water conservation and management strategies in order to effectively 
and efficiently utilize the limited available water resources.

Irrigation schemes in Nigeria such as Watari Irrigation Project (WIP), Barwa-
Minjibir Irrigation Scheme (BMIS), Tomas Irrigation Project (TIP) and Kpong 
Irrigation Project (KIP) in Niger Delta Basin Development Authority (NDBDA), 
had to abandon farming activities due to poor water-sharing techniques [50]. Thus, 
farmers should be fully conversant with irrigation technologies through agricultural 
machinery and credit facilities. Moreover, farm inputs such as fertilizer, seed, chemi-
cal and other materials needed by farmers should be made available to the farmers. 
Infrastructural decay is also another problem that has been affecting the success of 
irrigated agriculture in northern Nigeria. About 30% of water structures at WIP were 
found to be damaged and malfunctioning [51]. Similarly, the conveyance structures 
were silted and infested by weeds which significantly reduced the carrying capacity 
of the canal. Also, about 8% of the irrigable area downstream was abandoned due 
to inadequate supply of water. There is an increased occurrence in soil salinity and 
sodicity issues within the WIP due to a poor drainage system [52].

In this regard, the majority of the irrigation schemes in northern Nigeria such as 
Sokoto Rima, Watari, Jibiya and Tomas are operated far below their design capacity 
due to lack of adoption of improved equipment and poor maintenance [53]. In addi-
tion, a larger proportion of the currently used irrigation equipment was purchased 
during the inception of the projects (the 1970s to 1980s) without replacement. Thus, 
there is a need to conduct empirical studies in Nigerian irrigation schemes to assess 
the following;

a. How farmers demand irrigation technologies.

b. How their zeal and willingness to adopt improved irrigation technologies are 
affected by specific agro-ecological and socio-economic characteristics.

c. How their adoption of such improved irrigation technologies may be hampered 
by poorly functioning markets.

2.5 Institutional aspect of irrigation schemes sustainability

Institutions are the political, social or business organizations (public or pri-
vate) that are involved in policy-making and implementation. While institutional 
sustainability is the continuation of the benefit flows to the users/clients/owners/
employees or the general public with or without the programmes or organizations 
that stimulated them in the first place [54]. Institutional performance is considered as 
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one of the yardsticks with which the performance of developmental institutions such 
as irrigation schemes can be evaluated. At the end of the 20th century, the increas-
ing role and relevance of social and institutional structures in connection with the 
whole field of contemporary environmental management are gaining prominence. 
Currently, institutional mandates constituted social well-being, economic gain as 
well as environmental health. Such a sustainability-based management strategy has 
gained more attention all over the world as this form an important developmental 
strategy as enclosed in the ongoing sustainable development goals (SDGs). The 
main aim of such a strategy was to effectively and sustainably manage and utilize the 
limited available natural resources [55]. For example, in the irrigation management 
sector, this approach has in recent years been employed to shift irrigation manage-
ment toward a community-based by sharing power with multiple sets of other 
institutions stakeholders [56]. This requires every stakeholder involved in all levels of 
irrigation management to collectively take responsibility for managing the affairs of 
the schemes.

The small-scale private irrigation schemes (SPRI) sector in Nigeria is supported 
by a range of private agents, including irrigation technology service providers, NGOs, 
water user associations (WUAs) as well as public institutions such as the National 
Fadama Development Project (NFDP), the Agricultural Development Project (ADP), 
the State Irrigation Department (SID), river basin development authorities and state 
and federal government ministries [56]. A study carried in 1972 led to the institution 
of three models of public irrigation schemes; namely the Bakolori Scheme, the Chad 
Basin scheme, and Kano River Irrigation Project, subsequently additional eleven more 
River Basin Development Authorities (RBDAs) were added across the country after 
the success of the pilot schemes in 1976 [57].

The Nigerian government does not only own, operate and maintain irrigation 
schemes, but provides agro-support services such as land preparation, seeds, fertiliz-
ers, chemicals, and assists in marketing the produce. The reforms in water institutions 
such as Participatory Irrigation Management (PIM) systems were formulated and 
implemented to achieve effective operation of the schemes, equitable distribution 
of irrigation water among farmers, high crop productivity and food security among 
others [58].

In the Hadeja-Jama’are river irrigation project, the utilization of the project is just 
50% while the Zobe dam in Dutsin-Ma, Katsina which was constructed 40 years ago, 
currently has few irrigation activities as the scheme is not formally developed. Also, at 
the Bakolori irrigation dam in Zamfara State, under the Sokoto Rima Water Project, 
the area cultivated is not commensurate with the amount of water in the dam [57]. 
For instance, at the end of the 1999/2000 irrigation season, out of the 100,300 ha 
developed only 35,000 ha were irrigated giving a pathetic 35% capacity utilization. 
Most of the irrigation schemes that the government has invested in are either under-
utilized for irrigation or abandoned irrigation schemes like the Hadeja-Jama’are river 
project, the utilization is 50% while the Zobe dam in Dutsin-Ma in Katsina, which was 
constructed 40 years ago, currently has little irrigation activities [52]. Cases in points 
that highlighted the danger of poor irrigation management institutional performance 
are the findings by [53]. More than 29% of the farmers of Tomas Irrigation Project 
(TIP) expressed unhappiness with the water allocation method currently used and 
about 55% of water users hold the opinion that irrigation scheme management, 
operation and maintenance is an exclusive responsibility of the government. In addi-
tion to poor water management, infrastructural decay and stakeholders’ conflict as 
the major problems affecting the scheme.
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3. Conclusion

This chapter presented a review of the operation and management of irrigation 
schemes in the northern part of Nigeria. The main aim of this study was to identify and 
relate key values operating in the northern Nigerian irrigation sector from a sustain-
ability point. This includes identifying the causes and effects of impending problems 
and hence, suggesting ways forward to achieve sustainable food security at the face 
of the ever-increasing population in the country. The major motivation factor for this 
review was the fact that studies on assessing the performance of systems such as irriga-
tion schemes using the concept of sustainability are gradually gaining popularity and 
growing at a high rate in recent years. The appraisal revealed that several impediments 
have been hindering the performance of irrigation practice in Nigeria which includes 
inconsistent government policies, low awareness and lack of technical know-how 
among the farmers on irrigation farming system, and untimely financial intervention.

Another insight of interest gained from the work was that the huge investment in 
both large- and medium-scale irrigation schemes in the northern part of Nigeria have 
been resulted in irrecoverable losses due to quite several issues. Some of these problems 
comprise of under-utilization of water resources, poor management, infrastructural 
decay and abandonment. Generally, studies revealed that irrigation schemes in 
northern Nigeria performed far below expectations with approximately 65% capacity 
utilization. About half (50%) of the farmers express unhappiness, dismay and loss 
confidence with the way irrigation schemes are operated. Water managers blame farm-
ers to lack enthusiasm toward abiding by the set rule and regulations governing irriga-
tion schemes. In addition, study by [50] revealed that about 45% of the farmers do not 
participate in the maintenance of the irrigation schemes which further exacerbate the 
problems. However, some irrigation projects are performing relatively very well. The 
income and the standard of living of the farmers around well-performing irrigation 
projects were observed to improve significantly compared to poor performing ones.

Thus, there is a need to holistically improve the general operational performance 
of the existing irrigation schemes in northern Nigeria through the following;

• To encourage participatory irrigation management (users-managers join 
management).

• To ensure effective and competent institutions through improving the monitor-
ing and evaluation mechanisms (surveillance systems, frequent policy review 
and alterations to suit the situation, legal proceedings and law enforcement, and 
timely sensitization and awareness campaigns).

• Functions of water regulatory institutions should be streamlined with each 
institution given specific and defined roles to enhance efficiency in irrigation 
water resource management and this should be organized using the sustainabil-
ity pillars as schematically shown in Figure 1.

• A research effort using a sustainability-based approach is also required to further 
identify the causes and effects of problems that have been hampering the perfor-
mance of irrigation schemes in northern Nigeria.

• There is a need to adopt new water allocation and application methods that can 
improve water use efficiency.
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Strategy for Sustainable 
Agriculture Development
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Abstract

Sustainable agricultural practices involve a variety of approaches. The most 
important approached for sustainable agriculture development is crop diversification. 
It allowing the farmers to employ biological cycles to minimize inputs, conserve the 
resource base, maximize yields and also reduce the risk due to ecological and envi-
ronmental factors. It serves as an important opportunity to augment income and 
employment generation for rural communities. Crop diversification promotes the 
interaction of beneficial soil bacteria, interrupts the disease cycle, and reduces the 
quantity of weeds. Crop diversification boosts land-use efficiency and crop output 
by improving the physical and chemical qualities of soil. Crop diversification shows a 
lot of scope to alleviating the problems such as resurgence of insects-pests and weeds, 
soil degradation, environmental pollution, soil salinity, decline farm profit and cli-
mate change. Crop diversification through crop intensification system enhanced the 
net returns, B:C ratio, and overall system productivity of a farm. In order to achieve 
the benefits of crop diversification farmers are shifting from low value low yielding 
crops to high value high yielding crops. Thus, crop diversification has the sound 
capacity for achieving the goal of nutritional security, income growth, food security, 
employment generation and sustainable agriculture development.

Keywords: crop diversification, sustainable agriculture, nutritional security,  
food security

1. Introduction

An ever-increasing worldwide population, especially in many developing nations, 
necessitates additional food, fiber, and oil supplies, posing a serious challenge to 
agricultural scientists to produce more and more from limited, diminishing, and 
degraded land and water resources. By 2050, it is expected that the global population 
will have increased by 50%, and global grain demand would have doubled [1]. The 
stress from climate change, accompanying extreme weather and urbanization also 
creates the burden. Global agriculture in the present status points to a formidable 
challenge to agricultural sustainability. The most important danger to food security 
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and the environment is dwindling per capita natural resources, as well as resource 
depletion and degradation. Existing intensification technologies are showing symptoms 
of wear and tear. The loss of biodiversity, groundwater shortages, fossil water extrac-
tion, groundwater contamination, and rising atmospheric CO2 levels are all severe 
risks to sustainability. A variety of methodologies are used in sustainable production 
practises. Specific strategies must take into account the site specific and individual 
nature of sustainable agriculture. Reduced dependency on monocultures can give 
better resilience and reduce the chance of total system failure, which is critical 
for attaining long-term sustainable agricultural development. It can be a dynamic 
and continuous process to adjust in changing circumstances. Diversification is the 
process of utilization of the various emerging opportunities created by new market, 
technology, changes in governmental policies, higher profitability and also stability 
in the production system [2]. It is a useful strategy for reducing the risk in farming 
[3]. Crop diversification is generally viewed as shift from a traditionally grown less 
remunerative crops to more remunerative crops. Crop diversification is recognized as 
one of the most environmentally feasible, cost-effective, and reasonable approaches 
to reduce uncertainty in agriculture, particularly in the face of climate change. Crop 
diversification helps in minimizing the alleviating second generations problem such 
as soil degradation, soil salinity, insect-pest and disease insurgence, environmental 
pollution, decline in farm profit, nutrient imbalance, climate change etc. Crop 
diversification promotes farm resilience, or the ability of an agroecosystem to return 
to its former productive state after being perturbed, by increasing geographical and 
temporal biodiversity. Although crop diversification is not a new concept to many 
rural people in developing and emerging economies, there has been little research on 
the subject to date. However, there is increasing global interest in the area, owing to 
current worries about biodiversity loss, as well as human and environmental health. 
Thus, in this book chapter we are trying to give some understanding about the topic 
Crop diversification an effective strategy for sustainable agriculture development.

2. Concept of crop diversification

Crop diversification, as opposed to specialized farming, can be defined as an 
attempt to promote crop diversity by crop rotation, multiple cropping, or intercropping, 
with the goal of improving productivity, sustainability, and supply of ecological sys-
tems [4–6]. It could be one step toward more sustainable production systems, value 
chains for minor crops [7], and socioeconomic benefits [8]. Enhanced agricultural 
diversity, better diverse crop rotations, mixed cropping [9, 10], cultivation of grain 
legumes in generally cereal-dominated systems [11], perennial leys or grassland [12], 
and regionally adapted varieties or variety combinations are all examples of agricul-
tural diversification strategies. In developing countries, crop diversification is defined 
as the substitution of one or more agricultural products for another. Diversification 
in agriculture can be defined as the reinvestment of some farm productive resources, 
such as land, capital, farm equipment, and labour, into new enterprises [13]. A shift 
from less profitable cropping system to more profitable cropping system is also 
known as diversification. Diversification of agriculture, in general, refers to transi-
tioning from a single crop’s regional or temporal dominance to the production of a 
variety of crops in order to meet the ever-increasing need for cereals, pulses, oilseeds, 
fibers, fuel, and feed. Crop diversification is a demand-driven, need-based situation 
specific and national goal seeking dynamic and iterative concept that incorporates 
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spatial, temporal, value addition, and resource-complementary techniques, as well as 
a move from traditional and less-remunerative crops (Figure 1).

3. Trends of agricultural diversification in South Asian Countries

South Asia has a long history of intensive agriculture, particularly irrigated rice 
cultivation techniques. Sector strategies in the region are mostly based on food 
self-sufficiency policies [14]. Throughout the last 30 years, the system’s research and 
agricultural support services have increased food production faster than population 
expansion and diminished the percentage of people living in poverty. There has been 
significant income increase, diet diversification, and decreases in per capita grain 
intake throughout the comparable time span. South Asian countries are actively 
diversifying their economies in favor of high-value commodities such as fruits, 
vegetables, livestock, and fisheries, with some inter-country variation. Price policy, 
infrastructure development (particularly markets and highways), urbanization, and 
technical advancements all have a significant impact on agricultural diversification. 
Agricultural diversification in favor of high-value crops by substituting inferior 
coarse grains has helped rainfed areas more [15]. Agricultural diversification is also 
helping to increase export markets and create new job possibilities. Using appropri-
ate institutions, it is necessary to properly coordinate the production and selling of 
high-value commodities. Market reforms in the form of building and strengthening 
desired institutions through necessary legal changes might go a long way toward 
encouraging agricultural growth, increasing small farm income, and boosting 
exports. Diversifying rural production is the process by which families create several 
livelihoods utilizing different variations of resources and assets in order to be less 
influenced by changes in the marketplace (such as price decreases) and to secure 
market stability [16]. So, if a region has high demographic pressure but minimal 
diversification, low-profit traditional commodities cultivation will increase and the 
farming frontier will spread, causing deforestation and soil erosion [17, 18]. As a 
result, investing in agricultural diversification can help to prevent environmental deg-
radation by allowing for the production of a wider range of commercially feasible and 
productive crops [19]. Various options of crop diversification in South Asian countries 
are presented in the below Figure 2.

Figure 1. 
Basic concept of crop diversification.
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4. Approaches to crop diversification

The next sections examine the many techniques to crop diversification depending on 
land appropriateness, water availability, and market demand viz. regional, seasonal, and 
temporal [20]. The different approaches of crop diversifications are presented in Figure 3.

4.1 Horizontal diversification

It is done by basically two approaches, through crop substitution and crop inten-
sification. These two approaches have been the two main process of crop diversifica-
tion. Crop substitution means replacing any crop which is continuously growing as 
a monoculture crop or gain a tendency of specialization. For example, during green 
revolution era there was a tendency to growing cereals crops only. Now a days the 
trend has change a lot in developing countries. Farmers are shifting from monocul-
ture cereals based staple food to high value crops like vegetable, spices etc. There are 
several advantages of crop substitution which could be higher net returns, improve 
resource use efficiency (land and labour), break in cycle of pest and disease etc. On 

Figure 3. 
Different approaches of crop diversifications.

Figure 2. 
Various options of crop diversification.
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the other hand, crop intensification is adding of new value crops to existing cropping 
system to increase the farm’s overall productivity. To reap the benefits of agricultural 
diversification, we must move away from simple crop rotation and toward intensive 
systems such as multiple cropping, intercropping, relay cropping, and so on. Crop 
intensification helps in job opportunity, profitability and energy use efficiency [21]. 
Some examples of crop intensification and their advantages are discussed in Table 1.

4.2 Vertical diversification

Vertical crop diversification, on the other hand, represents the degree and level of 
industrialization of agricultural production. In this approach famers and others add value 
to products through packaging, processing, regional branding, merchandizing to improve 
the marketable value of crops. Food crop vertical diversification is also described as the 
extension of post-harvest activities, such as processing and transformation industries, to 
allow food crops to be sorted, graded, processed into both food and industrial products, 
packed, stored, and transported to domestic or export markets [23]. The rise of process-
ing and transformation industries appears to be the most important factor in rural areas 
in terms of creating revenue and jobs. To boost crop yields and income creation at the 
local, regional, and national levels, both types of diversification (i.e., multiple cropping or 
horizontal diversification and agri-business or vertical diversification) will be required. 
The concept of vertical diversification is presented in the Figure 4.

4.3 Others approaches

• Land based approach

• Water-based approach

• Varietal diversification

• Diversification for nutritional security

• Diversification for nutrient management

• Diversification for pes management

• Diversification for mitigation and adaption of climate change

Conventional 
cropping system

Crop intensification Advantages References

Maize-fallow Maize–rajmash
Maize–toria
Maize–buckwheat
Maize–buckwheat
Maize (green 
cobs)-urdbean–buckwheat

Increased the grain 
equivalent yield, system 
production efficiency, 
relative production 
efficiency and land use 
efficiency.

Babu et al. [21]

Transplanted boro-
transplanted aman

Wheat-mungbean-T. aman with 
full tillage
Wheat-mungbean- dry seeded 
aman with strip tillage

Increased land and water 
productivity, system 
productivity.

Alam et al. [22]

Table 1. 
Example of crop intensification and their advantages.
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5. Measure of crop diversification and its characterization

Different measurements of crop diversification and their characterization are 
depicted in the Table 2 [24].

Measure of crop diversification Characterization

1. Temporal crop diversification

Crop rotation Growing of two or more different crops by one after another in 
consecutive ways

Catch crop Growing of crops to in between the space of two main crop or when no 
main crops are being grown

Double or multiple cropping Growing two or more crops in one growing season

Relay cropping In relay cropping second crop is grown in standing crop before the first 
crop is harvested

2. Spatial crop diversification

Alley cropping It is an agroforestry system in which food crops are grown in alleys 
formed by trees

Intercropping Growing two or more crops simultaneously on the same land with 
definite pattern

Mixed cropping Growing two or more crops simultaneously in the same field

Variety mixture Growing two or more varieties of a same species

Trap Growing commercial and non-commercial crop simultaneously in the 
same land

Table 2. 
Measure of crop diversification and its characterization.

Figure 4. 
Options of vertical diversification.
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6. Crop diversification pattern in South Asian Countries

Extent of crop diversification pattern, Sympson index and sources of crop diversi-
fication is presented in Table 3 [15].

7. Major driving forces for crop diversification

High-value commodity production is driven by demand, which is primarily deter-
mined by rising income and urbanization. The major drivers of crop diversifications 
are discussed in Figure 5.

1. Rapid urbanization of developing countries is one of the biggest reasons of crop 
diversification. Urbanization puts pressure on land resources, a small number of 
farmers requires to produce for a larger number of consumers.

2. Change in consumers demand due to shifting from a diet-based staple to nutrient 
rich animal products, fruits and vegetables.

3. Improving nutritional benefits by diversifying the monoculture of traditional 
cereals crop.

4. Climate change

5. Value addition

6. Export potential

7. The key driver in altering production portfolios in favor of high-value commodi-
ties is road and market. They connect the producer and the consumer directly, 
reducing transportation and transaction costs. Mostly in case of perishable 
items, they lessen the danger of post-harvest loss [15].

Country Sympson index of diversification in 
triennium ending

Sources of diversification (%) (1991–1992 to 
1999–2001)

1981–1982 1991–1992 1999–
2000

Cropping intensity Crop substitution

Bangladesh 0.39 0.36 0.35 64.67 35.33

Bhutan 0.37 0.48 0.44 97.82 2.18

India 0.61 0.65 0.66 36.63 63.37

Maldives 0.77 0.77 0.77 83.22 16.78

Nepal 0.39 0.40 0.41 84.79 15.21

Pakistan 0.54 0.56 0.57 76.56 23.44

Sri Lanka 0.76 0.77 0.75 78.90 21.10

South Asia 0.59 0.63 0.64 42.98 57.02

Table 3. 
Extent of diversification and sources of diversification in South Asian countries.
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8. Technology innovation may be a powerful driver for fostering agricultural diver-
sification and accelerating agricultural growth. The fundamental driver of the 
‘Green Revolution’ of the 1970s was biological technology [15].

9. Changing in governmental policy

10. Resilience and stability in production system.

11. Higher profitability

8. Need for crop diversification

1. Nutritional food security and quality of life can be improved through diversifica-
tion in food basket.

2. Food security

3. Poverty alleviation

4. Employment generation

5. Trade needs

Figure 5. 
Factors determining crop diversification.
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6. Protecting the environmental degradation by reversing the decline trend in soil 
productivity and ground water table.

