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Preface

Both developing and underdeveloped countries have adopted strategies to produce
economically optimal agricultural products to feed the world’s growing population, 
which is expected to reach 9 billion in the first half of this century according to the
United Nations Food and Agriculture Organization (FAO). Since the main goal of
these strategies was to increase the amount of production, soil productivity was
prioritized, whereas the fertility factor of soil was ignored. To increase productivity, 
chemical fertilizers were used excessively and uncontrollably, which caused many
short- and long-term problems in the fertility of the soil, continuity of biodiversity, 
and the sustainability of the balance in nature. Improper fertilizer applications led 
to an increase in soil salinity, insufficiency of nutrient elements in soil, increased 
diseases and pests, pollution of the environment, agricultural lands, and drinking 
water and rivers, and contributed to climate change, which increased the biotic and 
abiotic stresses on plants and harmed sustainability. As a result, the use of chemical 
fertilizers decreased agricultural production in the long term. This outcome trig-
gered the efforts to develop agricultural activities involving organic inputs to regain
biodiversity, maintain the ecological balance, and decrease the adverse effects of
chemicals on human health.

By definition, a fertilizer is any material of natural or synthetic origin that is applied 
to soil or plant tissues to provide at least one, but often more, of the nutrients
required for plant growth. Most fertilizers that are currently used in commercial 
agriculture provide the three main nutrients: nitrogen, phosphorus, and potassium. 
These fertilizers are produced industrially from petroleum and petroleum-based 
products. On the contrary, organic fertilizers are derived from natural sources such
as vegetable matter (e.g., compost and crop residues), animal manure, natural 
rocks, algae extracts, and so on. They are mostly richer in composition compared 
to chemical fertilizers and provide more nutritional elements as well as beneficial 
microorganisms. One of the main advantages of using organic fertilizers is that
they increase the resistance of plants against biotic and abiotic stress conditions by
boosting their immune systems. Moreover, they provide a slow, long, and sustained 
release of nutritional elements for plant uptake.

Several natural resources, biological products (beneficial bacteria, lichens, algae,
and fungi), mineralization products of plant and animal residues (leonardite, humic
acid, rock phosphate, bat manure), fermentation products of waste by worms
(worm manure), and products obtained from waste of slaughterhouses (amino
acid products) are used in agricultural production as organic fertilizers. Although
the use of these environmentally friendly products enables the regeneration of
natural resources, improves the productivity and fertility parameters of soil, and
contributes to carbon footprint management and sustainability, the substitution of
chemical fertilizers with these organic products by producers is still slow due to lack
of awareness. These products will get greater recognition only when their benefits
are explained thoroughly and scientifically.

Besides the aforementioned natural sources, solid wastes of organic origin in the
agricultural and industrial wastes can be converted into new organic products to

XII
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be used in agriculture or into renewable energy by biogas production technologies. 
Despite all the benefits, the industrial revolution has also brought an important 
environmental problem: significant amounts of waste that need to be discarded. The 
utilization of billion cubic meters/year of agricultural and industrial waste as energy 
or as organic fertilizer is an important value-added solution to this environmental 
problem and a profound contribution to sustainability.

Today, sustainable use of agricultural soils is no longer a preference, but rather is a 
mandatory requirement due to the abiotic adverse conditions such as drought and 
soil degradation caused by global climate change. For this reason, incorporation of 
organic fertilizers into the soil is essential to develop the cluster structure (aggregate) 
that holds the soil particles together, increases the amount of organic matter in the 
soil, regulates the soil pH, and decreases salinity to increase the water-retention 
capacity as well as the water and air order of the soil. The use of organic fertilizers 
ensures both the productivity/fertility of the soil and the sustainable production of 
healthy food products to feed the increasing world population. Therefore, there is a 
dire need to increase the awareness of each and every stakeholder in the agricultural 
industry about the benefits of organic inputs and to rapidly include these inputs 
in the existing agricultural models, which will provide maximum efficiency with 
minimum or no negative impact on the environment and increase yield per unit of 
land. The selection of proper fertilizers and their rational use are the key factors 
to overcoming the challenge of establishing sustainable economic production. Not 
only is the type of organic fertilizers used important for a successful outcome, 
but so are the application method, time, and dosage. It is important that national 
administrators and suppliers promote the use of organic inputs, educate producers, 
and ensure the availability of organic products in the market.

This book provides an update on the sources, production, and applications of 
organic fertilizers and highlights their importance in terms of sustainable agricul-
ture, biodiversity, and the environment. It presents new approaches, ideas, and 
trends to scientists and producers in this field on how to (1) increase the resistance 
of plants against biotic and abiotic stress conditions and (2) increase the effective-
ness of chemical fertilizers while decreasing the amounts used by using organic 
inputs that are composed of hormones, antioxidants, enzymes, and amino acids.

Metin Turan
Yeditepe University,

Istanbul, Turkey

Ertan Yildirim
Atatürk University,

Erzurum, Turkey
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Chapter 1

Improving Soil Fertility with 
Organic Fertilizers
Mavis Badu Brempong and Abigail Addo-Danso

Abstract

Organic fertilizers with low C:N ratios can be applied to supply both macro and 
micronutrients to the soil. Aside nutrient supply, they can improve soil structure, 
texture, water holding capacity and nutrient holding capacity. The mechanisms 
that may interplay to allow organic fertilizers to affect the soil and crop yields may 
include improved nutrient synchrony, general improvement in fertility and/or 
priming effects. The rate, timing and method of organic fertilizer application must 
be considered to reduce N and P losses during organic fertilizer application. To 
meet the nutrient requirement of crops, organic fertilizers must be applied in large 
quantities, so it is more prudent to apply locally available resources. In a case study 
where sole organic fertilizer, sole inorganic fertilizer and their combinations were 
applied under rain-fed conditions, it was observed that manure had the potential to 
hold nutrients longer. This is a positive finding for drought prone areas.

Keywords: climate smart agriculture, manure, water holding capacity, nutrient 
holding capacity

1. Introduction

Poor soil fertility is the major biophysical factor affecting crop production in 
the world [1]. It is a major threat to food security considering the ever-increasing 
growth rate in human population which is projected to reach about 10 billion by 
2050 [2]. In times of old, forests and marginal lands were converted to farmlands to 
meet the food demands of the growing population. This practice caused the extinc-
tion and endangerment of many plant and animal species; hence it is frowned upon 
by many stakeholders. As such, today, it would not be prudent to encroach land 
reserves and other marginal lands for agricultural purposes. It is therefore impera-
tive that we improve soil fertility and health of the available land, to increase food 
production and to ensure the world’s food security under the current and projected 
climate change.

Previously, the use of mineral fertilizer was thought of as the most appropri-
ate remedy to soil fertility problems due to its rapid nutrient release [3]. However, 
mineral fertilizer lacks the ability to improve the soil’s physical properties causing 
fertility improvement by fertilizers alone to be unsustainable. Over-reliance on 
mineral fertilizer without due diligence to the organics may lead to increased soil 
erosion, surface and groundwater contamination, increased greenhouse gas emis-
sion and reduced biodiversity [4]. In addition, mineral fertilizers are expensive, and 
many farmers may not have the purchasing power to acquire it [5]. As a result, the 
attention of various stakeholders has been drawn to use of organic resources [6]. 
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The application of organic fertilizers presents a more sustainable method of food 
production. There is unending literature reporting the efficiency and effectiveness 
of organic nutrient sources in maintaining soil quality (physical, biological and 
chemical properties), improving crop yields and sustaining productivity [6–8]. The 
benefits of applying organic fertilizers to the soil are elaborated in this chapter.

2. Types of organic fertilizers

Organic nutrient sources are specifically derived from plant and animal 
origins [9]. They include plant residues, animal wastes and biofertilizers. In this 
era where climate change and the COVID-19 pandemic has impacted agricultural 
production and the financial capabilities of all workforces including farmers, 
farmers could use organic fertilizers available to them for soil fertility purposes 
because they are cheaper and more environmentally friendly when they are locally 
available [10].

Organic fertilizers include poultry manure, cattle manure, green manure (often 
legumes), field crop residues, composts, bone meal, household waste, blood meal, 
slurry, cocoa pod husks, palm kernel cake, among others. Biofertilizers are products 
containing single micro-organisms or combinations of them which when applied 
help fix atmospheric N, solubilize nutrients, mobilize nutrients, or secrete growth 
promoting substances to aid crop growth. These products do not supply nutrients 
themselves but enhance the activities of soil microbes to make more nutrients 
available to crops. They are categorized into N-fixing biofertilizers, phosphorus 
solubilizing biofertilizers, composting accelerators and plant growth promoting 
rhizobacteria [9]. Most of the plant and animal residues are often by-products and 
nuisance to the environment. Using them as nutrient sources would help reduce 
waste and greenhouse gas emission.