7. Income growth

8. Ecological balance

9. Sustainability of natural resources

9. Strategies for crop diversification

1. Shifting from low yielding low value crops to high yielding high value crops.

2. Shifting toward higher water requirement crop to lower requirement crops.

3. Shifting toward low energy efficient crop to higher energy crop

4. Inclusion of legumes and oilseed crops

5. Inclusion of crop which has national and international market demand.

10. Advantages of crop diversification

10.1 Increasing the profitability of small farm holdings

The domination of marginal and small farmers is one of the primary issues 
confronting India’s agricultural sector. These household makes up the majority of the 
rural population. Due to their low operating base, increasing the production of exist-
ing crops (staple food crops) may not be enough to boost their earnings. Therefore, 
diversifying the traditional cropping system is a best option to enhance income of 
small and marginal farmers.

10.2 Employment generation

Employment generation is a significant role of agriculture. But adopting the 
conventional cropping system like rice-wheat generally leads to lack of employment 
during off seasons. According to a number of studies, there is a serious problem of 
seasonal unemployment in different regions of our country, which leads to seasonal 
migration of labours/farmers to surrounding cities/towns in quest of contractual 
work [25]. Crop diversification helps rural households to have more opportunities of 
full-time employment.

10.3 Natural resource conservation and enhancement

Diversification is required to recover and enhance the value of the deteriorated 
natural resource base. Farmers in eastern India, particularly in West Bengal adopted 
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wheat into a primarily rice system to take advantage of leftover moisture and so 
minimizes the need for wheat irrigation. In Punjab, on the other hand, an injudicious 
crop-mix, such as wheat-rice, has exacerbated the problem of water logging and 
salinity.

10.4 Improving export potential

To increase export potential, it is very much essential to adopt diversification 
in cropping systems. Such factors have weighed heavily on the minds of farmers in 
eastern India, particularly in West Bengal, where wheat has been introduced into a 
primarily rice system to take advantage of leftover moisture and so minimizes the 
need for wheat irrigation.

10.5 Risk reduction

Crop diversification is very much responsive to climatic and biotic vagaries, 
particularly in fragile ecosystems by expanding locally adapted or introducing 
novel varieties and related production systems will help resource-poor farmers 
improve their food security and income generation while also protecting the 
environment [26].

10.6 Pest and disease control

Crop diversification, which favors species combinations over monocultures, is one 
of the most cost-effective ways to combat pests and disease, and it has sparked a lot of 
attention in recent years [27].

10.7 Improvement of soil fertility

One of the most important constraints for sustainable crop production is low 
soil fertility. In smallholder systems, poor farming practises, mostly continu-
ous cropping with limited external inputs, have gradually depleted soil fertility. 
Interaction of crop species with beneficial soil biota helps in maintaining biogeo-
chemical cycling of both organic and inorganic nutrients in the soil and maintain-
ing soil quality [28].

11. Review of literature

Kasem and Thapa during 2011 conducted a study in Thailand, collecting primary 
data from 245 farm households using a structured questionnaire to examine the impact 
of crop diversification on income and input consumption. They discovered that the 
vast majority of farmers stated that crop diversification contributed to a significant 
rise in their revenue [29]. The results of their research findings are depicted in Table 4.

Birthal et al. studied into the impact of crop diversification on India’s farm pov-
erty. Data from a nationally representative survey was used. The dataset, according 
to them, contains information on the crops grown, as well as the costs and returns 
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associated with each crop. This allows us to investigate the pattern and breadth of 
high value crop diversification across land sizes, as well as their profitability in com-
parison to other crops. In comparison to other crops, Table 5 shows the estimated net 
returns per hectare from high value crop cultivation. When compared to cereals, high 
value crop (HCVs) provided much higher returns to all types of farmers, including 
marginal farmers [30].

Despite differences between countries, rural households in the majority of countries 
tend to rotate a small number of crops. Two, three, or a maximum of four agricultural 
products are the most common combinations used by households. Few households 
grow more than six distinct crops, most likely due to the small size of their allotment 
and the inherent challenge of producing many goods viz. water requirements, necessity 
of sun exposition and type of soil, among others. An empirical evidenced from eight 
different countries were analyzed and presented in Table 6 [31].

Diversification of crop through intercropping system has significant advantage in 
land use efficiency, monetary returns and crop productivity as compared to mono-
cropping. Intercropping results in more efficient use of solar energy and harnessing 
benefits of positive interactions of crop association. Benefits of some potential inter-
cropping system are discussed in below Table 7 with regards to system productivity, 
net returns and B:C ratio.

Opinion Frequency (n = 81) %

Increased income 68 84

Enhanced food sufficiency 54 66.7

Flow of income throughout the year 43 53.1

Offers opportunity to produce crops according to market demand 12 14.8

Smoothens the effect of price fluctuation 10 12.3

Table 4. 
Diversified farmers viewpoint about benefits of crop diversification.

Crops Marginal
≤1 ha

Small
(1–2 ha)

Medium
(2–4 ha)

Large
>4 ha

All

Total cereal 9044
(456)

7099
(256)

7518
(403)

6164
(599)

8301
(304)

Fruits 37,347 (9283) 51,859
(19,187)

36,726
(13,289)

30,433
(13,585)

39,523
(9566)

Vegetable 22,423 (3100) 19,226
(1748)

20,641
(2402)

19,114
(4657)

21,459
(1852)

High value crops 25,618 (2486) 22,329
(2292)

21,411
(2834)

21,518
(4014)

24,263
(2091)

Figures in parentheses are standard errors. Total cereals include rice, wheat, maize, and coarse cereals like pearl millet, 
sorghum, and barley. High-value crops include vegetables, fruits, condiments and spices, flowers, aromatic and medicinal 
plants, and plantation crops like tea and coffee.*One US$ = 47.62 in the survey year i.e., 2002–2003 [30].

Table 5. 
Comparison of net returns (Rs ha−1) from higher value crops with other crops by crop diversification.
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12. Constrains of crop diversification

These are primarily socioeconomic and institutional barriers, such as the lack of 
holding consolidation and group farming, geographic disadvantages (remote areas far 
from shops and supermarkets), farmer ‘lack of education, the outright failure of the 
agricultural extension system, and a lack of transportation and marketing facilities.

1. Lack of salt and excess moisture tolerant crops and cultivars.

2. Lack of skill and knowledge in choosing alternate crops in cropping system

3. Small and fragmented land holding creates difficulty to ensure that they partici-
pate more fully in crop diversification.

4. Agricultural output is used as a raw material in agro-based industries. When 
monoculture becomes unsustainable, a more sustainable and profitable crop 
must be substituted. Because of massive infrastructure expenditure, switching 
over becomes difficult by that time; for example, the rice industry in Punjab and 
Haryana, the sugarcane industry in Uttar Pradesh, and the soybean industry in 
Madhya Pradesh states in India.

5. The major causes of high cost of production are rising wage rates and declining 
factor productivity. The researchers are being challenged to reduce the cost of 
production and produce new adaptive cultivars that can capture high market 
prices.

6. Over use and sub optimal use of natural resources like water and land resources, 
may negative impact on environment and sustainability.

7. Weak research-extention and farmers linkage.

8. Lack of knowledge among the farmer

Intercropping 
system

Location System 
productivity 

(t ha−1)

Net returns 
(×103   ha−1)

B:C
ratio

References

Chickpea + Indian 
mustard

Kanpur, India 2.4 17.1 2.4 [32]

Sugarcane + Maize Pantnagar, 
India

200.6 124.9 1.90 [33]

Wheat + Mustard Kangra, India 4.7 26.7 2.55 [34]

Maize + Potato Pusa, New 
Delhi

14.0 35.7 2.14 [35]

Ratoon cane + 
Berseem

Lucknow 90.8 56.2 2.64 [36]

Table 7. 
Economics of intercropping system for crop diversification.
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13. Lack of concept of Crop diversification

Though there are hundreds of scientific papers in the field of agronomy on 
agricultural diversity such as crop rotation or intercropping, only a small percentage 
of these studies are about diversification as a concept [21].

14. Conclusion

Diversification is one of the most effective ways to boost farm revenue, resulting in 
increased food, nutrition, and environmental security, as well as poverty reduction in 
developing countries. It creates a tremendous impact on agro-socio-economic gains.

• It increased the flow of income throughout the year.

• Offers opportunity to produce crops according to market demand

• Smoothens the effect of price fluctuation

• Increase the grain equivalent yield, system production efficiency, relative produc-
tion efficiency and land use efficiency of maize-fallow system.

15. Future prospects for the adoption of crop diversification

• Overall potential of crop diversification is yet to be studied.

• Impact of crop diversification on rural economics and poverty alleviation needs to 
be investigated in details.

• Effect of crop diversification on soil health properties needs to be studied in 
details.

• Social benefits of crop diversification are less well known.
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Abstract

The compaction of agricultural soils cannot be solved, only managed. As a com-
pressible media, soil travel without causing some collapse of the existing structure is
impossible. If left uncorrected, farmers can see up to a 50% reduction in yield from
long-term compaction. This chapter will describe the effects of soil compaction on the
environment, crop quality, and economic sustainability. The base causes will be
examined, along with the engineering designs for vehicles that minimize the problem.
The tracks versus tires debate will be thoroughly discussed, and the advantages and
disadvantages of each system will be detailed. It will be shown that although tires
represent the likely current best economic option for vehicle support, the potential of
tracks to reduce compaction has been fully exploited. The advantages of four-wheel
drive vehicles in reducing soil compaction will be shown, along with the mitigation
potential of independently driven wheels and active soil interaction feedback loops.
The design of crop production tillage equipment and tillage tool working points will be
explored, along with the concept of critical tillage depth. Equipment for compaction
relief will also be discussed, as will the sustainable agricultural protocols of cover
crops, crop rotation, and controlled traffic farming.

Keywords: agricultural tillage, compaction remediation, cover crops, off-road vehicle
design, tires, tracks, tractors, soil compaction, sustainability

1. Introduction

Since the late 1960s, the agricultural industry has taken an increasing interest in
the effects of soil compaction on soil health, agricultural practices, water runoff, and
the sustainability of grain production. Compaction results from any practice that

109



includes traveling over the soil. This can be caused by heavy-axle machinery, exces-
sive ground working, livestock, or specific geotechnical practices, such as rolling,
which is used to compact the soil in preparation for construction. Repeated soil
compaction experiences have cumulative negative effects for agricultural soils, such as
a decrease in pore space, reduced pore nutrient and water uptake, denitrification, and
enhanced difficulties in seed germination. The effects of compaction also extend
beyond agriculture and are of concern to environmental specialists all over the world.
For instance, high compaction rates increase the likelihood of water retention issues,
water runoff, and erosion. From the last 60 years of research, modern agricultural
operations have progressed to incorporate a variety of soil compaction reducing
approaches. These approaches include equipment solutions like tracked implements,
happy-seeders, and complex multi-crop planters that reduce field traffic. Within the
scope of production agriculture, many existing practices unrelated to vehicle design,
like no-till seeding, have decreased the impact of soil compaction and help to repair
damaged and heavily compacted soils. These design improvements and management
practices will be explored in this chapter, and their effectiveness will be measured.
This topic is particularly timely and relevant because present-day tractors have
increased in size compared to traditional row crop tractors for better productivity and
field efficiency. Although most smaller-scale agricultural equipment is used for mul-
tiple tasks, the presence of a variety of different off-road vehicles on the market
indicates a broad need for various equipment types and provides an opportunity for
exploring the existing and potential solutions to soil compaction problems in different
off-road vehicle designs. The chapter will proceed with an analysis of how soil com-
paction is addressed in machine design, as well as new areas that deserve more specific
research and improvement. Multiple factors are involved in soil compaction, and
multiple designs exist to address these various factors. The present off-road vehicle
offerings are clearly less than ideal for long-term soil health. There is a potential for
improvement in existing designs to benefit all involved stakeholders, and this
potential will be explored.

2. The relevance of soil compaction and its effects on sustainability

Interest in soil compaction dates back to the time when humans started to use draft
animals as a main source of power in agriculture. Many authors have addressed the
problem since the 19th century. One of the first recognitions of the problem in
academic literature dates back to 1857, with a description of the Fowler steam engine-
powered plowing system [1]. Draft animals are still being used on vast areas of land in
developing countries, and the animal-induced compaction problem continues to this
day. The growing use of steam-powered tractors added to soil compaction concerns in
the second half of the 19th century. While the mass-power ratio allowed for the
widespread use of powerful tractors, the vehicles were still very heavy, and the need
to minimize wheel impact on the soil was quickly recognized.

Different engineers have attempted to address the problem in multiple ways.
These attempts did not lead to a unified design, but they moved the engineering
thinking forward and were instrumental in creating the more successful designs of the
20th century. Between the last decade of the 19th century and 1904, internal com-
bustion engines (ICE) replaced steam engines on tractors in America, and a new era of
agriculture began. The better mass-power ratio of the ICE provided for lighter designs
and less impact on the soil, but other problems emerged. Mass agriculture meant the
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more intensive use of fields and more impact on the soil per given period in time. One
of the first experiments describing soil compaction problems was run in 1944. The
topic has continued to be a strong focus for agricultural researchers. Raney,
Edminster, and Allaway conducted the first review of literature on compaction in
agricultural soils in America, which included 43 references [2]. The so-called “load
index” started to grow at about the same time and exceeded that of the early 20th
century by the 1970s. The soil compaction problem continues to be of a major focus of
agricultural, industrial, and academic practitioners and researchers. One industrial
example is Caterpillar’s efforts to use tracks in agriculture in agriculture to decrease
soil compaction [3]. Other modern solutions have attempted to address the problem,
and the current review will introduce them to the reader [4–6].

2.1 Environmental impact of soil compaction

Soil compaction has a measurable influence on the environment, specifically on
atmospheric, water, and soil resources. Agricultural operations have a major impact on
the atmosphere through the emission of greenhouse gases. Soil “compaction may
change the fluxes of these gases from the soil to the atmosphere because of its influence
on soil permeability, soil aeration and crop development” [4, p. 8]. Water resources
include both surface and ground water volumes. Soil compaction negatively affects the
infiltration of different substances into the ground. Ammonia injected into the soil can
escape into the atmosphere faster in a compacted soil than in an uncompacted one. Soil
compaction also perpetuates the accumulation of rainwater on the surface in low parts
of the field and increases the likelihood of runoff events. The latter leads to excessive
sediment and chemical transfer into surface ground water resources, such as local
rivers, lakes, ponds, and bigger regional natural water reservoirs [5, 7].

Soil biota is responsible for the decomposition of organic matter, release of
nutrients and formation of aggregates [8]. Such tasks are performed by microfauna
(bacteria, fungi), which are fed upon by meso- and macrofauna (protozoa, nema-
todes, arthropods) within the soil food web. Figure 1 illustrates some of these various
interconnections between the living things in the soil.

Soil compaction creates a rearrangement of soil particles that leads to a reduction
of void space, a phenomenon that can be measured in several different ways. At first
glance, there are visual and tactile methods that can provide a quick assessment, but to
quantify the effects of soil compaction, physical parameters must be measured. Direct
and indirect measures are used together to enable a deeper understanding of the
characteristics of the total volume of the soil, such as bulk density (direct), soil
strength (indirect), soil electrical resistivity (indirect) and water infiltration rate
(indirect). Figure 2 shows two examples of soil profiles exhibiting compaction effects.
The soil on the left has a better structure above and below the compacted layer located
between 10 cm and 40 cm depth [9]. On the right, a compacted layer in wetland
creates a toxic environment for roots and soil biota. Soil compaction effects vary by
location based on multiple interconnected factors, making a comprehensive
assessment of specific fields the key to securing the sustainability of any agricultural
operation over time.

2.2 Effects on harvest quality and farmlands

Soil compaction has a directly visible effect on the crop that is being grown in the
degraded area. As soil compacts, it reaches a point of root growth restriction that is
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highly detrimental to both the quality and health of plants, as well as the quantity of
the cultivated crop yield [10]. The lack of loose soil aggregates prevents strong root
formations. This leaves crops more susceptible to wind and water damage. There is
reduced nutrient uptake, since the root mass of the plant is diminished in both
absorption volume, as well as effectiveness. Individual plants are less healthy and
produce significantly less grain and forage mass. Perennial crops, like many fruit
plants, stop root growth when confronted with significant compaction. Beyond the
lack of void space, nutrient uptake in compacted topsoil is greatly reduced as the
biological health of the soil diminishes [11]. Crops growing in densified soils can be
expected to be brittle, due to the reduced nutrient intake as soil compaction causes
reduced aerobic microbial activity and denitrification [12]. Soil compaction has a
progressively negative effect on the biosphere. As the soil is compacted and continu-
ously depleted, natural vegetation, such as weeds and grasses, quickly gets restricted
from lack of soil aeration. The crushing of the soil and diminishing amount of

Figure 2.
A compacted layer under dryland canola (left), and a gray anaerobic layer in a clay loam soil (right) (Nawaz
et al., 2013) – [9].

Figure 1.
Soil biota species and food web (duiker, 2005) – [8].
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additional biomass that would otherwise be introduced into the soil can eventually
lead to an elimination of plant life causing an open and exposed soil surface. Soil in
this condition is more easily impacted by wind and water erosion. If preventative
measures are not taken, the effects of soil compaction on crop quality and farmland
are cumulative, can take place quickly, and have lasting damage [13].

As shown by a review of the soil compaction literature [14], studies detailing the
continuing long-term effect of compaction on a specific piece of ground are rare.
However, as shown in Figure 3, it can take years for soil to naturally recover following
a single compaction event [15]. Studies in cotton, as displayed in Figure 4, show a
significant decline in crop yield within the initial season of the compaction event [16].
Since the effects of compaction are cumulative and continue from one season on into
the next, it can be inferred that the decline from unmitigated soil compaction will
continue to grow and magnify under the same management processes. Figure 5 pre-
sents the general effect over time on production costs and gross margin of the farming
operation [14].

2.3 Social and economic impact

Soil compaction has a negative impact on the economy of agricultural operations in
the long-term. Soil compaction decreases the quantity and quality of harvest. Contin-
uous and unaddressed soil compaction does not allow soil to sustainably recover
through natural means [17, 18]. This affects the local food security in the regions
where the traditional economy relies on agriculture. The local quality of life and
general economic health of an agricultural region is adversely affected when local soils
become compacted. Multiple potential solutions can help minimize the impact. Some
come from farmer experience and depend on the operator in the field. Others are
industry-wide, general practices. Academic researchers model the problem by study-
ing economic impact. These models provide for better forecasting, equipment selec-
tion, and targeted problem solving. One model suggests that in the short-term, the
negative impacts of soil compaction can be compensated by “more timely field

Figure 3.
Yield recovery following a significant compaction event (Voorhees, 1986) – [15].
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operations.” Profits and productivity generate energy costs, air pollution, capital
costs, timeliness costs, and soil erosion, which are also evaluated [19]. Other studies
address the problem through even more sophisticated modeling. Additional effort is

Figure 4.
Difference in same year cotton yield between compacted and uncompacted ground (Jamail et al., 2021) – [16].

Figure 5.
The generalized trends for production cost and gross margin for avoided compaction, relieved compaction, and
compacted soils in production (Chamen, 2015) – [17].
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needed to standardize the corporate and academic researchers’ efforts to improve
these models for specific predictive tasks. Soil compaction models have the potential
to help the businesses and governments to develop advanced solutions for real-world
agricultural problems through an improved understanding of the social and economic
impacts.

The extent of the economic effect of soil compaction is difficult to quantify as it is
ultimately very situational. Under circumstances where soil requires additional oper-
ation to alleviate the effects of long-term compaction, the cost of crop production
rapidly increases to unviability. Soil health does not always deteriorate to the point
where intervention is required, but this does not mean that these farming operations
are unaffected. The most common issue caused by soil compaction is the decrease in
crop productivity. Figure 6 below summarizes the impact soil compaction has on soil
and crop health [20]. Reduction in plant growth and development, such as biomass
accumulation, stomatal photosynthesis, and poor proliferation, as well as poor nutri-
ent and water uptake decrease yield and overall crop productivity. Figure 7 depicts
the impact on potato yield resulting from varying irrigation levels [21]. This graph
shows the availability of adequate water can increase yield by at least 100%. Because
soil compaction so negatively impacts water availability and uptake, the conclusion
can be drawn that compaction issues can decrease crop yield and productivity by up to
50%. In short, this also means that farmers risk losing 50% of expected profits, when
the soil compaction problems are not properly addressed. Inattention to this vital issue
in land management can destroy the resource’s ability to be productive both now and
in the future. It is imperative that farm managers understand the connection between
management of soil compaction today and the long-term sustainability of the
agricultural ground into the future.