3. Benefits of organic fertilizers to the soil

3.1 Balanced nutrient supply

Organic fertilizers supply all essential crop nutrients (N, P, K, S, Ca, Mg, B, Cl, 
Cu, Fe, Mn, Mo, Ni and Zn) in balanced forms, including micronutrients. This is 
often not the case for any one inorganic fertilizer. Since all these nutrients make up 
the biomass of organic residues, they are released during the decomposition process 
into the soil. The downside to applying organic fertilizers alone is that they contain 
very minimal amounts of these nutrients and as such must be applied in bulky 
quantities to meet crop nutrient demands [11]. Also, the fact that only a fraction of 
the nutrients in organic fertilizers can be released per season must be factored in 
when applying organic fertilizers. On the average, as a rule of thumb, only about 
50% of nutrients in organic fertilizers are mineralized in the first season of applica-
tion [12]. Usually, the focal nutrient used to calculate the amount of organic fertil-
izer to apply is its nitrogen (N) concentration. For example, 30% decomposed cattle 
manure (DCM) contains about 2% N [13]. Assuming a farmer grows maize, which 
requires about 90 kg/ha N, that means:

 100 kg DCM 2 kg N.=  (1)

Therefore, to supply 90 kg N = (90 × 100)/2 = 4500 kg DCM.
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Since the applied DCM will only supply half the amount of N required in a 
season, the amount must be doubled to make 9000 kg DCM, thus 9 t of DCM. [It 
should be noted that the C:N ratio of the organic material must be below 25 [14] 
to ensure that all decomposition and mineralization requirements are met. The 
organic material should also be tested for nutrient concentrations or at least the 
focal nutrient concentration to use as basis for the calculation].

To supply same amount of N through mineral fertilizer, a farmer would only 
need about 200 kg Urea, however, in organic applications, other nutrients are con-
currently being applied. Since a large amount of DCM would supply the required N 
and other nutrients, it must be available to the farmer. Hence advocates of organic 
fertilizers must emphasize on ways to raise such large amounts of materials for 
application locally if sole organic production is desired.

3.2 Improving nutrient holding capacity

Aside the balanced nutrient supply, organic fertilizers add organic matter 
to the soil if a long-term application is practiced. Organic matter improves 
the nutrient holding capacity of the soil because it contains organic acids that 
increase the H+ ions and surface charge of the soil, causing the soil’s cation 
exchange capacity to increase [15]. Thus, the soil’s ability to hold more cations 
(nutrients) at exchange sites is increased and hence the nutrient holding capac-
ity of the soil is also improved. Organic matter also improves the buffer capacity 
of the soil and increases the soil’s ability to resist a change in pH, which in turn 
affects nutrient loss or gain to the soil [16]. Organic fertilizers increase micro-
bial activity in the soil, causing increased nutrient mineralization rates for the 
benefit of crops. They stimulate the activities of aerobic and anaerobic bacteria 
[17] and arbuscular mycorrhizae fungi that form networks of root extension for 
extensive nutrient availability to crops. Upon the lysis and decomposition of soil 
microbes, nutrients retained in their biomass are made available in the soil and 
to crops.

3.3 Improving water holding capacity

Soil structure, texture, bulk density, and organic matter content are the 
controls on soil water holding capacity; therefore, any management practice that 
improves these soil properties, in turn, improves water holding capacity (WHC) 
of the soil. Soil moisture content is largely dependent on the specific surface 
area of the soil and the thickness of films of water surrounding the pores [18]. 
The addition of organic matter through organic fertilizer application improves 
soil aggregation and increases the surface area of the soil, presenting the soil 
with more room for soil particles to be surrounded by films of water. As a result, 
the soil can hold more water against the pull of gravity which drains water from 
the soil.

While soil organic matter binds soil particles, it also stimulates the activity of 
soil microfauna whose movement create micro and macropores in the soil, creat-
ing extra room for water infiltration [19]. Thus, soil water holding capacity can 
be improved by the addition of organic fertilizers. In the wake of climate change, 
where unexpected droughts may be imminent, improving the water holding 
capacities of the soil with the application of organic fertilizer is the way to go. Also, 
the physical presence of organic materials on the soil serves as mulch that reduces 
evaporation and retains moisture in the soil. It also reduces the speed of runoff 
water and allows rain or irrigation water to infiltrate the soil at favorable speed, 
thereby reducing erosion, soil and nutrient loss [19].
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3.4 Improving soil texture and structure

The soil binding properties of organic matter and improvement in soil aggre-
gation helps to improve soil structure [20]. The addition of organic matter also 
improves soil texture and aeration. Soils with improved structure and texture allow 
easy air, water, and root movement to support healthy crop growth.

4. Mechanisms underlying organic fertilizer effects on soil

Many research works have observed extra crop yields with organic fertilizer 
application compared to when its nutrient equivalents are applied through mineral 
fertilizer [21–23]. Various mechanisms have been proposed to explain this added 
crop yields from organic fertilizer application. Some of which include improved 
nutrient synchrony, priming effect, and general fertility improvement.

Under the improved nutrient synchrony mechanism proposed by Vanlauwe et al. 
[23], when organic fertilizers are applied, they supply microbes with energy from 
the carbon they contain, to drive decomposition processes. This leads to temporal 
immobilization of soil N [24, 25] to build their body tissues. The immobilized N is 
made available at a later stage of plant growth when the microbes have decomposed 
the organic material to make nutrients available and/or some microbes have lysed 
and released their nutrients to the plant when it needs nutrients most. In effect, the 
peak of nutrient supply coincides with highest crop nutrient demand point when 
crops have matured, so that the nutrients are efficiently utilized, and little is lost 
to the environment. Kapkiyai et al. [26] reported that a combination of organic 
and mineral nutrient sources has been shown to result into synergy and improved 
synchronization of nutrient release and nutrient demand and uptake by plants 
leading to higher yields.

The general fertility improvement mechanism [23] is based on the theory that 
organic matter, aside its addition of nutrients to the soil, improves other physical 
properties of the soil that helps to perpetuate the nutrient addition effect in real 
time. Some of these benefits include the improvement of soil structure, water and 
nutrient holding capacities as discussed above. It also adds micronutrients which is 
usually not the focus of inorganic fertilizer application.

Priming effect is another mechanism proposed by Kuzyakov et al. [27], in which 
organic fertilizers affect additional crop yields. Priming refers to strong short - term 
changes in the turnover of soil nutrients caused by the addition of easily decompos-
able organic materials. Changes may be positive or negative depending on whether 
nutrients are rapidly mineralized or immobilized. Under this mechanism, a sum of 
nutrients available in the soil after harvest and nutrients in crops from the field are 
higher than a sum of the initial soil nutrients and nutrients in the organic materials. 
Thus, the additional unaccountable nutrient is the result of organic fertilizer pre-
cursing a more rapid mineralization rate and dissolution of previously unavailable/
fixed nutrients into solution. This is made effective by the improvement in micro-
bial population, diversity and activity affected by the organic material addition.

These mechanisms, though proposed by different authors, all point to the fact 
that organic fertilizers are beneficial to the soil and consequently, crops.

Despite the benefits of organic fertilizers to the soil, organic resources 
application is limited by the large amounts required to meet nutrient demand 
[28]. Hence locally available organic resources must be used to overcome this 
limitation. In areas where animal production is common, feedlot manure is 
the most available organic fertilizer resource. Crop residue retention and cash 
crop- cover crops rotation is an option to increase on-farm residue production. 
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One other option that has proven to be effective is an integrated nutrient man-
agement approach where organic and inorganic fertilizers are applied in right 
quantities [29]. This approach helps to harness the mechanisms underlying the 
effects of organic fertilizer application on crops, resulting in synergy in terms of 
crop yields.

5. Role of organic fertilizer in climate smart agriculture

In times when climate change is imminent and its effect on agriculture tends 
to endanger food security, it is paramount that farmers and other stakeholders 
use strategies and resources that adapt farming systems to the changing climate. 
Climate change is mainly driven by natural and anthropogenic activities that pump 
greenhouse gases (examples CO2, CH4, N2O) into the atmosphere [30, 31]. It may 
lead to extreme droughts or extreme floods, which may have devastating impacts on 
food production and agriculture. In this light, organic fertilizers are a great resort 
due to their replenishing effects on soil physical and chemical properties. Aside the 
benefits of organic fertilizers discussed above which may adapt the soil to drought 
conditions, soils should be well drained and loose in flood prone areas in wait of cli-
mate change. In compact and poorly drained soils, the addition of organic fertilizers 
would improve soil particle aggregation and structure to give the soil more room to 
infiltrate water without settling on the top for too long to cause floods. The addition 
of organic matter reduces the inventory of greenhouse gasses contributed to climate 
change by agriculture. This is achieved by the sequestration of carbon into the soil 
from organic fertilizers applied. The carbon would have been lost to the atmosphere 
as CO2 or CH4 if it had not been incorporated into the soil [32]. As a result, the 
application of organic fertilizers to the soil helps to reduce greenhouse gas emission 
leading to global warming and a consequent climate change and helps adapt the soil 
to the current and future changes in the climate.

6. Qualities of a good organic fertilizer

Since organic materials are diverse in type and nutrient composition, it is 
difficult to give a general recommendation of an organic material. The lignin, 
polyphenol and nitrogen contents of organic material are important controls on 
its nutrient mineralization, once applied. It is important to evaluate the carbon 
to nitrogen (C:N) ratio of an organic material to determine if application of the 
material will lead to N mineralization or immobilization. A C:N ratio of 25 would 
enhance decomposition and mineralization by soil microbes while a C:N ratio above 
that would enhance N immobilization [14]. Hence the lower the C:N ratio, the more 
rapidly nutrients will be made available to the soil. Organic materials high in lignin 
(>15%) and polyphenol (>5%) contents usually have high C:N ratios and are resis-
tant to microbial decomposition; hence will decompose slowly. If the N content of 
the material is 2.5% or more, it would likely decompose and mineralize faster [33].

7. How to apply organic fertilizers to harness all the benefit

The effectiveness of an organic material as a fertilizer is also dependent on how 
it is applied. Surface application of organic fertilizer enhances the loss of N through 
ammonia volatilization or loss of N and P through runoff and erosion. Judicious 
methods by which organic materials may be applied to reduce wastage and nutrient 
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losses include band spreading, trailing hose method, burying method, rapid soil 
incorporation, and the addition of nitrogen inhibitors [34].

Band spreading is the application of the organic material(s) in narrow bands 
usually a few centimeters away from the crops. This reduces the surface area of the 
material to the atmosphere so that ammonia volatilization is reduced. To reduce the 
rate of denitrification as well, band spreading should be done during cool weather 
with no excessive soil moisture and at right rates. The crop canopies also serve as a 
physical barrier that further reduces the rate of ammonia volatilization from band 
spreading applications.

Slurries or liquefied organic fertilizers could be applied in these narrow bands 
through trailing hoses which hang down from a boom and run along or just above 
the surface of the soil.

Organic amendments could also be buried at about 5-30 cm depth depending 
on the crop establishment. Deeper depth burying can be practiced before crops 
are grown while shallower depth is suited for already established crop fields. This 
method greatly reduced N loss through ammonia volatilization and the loss of 
material through erosion.

Manure could be rapidly incorporated into the soil during soil tillage (before 
planting) or with hand implements to reduce N and P losses in volatilization 
and runoff.

Under conditions with high denitrification potential, nitrification inhibitors 
could be added to organic fertilizers to delay the rate at which ammonium is con-
verted to nitrates, which is a suitable substrate that precursors the denitrification 
process. It is important to apply organic fertilizers at cool times of the day and at the 
right rates to reduce nutrient losses.

8. Case study (Research)

The sole application of organic fertilizers has proved to be a slow means of nutri-
ent supply to the soil. Hence the combined use of organic and inorganic nutrient 
sources has been proposed [29]. Such applications harness the benefits of syner-
gistic interaction between the organic and inorganic nutrient sources. The main 
objective of this research was to increase maize yield with the application of organic 
manure or a combination of it with mineral fertilizer. To arrive at this objective, the 
yield of maize following varying rates of combined manure and mineral fertilizer 
applications were estimated at harvest, synergistic benefits of combined applica-
tions were quantified and the effect on soil nutrient stocks were analyzed.

8.1 Methodology

A field experiment was conducted at the plantation section of the Kwame 
Nkrumah University of Science and Technology under rain-fed conditions. Nine 
treatments (three levels of mineral fertilizer at 0, 50 and 100% of the 90-60-70 kg/
ha NPK recommended rate (RR) by three levels of manure at 0, 50, 100% of 5 t/
ha RR) were applied on the field in a factorial fashion arranged in Randomized 
Complete Block Design (RCBD) with three replications. The land was slashed and 
burned and later plowed and harrowed to a fine tilt. Plot layouts were done with 
lines and pegs with each plot measuring 3 m by 2 m. There were 2 m alleys between 
replications and 1 m alleys between plots. Initial soil and manure sampling and 
analyses were done to characterize them. Randomized manure treatments units 
were allocated to their designated plots. The Akposoe maize variety developed by 
the Crops Research Institute of Ghana was planted 2 weeks after manure allocation. 
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Weeding was done manually when necessary. Mineral fertilizer application was 
done 2 weeks after planting (WAP). The fertilizers were applied as urea, triple 
superphosphate and murate of potash. The urea was split applied in the first 
fertilizer application (2 WAP). The other half of the urea was applied 6 WAP. The 
manure was spread in the plots and raked in to about 5 cm depth. The fertilizer was 
applied by the band placement method, about 5 cm away from the maize plants. A 
final soil analysis was done after harvest to determine soil nitrogen (N), phosphorus 
(P) and potassium (K) levels. Data was subjected to analysis of variance (ANOVA) 
with the GENSTAT statistical package and significant means were separated with 
least significant difference at 5%.

Note: Rains were quite erratic at the start of the experiment until an unexpected 
shortage during the reproductive stage of maize growth. Though unfortunate, this 
was a good situation to determine if manure applied to the soil would help maintain 
more soil moisture and consequently impact maize yield.

8.2 Results and discussion

The lack of rains crippled any effect of the manure alone or its combinations 
with mineral fertilizer to create differences in the yield of maize. Limited soil 
moisture has been reported to constraint maize yield [35], because all the processes 
involved in nutrient movement to roots, uptake by roots and translocation through 
the transpiration stream use water [36].

After harvest, soil and statistical analysis showed that plots receiving 50 and 
100% rates of manure had a significant 20% more total soil N than the control and 
mineral fertilizer rates. It is possible that due to the rapid nutrient release mecha-
nism of mineral fertilizer, most of its nutrients was released during the early stages 
of the maize growth, subject to rapid loss from the soil system. The C:N ratio of the 
manure was 23.08, which is an indication that N was being mineralized [35] into 
the soil system over a long period, even after the shortage of rains. A combined use 
of the full rate of manure and full rate of mineral fertilizer also had 20% more total 
soil N than each individual nutrient source. It is evident that combining organic and 
inorganic inputs creates a balance between increasing N availability for plant uptake 
over sole organic application and decreasing N availability for potential system 
losses compared to fertilizer alone [37].

The rather erratic rains at the beginning of the experiment might have caused 
soil P and K to leach beyond root zone, hence the lack of differences between the 
effects of sole manure and mineral fertilizer applications or their combinations at 
the end of the experiment.

8.3 Conclusion

Overall, it was concluded that organic manure had the potential to hold nutri-
ents in the soil longer than inorganic fertilizers. In the advent of climate change, it 
could be a very useful tool especially in areas was droughts are expected.
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Chapter 2

Restoration of Soil Organic 
Carbon a Reliable Sustenance for a 
Healthy Ecosystem
Alabi Olusoji David

Abstract

Agricultural sustainability is an indicator for economic prospect across the 
globe. The revolution of industrial development and the growth of annual crop 
to meet the need of increasing world population is a determining factor for SOC 
availability. Sustainability of agriculture is largely related to SOC and manage-
ment practices. Agro-ecological stability is significant to soil type and fertility 
input. Organic matter is a combination of plant residue and/ or animal waste. This 
is capable of accumulating carbon and nitrogen in the soil. It retains water and 
support the buildup of organic carbon. It enhances the stability of SOC and crop 
yield. The use of organic matter is effective at stabilizing the microbial communi-
ties. Carbon sequestration is high with crops that have abundant residues. SOC can 
potentially mitigate climate change. It prevents the use of minimum and conven-
tional tillage. Higher deposit of SOC is associated with crop yield. Perennial crop 
cultivation such as cup plant (Siliphium perforliatum. L.) can potentially sequestrate 
carbon into the soil than annual crop. SOC are often exhausted with the cultivation 
of annual crop such as maize. However, SOC can be retained by growing clover in 
between harvests and the next sowing. Mineral fertilizer can likewise accumulate 
SOC but not as efficient as the use organic manure and plant residue. Perennial crop 
was found useful at preventing environmental degradation and soil compaction. 
Consistent assessment of SOC is essential for continuous food production and plant 
growth. This can be achieved through a multidimensional software called multiple 
linear regression.