Figure 6.
Summary of the knowledge of the effects of soil compaction on soil plant morphological and physiological growth
and soil properties (Shah et al., 2017) – [20].
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3. The causes of soil compaction

Soil compaction is the phenomenon associated with the collapse of soil media to
support the loads imposed upon it. All agricultural operations on the surface of the
ground cause soil compaction. Heavy axle loads, wet soil operations, livestock grazing,
and materials stored directly on the surface can all result in unwanted compaction.
The details of these agricultural process root causes of soil compaction will be explored
in this section.

3.1 Operation of equipment with heavy axle loads

An axle load is the total load supported by a single axle, usually across two points of
contact on either side of the vehicle. Although most agricultural equipment uses two
axles for load distribution, each point of contact carries harmful loads into the soil. A
large agricultural vehicle weighing 20 ton, creates 10 ton of force on each axle and
causes the soil beneath each point to compact, until it can support the imposed load.
The biggest factor to consider in reducing soil compaction is large axle loads. For two
vehicles with the same weight distribution, the bigger the vehicle’s contact area with
soil, the lesser the pressure is applied to the soil surface. Figure 28 illustrates an
advantage of tracks over tires by the contact area parameter [22]. Research has shown
that having an axle load of 10 ton can cause deep (more than 45 cm) subsoil compac-
tion under moist conditions [8]. Grain carts and other heavy trailing implements
behind the power units add to the problem of soil compaction, since axle load is
determined by the total weight of the vehicle divided by the number of axles. Reduc-
ing single axle loads below five ton or less will diminish subsoil compaction, and only
cause topsoil compaction [8]. Using heavy machinery under wet or moist conditions
always increases soil compaction dramatically over use under dry conditions for most
soil types [23]. The relationship among pressure applied, water content and bulk
density varies across different soil types as particles rearrange with changing water
contents [24].

3.2 Operation during non-optimal soil conditions

Under non-optimal soil conditions, field farm operations should be considered
with great reluctance, due to the potential for severe damage to the soil matrix. As
farm equipment crosses through a wet field, ruts are formed from soil compaction

Figure 7.
Potato yield at different irrigation levels for subsoil and control fields (Ghosh & Daigh, 2020) – [21].
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around the tire path. Tillage is a common practice to relieve soil compaction due to
poor soil management. However, tilling breaks-apart the soil structure and causes
further traffic, in addition to deeper compaction in the field. A tilled soil is more easily
compacted, since the subsoil beneath the tillage line is now in a more vulnerable state
for soil compaction [25]. Under good soil conditions, the integrity of the soil is
reasonably strong and minimizes the loss of pore space from heavy equipment travel.
When soil conditions are non-optimal, the structural integrity of the soil is signifi-
cantly reduced, and this results in the elimination of pore space with vehicle traffic. As
shown in Figure 29, when the same pressure is applied in a loam soil, the bulk density
significantly increases with increasing soil water content, thus, leaving the soil sus-
ceptible to compaction [24]. Additionally, water within the soil matrix reduces the
coefficient of friction between neighboring soil particles and promotes the ease of
displacement and flowability of the soil.

3.3 Livestock grazing

Livestock grazing can affect soil stability and functionality if not managed prop-
erly. The severity of soil damage due to livestock grazing is related to the soil type,
texture, and moisture content. Pugging, the formation of soil around the hoof of the
livestock, can result in increased soil compaction and a reduction in soil surface water
infiltration rates [26]. When water does not infiltrate through the soil surface during
rainfall or irrigation, puddling occurs in fields. The trampling and pugging from
livestock onto soil surfaces damages the subsurface soil integrity. The density of the
livestock per unit of area in a pasture impacts the level of soil compaction due to
pugging. This effect also negates the value of winter grazing on crop land to glean
harvest losses. The long-term damage from soil compaction to the crop ground greatly
outweighs the value of the “free” feed gained.

3.4 Other

Aside from intensive farming and grazing practices common in modern agricul-
ture, there are other factors, some environmental and some man-made, that can have
a noticeable effect on soil compaction. Depending on the region of agricultural pro-
duction, the type of soils, as well as natural and artificial drainage, some fields can be
subject to prolonged ponding of water in localized areas. Over time, the weight of the
water ponded on the soil surface causes the soil pores to collapse further, slowing the
movement of water through the soil and increasing the weight of water on top of the
soil surface during future precipitation events. Water ponded on the soil surface adds
10 kPa of pressure per m of depth. Additionally, slowed water movement through the
soil increases the risk of farming operations occurring during non-optimal soil condi-
tions. Another non-conventional contribution to soil compaction is the relatively new
practice of storing grain in large plastic bags that are laid-out on the soil surface.
Producers using this method of temporary grain storage have noted significant soil
compaction on the surface due to the weight of the grain.

4. Off-road vehicle designs for soil compaction management

Agricultural tractive power units are the largest source of unwanted soil compac-
tion today. Significant research and financial investment have been made in
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methodologies to reduce the compaction from these vehicles. Tracked systems and
advanced tire systems are both designed to spread the loads imposed upon the soil
below detrimental levels. This section will review these common undercarriage sys-
tems, along with advanced compaction reduction technologies for off-road vehicles.

4.1 Tracks

Commercially successful track-type vehicles, which were recognized under the
trademark name Caterpillar, began production in the early 1900s [27]. These early
agricultural tractors, similar to the one shown in Figure 8, paved the way for future
tracked vehicles and the continued use of the more complex metal grouser style tracks
on construction equipment. Tracks did not remain popular in the agricultural sector,
once pneumatic tires became available. They faded from use for many decades due to
some specific issues that later rubber-belted machines were finally able to address.

While construction equipment is traditionally shipped to a worksite on a large
trailer, tractors are generally driven from field to field on the road. Track-type
machines with metal grousers are slower than pneumatic-tired machines during road
transport under their own power. This slower transport speed, combined with a
poorer ride for the operator and higher costs, eliminated most traditional track-type
tractors from the agricultural market during the 1920s and 1930s. Two revolutionary
designs, which are still produced by major manufacturers today, reintroduced the use
of tracks on tractors. In 1986, Caterpillar launched the revolutionary rubber track
Challenger 65® tractor, shown in Figure 9 [3]. The Challenger used a two-track
running gear system, similar to most construction equipment designs [28]. Shortly
thereafter, Case IH introduced an articulated tractor with tracks at each corner of the
machine. The Quadtrac®, shown in Figure 10, was configured like a traditional four-
wheel drive tractor, with each of the contact points supported using a triangular track
drive and bogie mechanism [29].

Figure 8.
Benjamin Holt testing the first prototype gasoline-powered track-type tractor in 1908 (Caterpillar, Inc., 2021) –
[27].
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Today, rubber-belted tracks have become so successful that a common argument
in the agricultural world is the debate of tracks vs. tires. However, opting for a tracked
configuration creates a sizable increase in both purchasing and operating costs for the
tractor. The price jump from tires to tracks can often be in the neighborhood of
10–25% of the cost of the machine. The operating costs jump too. As can be seen in
Figure 11, the specific operational cost difference between tracks and tires for a
358 kW tractor is approximately $0.085/kWh [29]. Currently, available data and
existing published studies seem to support both sides of the tracks versus tires debate.

Figure 9.
A 1986 Caterpillar challenger 65® rubber-tracked tractor (TractorData.com, 2016) – [3].

Figure 10.
A 1997 Case IH Steiger Quadtrac® tractor (Case IH, 2022) – [28].
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A 2018 European study involving a comparison of tracks and tires on two identical
sugar beet harvesters revealed that the use of tracks does have a positive impact on
reducing soil compaction [31]. Stress transducers were placed under the soil to analyze
the compaction effects of the tractive devices. The mean ground pressure for the tire
undercarriage system was measured to be 107 kPa, while the rubber tracks had a mean
ground pressure of 84 kPa. As shown in Figure 12, ground pressure for the tires was
also more concentrated, and it was more distributed under the tracks [31].

Because of their larger footprint, rubber tracks are often assumed to have a uni-
form weight distribution, but this is not true. Multiple design elements in a rubber
track system, along with the integration of the track system onto the vehicle’s frame,
are critical to its effectiveness at reducing soil compaction. Common track systems, as
shown in Figure 13, are traditionally composed of large driver and end wheels and
smaller bogie wheels [29]. Bogie wheels, in theory, help to distribute the half the axle
weight across the track’s contact surface with the ground. However, in reality, the
bogie wheels create ground pressure spikes beneath their relative positions. As can be
seen in the right graph of Figure 12, the individual soil pressure peaks can be attrib-
uted to the bogies and wheels of the tracks evaluated in the study. The ideal

Figure 11.
Costs of operating tractors on tires and tracks (Case IH, 2022) – [28].

Figure 12.
Soil compaction study findings for a beat harvesting machine on tires (left) and the same machine on tracks (right)
(Lamandé et al., 2018) – [29].
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performance of a track can be identified by finding the theoretical applied ground
pressure stress. This calculation is performed by dividing the load on the track by its
contact area. In the sugar beet harvester study comparing tracks versus tires, the
researchers discovered that the peak stress applied to the ground by the tracks was 5.7
times greater than the ideal ground pressure calculated value [31].

An analysis of the soil types across Europe was conducted to evaluate the maxi-
mum load capacity of different tractive devices, without causing permanent soil
deformation [31]. Figures 14–16 convey this analysis, showing soil types and the
respective loads that can be handled by tires, tracks, and ideal tracks having a uniform
pressure distribution. It is worth noting that a substantial load bearing increase could
be achieved through improved track design.

Regardless of which side of the track versus tires argument is seen as the correct
economic option, tracks do serve utility for farmers beyond that of tires. Although
farmers prefer to be in the field when conditions are good, the weather does pose
challenges. Depending on the geographic location of a farm and its soil type, it is
common to deal with wet field conditions. As a result of the need to beat seasonal
weather patterns, farmers often push acceptable limits to finish critical tasks in the
field. Saturated soils are easier to tackle with tracks, because of their improved tractive
performance over tires. Tracks are also less prone to rutting the soil in wet conditions.
As seen in Figure 10, a side-by-side comparison of a tracked and tired machine shows
the improved performance of tracks at staying on top of the soil. As can be seen, the
track’s footprint barely marks the ground, where the trailing tire cuts a deep rut.
Severe soil compaction, like that caused by the tires in Figure 17, negatively impacts
the health and performance of a farm’s soil for the long-term [32]. However, the

Figure 13.
Bogie wheel track design (Case IH, 2022) – [28].
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inability to harvest crops negatively impacts the economics and viability of a farm’s
business today. Although tracks are pricier than tires and may only provide limited
benefits toward economically reducing soil compaction, tracks clearly outperform
tires in adverse conditions.

4.2 Low inflation tires

Although the European study concluded that the use of tracks had a positive
impact on soil compaction, differing studies have led to opposite conclusions [31]. The
argument for tires is that correct maintenance needs to be performed to ensure that
the tires are inflated correctly. A common issue is that farmers will over-inflate tires.
Studies, like the one highlighted in Figure 18, reveal that incorrectly inflated tires
create the most compaction [33]. In this specific experiment, correctly inflated dual
tires were found to be impressively less compacting to the soil than tracks, while
demonstrating that tracks could be superior to poorly maintained dual tires.

Tracks are undeniably an expensive, but great option for reducing soil compaction.
However, low-pressure, properly-inflated tires are a potential option to match the
benefits of tracks, at a fraction of the price. It is well documented that the depth of soil
compaction is strongly correlated with tire pressure. Lower pressures cause less

Figure 14.
European soil load carrying capacity map, showing the maximum load (kN) that can be carried by a 1050/
50R32 tire without inducing permanent soil deformation at 0.35 m depth (Lamandé et al., 2018) – [29].
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compaction. The limit to this practical method of reducing compaction is that the bead
of the driving tires must remain on the rim. This low-pressure tire strategy helps
reduce soil compaction by increasing the tire surface contact area with the ground.
The increased contact area reduces the pressure exerted on the ground. Due to the
limitations of decreasing the air pressure in traditional radial tires, tire companies
have developed new flexion technology to allow even lower tire pressures. Increased
Flexion (IF) and Very Increased Flexion (VF) tires, first introduced by Michelin
during the 2000s, use a mature technology that greatly decreases the soil compaction
from today’s heavy machinery. The VF and IF tires can support the same loads with
40% and 20% less air pressure than radial tires, respectively by using increased tire
sidewall strength [34].

While tires do not have as extensive of a surface area as most track designs, low
pressure and Flexion-style tires make-up for some of the ground pressure shortcom-
ings on tired vehicles, and in some applications, they can be a more viable option.
Tracked vehicles experience pressure spikes at each bogie, whereas tires can be more
consistent in the application of load to the soil [35]. Modern row crop tractors are
commonly seen with dual rear tires and even dual front tires. As new equipment
becomes larger and larger, single tires are no longer viable. As the demand for Modi-
fied Front Wheel Drive (MFWD) tractors has increased, additional weight has been

Figure 15.
European soil load carrying capacity map, showing the maximum load (kN) that can be carried by a rubber track
without inducing permanent soil deformation at 0.35 m depth (Lamandé et al., 2018) – [29].
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added to the machines, requiring further soil compaction reduction methodologies to
be undertaken. The most common MFWD tractors variants today have both dual
front and rear tires. As would be expected with the addition of a second set of tires,
soil compaction is reduced. This is achieved by essentially doubling the contact surface
area [36]. The addition of a second set of tires allows for tire pressure to be reduced
even further, also decreasing the potential for soil compaction [36]. These strategies
can be combined for reasonably additive results. Using Flexion-type dual tires at low
tire pressures can achieve even lower soil compaction. Under certain circumstances,
properly inflated duals have been shown to be more effective at reducing soil com-
paction than tracks. Triple tires can be seen in certain high-power applications. How-
ever, they are not commonly seen in modern agriculture. The increased width of the
tractor would be a benefit in the field, but transport on the road becomes infinitely
more challenging. Axle stresses multiply significantly as well.

A recent innovation in agricultural tractor tires involves changing the overall
design of the tires and the rim. New Low Side Wall (LSW) tires feature a significantly
reduced tire aspect ratio, which results in a wider tire with reduced side walls. These
LSW tires are intended to completely replace duals on modern farm equipment. While

Figure 16.
European soil load carrying capacity map, showing the maximum load (kN) that can be carried by a rubber track
with perfectly even stress distribution without inducing permanent soil deformation at 0.35 m depth (Lamandé
et al., 2018) – [29].
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these new tires are a more expensive initial investment, including a completely dif-
ferent rim and new tires, they are still cheaper than modern tracked systems. LSW
tires could be a viable option for reducing soil compaction, as well as providing other
benefits to the operator [37]. Tractors with a high center of gravity and LSW tires can
experience reduced sway in motion, as well as better resistance to power hop [37].
LSW tires have a larger width allowing for more surface contact with the soil, as well
as retaining the reduced inflation pressures similar to the Flexion-style tires [37].

Figure 17.
Rut comparison of tracks vs. tires in muddy conditions (Elmers manufacturing Inc., 2019) – [30].

Figure 18.
Soil compaction comparison study findings (NTS Tire supply team, 2019) – [31].
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Tires are typically the more attractive option for most farms, due to lower pur-
chase and operational costs. Since the potential benefit of tracks is only for the
reduction of soil compaction, tire systems, which can effectively compete with tracks
in this metric, have a competitive advantage. With LSW tires closing the marginal
difference in performance between tracks and tires, tires in many standard applica-
tions may be the smarter option. However, any option to reduce soil compaction will
pay-out in the long run for farmers and growers. Conservation of the world’s natural
resources is imperative for the continued survival of humanity, especially with the
extreme population growth projected for the next fifty years. Producing more food
with less resource inputs is the goal of all of agriculture. Conserving the land is the
first step toward a better tomorrow that will continue to be able to feed its people
from the soil.

4.3 Two versus four wheel drives

Four-wheel drive vehicles can produce less soil compaction than their two-wheel
drive counterparts, assuming all other factors are equal. Four-wheel drive systems also
encounter less slip in motion and have a more optimal weight distribution, which
likewise helps reduce the soil compaction. Slip can be thought of as a horizontal
component of soil compaction. Slip occurs as the soil behind the tire compacts to
support the drawbar load. There is a shrinkage in the matrix of the soil [38]. When
traveling off-road, all vehicles have some amount of slip. This slip is determined by
the interface between the wheels and the ground. The larger the ground contact area,
the less slip occurs. Four-wheel drive vehicles have less slip than two-wheel drive
vehicles. While two-wheel drive vehicles may have the same number of wheels on the
ground, the non-driving wheels do not provide any traction. Tracked vehicles have an
advantage as the entire length of the tracks are driven, and therefore, they have
reduced slip when compared to tires. Nonetheless, slip sufficient to support the
forward travel and drawbar loads on the machine still occurs. The reduction in soil
compaction behind four-wheel drive vehicles has been demonstrated experimentally.
Figure 19 shows that the bulk density of soil was found to be 5.6% less than in rear
wheel drive and 7.3% less than in front wheel drive vehicles [39].

From a practical perspective, four-wheel drive and two-wheel drive vehicles are
built differently. Four-wheel drive vehicles are designed to have a different weight
distribution. A rear-wheel drive vehicle has the center of mass at roughly one-third of
the wheel base forward of the rear axle. A four-wheel drive vehicle has the center of
mass located slightly more forward. This is advantageous, because the tractive force
from the wheel depends on the normal force with the ground. Under drawbar load,
the front and rear ends of the tractor are supported more equally, and the peak
pressure on the ground is lower. Larger wheels have a higher area of contact with the
ground, which results in lowered soil compaction. Many four-wheel drive vehicles
have an articulated chassis used for steering. An articulated vehicle’s axles follow only
a single pathway when turning, which also reduces the area of compaction.

Just as certain soils are more prone to soil compaction, some soil types benefit
more from four-wheel drive tractors. It is more difficult to gain traction in loose
soil. As Figure 20 shows, the moisture content in the soil plays a significant role
in the compaction tendency of the soil [39]. Soils with a greater moisture content
typically generate more slip [41]. As discussed earlier, slip is correlated with soil
compaction. “Tire travel” will be significantly more in wet soil to cover the same
distance.
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4.4 Sensors, actuators, and special applications

Mechatronic agricultural systems are the future of agricultural machinery. One
proposed means to reduce soil compaction is to utilize numerous smaller robotic
machines, instead of progressively larger machines, to tend the fields. One limitation
to further development along these lines is the price of a fleet of machines, while
another is the human management factor. The price will likely come down as the
technologies develop, but the human factor will remain stagnant until a “critical mass”
of the new equipment enters the agricultural equipment market and demonstrates
viability. These modern agricultural mechatronic systems will contain numerous sen-
sors and actuators as their essential elements. Actuators perform the specific tasks
directed by the vehicle’s controller. Sensors facilitate the feedback from the actuators
to the tractor’s control system. The feedback data works as a performance measure for
the actuators and the control system as whole. Specifically, the control system receives
data on the success of the actuators’ actions, the vehicle’ position and motion, and the
vehicle’s immediate environment. Driveline control systems with the feedback

Figure 20.
Effects of moisture on soil compaction between multiple vehicles (Abu-Hamdeh et al., 1995) – [37].

Figure 19.
Bulk density of soil following a tractor pass with different drive systems (Abu-Hamdeh et al., 1995) – [37].
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mechanisms can successfully address soil compaction problems in many special
applications. These automatic control systems have potential for use in the envisioned
swarm systems for everyday agricultural operations. A swarm of smaller automated
machines could become a disruptive technology, which would shift the paradigm in
the current soil compaction reduction practices for crop production systems. The
utilization of real-time feedback from soil conditions has multiple previous
implementations for experience to be drawn from.

One example is a unique tractor for special climates. The Gidrokhod 49,061
(“Gidro” – hydro “khod” – traveler), shown in Figure 21, is “a three-axle all-wheel
drive machine with a hydrostatic driveline with an automatic control system” [42],
p. 147], which combines an individually driven axle design with a feedback-based
approach to vehicle control. The Gidrokhod’s driveline operates as follows: “[The]
driveline is a full-flow mechanism that includes three axial-plunger controllable
reversible and invertible hydraulic pumps and six axial-piston controllable and
invertible hydraulic motors. Each pump is associated with two tandem hydraulic
motors that set into motion the wheels of one hypothetical axle. The torques and
rotational speed of the hydraulic motors are controlled individually by varying the
displacements of the pumps and motors by means of an automatic control system”

[42], p. 147]. The Gidrokhod’s automatic control system supplies the required power
to each wheel “as a function of the current conditions of interaction with the soil”
[42], p. 147]. Gidrokhod was originally designed to reduce soil compaction from
human activity in tundra, where the plants and soil are particularly vulnerable to any
soil loading, such as the pressure from tracks or tires. The Gidrokhod’s hydrostatic
driveline also improves the vehicle’s off-road drivability by dampening returned
ground shocks into the driveline. The Gidrokhod’s hydrostatic driveline is a computer-
controllable, tested technology that could be transferred to off-road vehicle applica-
tions in agriculture to address the soil compaction problem.