Keywords: soil organic carbon, sustenance, ecosystem

1. Introduction

Global warming is caused by the continuous increase in greenhouse gases in 
the earth’s atmospheric surface [1, 2]. 50% of the total global emission is from 
agricultural production [3]. Excessive application of inorganic fertilizer causes 
ammonia volatilization, soil nitrogen leaching, air pollution, and soil acidification 
[1, 4]. This is a result of a rapid increase in the global population. They suggest the 
need for the protection of soil quality to meet the food requirement of the increas-
ing global population and societal development [5, 6]. Climate change significantly 
affects the atmospheric carbon pool and its availability in the soil for agricultural 
productivity [7]. The loss of soil organic carbon and land degradation is one of the 
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major factors that affect the yield of existing farmland [3, 8]. Soil organic matter 
deposition is released from approximately two-third of CO2 exchange between the 
terrestrial ecosystem and atmosphere [9, 10]. The most active part of the global 
carbon pool is soil farmland. Farmland soil enables global carbon and nitrogen 
cycling [4, 11]. Farmland is an important source and sinks of CO2 for the farmland 
ecosystem. Agricultural farmland with decrease organic carbon has been proven to 
be unreliable [6, 12]. This has led to pressure in crop production through cropland 
management practices such as irrigation and fertilization [8, 13]. Organic matter 
plays a significant role in food production and agricultural land expansion. It is 
an environmental factor that determines sustainability and development [8, 13]. 
It is an indicator for factors such as water retention and nutrient availability [14]. 
It is a structural balance that promotes efficient drainage, aeration and minimizes 
loss of topsoil from erosion [6, 15]. It decreases reliance on external inputs such as 
fertilizer and irrigation [11, 16]. It is a stable and a last longing input that supports 
crop yield and sustainability [11, 16]. One of the major limitations to the availability 
of soil organic matter in the soil is the target method of prediction for a specific 
agricultural land and environmental development [17, 18]. Yield is often expected 
to increase per unit area with a certain measure of organic matter. But yardstick for 
determining organic matter is yet to be fully exploited [6, 19]. Several studies have 
been established in relationship with soil organic matter and yield [6, 19]. It was 
also found that a concrete agreement among researchers is yet to be reached. For 
instance, a decrease [20], an increase [21], and no change were recorded in some 
research findings [11]. Variation in result findings may be due to management, 
climate change, and soil type [11, 20, 21]. Likewise, a global understanding of 
soil organic with yield is heterogeneous [11, 20, 21]. This suggests the need to test 
and understand the effect of soil organic matter and carbon in agriculture and its 
environment [11, 20, 21]. This paperwork investigates the impact of organic carbon 
and its relevance in agricultural sustainability and development.

2. Carbon oxidation and deposition in the soil

Organic carbon is an important component of the soil that can stimulate 
functional compounds and enhances the performance of a microbial community 
[22, 23]. It provides lubrication and facilitates ease of energy transfer in an ecosys-
tem [6, 8]. Cropping history and management on agricultural land are determining 
factors for net carbon sink or CO2 availability in the soil [7, 23]. Arable crop produc-
tion decline carbon stored between 40% - 60% through conventional tillage and 
planting activities [9, 24]. Though at some point depending on the soil type and cli-
mate change crop production may attain an equilibrium carbon [9, 24]. This attain-
ment may vary with different agro-ecological zones or regions [25, 26]. Soil carbon 
accumulation largely depends on the rate at which biomass decomposes [12, 22]. 
This includes primary reduction of plant residues above ground; leaves, stems, and 
other tissues. Likewise, plant exudates and the below ground as well as the roots. 
The pool of carbon in the soil depends on the rate at which organic carbon is oxi-
dized by microbes and invertebrates [12, 22]. Soil organic carbon can be categories 
into active, stable, and inert organic carbon pools; active organic carbon is closely 
related to the nutrient requirement supply into the soil [7, 27]. They are permeable 
and can efficiently build up organic matter [13]. This category comprises microbial 
biomass carbon, soluble organic, mineralisable carbon, and carbohydrate, stable 
organic carbon pools are dominated by carbohydrate and lipid. This pool is made 
of organic particles and carbohydrates [15, 22]. The release of nutrients in this case 
is relatively slow. In other words, the inert organic carbon pool deposition is very 
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slow. It comprises lignin, hummus, polyphenol, and polysaccharide [15, 22]. More 
carbon will be available in the soil if organic carbon oxidation is low but with high 
oxidation, soil organic matter is used up than it is replaced by new biomass [2, 5]. A 
low oxidation rate increases the net sink of CO2. However, in the soil where biomass 
deposition is stable, the net change in carbon will be stored is continually [2, 5]. The 
continuous application of biomass at a point attains maximum carbon saturation. 
Equilibrium change of CO2 uptake into the atmosphere plays a significant role in net 
carbon sink in the soil [2, 5]. The quality of organic matter is affected by deposi-
tion. Microclimate and microorganisms play a major role in steady metabolization 
processes [20, 22, 27]. This regulates the extent to which chemical constituent is 
released into the soil. It was recorded that senesced leaves and stems with high 
carbon-nitrogen and corn stalks as well as the wood decomposes at a very low rate 
[28, 29]. Nevertheless, legumes and stems decompose more rapidly due to their low 
carbon-nitrogen and lignin content. The aggregate of oxygen supply to microbes 
in the soil may be restricted by tillage due to accelerated deposition by breaking 
apart the soil [15, 30]. This promotes rapid oxidation of carbon into the air. Plowing 
exposes the soil to direct insolation which may support rapid deposition [3, 31]. 
In this regard, CO2 emission is remarkably high and profound. This affects the 
quantity and quality of organic matter in the microenvironment [11, 22]. The net 
annual flux of soil CO2 year after year represents a change in organic soil carbon 
where erosion is put to control [14, 32]. Erosion prevents direct oxidation of carbon 
into CO2 due to surface runoff, particles are washed into waterways to bury existing 
carbon [14, 32]. It slows its deposition due to accumulation in anaerobic sediments. 
In other words, a carbon sink may be achieved as a result of slow deposition on an 
eroded site [14, 32]. It was recorded that the sink capacity of eroded soil amounted 
to 26% in a finding [3, 14, 15]. Several chemicals used in agricultural land increase 
CO2 in the air. Its impact on global warming is highly detrimental for instance 2.3 kg 
CO2 per active ingredient (750 Ngm−1) 4.5 kg CO2 per kg of N methane (CH4) are 
applied as fossil fuel to meet its temperature and pressure requirement [31, 33]. 
Also, lime (CaCO3) and dolomite (CaMg (CO3)2) were applied to neutralize the 
effect of acid cation in the soil [2, 32]. The use of lime may be influential as an agent 
of weathering. Nitric acid produces nitrifying bacteria [1, 4]. This supports the 
breakdown of carbon in lime.

 3 3 3 2 2CaCO 2HNO Ca 2HNO H O CO+ −+ → + + +  

But a weak carbonic acid from the root acid and microbial respiration transform 
lime into bicarbonate [1, 4].