Another example of a special off-road vehicle is a small off-world exploratory
rover. These machines closely resemble hypothetical swarm agricultural vehicles and
are essentially miniature space tractors. The pace of modern technology suggests that
humanity will start colonizing the Moon and Mars by the mid-21st century. The

Figure 21.
Gidrokhod 49,061 (Vantsevich & Blundell, 2015) – [39].
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comparison between an off-world exploratory robot and a small, swarm agricultural
robot tractor is not as outlandish as it might first appear. The sensory apparatus
necessary for independent wheel suspension control works as well minimizing soil
compaction as navigating unknown terrain. The external manipulators resemble plant
tending tools, and the ability to remain on-station and function unmanned is similar.
It is conceivable that low-compaction inducing swarm agricultural tractors may look a
great deal like our exploratory robots.

Russia was the first to send a rover to the Moon and Mars. While the Mars mission
was a failure, the Soviet Moon exploration program laid the foundation for the future
robotized space exploration missions. Over 50 years ago, in 1970, the Soviet Lunokhod
1 (“Luna” – Moon), shown in Figure 22, had a number of soil compaction sensors, a
special wheel to measure traction, and single independent drives on each of its eight
wheels for improved mobility [43]. As of now, multiple Mars rovers from the United
States and one from China are traveling on the surface of Mars. Modern US rovers, like
Perseverance, shown in Figure 23 [44], combine the essential soil compaction sensors
with the sophisticated modern drivetrain solutions, such as an advanced feedback loop
from a complex sensor network, photo and video surveillance systems, as well as the use
of Big Data concepts to better predict the ambient soil conditions and any possible
action protocols during deployment and moving between operation areas.

The off-world researchers operating these rovers build terrain models on Earth,
using transmitted data from the operating rovers, which has a 5 to 20min signal delay.
They use location information from satellites circling Mars, just like farmers on Earth
do for agricultural production. Similar to how military location technologies came into
the consumer world, space-based technologies will eventually find their best-use
applications on Earth. One particular technology transfer path will be for the highly-
accurate location technologies needed to control small robotic, low soil compaction-
inducing vehicles for agricultural production. The first half of the 21st century will

Figure 22.
Lunokhod 1 moon rover (Kassel, 1971) – [40].
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continue to see increasing technology transfer from electronics and space industry
into everyday agricultural operations.

5. Soil compaction management in agriculture

Although the chassis and undercarriage design of tractors, combines, and har-
vesters is of obvious concern to engineers when trying to decrease soil compaction,
agriculturalists have developed a variety of other methods and practices that contrib-
ute to the alleviation of soil compaction impact. These conservation tillage practices
and alternative process design considerations are an important element in overall soil
compaction reduction, as they can be applied to any and all farming operations, even
those that do not have the most up-to-date equipment. Farm management practices
can have a profound impact on reducing soil compaction, as well as maintaining soil
organic content, reducing nutrient suppression, and decreasing time and energy spent
in the field. From a sustainability standpoint, these conservation practices may even
be more impactful for farm and field management at reducing soil compaction than
any specific tractor or undercarriage design.

5.1 Tillage equipment and practices

The design of tillage equipment is an important and fruitful area of research for
reducing soil compaction during the necessary ground-working operations. Tillage
equipment design affects the ways in which tillage equipment interacts with the soil to
help to alleviate long-term effects of disturbance in heavily-worked ground. Some of
the core ideas within tillage implement design are load distribution, working point
and shank design, working depth, the different types of soil disturbance, and the soil
pulverization level. Most modern research is targeted at collecting specific informa-
tion about the impacts of these conditions on soil health, compaction levels, and seed
bed preparation, as well as energy use and the time spent in the field. The implications
of tool design, structural loading, the types of conservation and reclamation

Figure 23.
Perseverance Mars rover (Wikipedia, 2021) – [41].
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equipment, and the impacts of soil compaction management on the energy consump-
tion and overall performance of an agricultural venture will be examined in this
section.

5.1.1 Tool design

In early agricultural practices, the moldboard plow dominated tillage as the most
effective tool for turning the soil to create a seedbed. Its design was maintained in
many forms of tillage equipment for years before its harmful impact on soil health,
organic material, and erosion was realized. In contrast to the simplistic design of the
moldboard plow, modern tillage equipment tool designs come in many shapes and
sizes. The effects of tool geometry, orientation, depth, field speed, and other factors
impact the level of soil disturbance and compaction. Various tool types can create a
multitude of different outcomes in the upper soil layers in terms of soil aggregate size,
topsoil density, porosity, and organic matter distribution. Other tools act predomi-
nately at the sub-surface level. In particular, deep cutting tines have the greatest
impact on sub-soil compaction. Their shape, working depth, and spacing all affect the
resulting soil compaction differently.

The effects of specific tine geometry and individual tine orientation were explored
by researchers using finite element analysis (FEA) modeling [45]. Figure 24 depicts
the range of geometric variation explored, including the alteration of tine width, rake
angle, and tilt angle. The primary results from this study concluded that at comparable
field speeds, the increase in tine width linearly increased the resulting downward
vertical force, while increasing rake or tilt angle linearly decreased the downward
vertical force [45]. The implications of this study affect tractor power sizing, the
uniformity of transmitted force along a vertical soil profile, the soil pulverization
level, and the subsoil compaction. Most certainly, the results also present a variety of
design trade-offs, depending on the immediate and long-term priorities of the specific
farm manager. However, from the standpoint of reducing compaction whilst maxi-
mizing surface soil pulverization, minimizing the tine width and maximizing the tilt
and rake angles create the least amount of sub-surface compaction.

It is important to note that the tilt angles can be non-uniform both on individual
tines and on the overall tine set-up for an entire tillage unit. Many times, a compro-
mise between minimizing draft forces, decreasing compaction, and managing soil
upheaval can be achieved by applying a diverse range of different geometric and
orientation values throughout a single tillage implement [46]. This becomes even
more applicable the larger the implement is, due to the increased number of rows
and columns of working points. Besides the considerations outlined above, two other
vital components of tillage implement design are tool spacing and working depth in
relation to the “critical depth”. Critical depth is generally considered to be the point
below which soil disturbances are concentrated near the working point and not dis-
tributed throughout the soil. Figure 25 shows both the effects from operating below a
critical depth and the dramatic increase in soil compaction as a result of tillage below
this level [46].

Unfortunately, critical depth is not uniform by any means. It varies significantly
with multiple variables, and it can be heavily impacted by moisture level, soil type,
and the presence of a cover crop. This makes determining an operational depth a
challenging task, particularly for inexperienced operators. Often initial passes are
needed to estimate ideal working depths. There has been some research done regard-
ing the use of strain gauges on subsoiler tines in conjunction with depth sensors,
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which can utilize a closed loop response system automatically adjusting height to
maintain the desired draft and vertical forces [47]. These systems still require a degree
of experience and skill to determine the expected shank loading at, above, and below
the critical depth, in order to set the necessary system limits prior to operation.
Although the practical difficulties with feedback-based systems are numerous,
increased implementation of the above described depth adjustment mechanisms will
provide a wealth of data regarding forces at and around critical depth. This
information will only make these systems more effective in the future [48]. Figure 26
illustrates the effects of tine spacing on overall soil disturbance. When tine spacing
exceeds 1.5 to 2.0 times the working depth, an interesting phenomenon takes place,
where the soil disturbance only occurs locally and results in a non-uniform subsoil
profile and soil surface [46].

Figure 24.
(A) Six single sideway-share subsurface tillage implements with the same rake and tilt angles of 10° and 15° with
different cutting widths; (B) dual sideways-share subsurface tillage implements with rake angle of 15° with
different tilt angles; and (C) five dual sideways-share subsurface tillage implements with share tilt and rake angles
of 10° and 15° with different shank rake angles (Hoseinian et al., 2022) – [42].
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This outcome is likely to be troublesome for planting, as different row unit depth
wheels will be penetrating the surface soil to different depths. The lack of consistency
in seed depth, because of this poorly prepared seedbed, will result in emergence and

Figure 25.
Varying level of soil disturbance with narrow tine: (a) above critical depth; (b) below critical depth (Spoor,
2006) – [43].

Figure 26.
Influence of tine spacing on the soil disturbance profile: (a) wide spacing; (b) narrow spacing (Spoor, 2006) –
[43].
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germination issues. Although not initially obvious, the lack of uniform soil distur-
bance also affects compaction levels. Firstly, the lack of a uniform soil disturbance
cross-section that occurs when using widely-spaced tines, illustrated in Figure 19-a,
results in some subsoil being undisturbed. This soil remains compacted over time.
When using a tillage implement with a wider tine set-up, it is easy for an operator to
exceed the critical depth in order to achieve a cleaner surface profile, but in doing so,
the subsoil compaction has been increased throughout the field. Using a narrow tine
design dramatically decreases the chances that an operator will need to exceed critical
depth in order to achieve the desired seed bed quality.

5.1.2 Structural loading

While magnitude of downward vertical force for tillage equipment simply does not
compare to tractor units, it is still important to consider how the soil reacts with the
implement loading as it moves through the field and what factors play into determin-
ing the optimal number of tines and the structure of tillage equipment. There are three
primary ways in which soil reacts to the loads and forces placed on it by cultivation
implement: brittle loosening disturbance, compressive disturbance, and tensile dis-
turbance [43]. Brittle loosening occurs when the implement load compresses the soil
and causes a sliding or slipping during the operation. The effects of the sliding and
slipping are such that the soil aggregates, clumps, and masses move relative to one
another. The overall volume of soil masses is increased, cracked, and spread-out.
Contrary to compressive disturbances, a large quantity of the soil is actually
decompressed or loosened as a result of brittle loosening. This is the kind of soil
response that occurs primarily under ideal loading and working depth conditions.

Compressive disturbance also occurs under compressive loading, but without the
exposure to masses sliding relative to one another. In this case, without sliding, the soil
is more likely to experience high degrees of compression and increases in density. This
process is more common using heavier implements, when there is a low draft force.
Tensile disturbance is virtually the same as brittle loosening and has similar results,
such as decreased density and alleviated compaction. The difference lies in the fact
that tensile disturbance occurs when soil aggregates are pulled-away from one another
and forced to spread-out. This kind of disturbance is more likely to occur under high
moisture conditions, where the load is cushioned and absorbed to a greater extent,
thus negating the compressive impact of the load.

Each of the three kinds of soil matrix disturbances can be modified and impacted
by the working depth, operation speed, and the weight of the implement. Table 1
provides the basic tendencies for determining the design of the implement, based on
the power of the tractor unit, and for potentially determining necessary engine power
or anticipated working depth, based on the tine and structural design of the tillage
implement and its working points. Table 1 can be used for reclamation projects in
which the soil has experienced long-term compaction and where aggressive subsoiler
action is needed to prepare the soil for further tillage and planting preparation [46].

5.1.3 Soil loosening equipment

There is a big difference between common tillage equipment used for routine crop
cultivation, associated with planting and harvest, and machinery used to rejuvenate the
soil from excess compaction. Robust subsoilers are utilized when efforts are made to
restore long-term compacted soil. These subsoilers must be capable of decreasing soil
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density and effectively disturbing the mid-subsoil level to make the land workable
under normal cultivation protocols. As seen in Figure 27, these reclamation subsoilers
typically utilize a three-point hitch attachment for depth adjustment, rather than a
drawbar attachment and trailing configuration [46]. One issue with these subsoilers is
the need to operate below the critical depth to create an adequate soil disturbance to
restore the soil profile. Unfortunately, this process can cause further, deeper subsurface
soil compaction, despite alleviating the compaction in the upper subsurface soil levels.

5.2 Controlled traffic farming

Since compaction is inevitable in agricultural operations, its minimization through
operational management is critical to long-term sustainability. The essential principles
of compaction management are the reduction of both tillage and field traffic. Modern

Tractor size Capability

Engine power (hp/kW) Ballasted weight (tonnes) Working depth range (cm) Number of tines

30/23 1.5 20–30 1

60/45 3.0 30–40 1

75/56 3.75 35–45 1

25–30 2

100/75 5.0 40–50 1

30–35 2

25–30 3

125/95 6.25 45–55 1

35–40 2

25–30 3

150/110 7.5 50–60 1

35–45 2

30–35 3

25–30 4

200/150 10.0 40–50 2

35–40 3

30–35 4

25–30 5

250/185 12.5 45–55 2

40–45 3

35–40 4

30–35 5

25–30 6

For crawler tractor in same horsepower range, increase number of tines by 50% or working depth by 20%.

Table 1.
Wheeled tractor capability for operating loosening tines in compacted soil (Spoor, 2006) – [46].
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best practices decrease these elements in crop production processes to the smallest
feasible levels. Compaction mitigation techniques are reviewed in this subsection.

5.2.1 Low-till

The first management practice that can be used to reduce soil compaction is the
low-tilling method. There are several aspects to low-till that help reduce erosion and
soil compaction collectively. Low-till involves planting with a seed drill after a
minimally-disturbing tillage operation. The soil is not as exposed to and penetrated by
wind and water under this protocol. Low-till keeps an estimated 30% minimum of
crop residue on the soil surface. This allows for more organic material to remain
present in the topsoil, increasing the soil stability [45]. With low-till, water erosion is

Figure 27.
Reversible subsoiler and its impact (Spoor, 2006) – [43].
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inhibited, due to the higher surface trash coverage and lower general depth of water
penetration. Low-till farming protocols are an extremely popular choice currently,
creating a nice compromise between conventional agricultural practices and more
extreme conservation processes.

5.2.2 No-till

No-till farming is extremely effective at helping soil health in multiple different
ways. With this method, only the soil surrounding the seed trench is tilled by the row
crop planter. No additional tillage operations are performed. Besides being extremely
cost effective in fuel consumption, no-till operations have very quick positive results,
when compared to other methods. In as short as 2–5 years, soil compaction will
naturally be reduced in the topsoil, as microorganisms and organic material increase
and expand in the soil. The increased biomass will have a longer lasting effect, as the
crushing strength of the soil will be dramatically increased. In clay soils, these results
may be more pronounced. Compacted clay soils create the tightest restriction of all
soil types. Allowing for root penetration and added biomass expands clay soil until it is
much less compactable. With the no-till method, the higher vegetative density alone
can help absorb impact from smaller implements. With the proper planting equip-
ment, the no-till method is a very simple and effective method for reducing and
reversing soil compaction [49].

6. The causes of soil compaction

Soil compaction is the phenomenon associated with the collapse of soil media to
support the loads imposed upon it. All agricultural operations on the surface of the
ground cause soil compaction. Heavy axle loads, wet soil operations, livestock grazing,
and materials stored directly on the surface can all result in unwanted compaction.
The details of these agricultural process root causes of soil compaction will be explored
in this section.

6.1 Operation of equipment with heavy axle loads

An axle load is the total load supported by a single axle, usually across two points of
contact on either side of the vehicle. Although most agricultural equipment uses two
axles for load distribution, each point of contact carries harmful loads into the soil. A
large agricultural vehicle weighing 20 ton, creates 10 ton of force on each axle and
causes the soil beneath each point to compact, until it can support the imposed load.
The biggest factor to consider in reducing soil compaction is large axle loads. For two
vehicles with the same weight distribution, the bigger the vehicle’s contact area with
soil, the lesser the pressure is applied to the soil surface. Figure 28 illustrates an
advantage of tracks over tires by the contact area parameter [22]. Research has shown
that having an axle load of 10 ton can cause deep (more than 45 cm) subsoil compac-
tion under moist conditions [8]. Grain carts and other heavy trailing implements
behind the power units add to the problem of soil compaction, since axle load is
determined by the total weight of the vehicle divided by the number of axles. Reduc-
ing single axle loads below five ton or less will diminish subsoil compaction, and only
cause topsoil compaction [8]. Using heavy machinery under wet or moist conditions
always increases soil compaction dramatically over use under dry conditions for most

137

Reducing Soil Compaction from Equipment to Enhance Agricultural Sustainability
DOI: http://dx.doi.org/10.5772/intechopen.104489



soil types [23]. The relationship among pressure applied, water content and bulk
density varies across different soil types as particles rearrange with changing water
contents [24].

6.2 Operation during non-optimal soil conditions

Under non-optimal soil conditions, field farm operations should be considered
with great reluctance, due to the potential for severe damage to the soil matrix. As
farm equipment crosses through a wet field, ruts are formed from soil compaction
around the tire path. Tillage is a common practice to relieve soil compaction due to
poor soil management. However, tilling breaks-apart the soil structure and causes
further traffic, in addition to deeper compaction in the field. A tilled soil is more easily
compacted, since the subsoil beneath the tillage line is now in a more vulnerable state
for soil compaction [25]. Under good soil conditions, the integrity of the soil is
reasonably strong and minimizes the loss of pore space from heavy equipment travel.
When soil conditions are non-optimal, the structural integrity of the soil is signifi-
cantly reduced, and this results in the elimination of pore space with vehicle traffic. As
shown in Figure 29, when the same pressure is applied in a loam soil, the bulk density
significantly increases with increasing soil water content, thus, leaving the soil sus-
ceptible to compaction [24]. Additionally, water within the soil matrix reduces the
coefficient of friction between neighboring soil particles and promotes the ease of
displacement and flowability of the soil.

6.3 Livestock grazing

Livestock grazing can affect soil stability and functionality if not managed prop-
erly. The severity of soil damage due to livestock grazing is related to the soil type,
texture, and moisture content. Pugging, the formation of soil around the hoof of the

Figure 28.
Tracks versus tires load distribution areas (Mellgren, 1980) – [22].
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livestock, can result in increased soil compaction and a reduction in soil surface water
infiltration rates [26]. When water does not infiltrate through the soil surface during
rainfall or irrigation, puddling occurs in fields. The trampling and pugging from
livestock onto soil surfaces damages the subsurface soil integrity. The density of the
livestock per unit of area in a pasture impacts the level of soil compaction due to
pugging. This effect also negates the value of winter grazing on crop land to glean
harvest losses. The long-term damage from soil compaction to the crop ground greatly
outweighs the value of the “free” feed gained.

6.4 Other

Aside from intensive farming and grazing practices common in modern agricul-
ture, there are other factors, some environmental and some man-made, that can have
a noticeable effect on soil compaction. Depending on the region of agricultural pro-
duction, the type of soils, as well as natural and artificial drainage, some fields can be
subject to prolonged ponding of water in localized areas. Over time, the weight of the
water ponded on the soil surface causes the soil pores to collapse further, slowing
the movement of water through the soil and increasing the weight of water on top of
the soil surface during future precipitation events. Water ponded on the soil surface
adds 10 kPa of pressure per m of depth. Additionally, slowed water movement
through the soil increases the risk of farming operations occurring during non-optimal
soil conditions. Another non-conventional contribution to soil compaction is the rela-
tively new practice of storing grain in large plastic bags that are laid-out on the soil
surface. Producers using this method of temporary grain storage have noted signifi-
cant soil compaction on the surface due to the weight of the grain.

6.4.1 Dedicated tramline equipment

The newest realm of controlled traffic farming incorporates unified implements
that minimize in-field travel in a variety of ways. NEXAT GmbH is a leader in this
field. The company has developed a single equipment carrier, known as a beam
tractor, capable of planting, soil cultivation, crop treatment, and harvesting. They
refer to this as the NEXAT System [50]. This fascinating piece of equipment, pictured

Figure 29.
Water content, pressure applied and bulk density diagram (left) and compression curve for a loam – Typic
Haplaquept soil (right) (Smith, Johnston, & Lorentz, 1997) – [23].
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in Figure 30, manages to minimize the required crop production machinery, is fully
integrated, and does not require additional equipment or chassis components. It can
keep-up with the advancing digital age of electronic controls and even has autono-
mous guidance. However, its most impressive feature is an ability to reduce the land
driven-on from 60 to 80% to less than 5% by only traveling on dedicated drive lanes.
NEXAT-like systems are crucial to the continuing effort of reducing soil compaction
through the minimization of machinery footprint on arable land.

6.4.2 Tillage timing

Even the simple aspect of the timing of the tillage in a field can play a major factor
in soil compaction. Early season tillage is often performed to reduce the weed density
late in the season. However, early season tillage often is the wrong choice for both soil
compaction and weed control during the growing season. Late-season tillage allows
for more organic material to be added to the soil, while actively and drastically
reducing the number of weeds present in the crop’s growth cycle. Early tillage during
the wet spring times increases the soil’s tendency toward compaction. Heavy equip-
ment and traffic through the fields amplify the destruction of the soil’s internal
structure. Decreased pore space and limited soil and water volume can result from wet
soil tillage during the early parts of the crop production season [51].

The impact of tillage operations during non-optimal, wet conditions is a common
concern for farm managers, and research into the actual implications of these kinds of
operations is rather common. Figures 31 and 32 below detail the results of a study
looking into the change in resistance to soil penetration following tillage during wet
conditions and the progression of the soil aggregate strength throughout the growing
season for these soils [52]. Figure 26 shows that after non-optimal cultivation, pene-
tration resistance increased slightly compared to a reference soil that was not tilled but
that this resistance was still significantly lower than heavily compacted soil. The true
consequences of non-optimal tillage operations are exposed in Figure 27, in which it is
demonstrated that the tilled soil is unable to recover during the following growing
cycle. As a result, the tilled soil maintains a very high soil aggregate tensile strength

Figure 30.
NEXAT system for controlled traffic farming (Misser Uitgeverij B.V., 2021) – [47].
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over time, further decreasing the soil’s productivity and the long-term sustainability of
agricultural operations in such soil.

6.5 Cover-cropping and crop rotation

The final aspects of farm management that impact soil compaction and soil health
are the decisions that farm managers make regarding crop rotation and cover
cropping. Both have specific impacts for nutrient availability and storage, organic
material availability and control, weed control, and erosion prevention. However,
both cover cropping and crop rotation can also impact the prevention of soil
compaction. This section will review the impacts of cover cropping versus crop rota-
tion, an outline cover crop selection to achieve maximum compaction prevention and
maintain the necessary levels of erosion prevention, and the impact of pre-planting
cultivation and its effects on seed bed, germination, and root development.

Figure 31.
Soil penetration resistance measured shortly after tillage operations in may 1998 and 1999. PAC: Compacted;
PUD: Intensive rotary cultivation (Munkholm & Schjonning, 2004) – [49].

Figure 32.
Relative tensile strength (REF = 100) of air-dried soil aggregates (average of the four size fractions) at the different
times of sampling. PAC: Compacted; PUD: Intensive rotary cultivation (Munkholm & Schjonning, 2004) – [49].
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6.5.1 Cover-cropping vs. crop rotation

Cover-cropping is the practice of planting legume and grass varieties after the
primary harvest, in the late fall, winter, or early spring before planting. Typically,
these cover-crops are planted to instill nutrients into the soil, increase the organic
material in the topsoil layer, and to better hold the soil together during tillage to
prevent erosion issues. In addition to promoting yield advantages, cover cropping can
also be used to improve the soil profile and decrease existing compaction through the
creation of pores and reduction of soil bulk density.

Crop rotation aims more at cycling specific nutrients within the soil matrix to
promote a greater yield for specific crop types during different cyclic years. A good
example of this is the common corn and soybean rotation, in which soybeans are
rotated-in, when soil nutrient sampling indicates low nitrogen levels. Soybeans are
utilized in this way, due to their nitrogen fixing attributes. This locks excess atmo-
spheric nitrogen beyond what is needed for the soybean crop into the soil, to be used
by corn in the following years. Crop rotation can additionally impact topsoil and
subsurface soil compaction, because of the differences in root penetration profiles.
This can aid in moisture uptake and retention.

One study looked at the difference between cover-cropping and crop rotation and
then compared the impact on yield results, as well as the resulting soil nutrients [53].
The findings were such that in the short term, there was little evidence to say that
cover-cropping alone could result in an adequate yield improvement, but a combina-
tion of cover-cropping and crop rotation promoted increased crop yields and retained
the benefits of using cover-crops. On the other hand, when examining the effects on
soil compaction, the long-term consequences of cover-cropping helped to dramati-
cally negate long-term compaction issues. Cover-cropping plays an essential role in
decreasing soil compaction through the reduction of soil bulk density, the alteration of
soil aggregate size, the creation of root channels, and improving the aeration and pore
space within the soil. Specific cover-cropping can also help to combat long-term
compaction by promoting subsoil disturbances via root channels.

6.5.2 Cover-crop selection

One of the primary ways in which cover crops can impact soil compaction is
through the creation of pore space and root channels. These openings help to decrease
the soil’s bulk density, break-up previously compacted volumes, and promote water
infiltration, all of which further aid in this endeavor. Figures 33 and 34 depict the
results of studies on the effects of root profiles and root penetration resistance, which
indicate compaction relief from cover-cropping [54, 55]. In particular, the studies
investigated the differences in channels created by soybean and canola plant roots, as
well as the effects on soil nutrient and water content from a variety of other legume-
type cover crops [54, 55]. Cover-cropping with radish and legume type crops aided in
decreasing the soil penetration resistance during later planting, and it marginally
disrupted soil compaction. In addition, cover-cropping had added benefits for nutri-
ent content and water availability. The data from WREC in Figure 34 showed how
cover cropping impacted soil with historically high compaction [55]. Utilizing cover-
crops with large root profiles was particularly effective at increasing the macro-
porosity and facilitating aggregate break-up in both topsoil and subsoil [54]. The latter
is particularly important for soil types with increased risk of compaction, such as those
with a high clay content. In addition to its other benefits, cover-cropping is a useful
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Figure 33.
Minirhizotron images showing canola roots growing in may (left) and soybean roots observed in July and august
(right) following the channels made by the preceding canola cover crop at 38.2 cm (at WREC) (top) and 18 cm
(at BARC) (bottom) depth. The bulk density was 1.55 and 1.61 g/cm3 and penetration resistance was 2247 and
2176 kPa for the upper and lower soils, respectively (Calonego et al., 2017) – [51].

Figure 34.
Penetration resistance (kPa) with depth (cm) at Beltsville agricultural research Center (BARC) and wye research
and education Center (WREC). The average volumetric water content at time of penetration resistance
measurement was 0.22 cm3/cm3 (WREC) and 0.27 cm3/cm3 (BARC) in the surface soil (0–20 cm) and
0.29 cm3/cm3 (WREC) and 0.39 cm3/cm3 (BARC) in the subsoil (20–40 cm) (Williams & Weil [56]) – [52].
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and inexpensive tool to aid in alleviating the effects of previous compaction, costing
far less than mechanical relief applied through subsoiling operations.

7. Conclusion

This chapter provided a comprehensive review of the soil compaction problem. The
historical aspects, themechanism, and the environmental implications of soil compaction
were discussed. A large off-road vehicle maneuvering with a draft load causes the soil
beneath each point to compact, until it can support the imposed load in both the vertical
and horizontal directions. Different vehicle designs have advantages and disadvantages
in addressing the soil compaction problem. The track versus tires debate continues to this
day, and the farmer’s choice should depend on their specific situation. Sophisticated farm
management practices can significantly reduce soil compaction in the mid-term. Farmers
risk losing 50% of their expected profits, when the soil compaction is not addressed in a
sustainable way. Farmers and policymakers are encouraged to work toward reducing and
reversing soil compaction for sustainable management of agricultural lands.

The issue of soil compaction is not one that will ever cease to exist. It will continue to
cause trouble for those in agriculture, construction, mining, and other industries that
deal with soil and ground working. As such, it is important that an understanding of the
impact of soil compaction is continually being disseminated into these industries, as
well as the basic management practices that can help to prevent an extensive spread of
the problem. For design engineers in these fields, soil compaction offers the potential
for the continued improvement in equipment design. Looking specifically at agricul-
ture, the on-going trend of increasing equipment size and capacity in order to improve
fuel and energy sustainability indicates that there will be a continued demand to further
reduce the equipment loading and improve soil interaction of crop machinery, in order
to maintain an adequate level of soil compaction minimization. The design of tillage
equipment has already come a long way from the moldboard plow, specifically in terms
of minimizing soil disturbed unnecessarily, while maximizing the implement’s capacity
to pulverize the soil aggregates within the seed-bed. Moving forward, tillage equip-
ment’s most likely challenge will be ensuring adequate wheel support during operation,
without causing additional soil loading and compaction forces.

Farm managers must recognize that the prevention of unnecessary soil compaction
is of paramount interest in the long-term productivity of their resources. They need to
adopt a continuous improvement attitude and do whatever is feasible to minimize
compaction. The seemingly small benefits of tillage cycling, crop rotation, and cover
cropping should not be overlooked, since these practices continue to prevent soil
compaction and reduce equipment traffic in the fields. As with many other aspects of
off-road vehicle and machine design, committing to improving the performance of all
factors will increase the effectiveness of the soil compaction control and prevention
areas. Because the ability to sustainably grow food is critical to humanity’s future,
agricultural engineers of the 21st century with a working knowledge of soil compac-
tion phenomena will continue to be in high demand.
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Abstract

Modern agriculture has an immense problem in the depletion of agricultural 
productivity owing to a variety of biotic and abiotic stresses. Agriculture’s sustain-
ability and safety are dependent on ecologically friendly practices. Plant rhizobia 
have been proven to have an important role in disease control, as well as promoting 
plant growth, productivity, and biomass. Rhizobacteria are soil bacteria that live on 
the root surface and either directly or indirectly contribute to plant development. 
Rhizobia are used to induce mediated immune resistance through the manufacture of 
lytic enzymes, antibiotics, phytoalexins, phytohormone, metabolites. It supports the 
growth of plants through nitrogen fixation, nutrient enrichment, phosphate solubi-
lization and phytohormone synthesis. In addition, it supports plants during different 
stresses such as temperature, osmotic, heavy metal and oxidative stress. Plant growth-
promoting rhizobacteria have the ability to control heavy metal pollution of soils as 
well as enhancing plant growth in these soils. Efficient bioremediation is possible by 
using rhizobacterial inoculants, still, the distribution and functioning of microbes in 
the rhizosphere need to be fully explored. This review focuses on the effectiveness, 
biomonitoring processes and function in promoting plant development. Rhizobia 
application can be considered an alternative method for the improvement of biodiver-
sity, agriculture, and the environment.

Keywords: rhizobia, biocontrol, antibiotic, plant growth promotion, heavy metal, 
bioremediation
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1. Introduction

The productivity of crops is considerably impacted by nitrogen and phosphorous 
deficiencies, which are important for regulating the growth and development of crop 
plants [1]. To address this problem, it is important to carry out effective nitrogen 
management for sustainable agriculture. One of the interesting methods is to involve 
the use of microorganisms biologically fixing nitrogen which is utilized by the plant 
directly and is least susceptible to leaching and volatilization. Legumes establish a 
symbiotic interaction with the soil bacteria, termed Rhizobia, to fix atmospheric 
nitrogen. This helps in improving soil fertility, improving plant growth and prevents 
the necessity to use chemical fertilizers [2]. Besides this, agricultural productivity is 
significantly affected by the changing physical and biological properties of the soil 
[3]. In the past few years, the word “plant microsymbionts” has gained significant 
interest as plant microsymbionts directly affect the plant’s performance and pro-
ductivity. The plant microbiome comprises the complex adaptive gene pool, which 
originates from prokaryotic and eukaryotic organisms and even viruses, associated 
with the host’s ecosystem [4]. Also, it has been well established that apart from 
changes in morphology, Bacteroides exhibit tremendous transcriptomic shifts and 
changes in biochemical processes especially in contrast to free-living bacteria [5]. 
There are various genetic and molecular pathways that govern the symbiotic com-
patibility, involving a wide variety of host and bacterial genes/signals with distinct 
adjuvants [6]. Consequently, understanding of the biological and molecular basis of 
symbiotic compatibility is essential in the development of tools for genetic modifica-
tion of the host and/or bacteria to increase the efficiency of nitrogen fixation and to 
use it as a biocontrol agent. Here, in this review, we will address our latest summary 
of the microbial interactions, rhizobial efficacy, mechanisms as biocontrol, role in 
plant growth promotion, stress resistance and triggered immunity (ISR) against 
other microbes (pathogens). In fact, an insight into the genomes and recognition of 
candidate genes responsible for antibiotics, ISR and other metabolites from microbes 
is now possible. But the full range of molecular moieties involved in microbial 
interaction at an ecological scale deserves further study. Eventually, a definite and real 
improvement in the long term lies with the use of advanced analytical tools and their 
unification with classical experimental techniques to comprehend and then exploit 
soil–plant-microbe associations. Overall, it can help to improve biodiversity, agricul-
ture and environmental studies further.

2. Microbial interactions

An existence of unseen host-microbial interaction has predominance from 
prehistoric times. While microbes are of minute size, they are available in nature in an 
astonishing majority, interacting directly or indirectly at different hierarchical levels 
of life. Almost all of these microorganisms are incredibly small, widely recognized 
by Archaea and Bacteria, although some microscopic forms include handful of fungi 
and even most protists. From an ecological standpoint, microorganisms are very often 
found in the soils as complex microbial population groups and have been investigated 
for several ties of microbiota-host interactions such as mutualists, endosymbionts, 
antagonists, parasites, and pathogens (Figure 1) [7].

Microbial community dynamic trends in the food chains look likely to be beneficial 
(positive), harmful (negative) or even sometimes neutral, with very little or no effect 
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on their symbiotic associates [8]. Via physiochemical shifts, signaling mechanism-
quorum sensing system (chemotaxis), cell transduction signaling through secondary 
metabolites, siderophores (used for iron acquisition) and gene expression microbial 
processes always have shown substantial impact on ecological parameters, resulting 
in established suitable alleles in diverse habitats [9]. Rapid and altered microorganism 
genetic variation corresponds both to biotic and abiotic sources of stress. Furthermore, 
atmospheric Nitrogen fixing microbial interaction and AMF symbiotic relationship 
activates a unique signaling process-CSSP (Common Symbiosis Signaling Pathway) 
with calcium fluctuations in nucleus [10]. Many such strategies lead to an expansive 
population of microorganisms constantly getting established, culminating in patho-
genic or beneficial effects on host plant species.

While many others have shown plants are able to select microbiota from all 
of diverse plant exudates including certain amino acids, carbohydrates and other 
biomolecules [11] which could also vary depending upon the plant itself, its stage of 
development and on biotic or abiotic conditions. Flavonoids, for example, are needed 
for talks between Legume-Rhizobia while AMF (mycorrhizal arbuscular fungi) 
rely solely on Strigolactone signaling [12]. In addition, the position of bacterial iron 
acquisition chelators that enforce a restricted supply of iron in the rhizospheric plane 
for pathogenic fungi constrains pathogen proliferation and occurrence. Consequently, 
synergetic microbial populations in the root micro-sites have a critical role to play in 
cloaking plants from disease deterioration, environmental factors and also ramping 
up nutrient uptake [13]. It has been well established that plant-associated microor-
ganisms, particularly endophytic and rhizospheric microorganisms, can stimulate 
plant growth. A typical specified example is that of biotrophic symbioses between 
rhizobium and legume, such bacteria boost the growth of plant species by fastening 
atmospheric N2, supplying of essential nutrients, enhance sequestration of miner-
als, produce phyto-hormones and also act as potential biocontrol against pathogens. 
Preliminary experiments on some endophytic and pathogen microbe genomes 
revealed pathogen degrade and displacement of host (host invasion), whereas the 
endophytic-mutualists express genes that aid in stress amelioration encoding proteins 
for nitrogen fixation and RubisCO [14]. During genetic interchange in a rhizobial 
symbiotic relationship, the root cortical cells are populated, making a distinction into 
nitrogen fixing bacteroids. Studies also show rhizobacter colonization into the root 
systems of non-leguminous plant species as such can be used as biocontrol in plant 
species other than legumes. Other popular, well-known, bacterial-based biocontrol 
method is Agrobacterium to prevent infection with Agrobacterium tumefaciens.In fact, 

Figure 1. 
Types of microbial interactions found in nature.
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myriad microorganisms (in particular belonging to genera Bacillus, Pseudomonas and 
Trichoderma) generate few chemicals against plant pathogenic fungi [8]. Bacterial 
isolates broadly find their application against plant pathogenic bacteria and fungi, 
whereas fungi are taken as biocontrols for pathogenic protozoans, pathogenic bac-
teria as well as pathogenic fungi. Juxtaposition between plants and several types of 
microbes has also been known to help mitigate many toxic metal build-up in plants 
[15]. While a general mechanism affecting mostly saprotrophs involves enhancement 
of microbial activity, selective different categories of symbionts can be stimulated in 
root microsites of plants. On the other hand, disease development by saproptrophs 
or biotrophs present in root micro-sites takes place only by developing antagonistic 
symbioses between pathogens and susceptible host plant roots. Importantly, the 
elimination of disease can sometimes be addressed through manipulating microbio-
logical or physio-chemical surroundings mostly by classical practices- like use of soil 
refinements, agronomic rotational practices, fumigant use or even soil solarisation. A 
voluminous literature shows that interactive bacteria both symbiotic and pathogenic 
develop common signaling molecules to promote their host cell invasion through 
predominant substances such as conserved PAMP/MAMPs (Microbe-Associated 
Molecular Patterns) and protein effectors [16]. Organisms have developed recogniz-
ing mechanisms which differentiate between pathogens and symbionts and react in 
different ways to them, but this distinction often is not efficient; as a consequence, 
recognizing sensitivity also appears to occur both on pathogenic and symbiotic inter-
action [17, 18] at earlier stages. Thus, evidently microbial associations drive a complex 
sequence of interdependent metabolisms. In this paradigm of unexpected symbiotic 
partnership only host species utilize chemical synthesis capacities of symbiotic 
organisms to inhibit the development of certain environmental major competitors in 
order to sustain themselves [19]. In modern days, the philosophy of regulation of soil-
borne diseases through the use of agro-chemicals such as pesticides and fungicides is 
now being modified through biological management [20]. Currently with the aid of 
molecular know-how, molecular pathways and processes involved in the interaction 
of microbes have been immensely explored.

3. Pathogen control mechanisms

Phytopathogens are those organisms which have the potential to adversely affect 
growth, development as well as the physiological activities of the crop. Any deviation 
in the environment which favors the proliferation of these phytopathogens result 
in a rapid outbreak of the diseases, leading to the crop destruction. Thus, reducing 
the yield and causing considerable loss of productivity. To prevent the development 
of disease it is necessary to control the pathogen mostly when their level is low. The 
organisms involved in biocontrol process are called as biocontrol agents and most of 
the biocontrol agents such as bacteria, fungi, algae, and nematodes which are found 
in root zone i.e., rhizosphere could influence various properties of soil and plants 
and thus act as defense mechanism against attack by pathogens [21]. It has been 
reported that there are some beneficial bacteria which can bring some changes in the 
rhizosphere as well as in the plants, leading to the enhancement in the plant growth, 
development and productivity and as such protect the plant from outbreak of vari-
ous diseases [22]. Rhizobium being one of the categories of microorganisms which 
comprises of bacteria which can develop the symbiotic relationship with legumi-
nous plants. Thus, are regarded as important nitrogen fixing organisms which play 
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significant role in the maintenance of soil fertility [23]. However, many species of rhi-
zobia are also reported to reduce the development of various disease-causing fungi, 
thereby increasing the yield of legume crops [24]. Several rhizobial strains such as 
Rhizobium leguminosarum, Sinorhizobiummeliloti and Bradyrhizobium japonicum have 
the ability to suppress soil-borne pathogens such as Rhizoctonia solani, Pythium spp., 
Fusarium spp., and Macrophominaphaseolina in both legumes and non-legumes thus 
can be used as biocontrol against various soil-borne diseases [25]. Godebo et al. [26] 
suggested that rhizobium species can be used as biocontrol agents, since it inhibited 
the growth of aphanomyces in vitro in pea. Rhizobia in combination with Tricoderma 
spp. can act as potential biocontrol agent [27]. Colonization behavior of Sinorhizobium 
meliloti in the alfalfa rhizosphere reported to be useful for biocontrol. The application 
of Pseudomonas maltophilia in combination with Mesorhizobium and PSB was reported 
to be more beneficial as it showed the reduction in root rot incidence [28]. The study 
above shows that significant reports have been presented which favors the use of 
rhizobia as biocontrol agent against soil-borne pathogens, apart from being respon-
sible for biological nitrogen fixation, thus acting as a befitting alternate measure over 
chemical treatments to control the spread of various plant diseases. Rhizobium is an 
effective biocontrol agent which helps in bringing down the growth of phytopatho-
gens by implementing various mechanisms which include phytohormone production, 
siderophore production, production of antibiotics, HCN production, production of 
lytic enzymes, metabolite production and phytoalexin production and induction of 
systemic resistance [29].