 3 2 2 3CaCO H O CO Ca 2HNO −+ + → +  

Dissolution of lime by strong acid generates a large amount of CO2 into the air 
but weak acid support carbon sinks into the soil [15, 34]. It was revealed in research 
that sequestration of lime carbon depends on nitric or carbonic acid [24, 35]. CO2 
may largely be neutralized for agricultural lime [3, 36]. The growth of biomass both 
above and below ground represents CO2 sink as carbon is captured in perennial 
vegetative growth [2, 37]. Perennial crops increase carbon sequestration due to 
persistent land cover [2, 37]. In this case, soil carbon is continually stored in the soil 
[37]. Perennial crop accumulates more carbon than annual crops [31]. Land cover 
prolong carbon stored in the soil. However, soil biomass is often accomplished by 
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reducing the soil deposition rate. It increases soil organic carbon [38, 39]. Carbon 
sequestration is high with crops that have abundant residue [6, 11]. Soil carbon can 
be enhanced through corn rotation. The use of corn-soybean rotation was found to 
be effective than corn rotation [12, 16]. The biochemical complexity of carbon resi-
due input in the soil is a result of land cover. This helps build soil carbon [12, 16]. 
The no-till practice performs the function of deepening carbon into the soil. It 
increases the storage at the surface layer. Soil carbon content is ample evidence for 
no-till gain [8, 9]. More so, agricultural CO2 could be derived from energy input 
and soil amendment [25, 35]. Most cropping systems are not effective at retaining 
carbon as exogenous input such as manure, biochar, or sewage sludge [11, 33]. In 
other words, the native ecosystem is preferred at storing carbon to the use of the 
organic supplement [2, 25]. It is better concluded that permanent no-till mitigation 
is by far sustainable at retaining carbon in the soil [20, 40].

3. Climate change and its influence on environmental balance

Climate change is an environmental behavior that characterizes the amount of 
water availability or dryness in a particular area. It is proportionate to land util-
ity and nutrient availability [24, 25]. A land cover with the forest is significant to 
accumulating carbon and nitrogen in the soil [16, 27]. In other words, land use 
and evacuation of forests for buildings are inversely proportional to the balance of 
greenhouse gas emissions for the atmosphere [24, 26, 35]. This involves activities 
such as tractor pass on the land, burning of trees, and continuous harvest. This 
change is substantial to agricultural development and food availability [6, 7, 19]. In 
recent findings, it was hypothesized that soil depth of 30 cm is rich in carbon than 
the entire atmosphere. The carbon sink in the ocean is though relatively higher than 
the amount in the soil [1, 8]. However, soil and forest vegetation play a major role 
in carbon storage [2, 36, 38]. The global average temperature has risen nearly twice 
as much as high as the land surface air temperature [34]. Climate change has been 
noted to harm food security and the terrestrial ecosystem since the pre-industrial 
revolution [6, 7, 19]. This change was observed between 1850 and 1900 and 2006–
2015. The land surface air temperature was found to have increased by 1.53°C and 
the global mean surface temperature (GMST) by 0.87°C ‘[34]. This frequent rise in 
temperature was recorded in the Mediterranean, West Asia, South America, Africa, 
and North-East Asia [34]. This global change has resulted in vegetation brown-
ing than greening in many regions [2, 6, 7]. This is associated with dust storms, 
evapotranspiration, and decrease precipitation coupled with human activities 
[14, 28, 29]. This has drastically affected sustainability and development [24, 25]. In 
the last two decades, it was discovered that continuous rise in average temperature 
and reduction in the amount of rainfall might create a need for irrigation and poor 
agricultural output [8, 41]. More so, the success of agricultural output depends on 
the plant and animal cycle [12, 35]. Global warming may cause a polar shift in the 
climatic zone in the middle of the equator [1, 2]. The global warmth may result in 
high latitude. The regions with high latitude suffer drought, wildfire, and pest out-
breaks [1, 2]. These regions have been depicted with global warmth of 1.5°C – 3.0°C. 
This warmth can be ascribed to permafrost degradation, poor agricultural output, 
and minimal carbon sink [2, 17]. This resulted in soil compaction and dryness [9]. 
It destabilizes the structural relevance of the soil, poor water retention, and plant 
growth [24, 40]. The nutritional quality of crops is lowered with increased atmo-
spheric CO2 [5, 9]. Presently, over 7.6% rise in global crop and economic model of 
cereal due to climate change predict higher food price, food insecurity, and hunger 
in 2050 [25, 26]. In this case, food stability is disrupted due to extreme weather 
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conditions [24, 25]. This climate influence on seasonal changes may affect plant 
blossoming before their pollinators such as insects, birds, etc. are hatched [20, 26]. 
This may invariably result in flower loss and poor fruit formation [20, 26]. Soil 
health and agricultural management are hinged on meeting food production for the 
increasing world population Figure 1 [16].

Nevertheless, an unprecedented rate of land and freshwater adaptive use for 
agriculture has been estimated to be 70% [25, 26, 35]. This is a result of global 
population growth and change in per capita consumption of food, fiber, timbre, 
and energy release [6, 7, 19]. This global population change has contributed to 
net GHG emissions, loss of natural ecosystems, and declining biodiversity [2, 7]. 
Likewise, more than 25 – 30% of food produced is wasted due to climate change 
[2, 7]. These challenges are aggravated in frost and ice-dominated regions [21, 42]. 
More so, an area not covered with ice is influenced by human activities [21, 42]. 
Moreover, due to fossil fuel extinction and greenhouse gas emission, there is an 
increasing need to replace fossil fuel with biofuel and other plant-based products 
[40, 41]. Furthermore, erosion is an important determinant of landform and nutri-
ent availability [3, 15]. Intense rainfall, drought, heat loss, heat waves, and a storm 
cause agricultural land degradation, nutrient loss, plant breakage, stunted growth 
and total wilting, and perhaps rises in sea level, particularly in the coastal area 
[3, 43]. Climate change may produce a significant loss in agriculture output by 2050 
if measures are not drawn or put in place [25, 26, 35]. Moreover, in some regions of 
the world climate change is linked to the availability of carbon dioxide and methane 
in the soil [2, 7]. The permafrost and melt of ice are common in the arboreal region. 
In this region, an increased temperature causes permafrost to melt [14, 15, 41]. This 
change over a period trapped organic matter into the frozen which after some time 
cause a disintegration [3, 43, 44]. Despite the continuous change of climate across 
the globe, ecosystem and soil quality can be restored by removing carbon dioxide 
from the atmosphere [1, 38]. According to findings, more than 63 billion tonnes 

Figure 1. 
Global warming and environmental changes sourced from [14].
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of carbon are removed from the soil [1, 38]. The health of the soil is improved by 
storing carbon underground [2, 37]. The growth of the plant and natural storage of 
carbon in the soil serves as a defense against climate change [22, 23]. Green space 
in the cities such as floods and heatwaves is cost-effective protection [25, 26, 35]. 
They perform the function of flood elimination and storage of excess water [14]. 
They cool down heat waves due to water accumulation in the soil [14]. They pro-
vide a healthy ecosystem during drought through a gradual release of water stored 
underground [11, 14, 38]. The availability of carbon in the soil can be maintained by 
converting arable land to grassland [7, 22, 23]. The growth of clover in between har-
vests and sowing the next crop [8]. This mitigation practice prevents erosion wash. 
It improves fertility and crop development [12]. Other adaptive measures to fight 
desertification and land degradation include reduced deforestation, ecosystem con-
servation, reduced food loss, and waste [3, 15, 30]. The conservation of high carbon 
ecosystems such as peatland, wetland, rangeland is linked with effective manage-
ment practice [1, 2]. In addition, carbon sequestration in the soil or vegetation 
can be maintained by afforestation, reforestation, and agroforestry [12, 29]. The 
removal of the wood product from the forest restricts carbon in the soil [12, 29]. 
Peatland is efficient at striking a balance between vegetation and carbon reser-
voir [22]. This is achieved with the annual removal of CO2 from the atmosphere 
when the carbon sink declines towards zero [1]. This is the point where saturation 
measure is reached between vegetation and carbon reservoir [3, 15]. Management 
practices such as flood, drought, fire, or pest outbreaks may be hindered by mitiga-
tion practice if future management plans are considered [8, 40].