3.1 Lytic enzyme production

Rhizobia produces several lytic enzymes which are responsible for degrading the 
cell wall of pathogens and as such are considered as an efficient source for biocontrol. 
Lytic enzymes produced by the rhizobia for biocontrol involves chitinases, cellulases, 
β-1,3-glucanase β-1,4-glucanase, β-1,6-glucanase, proteases, pectinase and amylases 
[30]. These enzymes are known to cause lysis of the fungal and bacterial cell walls 
and thus helps in controlling the population of plant pathogens [31]. Chitinase is 
a lytic enzyme which causes the lysis of pathogenic fungal cell wall through the 
disintegration of chitin in the cell wall of fungi and bacteria. This process involves 
the breakdown of glycosidic bond in chitin thus, reducing the chitin polymer into 
monomer. Endochitinase cleaves chitin randomly at internal points within the poly-
mer of chitin and releases low molecular weight multimers and dimers. Exochitinase 
causes hydrolysis of chitin and releases di-acetylchitobiose with no monosaccharide 
or oligosaccharides formed. Protease is another lytic enzyme which prevents the 
protein of pathogen to effect plant cells as protease have the capacity to cause the 
breakdown of proteins of phytopathogens into smaller polypeptides or single amino 
acids. Some of the protease also involved in inactivation of extracellular enzymes of 
phytopathogenic fungi. Cellulases is another enzyme which causes the decomposition 
of cellulose. This reaction involves the hydrolysis of the 1, 4-β-D-glucosidic linkages 
in cellulose. The degradation of cellulose involves conversion of the cellulose into 
β-glucose which occurs by the combined action of important cellulolytic enzymes like 
cellulose / endoglucanases, exo-cellobiohydrolase/exo-glucanases and β-glucosidases. 
Cellulose is thereby converted into β-glucose by the synergetic act of all these cel-
lulolytic enzymes. Glucanase are enzymes which causes hydrolysis of polysaccharide 
made of glucose subunits. This process involves two possible mechanisms viz., 
cleaving the glucose residues from the non-reducing end in sequence and breaking 
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the linkages along the polysaccharide chain at random points and smaller oligosac-
charides are released [32]. Among all these enzymes, chitinase are considered to be 
the most important ones as it acts as prime constituent of biocontrol and protect the 
plant against phytopathogens. It has been reported that rhizobial isolates producing 
chitinase results in inhibition of pathogenic microbes [24]. Damping-off of fava bean 
(Vicia faba) was reduced when rhizobium spp. capable of producing chitinase was 
applied as seed treatment either separately or along with mycorrhizal fungi [24]. 
Rhizobium strains isolated from Sesbania sesban has been reported to be produce 
chitinase. Rhizobium sp. Strain RS12, which have the ability to produce chitinase 
controlled the diseases of chickpea caused by F. oxysporum, S. sclerotiorum and M. 
phaseolina by reducing the growth and development of mycelia [33]. Plant diseases 
caused by several phytopathogens like A. niger, F. solani, F. oxysporium, B. cinereaand 
R. solani were reported to be controlled by chitinase from rhizobia, thus the latter 
was regarded as efficient biocontrol agent (34). Ability of rhizobia to produce lytic 
enzymes such as chitinase, β-1, 3 glucanase, protease, and lipase which bring about 
the lysis of pathogenic fungal and bacterial cell walls was also reported in various 
plants [3]. In fava (V. faba) bean infection caused by fungal mycelia of F. solani was 
reduced significantly by chitinase, protease and lipase [34].

3.1.1 Phytohormone production

Phytohormones or plant hormones are the organic compounds that cause the 
stimulation of plant growth and development at lower concentrations. They can be 
produced either naturally by plants in response to some specific stimuli or can be 
synthesized artificially and utilized for regulating the growth and development of 
plants [35]. Apart from regulating growth and development, these phytohormones 
also play an important role in biocontrol responses as they are involved in several 
synergetic processes between various plants and organisms. Therefore, these plant 
hormones not only helps in stimulation of plant growth, development, improvement 
in nutrient uptake, but also act as a shield against various biotic and abiotic stresses, 
and as such protection of plants from different phytopathogens [36]. Phytohormones 
include indole-3-acetic (IAA) acid (auxin), cytokinins, gibberellins and abscisic acid. 
Each of the plant hormones or plant growth regulators possesses specific functions.

a. Auxin: This is the phytohormone which is considered as an important hormone 
that helps in plant protection mostly in the form of indole acetic acid (IAA). It 
has been suggested that many rhizobia spp. can secrete plant hormones, such as 
auxin via indole acetic acid formation [37–41]. Tryptophan has been considered 
as the major precursor of IAA. However, rhizobium spp. can synthesize IAA 
even if the tryptophan is not present [42]. Soil-beneficial bacteria have the ability 
to synthesize IAA and are involved in many phyto-stimulations that could be 
beneficial in relation to the biocontrol. IAA is also reported to loosen the root 
walls to increase the secretion of various beneficial substance from roots, which 
can improve the bacterial growth in root zone [22]. Rhizobia producing IAA are 
reported to directly affect the growth of phytopathogens (44). Rhizobial IAA is 
able to affect pathogenesis as being involved in various physiological processes 
of plant like cell division, extension, rate of xylem development, formation of 
adventitious root and various pigments, photosynthesis, etc. Therefore, can act as 
an effector molecule in plant microbial interaction. More than 80% of nitrogen-
fixing bacteria have reportedly resulted in the production of growth substances 
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like indole acetic acid [43]. These substances enhance plant defense mechanism 
against various pathogens and improves the plant growth by increasing the total 
phenols, calcium content and polyphenol oxidase activity [44]. Rhizobial IAA 
was reported to have Phyto stimulation activity which resulted in suppression 
of more than 84% fungus mycelial growth of S. rolfsii because of the synergetic 
relation between in vitro bacterial IAA production and inhibition of S. rolfsii 
mycelial [45]. Treatment of nodules of vetch roots with R. leguminosarum bv. 
Viciae resulted in increase of IAA production by about 60 folds [46]. Application 
of Pseudomonas in combination with Rhizobium galegae causes increase in IAA 
production that results in increasing the number of nodules, nitrogen content, 
growth of shoot and root. However, biosynthesis of IAA was influenced by both 
environmental stress factors (acidic pH, osmatic stress, matrix stress and carbon 
limitation) as well as by genetic factors (auxin biosynthesis genes and the mode 
of expression. The bacterial strain Mesorhizobium loti MP6 produces indole 
acetic acid (IAA) under normal growth conditions inducing curling of root hair, 
inhibition of Sclerotiniasclerotiorum and improves the growth of Indian mustard 
(Brassica campestris) [29].

b. Gibberellins: Gibberellins are plant hormones (GA1-GA89) that regulates 
various plant developmental processes having significant function in stem 
elongation and leaf expansion. Gibberellins are involved in many aspects of 
plant physiology like, development of seedless fruits, flower and fruit matura-
tion, breaking of seed dormancy, and sex expression. It has been suggested that 
rhizobium also have ability to synthesis gibberellins. Gibberellic acid possesses 
the ability of reducing the levels of reactive oxygen species (ROS) which results 
in improving the activity of antioxidant enzyme which further causes the 
progress in growth under adverse conditions [47]. Also, gibberellic acid applied 
exogenously was able to reduce effect of various stress like salt, oxidative and 
heat stress, on growth and germination in Arabidopsis thaliana, resulting in 
increased production of salicylic acid, which in turn increased the activity of 
isochorismate synthase 1. Rhizobium strains are also reported to produce cyto-
kinins, which are involved in stimulation of cell division, development of root 
and formation of root hair. It was established that microbial cytokinins have the 
potential to act as biocontrol agents and can be used as a potent source against 
plant defense mechanism [48].

c. Abscisic acid: Abscisic acid is a naturally occurring phytohormone. It is a 
sesquiterpenoid which is being partly produced in the chloroplasts of plants 
and the biosynthesis occurs in the leaves. Abscisic acid is synthesized mostly 
during the stress conditions like moisture deficiency and low temperatures, 
heat and salinity. It is reported that rhizobium sp. can produce abscisic acid 
and stimulate various physiological processes of plants such as stomatal clo-
sure, inhibits the shoot growth, storage of protein in seeds during dormancy 
and is involved in causing proteinase inhibition by gene transcription, thus 
offers protection against pathogens.

d. 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase: Some of the 
rhizobia species like α and β rhizobia have the ability to produce enzyme 
ACC deaminase and the gene responsible for its production is acdSgene. ACC 
deaminase leads to the conversion of 1-aminocyclopropane-1-carboxylic acid 
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(ACC-precursor of ethylene) into α-ketobutyrate and ammonia. It has been 
reported that when rhizobia producing ACC deaminase are inoculated, the 
ethylene levels in the plant are reduced, resulting in increased nodulation, longer 
roots as well as improves rhizobial activity and thereby helps in bringing down 
various stress levels and also protects the plant from various pathogens (Table 1). 
The strains, which are reported to produce ACC deaminase involve R. legumi-
nosarum. Viciae, Rhizobium hedysari, Rhizobium japonicum, Rhizobium gallicum, 
B. japonicum, Bradyrhizobium elkani, M. loti and S. meliloti [59].

3.1.2 Antibiotics

Biologicals are an effective way of combating pathogens in plants [60]. Antibiotics 
and other antipathogenic compounds may be secreted by beneficial rhizobacteria. 
Antibiotics are among the most important pathways for biocontrol [61]. Pathogens 
also acquire antibiotic resistance and other biological control mechanisms to pre-
vent complete long-term control. A systematic strategy of numerous monitoring 
mechanisms is definitely safer than undue reliance on one solution while confront-
ing pathogens. Pathogen-antagonistic bacteria can therefore adapt their mode of 

Rhizobium ssp. Activity Reference

Mesorhizobium cicero IAA production [49]

Rhizobium leguminosarum IAA production [50]

R. leguminosarum Cytokinin [51]

Mesorhizobium sp. IAA production [52]

Bradyrhizobium sp. IAA production [40]

Rhizobium sp.(lentil) IAA production [39]

Rhizobium phaseoli IAA production [53]

Bradyrhizobium sp. IAA production [43]

Rhizobium sp. IAA production [54]

Rhizobium sp. (pea) IAA production [55]

R. leguminosarum IAA production [48]

Mesorhizobiumloti MP6 IAA production [29]

ACC deaminase

R. japonicum, B. elkani, M. loti, R. 
leguminosarum, Sinorhizobium spp.

Produce high level of ACC deaminase [3]

R. leguminosarumbv. Trifolii SN10 Produces indole acetic acid and ACC 
deaminase which enhances rice growth

[56]

Lytic acid production

Rhizobium strain Produce enzyme: chitinases, b-1,3 glucanases, 
proteases and lipases

[3, 57]

Rhizobium spp. Chitinases [24, 58]

Rhizobium sp. strain RS12 Chitinases [33]

Table 1. 
Phytohormone production.
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operation in the long-term to combat pathogens. In order to inhibit pathogens, PGPR 
produces antibiotics, such as lipopeptides, polyketides, and antifungal metabolites 
[62]. PGPR generates antibiotics that prohibit “saprophytic pathogens” from develop-
ing in the root zone; Combining strains that strengthen resistance to other antibiotics 
and biocontrol strains that modulate one or more antibiotics [61]. Rhizobia produces 
(TFX) tridolitoxin, an antibiotic narrow-spectrum peptide, and was found respon-
sible for changes in microbial diversity in bean plant rhizosphere. Trifolitoxin (TFX) 
antibiotic by R. Leguminosarumbv. Trifolii T24 was documented for disease control. 
B. Japonicum produces rhizobiotoxin which protects Soya from M. Phaseolina [63]. R. 
Leguminosarum produces bacteriocins which have different assumed size characteris-
tics (small, medium or large). Trifolii and B. Japonicum secrete antibiotics that could 
inhibit several phytopathogens have been documented [3].

3.1.3 Phytoalexins

Plants exist in dynamic ecosystems which are subject to frequent changes. They 
survive on a host of chemicals called secondary metabolites [64], which are essen-
tial for regulating secondary metabolism. Plants have a normal immune system to 
withstand biotic stress which can be activated by different agents. The plants have a 
unique potential condition called “priming” which is triggered in the plant before the 
pathogen challenge. The plants defensive mechanism against biotic stress involves the 
agglomeration of molecules (phyto-anticipins), which are converted to phytoalexins 
[65]. Phytoalexins are antimicrobial compounds generated by plants or some organ-
isms as a response of the biotic and abiotic factors. These are “low molecular weight, 
anti-microbial” compounds synthesized after micro-organism or abiotic exposure in 
plants. Furthermore, elucidating the biosynthesis of different phytoalexins allowed 
the use of molecular biology methods to investigate genes encoding enzymes involved 
in their synthesis. This has led to new technologies to improve plant resistance. 
Phytoalexins show enormous diversity in various chemical groups, such as terpenoids, 
phenolics, steroid glycoalkaloids, compounds containing sulfur and indoles [66].

3.1.4 Induced systemic resistance

In addition to its role in N fixation, rhizobium serves as a tool for biocontrol of 
plant pathogens by triggering systemic resistance in plants. This is referred to as 
Induced Systemic Resistance [67]. The latter prepares the plant for defense against 
various phytopathogens [68]. The mechanism by which a non-exposed part of a 
plant imparts resistance to pathogenic microbes etc. by earlier exposure with the 
former is termed as induced resistance, thus it is triggered by an inducer that can be 
a biological or chemical agent. This induced resistance is not only activated at the site 
of pathogen attack but also at the parts that are very far from the site of induction so 
called induced systemic resistance (ISR) (Figure 2) and this ISR provides resistance 
to broad spectrum pathogens. Systemic resistance provided by ISR is regulated by 
signaling pathways in which different hormones are involved [69].

Rhizobial species inducing systemic resistance are Pseudomonas, Bacillus, 
Trichoderma and Mycorrhiza. Stringlis et al. [70] observed that these rhizobia are 
involved in the biosynthesis of antibiotics, flagella, siderophores and other volatile 
compounds which in turn stimulate microbe associated molecular pattern triggered 
immunity (MTI). A signaling pathway is generated in response to the perception 
of any of the above-mentioned substances. This is followed by another signaling 
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pathway resulting in a systemic defense response [71]. Pattern-recognition receptors 
(PRRs) serve as sensors that have been evolved to differentiate and recognize bacte-
rial and fungal products called pathogen associated molecular patterns (PAMPS). 
Moreover, in case of the damage/invasion caused by the pathogen attack an endog-
enous signal is produced. The ISR imitation in plants requires microbes that can be 
beneficial as well as able to effectively colonize the plants root system [72]. Recently 
microbial aspects around the root micro-sites harboring bacteria and fungi slowly 
gained interest because of their potential to trigger resistance (induced systemic 
resistance ISR in case of bacteria/systemic resistance in case of other microbes) 
in plants as a measure of biocontrol [17]. For instance, 22 kDa xylanase isolate of 
fungal endophyte Trichoderma when introduced into the plant cells evokes the plant’s 
defensive response including potassium, hydrogen ions, calcium ion movements, PR 
protein synthesis, ethylene formation, glycosylation of phytosterols and fatty acid 
acylation [17]. Among the prominent changes taking place during ISR are:

1. Strength and stiffness in an epidermal and cortical plant cell wall.

2. Relocation of recently created barriers / blocks of impermeable lignin, callose 
and phenolic compounds away from an affected/entry site.

Plant responds to a number of biochemical signals induced by soil and  
plant-associated microbes. The strength and stability of its cross-talk signal play 
key role in determining the quality of resistance against pathogens. The interac-
tions with these microbes can be in the form of different relationship possibilities 

Figure 2. 
Graphical representation of biologically induced disease resistance generated by beneficial microbes (ISR). It 
involves transport of long-distance signals in form of Jasmonic acid- salicylic acid (J/A & SA) and systemically 
circulate an improved defensive potential against a broad-spectrum pathogen in other plant parts and helps in 
plant growth promotion (PGP) as well.
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(symbiosis, mutualism competition, predation, commensalism, etc. and host. At 
the initial stage, hypersensitive response gets active, a mechanism used by plants 
to prevent the spread of local infection by microbial pathogens [73]. While as for 
a positive mutual association both the host and the microbe must have to respond 
to the signals equally so that there is mutual benefit for both. In the association 
between the rhizobium and mycorrhiza, it has been studied that the host secretes 
strigolactones and flavonoids. Strigolactones are a class of plant hormones which 
are responsible for stimulation of branching and growth of mycorrhizal fungi. 
These strigolactones and flavonoids are also responsible for activation and produc-
tion of symbiosis (sym) and Nodulaton (Nod) factors by microbes. The manipu-
lated entry of rhizobium systematically triggers the whole downstream molecular 
defense system [67]. Which in turn builds a successful symbiotic relationship by 
activating common signaling pathways. By modifying the transcriptional program-
ing many free-living plant growths promoting rhizobacteria (PGPR) positively 
respond to the root exudates that are involved in chemotaxis, energy metabolism 
etc. [74]. The mode of action of ISR is priming for enhanced defense, it does not 
cause direct activation of systemic resistance. Elevated transcript levels of various 
transcription factors were found in Arabidopsiseg. AP2/ERF were highly expressed. 
Among these several members are involved in regulation of jasmonic acid (JA) and 
ethylene (ET) defensive pathways. ISR by soilborne microbes is mostly regulated 
by JA/ET pathway. In the rhizosphere ISR is responsible for microbial antagonism, 
any host pathogen interaction enriches the microbiome and thus provides protec-
tion against diseases. The production of elicitors by beneficial microbes is also 
required in order to result in the onset of systemic immunity [69] so that there is 
a balance between the costs and benefits of mutualism. Plant-growth-promoting 
rhizobacteria (PGPR) were successful in managing complex diseases such as 
anthracnose (Colletotrichum spp.), angular leaf spot and bacterial wilt (Erwinia 
tracheiphila). Oxidative changes were observed in soyabean roots after inocula-
tion with Bradyrhizobium japonicum [75]. With advancement of next generation 
sequencing technologies, it has been very easy to study the vast microbial diversity 
in the rhizosphere. Earlier studies have shown that there are different subsets 
of diversity in soil bulk, thus type of soil is an important factor for determining 
rhizosphere microbial community.

4. Mechanism in plant growth promotion

Modern agriculture is experiencing a number of challenges viz., poor soil fertility, 
serious pathogen and pest attacks, climate changes. Agricultural production must 
be sustainable and at the same time eco-friendly. This could be achieved by using 
environmentally sound approaches such as use of bio-fertilizers, bio-pesticides 
and by returning the crop residues to the soil thereby increasing the organic matter 
content of the soil. Application of crop residues to the soil resulted in increased yields 
compared to control [76]. Microbial inoculants which have been used for centuries, 
is a safer and relatively cheaper tool for promoting plant growth and improving 
soil health properties by different mechanisms [22]. Nitrogen fixing rhizobium 
bacteria live in association with legumes, infect them and form nodules in its roots. 
In case of non-legume crops they interact asymbiotically [77]. They are found in the 
rhizosphere to make use of the nutrients as the latter has plentiful nutrients oozed 
from roots of plants. They either have a direct or indirect control over plant growth, 
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by synthesizing phytohormones, control pathogen infestation by influencing the 
production of several enzymes like cellulase, protease, lipase and other such produc-
tions thereby inducing whole plant resistance against pests or by soil nutrient enrich-
ment through their nitrogen fixation and phosphate solubilizing ability. Microbial 
inoculants have multiple beneficial effects, particularly as plant growth promoters 
(PGP). Not only this but PGPR also help in combating a variety of abiotic stresses like 
temperature stress, salinity as well as drought stress, heavy metal toxicity and other 
types of abiotic stresses [3]. According to their closeness and interaction with the 
plant roots Rhizospheric bacteria have been classified as: (1) rhizosphere occupying 
bacteria (2) bacteria’s forming colonies at the surface of roots (3) bacteria’s living 
inside the roots (endophytes); and (4) bacteria’s residing in the cells of root nodules. 
Bacteria’s that belong to these groups are known as plant growth promoting rhizobac-
teria (PGPR) [78]. The bacteria belonging to 1 to 3 categories as extracellular PGPR 
(ePGPR) while the 4th category was named as intracellular PGPR (iPGPR). The ePGR 
includes following genera: Bacillus, Pseudomonas, Erwinia, Caulobacter, Serratia, 
Arthrobacter, Micrococcus, Flavobacterium, Chromobacterium, Agrobacterium, and 
Hyphomicrobium whereas Rhizobium, Bradyrhizobium, Sinorhizobium, Azorhizobium, 
Mesorhizobium and Allorhizobium belong to iPGR category. To strengthen the use of 
soil rhizobia for the attainment of sustainable and eco-friendly production methods 
a basic understanding of their functioning and means by which they facilitate plant 
growth is needed.

4.1 Plant growth promotion by direct mechanisms

4.1.1 Nutrient enrichment by Nitrogen fixation

Nitrogen is a macronutrient required by the plants for synthesizing proteins, 
nucleic acids and enzymes. Plants synthesize their food with the help of chlorophyll 
and nitrogen forms an essential component of chlorophyll. Despite the fact that 
the atmospheric air comprises of about 78% of nitrogen N, this gas is not available 
for use by the plants directly. Nitrogen application to crops has led to an enormous 
increase in food production which has eventually resulted in increased human popu-
lation. Haber-Bosch process being the source of industrial nitrogen fertilizers, has 
been regarded as the primary cause of explosive growth in human population [79]. 
Currently, large amounts of synthetic chemical fertilizers are being used in agriculture 
and these fertilizers have been used beyond their limits, moreover they are expensive 
and polluting. Application of chemical fertilizers liberates reactive nitrogen into 
the atmosphere which leads to emission of green-house gases and at the same time 
eutrophication of water bodies. The detrimental effects of fertilizer use become much 
more pronounced when these are applied injudiciously. The economic and most 
importantly environmental concerns make the use safer and relatively cheaper alter-
natives necessary. Biological nitrogen fixation, whether symbiotic or non-symbiotic 
is a potential alternative promoting plant growth and hence increasing production 
[80]. Plant growth promoting-rhizobia are able to perform biological nitrogen fixa-
tion (BNF) and thus help plants in nitrogen assimilation. They live in soil and after 
producing specialized structures (nodules) in legumes by infecting their roots, they fix 
the atmospheric nitrogen (N2) and convert the same into a more readily useable form 
i.e., ammonia (NH3) so that the plants can utilize it for their growth. These rhizobia 
in turn get organic acids which serves as a source of carbon and energy. Two classes 
of genes: 1. Nodulation (nod) genes and 2. nitrogen fixation (nif) genes are needed 
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for the establishment of a good association between rhizobia and plants. Bacterial 
genes present in plasmids, code for Nod and Nif proteins [81]. Mainly three nod genes 
namely nodC, nodB and nodA are involved in nitrogen fixation. In addition to this, 
other nod genes viz., nod, nol or noe have been found in some rhizobial species [82]. 
Nodulation genes code for the enzymes involved in production of nodulation factors 
(nod) [77]. The roots of leguminous plants produce flavonoids in the rootzone, these 
compounds stimulate the expression of nod genes in the bacteria. Their expression in 
turn produces the Nod factor, which is a lipochito-ologosachharidic nodulation signal. 
This signal triggers mitosis and nodule formation [83]. Nitrogen fixation genes include 
genes for nitrogenase. Nitrogenase forms the most important part of BNF. The enzyme 
has 2 components: a. dinitrogenase reductase and b. dinitrogenase. The former gives 
electrons to the later which reduces N2 to NH3. BNF involves different clusters of genes 
for nitrogen fixation and nodule formation in leguminous plants (Table 2) [77].

4.1.2 Phosphate solubilization

Phosphorus is another macronutrient essential for proper development of plants. 
Its deficiency can adversely affect plant growth. After nitrogen phosphorous is the 
most limiting nutrient for plant growth [84]. Phosphorus forms an integral part 

Function of the gene Gene

Nodulation genes

nodA Acyltransferase

nodB Chitooligosaccharide deacetylase

NodC N-acetylglucosaminyltransferase

Nod Transcriptional regulator of common nod genes

nodIJ Nod factors transport

nodPQ synthesis of Nod factors substituents

nodX Synthesis of Nod factors substituents

nofEF Synthesis of Nod factors substituents

Other nod genes Several functions in synthesis of Nod factors

nol genes Several Functions in synthesis of Nod factors substituents and secretion

NOE genes Synthesis of Nod factors substituents

Nitrogen fixing genes

nifHDK Nitrogenase

NifA Transcriptional regulator

nifBEN Biosynthesis of the Fe-Mo cofactor

fixABCX Electron transport chain to nitrogenase

fixNOPQ Cytochrome oxidase

fixLJ Transcriptional regulators

fixK Transcriptional regulators

fixGHIS Copper uptake and metabolism

fdxN Ferredoxin

Table 2. 
Genes involved in nitrogen fixation.
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of DNA and RNA, enzymes and phospholipids. Besides this, important processes 
like photosynthesis, formation of roots, flowers, ability of plants to cope up with 
diseases depend on the optimal levels of phosphorus [85, 86]. Although the soils 
are naturally rich in phosphorous reserves but the amount that is available to plants 
for their use is only a small fraction of the original amount present. This is because 
phosphorus is predominantly present in insoluble forms in soil and plants can only 
make use of phosphorus in soluble form i.e., the monobasic (H2PO4 -) and dibasic 
forms (H2PO4 2−). Phosphorus availability is governed by various factors such as pH 
of soil, soil temperature, amount of organic matter present in the soil, root system 
and most importantly soil microorganisms. The latter has a critical role in increasing 
P availability to plants. Soil P concentration ranges between 0.01-3 mg P L−1 which is 
very small compared to the amount that plants need for normal growth. Therefore, 
to make sure that the plants are not devoid of P, remaining amount is compensated 
by soil rhizobia using their phosphate solubilizing property. These rhizobia are 
referred to as phosphate solubilizing microbes (PSMs), having the ability to hydrolyze 
insoluble phosphorus in soil into readily soluble form. They develop a network in 
the rhizosphere around the plant roots, allowing them to absorb P from a broader 
area. The use of PSMs is an environmentally safe and cheap method to reduce the 
insufficiency of phosphorous and promote its absorption and assimilation by plants. 
PSMs are able to convert the insoluble phosphorus into soluble form by lowering the 
pH, chelating cations and mineralization [84]. Application of phosphate solubiliz-
ing bacteria belonging to following genera: Achromobacter, Agrobacterium, Bacillus, 
Pseudomonas, Erwinia, Flavobacterium, Microbacterium and Rhizobium has resulted in 
increased phosphorus uptake and eventually higher yields.

4.1.3 Potassium solubilization

A diverse range of soil microorganisms such as saprophytic bacteria, fungi, and 
actinomycetes show potential to solubilize potassium effectively converting soil 
K to plant-available forms [87–90]. Among these, solubilizing bacteria (KSB) can 
dissolve K-rich materials and convert insoluble K to soluble forms that plants can 
absorb. Although some KSB can work anaerobically, the majority of these are aerobic. 
The potassium solubilizing rhizobacteria (KSR) use a number of ways to make the 
K available to plants. Mechanisms such as Acidolysis, chelation, exchange reactions, 
complexolysis, and the production of organic acids are few well known alternatives. 
The acidolysis (organic and inorganic acids, as well as the synthesis of protons) is 
the main mechanism of K mineral solubilization [87, 91–95]. Formation of organic 
acids by KSB that are useful in releasing K from K-bearing minerals include oxalic 
acid, tartaric acids, gluconic acid, 2-ketogluconic acid, citric acid, malic acid, suc-
cinic acid, lactic acid, propionic acid, glycolic acid, malonic acid and fumaric acid 
[96–103]. Tartaric acid, citric acid, succinic acid, ketogluconic acid, and oxalic acid 
are the most effective acids secreted by KSB among the several organic acids involved 
in the solubilization of insoluble K. Acidothiobacillus ferrooxidans, Paenibacillus spp., 
Bacillus mucilaginosus, Bacillus edaphicus, and Bacillus circulans are among the bacteria 
that can solubilize K minerals such as biotite, feldspar, illite, muscovite, orthoclase, 
and mica [96, 104]. It has been observed that B. mucilaginosus, B. circulanscan, B. 
edaphicus, Burkholderia, A. ferrooxidans, Arthrobacter sp., Enterobacter hormaechei, 
Paenibacillus mucilaginosus, Paenibacillus frequentans, Cladosporium, Aminobacter, 
Sphingomonas, Burkholderia, and Paenibacillus glucanolyticus solubilize K from silicate 
rocks. Further, B. mucilaginosus, B. edaphicus, and B. circulanscan have been identified 
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as excellent K solubilizers in soil bacterial populations [88, 89]. Furthermore, micro-
bial degradation of organic materials produces ammonia and hydrogen sulphide, both 
of which can be oxidized in the soil to make powerful acids like nitric acid (HNO3) 
and sulfuric acid (H2SO4). Consequently, K+, Mg2+, Ca2+, and Mn2+ are displaced 
from the cation-exchange complex in soil by hydrogen ions [105]. Organic acids pro-
duced by KSB can liberate K ions from the K mineral via complexing agent Si4+, Al3+, 
Fe2+, and Ca2+ ions (chelating) linked with K minerals, additional to decreasing soil 
pH [106, 107]. In addition, accumulation of diverse extracellular polymers (mainly 
proteins and polysaccharides) has also been linked to the release of K from K-bearing 
minerals [99, 103, 108]. Such substances act as adhesive structures to the surface of 
minerals or rocks. Fresh microbial EPS (exopolysaccharides) solution, for example, 
accelerates the dissolution rate of feldspars by forming complexes with framework 
ions in solution (Welch and Vandevivere 1994). Other PGPRs (for example, IAA-
producing bacteria) may also play a role in delivering K to plants via boosting root 
exudates [109].

Under greenhouse and field circumstances, studies have demonstrated that inoculating 
seeds and seedlings of many plants with KSB improves germination percentage, seedling 
vigor, plant development, yield, and K uptake [87, 88, 110–115]. Several studies show that 
KSB inoculation improves the growth of a variety of crops [101, 103, 112, 116–125]. Overall, 
studies indicate application of KSB as bio-fertilizers for agriculture development can reduce 
the usage of agrochemicals while also promoting sustainable crop production

4.1.4 ACC deaminase production

The infection caused in the roots by rhizobium bacteria during nodule formation 
results in stress conditions. Consequently ethylene, a stress regulating hormone, 
inhibits the infection put forth by the bacteria, besides restricting nodulation and 
root growth [126]. Specific genes are involved in the interaction mechanisms of 
Rhizopheric bacteria with the plants by means of which they influence their growth. 
One of these genes encoding for the enzyme ACC deaminase, is involved in cleaving 
ACC, the precursor of ethylene biosynthesis produced by plants. ACC deaminase 
degrades ACC into ammonium and ketobutyrate and prevents ethylene biosynthesis 
[127]. Under limited ethylene concentration, rhizobial colonization of the roots is 
enhanced which result in the formation of a greater number of nodules on the host 
plant. Horizontal Gene transfer allows the spread of acdS within the species [128]. 
However, the genetic analysis carried out by Nascimento et al. [129] revealed that 
acdS are inherited vertically during evolution. Glick, [22], confirmed that the bacteria 
which produce IAA synthesize high level of ACC deaminase which inhibits ethylene 
biosynthesis and promote plant growth, root nodulation and increase uptake of miner-
als from the soil. Rhizobial strains including R.leguminosarum, R. hedysari, R. gallicum, 
B. elkani and S. meliloti have been reported to synthesize ACC deaminase [3].

4.2 Plant growth promotion by indirect promotions

4.2.1 Salt stress and osmotic stress

Plant growth improvement has been of great concern since the beginning of 
agriculture. There are various abiotic factors including temperature, pH, heavy metal 
toxicity, salt stress which obstruct plant growth and crop productivity [130]. Among 
them salinity stress is a real hazard for plant growth and production. Under saline 
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conditions plants uptake high amounts of salt which interferes with their physiologi-
cal and metabolic processes which hampers their growth and makes their survival 
difficult. Reclamation of saline soils by conventional methods i.e., adding soil amend-
ments like gypsum, calcium etc. do not help to overcome salinity stress completely, 
moreover they adversely affect the ecosystem. Therefore, for the enhancement of 
plant growth and productivity, development of sustainable and safer methods is of 
utmost importance [131]. Large number of microbes belonging to different genera 
of salt tolerant plant growth promoting rhizobacteria (ST-PGPR), present in the 
soil are able to tolerate salinity stress as well as promote plant growth [132]. These 
rhizobacteria (ST-PGPR) include genera Pseudomonas, Enterobacter, Agrobacterium, 
Streptomyces, Bacillus, Klebiella and Ochromobacter [133, 134]. Salt-tolerant rhizobium 
isolated from legumes growing in sand dune sand tree legume [135] were able to 
tolerate upto 2.5–3% of NaCl concentration. In 2018, Zhang et al. [136] isolated 305 
bacterial strains and found that 162 out of 305 could grow in NaCl concentration of 
150 g/l. For boosting nitrogen fixation and productivity in high salt containing soils 
co-inoculation of legumes with salt tolerant rhizobial bacteria is a sustainable solu-
tion. Under non saline and saline condition silicon was found to enhance growth and 
nitrogen fixation in leguminous plants [137].

4.2.2 Temperature stress

Worldwide climate change had led to an increase in temperature, which adversely 
effects plant growth and development. Elevated temperatures result in decreased 
rate of photosynthesis, negatively influence plant water relations, flower and fruit 
development. Soil rhizobia indirectly help plants to combat heat stress. Most rhizobia 
prefer an optimum temperature range of 25–30°C for their growth, however, during 
their life cycle they experience a temperature out of this range. The growth promo-
tion effect of different PGPR strains in plants was attributed to their nitrogen fixing 
ability but these effects were noticed prior to the beginning of nitrogen fixation [138]. 
This shows that the favorable effects of rhizobium in alleviating temperature stress 
does not depend on nitrogen status. It is due to stimulation of genes to express under 
high temperature stress conditions. The expression of these genes is regulated by 
heat stress transcription factors (Hsfs) [139]. HSPs are a family of proteins that are 
induced by a sudden temperature rise, they include chaperones and proteases, which 
confer high temperature tolerance to bacteria and thus contribute to the tolerance 
mechanism [140]. A microarray study conducted in Sinorhizobiummeliloti showed 
that 169 genes, which included the genes coding for HSPs and chaperones, were up 
regulated under high temperature conditions. Chaperones, like DnaK–DnaJ and 
GroEL–GroES, form an important component of the heat shock response. After heat 
shock, the hydrophobic domains of proteins are exposed, and they get denatured. 
These chaperons help the denatured proteins to get back to their original conforma-
tion [141]. The increased expression of chaperone genes was induced in heat tolerant 
strains compared to the strains of the same species that were sensitive to heat. Under 
high temperature stress HSPs increase the stability of cell membrane, thereby confer-
ring heat tolerance to both, rhizobacteria as well as the plant under stress. Breeding of 
heat tolerant or development of transgenic heat tolerant cultivars is a laborious and 
less economic method. Hence, the application of rhizobacterial inoculants to plants 
under temperature stress should be preferred as it is relatively cheaper and less time 
consuming. Various physiological and biochemical changes in plants, are induced by 
low temperature resulting in poor plant growth and low crop survival rates [142]. 
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Rigidification of membranes due to the decreased fluidity of cell membrane is one of 
these changes that plants experience when exposed to chilling stress [143]. Response 
to cold shock results in the synthesis of cold shock proteins (CSPs). Rhizobia strains 
isolated from the wild relative of chickpea at low temperatures (9–15°C), successfully 
nodulated chickpea, indicating that it could serve as a potential microbial inoculant 
under low temperature conditions to maintain the normal functioning of plants. 
Symbiotic association of rhizobium with alfalfa enhances its tolerance to low temper-
ature by regulating important physiological and metabolic processes. The oxidative 
enzymes were more active in AN (active nodules) and IN (inactive nodules) groups, 
providing higher cold tolerance to these plants [144].

4.2.3 Oxidative stress

Plants, in response to various kinds of environmental stresses such as biotic and 
abiotic stress produce reactive oxygen species (ROS). Examples of ROS are singlet 
oxygen (1O2), superoxide anion (O2−), hydrogen peroxide (H2O2) and hydroxyl radical 
(OH-). Accumulation of reactive oxygen species (ROS) as a result environmental 
stress is detrimental for plant growth as they modify the primary cell constituents like 
DNA, lipids, proteins etc. [145]. PGPR reduce the deleterious effects of ROS by pro-
ducing antioxidant enzymes [146, 147] which include peroxidase (POD), superoxide 
dismutase (SOD), catalase (CAT), nitrate reductase (NR) and glutathione reductase 
(GR) and thus help in maintaining plant growth and crop productivity [148]. Based 
on the results of Shen et al. [149] it could be concluded that due to the activation of 
antioxidant machinery by the rhizobium inoculants, their use is the most effective 
way for enhancing plant growth and mitigating stress induced by ROS.

4.2.4 Metal stress

Heavy metals occur naturally in soils; however, their increased quantity is undesir-
able and has become a global concern over the time [150]. Anthropogenic activities like 
atmospheric pollution, industrial waste disposal, mining, and other practices predomi-
nantly contribute to heavy metal toxicity [151]. Heavy metal toxicity leads to inhibition 
of chlorophyll biosynthesis and proteins required for proper growth of plants and their 
normal functioning. Plant growth promoting rhizobacteria have the ability to control 
heavy metal pollution of soils as well as enhancing plant growth in these soils [152]. 
Bacteria’s producing siderophores promote plant growth besides enhancing their nutrient 
uptake potential under heavy metal stress conditions. Rhizobacteria have been found to 
release metal-chelating substances (siderophores) in rhizosphere by means of which they 
affect the bioavailability of toxic heavy metals and their uptake by plants significantly. 
They transform these compounds into a less toxic form and promote their precipitation, 
absorption or adsorption. Plant associated rhizobia can be used for bioremediation, 
as they enhance the phytoextraction and phytostablization potential of plants [153]. 
By phytoextraction, plants carry the contaminants from the soil with the help of their 
roots and eventually collect these contaminants in the aboveground parts of the plant 
[154]. Phyto-stablization on the other hand, immobilizes the soil contaminants. The 
contaminants either get adsorbed on the root surface or absorbed by the roots or they 
are transformed into less soluble compounds. Phytoremediation has been accelerated by 
the application of rhizobacterial species such as Bacillus, Pseudomonas, Azotobacter [155]. 
Thus, efficient bioremediation is possible by using rhizobacterial inoculants, still distribu-
tion and functioning of microbes in rhizosphere needs to be fully explored.
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5. Conclusion and future prospective

Rhizobia have enormous potential in terms of innovative and more sustainable crop 
management approaches; yet, we only comprehend a small portion of this potential. 
The effectiveness of strains of rhizobia documented in this chapter emphasizes the 
unique qualities of plant growth induction, defense pathways, and the resilience 
spectrum available against different environmental stresses on a wide range of agri-
cultural crops. Although it is the most investigated bacteria which finds its application 
in agriculture practices but only few strains are widely known for their efficiency 
and effective application in disease management, nutrient uptake and signaling 
compounds they produce. These are often used for promoting plant development, 
particularly in challenging situations like heat and drought, which are becoming more 
common as climate change proceeds. The discovery of such possible rhizobia strains, 
as well as the development of a viable technology for use by agricultural producers, are 
still in their early stages. Thus, we conclude that a definite and real improvement in 
the long term lies with the use of advanced analytical tools and their unification with 
classical experimental techniques to comprehend and then further exploit soil–plant-
microbe associations for ecofriendly and enhanced crop production. The identification 
of such promising rhizobia strains would allow for the extension of this study area, as 
well as improved agricultural sustainability.
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Abstract

Vegetables are a prevalent nutrition for people all over the world because they are 
high in important nutrients, antioxidants, and metabolites that function as buffers for 
acidic compounds created during digestion. Vegetables, on the other hand, absorbed 
both vital and poisonous substances through the soil. Possible human health concerns, 
including as cancer and renal damage, have been linked to the consumption of heavy 
metal-contaminated vegetables (HMs). Heavy metals like Cr, Mn, Fe, Ni, Cu, Zn, Cd, 
Pb, and Hg were found in high concentrations in popular vegetables such as Amaranthus 
tricolour L., Chenopodium album L., Spinacia oleracea, Coriandrum sativum, Solanum 
lycopersicum, and Solanum melongena. The toxicity, fortification, health hazard, and 
heavy metals sources grown in soil are detailed in this review study.

Keywords: vegetables, heavy metals, toxic effects, human health, contamination

1. Introduction

Heavy metals, which are a major environmental problem, have a natural residency 
in the continental mantle. In general, a heavy metal is nothing but any chemical 
element which is metallic with a comparatively higher density that is poisonous above 
a tolerable range, such as mercury (Hg), cadmium (Cd), chromium (Cr), nickel (Ni), 
lead (Pb), and so on [1–3]. Contaminated heavy metal is a key cause of pollution and 
a possible increasing environmental and human health hazard all over the world, 
resulting in disorders in people and animals by consuming polluted vegetables. Heavy 
metals have damaged soil and water eco-systems worldwide. Heavy metals have been 
discharging into the environment through a variety of practises, including irrigation 
with polluted water, the use of chemical-based fertilisers, the dumping of industrial 
effluents into bodies of water, volcanic eruptions, forest fires, and so on [4]. Metals 
may seep into the ground, ground water, and eventually agricultural plants. Heavy 
metals can have serious consequences for human health when vegetables polluted 
with these metals are ingested. Although trace levels of copper (Cu), iron (Fe), 
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manganese (Mn), nickel (Ni), and zinc (Zn) are needed in plants, excessive quanti-
ties of these metals can be hazardous [5, 6]. Metals including aluminium (Al), arsenic 
(As), cadmium (Cd), lead (Pb), and mercury (Hg) are not essential for regular 
human function and can cause toxicity promptly [7].