4. Carbon sequestration and sustainable practice

Perennial energy crop serves as a feedstock for agricultural biogas are agro-
ecological sustainable [9, 14, 29]. They prevent environmental degradation such 
as erosion and soil compaction. They provide lower methane yield [1, 9, 24]. 
They reduce management effort and cost fertilization. They create a balance in 
groundwater quality and greenhouse gas emission [5, 9]. This perennial energy crop 
includes pliscanthus Miscanthus gigateus, cup plant Siliphium perforliatum. L, wheat-
grass Agropyron elongatum [14, 37]. Research findings indicate that these perennial 
energy crops are potentially useful in carbon sequestration [35, 37]. They prevent 
the use of minimum and conventional tillage which support one or two pass tractors 
on agricultural land [12, 26]. It retains organic matter in the below and above plants 
since soil organisms are active and efficient [23, 39]. This practice enhances the 
formation of complex humid compounds which over time may increase soil organic 
matter [33, 40]. Some research findings reveal that perennial crops are efficient 
than annual energy crops such as maize and wheat [6, 11, 19]. Their impact on 
climate with regards to soil organic matter and greenhouse gas emissions is not ben-
eficial as a perennial energy plant [24, 45]. It was also found that perennial energy 
crop increases soil organic carbon and nitrogen [29, 37]. Higher microbial biomass 
and better-developed soil fractal aggregation. it provides a stable organic matter 
[45]. An experiment was conducted on the distribution and drive of soil organic 
matter under perennial energy crops. It was found that carbon concentration in 
the soil cultivated with perennial energy crops was a significantly higher fraction 
[24, 29]. A significant difference was observed in the perennial crop. Perennial crop 
such as cup plant and giant-knot weed has higher carbon concentration [24, 29]. It 
was also found that perennial crop cultivation resulted in higher SOC and elevated 
bulk density than maize and wheat [24, 29]. It was also recorded that the microbial 
activities in the soil for the perennial crop were continually [22, 23]. The highest 
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and lowest microbial activities were obtained in the perennial crop than in an 
annual crop [22, 23]. 1,4 β glucobiosidae shows a positive output with soil organic 
matter. A consistent increase was observed plot cultivated with perennial energy 
crops [24, 29]. It was also recorded that the aboveground production depends on 
the cultivated species. The vegetation period plays a significant role in pre-harvest 
[22, 45]. This may result in light intensity and internal nutrient distribution for 
young shoots and roots [24, 29].

5. Digestate a better stimulant for agricultural production

Change in the agro-ecological landscape is a serious challenge. This change 
was observed in humans, society, and the soil ecosystem [25, 26, 35]. This change 
brought uncertainty to the soil–plant atmospheric system and variation in the 
environment. This has resulted in continuous depletion of SOM with ease [12, 13]. 
Similarly, in an agricultural market survey conducted in Europe. It was discovered 
that after 1990 a negative phenomenon was recorded in agricultural production 
[12, 30]. The practice of crop rotation was reduced. Increasing demand for staple 
food brought a cut down in forage crops by 35% [6, 25]. The production of cereal 
was increased by 54% and rapeseed by 343% [5, 46]. Likewise, a cut down was doc-
umented in animal husbandry by 50% [5, 9, 46]. This was identified as a depleting 
factor for soil organic matter [5, 9, 46]. The use of mineral fertilizer, organic waste, 
and manure was found useful but digestate was twice richer compare to other forms 
of manure [3, 15, 30]. Digestate is made of plants with a large amount of N and P. It 
is a by-product biogas plant that is capable of providing a high yield of spring crop 
[3, 15, 30]. It is an excellent fertilizer that can enhance the biological properties of 
the soil. It is widely used in Europe [2, 17, 30]. Digestate average dry matter content 
ranges between 1.5% and 46%. Digestate is primarily effective at building up the 
biological quality of the soil [30]. It can efficiently increase the nutrient quality 
of the topsoil. It plays a significant role in the carbon pool. SOC content initiates 
positive or neutral ions with the application of digestate [45, 47]. The amount of 
organic matter applied to determine the SOC content. The higher the digestate, 
the larger the SOC vice versa [24, 35]. It was reported that larger particles have a 
positive influence on SOC content than fine particles [30]. The use of animal drop-
pings as the organic compound was significant [12, 40]. Continuous application 
of digestate creates a better environment for the decomposition of organic matter. 
It was also recorded that soil with low quality may prevent the decomposition of 
organic matter [22, 23, 45]. Accurate dosage of fertilizer and accelerated biological 
processes in the soil enhance productivity [22, 45, 47]. A decrease in pH and soil 
sorption complex saturation was found to be an attribute of digestate [30]. This 
may be due to hydrogen and aluminum ion replacement. A significant reduction 
was recorded in soil acidification with the application of digestate [3, 15, 30]. 
The agricultural intensive area was typically high in biological activity. This is 
significant with soil depth [13, 16, 40]. SOC sequestration is high with the regular 
application of organic manure. It was recorded that a significant amount of 10 t ha−1 
of organic manure can increase the SOC stock by 5.5% in 100 years [30, 34, 48]. 
The use of mineral fertilizer and farmyard manure was also significant to the soil 
to increasing soil fertility, SOC, and nutrient content [13, 16, 40]. It provides stable 
nutrients and decreases soil acidity. It was observed that regular application of 
organic manure provides long-term stable yield and as well improves the quality of 
the soil [13, 16, 40]. It was found that the use of organic manure and straw is highly 
valuable to the soil ecosystem [3, 8, 17]. Sufficient application of digestate to the 
soil can positively influence SOM and SOC content without other manure [15, 30]. 
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Long-term application of digestate maintains SOC content. Postharvest reduces 
such as straw provide an additional source of organic carbon [4, 24, 30]. A decrease 
in SOC was recorded in an intensive permanent grassland but SOC and SOM were 
higher in permanent grassland compare to arable land Figure 2 [29, 37].

6. The impact of organic carbon on yield

According to research, it was found that the high yield of crops is a result of soil 
organic carbon. 2% soil organic carbon is critical to the threshold [23, 45]. A value 
below 2% may have a negative influence on the structural functionality and the 
asymptotic relationship that exist between soil organic carbon and yield [12, 20]. In 
other words, the critical threshold for productivity may not be relevant if there is 
sufficient mineral fertilizer to support crop production [3, 15, 43]. Mineral fertilizer 
was found to be effective at increasing maize yield [16, 21]. It was reported that 
mineral fertilizer increases SOC. It improves crop yield and promotes entire growth 
[2, 11, 31]. It was also found that long-term application of mineral fertilizer signifi-
cantly increases the SOC content in the 0 – 20 cm soil layer [16, 27, 50]. However, 
the use of mineral fertilizer is not as effective as the use of straw on farmland 
[16, 17, 40]. It was discovered in an experiment that the use of straw provides a 
metabolic substrate for soil microorganisms. Soil porosity and water movement 
were influenced by straw input [3, 17, 30]. It was also recorded that the use of ani-
mal–plant residue increases the SOC content. Straw carbon transformation activates 
and enhances microbial communities such as bacteria, archaea, protozoa, fungi, 
and viruses [11–13]. These organisms distribute organic carbon in the complex ter-
restrial environment [6, 11, 33, 51]. Betaproteobacteria and Gammaproteobacteria 
were the main genera of Janthinobacterium, Massilia, Variovorax, Xanthomonas, and 
Pseudomonas in the early stage of carbon transformation of wheat straw [22, 45, 47]. 
A positive correlation was recorded relative to SOC to soil microbial structure and 
diversity. The quality and quantity of SOC are subjected to the metabolic action of 
the microorganism in the ecosystem [12, 17, 47]. The abundance and structure of 
microorganisms are generally considered to be essential for the fixation, transport, 
and accumulation of SOC [17, 22]. They are widely involved in soil processes and 
functions. Soil microorganisms are effective with the use of organic matter [5, 9]. 

Figure 2. 
Digestate production and organic carbon sourced from [49].
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It supports and shapes the global carbon cycle. It enhances the mechanism that 
increases SOC and limits the impact of climate change [2, 7, 37]. A limiting factor 
for straw application is moisture [17, 30]. In cold weather, the accumulation of 
straw in the soil does not easily decompose. Straw deposition in this case may result 
in phytotoxic [20, 21, 27]. The use of soil organic carbon is not sufficient enough 
to influence sustainable intensification to reduce the harm caused by inorganic 
fertilizer due to eutrophication and greenhouse gas emissions [17, 23, 41]. There is 
a positive relationship between soil organic carbon and yield starting from the 2% 
threshold [25, 45, 51]. It provides a reduction in nutrient runoff, drought resistance, 
and yield stability Figure 3 [22, 23, 45].