Vegetables are an integral portion of the normal diet because they contain nutri-
tionally vital substances that are necessary for human existence. They also act as 
protective foods by contributing in the avoidance of disorders in people. Vegetables 
grown in areas polluted with dangerous metals or nearby sources of heavy metal 
pollution may gather greater amounts of heavy metals than other vegetables. Heavy 
metals are taken through the roots of plants from polluted soils and environmental 
wastes, entering the edible sections of plant tissues or accumulating on the surface of 
vegetables. Protracted irrigation of heavy metals with polluted garbage water raises 
heavy metal concentrations over the allowable limit [8].

The sensitivity, supplementation, potential dangers, and heavy metals sources 
grown in soil are all reviewed in this review study. Vegetables absorbed both essential 
and toxic chemicals from the soil. The consumption of heavy metal-contaminated 
vegetables has been related to potential human health issues such as cancer and 
kidney impairment (HMs). Heavy metals including Cr, Mn, Fe, Ni, Cu, Zn, Cd, Pb, 
and Hg were discovered in high amounts in common vegetables such Amaranthus 
tricolour L., Chenopodium album L., Spinacia oleracea, Coriandrum sativum, Solanum 
lycopersicum, and Solanum melongena.

2. Accumlation of heavy metals in vegetables

Mechanical, biochemical, and biological processes, as well as doings of human, 
could releases heavy metal into the environment and may cause heavy metal contami-
nants to accumulate inside living creatures in the food chain [9, 10]. HMs diffuse into 
the soil, air, as well as water bodies, wherever they could be had or eaten by crops/
plants, bio-accumulating into upper consumers, and then biomagnified [11–13]. HMs 
cannot be easily removed from the top of the food chain once they have entered it, and 
they are thus cycled throughout the entire food web. Numerous hyperaccumulated 
plants provide nourishment for both humans as well as animals. As a result, the rotation 
from soil to humans thru plants and back into the soil following the expiry of upper 
consumers provides a pathway for HMs to persist in the environment for extended time 
periods, causing a variety of negative impacts. Ingestion vegetables containing HMs 
may provide potentially harmful health risks to lifeforms [14, 15] (Figure 1).

Heavy metals come in the food chain from a variety of sources. Cd, for example, 
took up from the soil by the roots and transferred to the body of plant. In the instance 
of Pb, the heavy metal is absorbing by plants through air pollution, whereas As and Hg 
can be received from dirt water. Some heavy metals having a capacity to  
accumulate in the tissues (liver, feathers, muscles, kidney, and other organs) of upper 
customers during the transit from one segment of the food chain to the next. Metal 
are liberated into the soil, water, and air from their parental material. These HMs are 
found in soil in decipherable, non-soluble, and moderately soluble forms, with the 
soluble forms being most harmful since they are quickly captivated by plants through 
roots before spreading all over the whole plant organs. Metal toxicity is caused through 
the disruption of cellular metabolic processes [16–19]. Hazardous metals are changed 
to persistent oxidation states in the acid standard and combine with particular proteins 
and enzymes when they reach the stomach from contaminated foods. The stabilised 
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metal compounds interact with cysteine’s sulphydryl groups (-SH) as well as methio-
nine’s sulphur atoms (-SCH3), causing protein molecules to breakdown [18, 20].

3. Impact of heavy metals on the quality of vegetables

Vegetation sensitivity to nutrition and metal concentrations varies, and their 
reactions can be seen in variations in stain concentration, liquid content, dehydrated 
weight, as well as development [21–23]. All of these variations in plant properties 
lead to different light absorption as well as reflectivity characteristics, which can be 
utilised to determine soil pollution and plant physiological condition. A few research 
findings have shown that metal and nutritional anxiety in plants contribute to differ-
ences in the supernatural reflectivity of the undergrowth [24–26], which may end up 
causing numerous biological effects in the plants and thus contribute to nutritional 
availability in veggies increasing or decreasing. Toxicity of metals in plants causes 
high germination inhibition, significant reductions in rates of growth, variations 
in photosynthetic efficiency, respiration, and transpiration, as well as changes in 
nutrient homeostasis and Mn, K, Mg. [27, 28] discovered distinctive leaf symptoms 
in Raphanus and Phaseolus, as well as a decrease in the root: shoot ratio and ratio of 
biomass. Higher levels of HM as well as cytochemical localization of Zn in Raphanus 
and Pha-seolus, which may cause stress, defence, and detoxification, are attributable 
to Zn′s direct actions and the combined indirect effects of heavy metal (Table 1).

Figure 1. 
Vegetables get contaminated through various ways.
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Sr. No. Heavy 
metals

Vegetables Observations Area References

1 Pb, Cd Spinacia oleracea and Solanum 
lycopersicum

The 
concentration 
of the HMs 
increased than 
allowable limit

Amba nalla 
in Amravati 
city, 
Maharashtra

[29]

2 Pb, Cd, 
Cu, Zn, 
and As

Raphanus sativus L., Daucus carota 
L., Ipomoea batatas L., Brassica 
parachinensis, Brassica campestris L., 
Solanum melongena L., Capsicum 
annuum Linn, Lycopersicum 
esculentum Mill, Momordica 
charantia Linn, Luffa cylindrical, 
Cucumis sativus, Cucurbita moschata 
Duch, Ipomoea aquatica Forsk, 
Amaranthus tricolour, Brassica 
oleracea, Brassica Chinensis Linn, 
Brassica pekinensis, S. oleracea, 
Coriandrum sativum, Lactuca satiua, 
Vigna unguiculata, and Phaseolus 
vulgaris

Observing 
health problems

Shizhuyuan 
area in China

[30]

3 Cr, Ni, 
Cu, Zn, 
As, Cd, 
and Pb

S. lycopersicum, Lagenaria siceraria, 
Solanummelongena, Cucurbita 
maxima, Amaranthus viridis L., 
Amaranthus paniculatus L., and 
Capsicumannuum L.

Health risks of 
Cr, Cu, As, Cd, 
and Pb should 
be of great 
concern

Dhaka city, 
Bangladesh

[31]

4 As, Cd, 
Cr, Pb 
and Zn

Lepidium sativum, Foeniculum 
vulgare, C. sativum, and Spinacea 
oleracea

Pb and Cd 
levels exceeded 
the maximum 
permissible 
limits set by 
FAO/WHO 
for human 
consumption

Market 
sites of 
Kathmandu

[32]

5 Cd, Cu, 
Pb and 
Zn

Lactuca satiua L., Spinacia Oleracea 
L., Allium ampeloprasum, Mentha, 
and Petroselinum crispum L.

Cd and Pb 
levels exceeding 
the maximum 
level (ML) 
set by the 
Australian and 
New Zealand 
Food Authority

Port 
Kembla and 
Boolaroo, 
Australia

[33]

6 Fe, Zn, 
Cu, 
Pb, Cd, 
Mn, 
and Cr

S. oleracea L., B. oleracea L. var. 
capitata Linn., B. oleracea L., S. 
melongena, Abelmoschus esculentus, 
Lycopersicum esculentum Mill, and 
R. sativus L.

High level 
of pollution 
along cement 
factories of 
Rewa, India

J.P. Cement 
(Rewa)

[34]

7 Cu, Cd, 
Zn and 
Pb

Beta vulgaris L., A. esculentus L. and 
B. oleracea L.

The 
concentration 
of the HMs 
increased than 
allowable limit

Market sites 
of India

[35]

Table 1. 
Heavy metals impacted vegetables from different areas.
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Growth of plant was inhibited in both treatments of Cd, i.e. leaf chlorosis 
symptoms at 10 M Cd and necrotic patches at 100 M Cd, according to [36, 
37], and browning of root was detected in both dealings. In root abstracts of 
Cd-exposed plants, the action of phosphoenolpyruvate carboxylase, which is 
involving in the anaplerotic fixation of CO2 into organic acids, increased. At 
100 M Cd, citrate synthase, isocitrate dehydrogenase, and malate dehydrogenase 
activities increased significantly in leaf extracts, although fumarase activity 
declined. Membrane damage, electron transport disturbances, enzyme inhibition/
activation, and interactions with nucleic acids are among known effects of metal 
toxicity [38, 39]. The production of oxidative stress and the substitution of critical 
cofactors of numerous enzymes, like Zn, Fe, and Mn, are two plausible causes for 
the development of these illnesses. Various researchers have associated oxida-
tive stress with introduction to high heavy metal concentrations [40, 41]. Heavy 
metals’ influence on plants, according to [42–44], growth suppression, physical 
harm, and a decay in physical, biological, and plant function are all consequences. 
Heavy metal toxicity disrupts cell and organelle membrane integrity by blocking 
enzymes, polynucleotides, and important nutrient and ion transport systems, 
displacing and/or substituting essential ions from cellular locations, denaturing 
and inactivating enzymes, and denaturing and inactivating enzymes. At supra-
optimal absorptions, heavy metals as Cd, Pb, Hg, Cu, Zn, and Ni impede plant 
development, growth, and yield.

Interspecies distinctions in metal and nutrient uptake, as well as differences 
caused by therapeutic interventions within the similar plant, are minor and could 
be due to plant biomass and root exudes into the soils. The availability of metals and 
nutrients for plant absorption will be affected when plants develop and roots grow in 
soil due to biogeochemical interactions of organic acids generated by root oozes. This 
method may explain why tomato (Solanum lycopersicum) and pepper (Piper nigrum) 
plants absorb more Cu as well as Zn than other crops. According to [45, 46], Zn & Cu 
create organometallic compounds with organic acids found in root exudes, resulting 
in enhanced plant absorption. Excessive Zn in the growth media was shown to be 
hazardous to all 3 vegetable crops. Chlorosis in early leaves, searing of coralloid roots, 
and severe suppression of plant development were all signs of toxicity. With rising Zn 
concentrations, shoot fresh weight (FW) dropped.

Cu had a negative effect on seed germination in Chinese cabbage, according to 
[47]. (Brassica pekinensis). The germination rate was significantly lowered by the 
0.5 mmol L1Cu treatment, with a median fatal dosage of 0.348 mmol L1. In early 
seedlings, Cu lowered root and shoot lengths, however the0.008 mmol L1treatment 
resulted in stimulatory elongation of the shoots. The aluminium coagulators had a 
toxic outcome on the plant growth of vegetable seeds at the tested concentrations. 
Furthermore, excessive copper levels in growing media harmed all 3 vegetable crops, 
causing chlorosis in new leaves, brown, stunted, coralloid roots, as well as plant devel-
opment inhibition [48, 49].

Lin et al. [40] find that under higher Cd concentrations, the content of protein 
of desolate carrot (Daucus carota) and common sunflower (Helianthus annuus) 
decreased. Increased Zn concentrations reduced the content of protein of algae and 
Rapeseed (Brassica napus), according to [50]. The reduce in content of protein has 
been linked to increased protease activity speeding up protein breakdown [51, 52] or 
heavy metals interfering with nitrogen metabolism. Heavy metals, according to [53], 
may disrupt nitrogen metabolism, reducing protein synthesis in vegetables, and are 
also reason for a decrease in photosynthesis, which affects protein synthesis [40]. Cd 
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could impair the absorption of Fe, potassium, Mn & calcium [54], and the toxicity 
amount had been observed to be higher in the case of specific heavy metals.

4. Intake of heavy metal in human body through vegetables

The industries are growing day by day in our country. The waste chemical contami-
nated water from these industries is directly thrown in river, sea, etc. Also the wastes, 
garbage from city is thrown in the water. This is the major reason behind the contami-
nation of water. This water is used in many purposes like drinking, agriculture, etc. The 
contaminated water used in agriculture is absorbed by various vegetables. Resulting the 
vegetables become contaminated. We the humans use these contaminated vegetables 
in eating purpose. Once it is ingested in digestive system, it shows poisonous effects 
on the body as described in Figure 2. Heavy metal exposure typically follows this 
outline: from industries to air, soil, water, and foods, and then to people [55–59]. This 
heavy metals are existing in a amount of formats. Heavy metals like lead, cadmium, 
manganese, as well as arsenic could arrive the body by the gastrointestinal system or 
the entrance of digestive system while eating, drinking, or eating fruits and vegetables. 
The bulk of bodily heavy metals are transferred from blood to tissues [60, 61]. Red 
blood cells passes lead to not only the liver but also kidneys, where it is subsequently 
re-assigned as phosphate salt to the teeth, bone as well as hair [62–64]. Cadmium 
firstly fixes to blood cells & albumin, formerly to metallothionein in the kidney as 
well as liver. Later being carried through the blood to the lungs, vapour of manganese 
disperses over the membrane of lung to the central nervous system (CNS). Water 
solvable inorganic manganese ions are dispersed in the plasma as well as kidney for 
renal removal, whereas fat solvable manganese salts are diffused in the colon for faecal 
removal. Accumulation of Arsenic in the heart, lungs, liver, kidney, muscle, and neural 
tissues, as well as the skin, nails, and hair, afterward being passed by the circulation.

Figure 2. 
Cyclic explanation of how vegetables contaminated and its toxic effects on humans.
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Free radicals are known to be produced by some heavy metals, which can cause 
oxidative stressing as well as other cellular damaging. The method by which free 
radicals are generated is unique to heavy metal. Heavy metals are acetified by the acid 
medium of stomach when they are consumed through food or drink. They oxidised to 
several oxidative states (Zn2+, Cd2+, Pb2+, As2+, As3+, Ag+, Hg2+, etc.) in this acidic 
media, which can quickly fix to biological molecules like proteins as well as enzymes 
to create persistent and strong connections. The thio groups are the most prevalent 
functional groups that heavy metals fixes to (SH group of cysteine and SCH3 group of 
methionine). Cadmium had shown to bind to cysteine remains in the catalytic surface 
of human thiol transfers in vitro, consisting thioredoxin reductase, glutathione 
reductase, as well as thioredoxin [65–70].

Heavy metal-bounded proteins might be able to be useful as a substratum by some 
enzymes. The heavy metal-bounded protein has an enzyme-substrate complex in a 
specific pattern, which prevents the enzyme through absorbing any more substrates 
till it is release. Resulting of the enzyme being inhibited, the product of substratum 
is not formed, and the heavy metal becomes embedded in the tissue, producing 
dysfunctions, abnormalities, and damage. Constraining thiol transferases reasons an 
rise in oxidative pressure and cell damaging. Poisonous arsenic, which can be there in 
fungicides, herbicides, and insecticides, can damage enzymes’ –SH groups, prevent-
ing them from catalysing reactions.

As arsenite-inducing protein clustering was found and proved to be concentration-
dependending, heavy metals may cause proteins to aggregate. The clusters also com-
prised a diverse ranging of proteins with roles linked to metabolism, protein portable, 
synthesis of protein, and protein stability [71–75]. After exposing to equi-toxic quanti-
ties of cadmium, arsenite, as well as chromium (Cr(VI)), Saccharomyces cerevisiae 
(budding yeast) cells gathered aggregated proteins, and the outcome of heavy metals 
on protein aggregation was altered in this direction: arsenic > cadmium > chromium 
[76–80]. The effectiveness of this agents’ cellular uptake/export, as well as their differ-
ent modalities of biological action, are likely to determine their in vivo potency to cause 
protein aggregation.

5. Heavy metal hazardous effects on human health

Heavy metals in soil, air, as well as water are a severe concerned since they will 
have a detrimental impact on food sustainability and human health. Eating of heavy 
metal-contaminating vegetables can result in a variety of ailments in consumers. 
Vegetable eating is the primary route for heavy metals to infect humans. Heavy metal 
pollution in food may produce heavy metal buildup in humans’ kidneys and livers, 
disrupting a variety of biochemical processes that can lead to cardiovascular, neuro-
logical, renal, and bone illnesses [35, 81–84]. The biotoxic effects of high are deter-
mined by their concentrations and oxidation states, deposition mechanism, chemical 
composition of plants, physical characterisation, and rate of intake (Table 2) [1].

Cd had being discovered to have deleterious effects on a number of essential 
enzymes. The negative repercussions might include everything from a painful 
bone condition called ostemalacia to red blood cell disintegration and renal issues. 
High lead in the blood can induce hypertension, nephritis, and cardiovascular 
illness, as well as affecting children’s cognitive development [61, 93, 94]. Cu as well 
as Zn can lead to acute stomach and bowel issues as well as liver damage [95–97]. 
Arsenic exposurance is linked to angiosarcoma and skin cancer [98, 99]. Zn, on 
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the different side, can impair immunological function and raise stages of higher-
density lipoproteins [99].

Due to higher heavy metal concentrations in the soil, fruit, as well as vegetables, 
the Vanregion of Turkey has a higher incidence of greater gastrointestinal cancer rates. 
Eating of heavymetal-contaminating food can depletes some vital bodily nutrients, 
resulting in lowered immune defences, altered physico-social behaviour, intrauterine 
growing retardation, and problems linked with malnourishment [100, 101]. Metal 
poisoning has also been linked to neurotoxic, carcinogenic, mutagenic, or teratogenic 
consequences, which might be acute, chronic, or sub-chronic. Some employees also 
stated having problems with their kidneys [102, 103].

The link between heavy metal exposure during pregnancy and foetal development 
has been widely established. Heavy metals have the potential to harm the reproduc-
tive system of female by causing damage to the ovary and hormone production 
and release [104, 105]. [106] found that heavy metals can causing alterations in the 
structure and role of the ovary, as well as embryonic development, when they were 
researched on the female reproductive system. In vivo and in vitro investigations have 
confirmed the deposing of heavy metals in the ovary. Pb in the body of the host has 
been linked to lower birth weightiness, preterm birthing, stillbirths, spontaneous 
abortions, as well as hypertension [107], while Ar in the body of the host has been 
linked to foetal loss, stillbirths, spontaneous abortions, and impaired growth as 
well as development [107, 108]. While Cd exposure is linked to low birth weight, AS 
exposure has been linked to spontaneous abortions and neurotoxic consequences. Cu 
poisoning is linked to lower birth weightiness, spontaneous abortions, and gestational 
diabetes [109]. [110] found women who had miscarriages had high methylmercury 

Heavy 
metal

Applications Health effects References

Chromium paints pigment, 
fungicide, Pesticide

Cancer, nephritis and ulceration [16]

Lead Plastic, batteries, Auto 
exhaust, gasoline

Risk of cardiovascular disease and neurotoxic 
diseases

[85]

Cadmium Pigments Fertiliser, 
plastic

Endocrine disrupter Carcinogenic, Alter 
calcium regulation in biological systems 
mutagenic, lung damage, fragile bones

[86, 87]

Zinc Fertilisers Dizziness, fatigue, vomiting, renal damage, 
decreased Immune function

[88, 89]

Nickle Electroplating Lung cancer, Immuno-toxic Allergic disease, 
neurotoxic, genotoxic, Infertility

[90]

Copper Electronics, wood 
preservative, 
Architecture

Brain damage, Chronic anaemia, Kidney 
damage, Intestine irritation, Liver cirrhosis, 
Spontaneous abortions and gestational 
diabetes

[91]

Arsenic Pesticides, Wood 
products & herbicides

Immunological, Reproductive and 
Developmental alterations and causing cancer

[92]

Mercury Catalysts, Electric 
Switches, rectifiers, CFLs

Neurological and immune disorders, fatal to 
kidney and lungs

[27]

Table 2. 
Various heavy metals, their application areas/industries, and probable harmful health consequences on humans 
produced by these heavy metals are shown.
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levels, albeit the link among methyl mercury exposure and spontaneous abortion has 
yet to be shown [110]. Stillbirths, miscarriages, and foetal development problems 
have described as a effect of mercury toxicity.

6. Future prospects and conclusion

Pollutants in the environment, food safety and security, and human health are all 
intricately intertwined. Heavy metal concentrations in the environment have risen 
rapidly in recent years. Heavy metal sources in vegetables differ across the developing 
and industrialised worlds. The principal contamination causes in soil–crop systems in 
industrialised nations are the deposition of PM on food plants and the usege of indus-
trial effluents and sewage sludge as fertilisers. However, in underdeveloped nations, 
irrigation with untreated sewage or sludge is the primary cause of contamination for 
food crops. Heavy metal transmission from soil to crop systems is complicated and 
employs a variety of methods. To establish the true metal toxicity of multi-metal toxic-
ity in vegetables, special care must be used. Human health hazards have been exten-
sively investigated on a universal basis, but only a handful of these findings employed 
suitable epidemiological methodology. Existing control methods focus on decreasing 
heavy metal concentrations in soil and the food chain to decrease health hazards. To 
minimise the passage of metallic pollutants into the food chain and to develop appro-
priate remediation techniques, soil pollution must be mapped quickly and precisely. 
For temperately contaminating soils, biological remediation, such as phytoremedia-
tion and PGPR, could be a cost-effective and environmentally friendly alternative. 
With specific financial assurances, eco-friendly technical advancements such as 
nano-tools and farmer knowledge might benefit local economies and livelihoods.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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