In a finding, the cultivation of maize and wheat uses less than 2% soil organic 
carbon to area and harvest [2, 12]. It was also found that a continuous cropping 
system and grazing may result in carbon loss if not properly managed [1, 5, 9]. This 
practice in other words may improve the yield of maize and wheat due to a large 
amount of soil organic matter from animal waste [33, 39]. The reduction in nitrogen 
fertilizer plays a significant role in agricultural land and the ecosystem [16, 20]. 
It minimizes soil emission of nitrous, eutrophication of water, and efficiency of 
greenhouse gas [1, 4, 9, 44]. However, as much as soil organic matter is significant 
to providing nutrients to the soil. This cannot be a direct substitute for mineral 
fertilizer [16, 20, 40]. The efficiency of soil organic carbon varies between 0.5% 
and 2.0% to soil properties, climate, and the type of input applied at a point in 
time [8, 51]. The agricultural input differs in its potential. This efficiency ranges 
from farmyard manure to sewage sludge to mineral fertilization [13, 20, 27]. It was 
however concluded that soil organic matter and nutrient provision from agricul-
tural input may be cut down the use of nitrogen fertilizer as input to a large extent 
[1, 4, 9]. Higher soil organic carbon enhances N input to produce a high yield. 
Likewise, essential macro and micronutrients are provided through the application 
of higher levels of soil organic matter [13, 16, 40, 51]. This compensates for soil with 
limited soil organic carbon concentration [16, 40].

Figure 3. 
Carbon pool and straw application sourced from [17].
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7. Organic nutrient composition and strawberry yield

The growth and yield of strawberries require macro and micronutrients. 
Nutrients are provided from the soil as integral support. It is a reservoir for water 
and nutrient retention. It is a support system for plant growth and root develop-
ment [36, 52]. Good management practice and strategy for strawberry growth and 
yield involve the application of compost with synthetic nutrients as a substrate 
[28, 36, 52]. According to findings, the high growth performance of strawberry 
cultivars was a result of better nutrient uptake [2, 43]. This nutrient includes Bio 
plus compost (cocopeat 68.86%, peat moss 11.00%, and zeolite 9.00%, and perlite 
11.00% [10]. This is a standardized organic compound used for vegetative growth 
in some parts of Europe [36]. This nutrient composition is beneficial to microbial 
development. It supports soil physiochemical properties, the decomposition of 
organic matter, reduction of eutrophication, and nutrient loss. This is due to organic 
stipulation and the gradual release of nutrients from this compound into the soil 
[43]. The nutrient in this organic compound contains a stable proportion of nitro-
gen and carbon ratio. This however suggests the presence of microbe, humic sub-
stances, and high cation exchange capacity [6, 7, 47]. This organic compound plays 
a significant role in root formation [7, 36, 42]. It is a fiber rich substance. It enhances 
soil structure [11, 31, 50]. The structural efficiency and stability of this compound 
lower the impact of global warming and provide the soil with a good carbon sink 
[31, 33, 51]. In other words, the growth of strawberry cultivar without adequate 
(NPK) nutrients may have a detrimental effect on vegetative growth [28, 39, 43]. 
The quality such as sweetness, firmness, and anthocyanin found in strawberries is a 
result of the optimal application of NPK [28, 39, 43]. The application of this organic 
compound enhances elongation, carbohydrate, and sugar synthesis [28, 39, 43]. 
The growth of strawberries using bio plus compost with synthetic nutrients and 
other growth media was tried in a greenhouse experiment [28, 39, 43]. Results 
obtained indicated that a significant increase was recorded in the vegetative growth 
and yield of strawberries compare to other growth media used in the experiment 
[28, 39, 43]. The increasing growth trend observed in vegetative and reproductive 
growth reflects a positive correlation with fruit set and the number of fruit per 
plant [28, 39, 43].

8. SOC determination and model application

The SOC behavior in the soil can be analyzed using different models [17, 18, 49]. 
The CENTURY soil organic matter model environment is a FORTRAN model. It 
is used in the plant–soil ecosystem. It is represented by C. It is a software design 
for nutrient dynamism in a different ecosystem. This includes grassland, forest, 
crop, and savannah [17, 18, 49]. The EPIC model establishes a relationship that 
exists between the soil and climate. It is a process-based model well-known. The 
Roth C-26.3 can be used to analyze soil type, temperature, moisture content, and 
plant cover on the turnover process. It can determine the turnover of organic 
carbon in non-waterlogged soil [17, 18, 49]. Some of the required parameters for 
analyzing SOM and SOC were weather, sowing procedures, plan of work on the 
different fields, fertilization etc. This information is based on different algorithms 
[17, 18, 49]. STIC model was also noted for a good approximation of water require-
ment. However, the use of multiple linear regression (MLR) was noted for its 
multidimensional functions [17, 18, 49]. MLR is capable of modeling soil properties 
after the application of organic manure. MLR can be used accomplished to the 
relationship between SOC stock and other soil properties in any region of the world. 
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It can provide a relationship between liable C form, soil properties, and management 
practices. The use of MLR was found efficient and reliable [17, 18, 49].

9. Conclusions

Global warming is an atmospheric challenge that limit the efficiency of food 
production across the globe. It determines carbon sink its availability in the 
soil. Agricultural farmland is an important pool for carbon sink and deposit. 
Organic matter enhances water retention and nutrient built up in the soil. It cut 
down the input mineral fertilizer. It provides carbon stability and crop yield. Soil 
carbon accumulation largely depend on the rate at which biomass decomposes. 
Approximately 40% - 60% carbon are lost through conventional tillage. It regulates 
the extent to which chemical constituent is released into the soil. Plowing exposes 
the soil to direct insolation which may support rapid deposition. Erosion prevents 
direct oxidation of carbon into CO2. Carbon sequestration is high with crop that 
have abundant residue. The no-till practice perform the function of deepening 
carbon into the soil. A land cover with forest is significant to accumulating carbon 
and nitrogen in the soil. The nutritional quality of crop is lowered with increased 
atmospheric CO2. The growth of the plant and natural storage of carbon in the soil 
serves as defense against climate change. Peatland is capable of striking balance 
between vegetation and carbon reservoir. Perennial crop prevents environmental 
degradation such as erosion and soil compaction. Digestate is an excellent fertil-
izer that can enhance the biological properties of the soil. The higher digestate, 
the larger the SOC vice versa. Straw carbon transformation can activate microbial 
community such as bacteria, archaea, protozoa, fungus, and viruses. Multiple linear 
regression is a multidimensional software. It built a relationship between SOC stock 
and soil properties. Other software used for determining SOC are CENTURY soil 
organic matter model, EPIC model, Roth C-26.3 and the STIC model.
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Chapter 3

Organic Farming for Sustainable 
Agriculture Using Water and Soil 
Nutrients
Sanjeevakumar M. Hatture, Pallavi V. Yankati, 
Rashmi Saini and Rashmi P. Karchi

Abstract

The agricultural community/farmers are struggling to obtain higher rate of yield 
due to lack of poor knowledge about the soil and water nutrients and suitability of 
the organic crop for the soil. Most of the farmers use excessive chemical fertilizers 
in-order to increase productivity of their yield, without aware of side effects. The 
excess usage of chemical fertilizers by the farmers will have impact on the quality, 
fertility, and salinity of the soil. To overcome these issues and to promote Digital 
Agriculture concept we propose an IoT enabled sensor system for monitoring soil 
nutrient [NPK] and pH of irrigation water to reduce the manual laboratory method 
of testing and get the results via mobile application and to promote organic farm-
ing in the agricultural field. Smart organic farming based mobile application will 
further process these nutrients value to predict and suggests the suitable crop to 
grow and the usage of appropriate amount of fertilizer to maintain the soil fertil-
ity there by achieving optimum usage of chemical fertilizer because continuous 
and wrong usage of these chemical fertilizer have a harmful effect not only on 
soil but also on crops, we consume leading to unhealthy human life. The proposed 
mobile application also helps in establishing the connection between farmers and 
Agricultural Produce Market Committee (APMC) in order to avoid fragmenta-
tion of profit shares and attain Pricing uncertainty and marketing of the yields 
by avoiding the middle man. APMC is a state government body which ensures 
safeguard to the farmers from exploitation by large retailers and suggest the kind 
of crop to be grown with organic farming. India is well known to produce organic 
fertilizer which is produced by the waste of slaughterhouses, plant and animal 
residues, biological products and other natural resources. Thus, the proposed work 
helps the farmers in adopting stress-free organic farming practice by self-testing 
their field soil parameters for generating quick soil analysis reports and also helps 
in connecting with APMC to know the suitable crop for their agriculture land based 
on the soil and water analysis (SWA) report, dispensing the required amount of 
organic fertilizer to the soil based on soil and water nutrients analysis using IoT 
enabled sensor, funding/insurance to the crops in case of occurrence of unpredict-
able natural disaster in future and direct marketing facility without middle man 
and maintain sustainable agriculture. In the present era, the industry is at 5.0 levels 
but agricultural production is still at 2.0 levels. In this chapter a methodology for 
sustainable agriculture and increase the organic yield of the organic farming using 
the mobile and IoT technological approaches is presented. A former can obtain the 
advice and other information for growing the organic crop, organic certification, 
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pricing for the organic yield, selling and other activities by using mobile application 
in his/her local language. By the proposed work with the ease of mobile application 
the farmers can perform self-test of their field parameters for generating quick soil 
and water analysis report, predicts and suggest the suitable organic crop, obtain-
ing the suitable pricing by the APMC and organic certification and agreement to 
meet the sustainable agriculture. Further the soil fertility of the organic farm can 
be monitored using IoT enabled sensors which are remotely connected with the 
mobile application. The experimentation is performed at different agriculture fields 
with organic farming at six geographical separated villages at Bagalkot district of 
Karnataka state, India. The different agricultural lands with variety of soil samples 
is tested to measure the soil parameter such as moisture, temperature, humidity and 
NPK nutrient values. The pH value of the irrigation water is also determined includ-
ing borewell, pond, rain, river water etc. available in the reservoirs and promising 
sustainability in the organic yield is obtained.

Keywords: Organic farming, Smart agriculture, Soil and Water Nutrients, IoT, 
Sensor, APMC

1. Introduction

In the era technology enable modern agriculture, the people are keen about the 
organic farming due to environmental friendliness and more profitable agriculture. 
The people are diverting towards the organic farming as it uses less chemical-
intensive pesticides. At present, agriculture besides farming includes forestry, 
fruit cultivation, dairy, poultry, mushroom, bee keeping etc. Today marketing, 
processing and distribution of agricultural products etc. are all accepted as a part 
of modern agriculture. Thus, agriculture can be defined as the art or science of pro-
duction of crops and livestock on farm. There are three major types of agricultural 
practices in India, among them first one is Subsistence Agriculture which means 
farmers will grow crops for their self needs. Second is Commercial Farming, here 
farmers will grow crops for earning money by selling the grown crops and the last 
one is Sustainable Agriculture which is the efficient production of safe, high-quality 
agricultural product, in a way that protects and improves the natural environment, 
the social and economic conditions of the farmers.

Sustainable agriculture is farming in sustainable ways meeting sustainability 
criteria with adaptation of technological approaches. Sustainability criteria can be 
generally defined as the requirement to the sustainable quality of a product and its 
sustainable production, which have to be fulfilled in order to acquire a sustainability 
status. It mainly depends upon three dimensions those are Social Sustainability, 
Economic Sustainability and Environment Sustainability. The Table 1 depicts the 
sustainability criteria for attaining the higher yield of the organic crop and sustain-
able agriculture based on three dimensions.

Earlier days there was no scarcity for food and water as it was used in efficient 
manner. But now a day there is scarcity of food and water as usage of technology 
and medicines have been increased due to increase in population growth of the 
country. To satisfy their needs there is a need in increase in crop production, to 
produce more crops more amount of fertilizer is being used as it develops more 
crops in short period of time. Eating these crops grown using more chemical 
fertilizer will be harmful to the human beings as it causes savior diseases. Hence it 
is must and should necessary for farmers to know about the usage of fertilizer for 
cropping and this fertilizer usage depends upon the amount of nutrient present in 
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the soil. The other issue is that farmers do not test their soil and hence they do not 
know the level of nutrients in soil. Nutrients are more essential for crop’s growth 
as well as for human health. The deficiency of nutrients content in the crop will 
cause disease to plant such as stunted growth, leaf yellowing or browning and 
chlorosis. The human beings eating these nutrient deficient crops are also exposed 
to severe diseases such as growth disorders, increased susceptibility for infections, 
skin rashes and immune suppression. These nutrients are classified into micro and 
macro nutrients. Totally soil consists sixteen nutrients those are carbon, hydro-
gen, oxygen (which are supplied by air and water), calcium, magnesium, Sulfur 
(which are secondary nutrients), nitrogen, phosphorous, potassium (which are 
Macronutrients), boron, chlorine, copper, iron, manganese, molybdenum, and zinc 
(which are Micronutrients) among them the three major nutrients are Nitrogen 
(N), Phosphorus (P), Potassium (K).

In organic farming, a proper soil testing will help the farmers to get the correct 
amount of nutrients present in the soil and to choose the right crop for growing. For 
achieving the sustainable agriculture, proper management of essential soil nutrients 
play a vital role. Technology such as IoT and Machine Learning plays an expedient 
role for improvement of environment and for achieving the economic goals.

Farming is one of the most important occupation since the beginning of civiliza-
tion. Even though farmer is rich enough to serve the food for every individual of 

Sustainability 
dimension

Criteria

Social sustainability • Creating self-reliance in organic production

• Empowering rural communities through partnerships with other farmers to 
form groups (providing participatory guarantee system and the strengthening 
of social organization)

• Increasing farm employment

• Improving employment opportunities, particularly in rural areas

Economic 
sustainability

• Improving efficiency in areas with low inputs (pesticides, herbicides, etc.)

• Reducing crop damage and Reducing risk of production

• Satisfying farmers from an economic perspective

• Added value of organic products through marketing activities and processing

• Efficient usage of resources more efficiently (to minimize the use of non-
renewable resources)

• Affordable than traditional agriculture (due to lower variable costs of inputs, 
identical Fixed costs and higher prices of organic products)

• Greater economic profitability due to the use of domestic inputs

• Enhancing the overall performance of the farm in unit area

Environmental 
sustainability

• Maintaining soil fertility in the long-term

• Improving soil structure

• Increasing soil water retention potential

• Producing food without chemicals

• Using environmentally friendly production methods (such as the use of animal 
products, intercropping, use of mulch, using natural pesticides, crop residue 
returned, green manure, compost, crop rotation)

• Reducing environmental pollution (pollution reduction of water, soil, and air)

Table 1. 
Important sustainability criteria in organic farming.
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the society but poor himself due to improper pricing for their cultivated crop due 
to the intervention of the third party in marketing the agriculture products. Since, 
the farmer’s family is depending on cultivation, if crops are not as per the demands, 
then farmer’s life becomes miserable hence farming occupation is low admired 
job. On the other hand, besides of having grown good quality crops or agriculture 
products they are enable to sell their crops due to occurrence of unexpected global 
health crisis such as Covid -19 (Novel Coronavirus). Because of the disruptions 
caused by the Covid-19 outbreak the government has imposed a countrywide 
lockdown to stop the spread of the coronavirus pandemic. Wherein all internal and 
external transport has been banned strictly this impacts the farmers with heavy 
losses due to lack of medium to transport. In such situation adopting to the smart 
farming techniques is beneficiary, in which everything including buying and selling 
of agriculture products are done through online sitting in home itself so that it will 
be profitable to both.

Focusing on encouraging innovation in agriculture, smart farming is the best 
answer to the problems stated above. This Smart Farming is a concept of agricul-
tural management using modern Information and Communication Technologies 
such as IoT and Machine Learning to increase the quantity and quality of products. 
The internet of things (IoT), is a system of interrelated computing devices which 
are provided with unique identifiers (UIDs) and the ability to transfer data over a 
network without requiring human-to-human interaction. An IoT ecosystem con-
sists of web-enabled smart devices such as sensors to measure the nutrients present 
in the soil. IoT devices share the sensor data they collect by connecting to an IoT 
gateway or other edge device where data is either sent to the cloud to be analyzed or 
analyzed locally. IoT can also make use of other technology such as machine learn-
ing to aid in making prediction based on collected data. IoT can benefit farmers in 
agriculture by making their job easier.

Machine Learning is the most popular technique of predicting the future or clas-
sifying information to help people in making necessary decisions. These algorithms 
learn from the past instances of data through statistical analysis and pattern match-
ing. Then, based on the learned data, it provides us with the predicted results.

1.1 Overview of proposed work

The organic farming products require proper marketing facilities to the farmers. 
Information and Communication Technology play a vital role in connecting people 
all over the world in a fraction of second and has proven impact on their everyday 
life. It greatly effects in improving the lives of farmers in India. The smart phone is 
the most commonly used ICT tool all over world, and farmers have started to use 
mobile phone for communication in their native languages. So, it can help them in 
direct communication involving the farmers and buyer or customers. By investigat-
ing and considering the entire problem faced by farmers the proposed work has 
introduced smart farming based android mobile application which tests the soil 
nutrients using the IoT enabled light and color sensors. Farmers need to install the 
application on their mobile phones so that they can easily get/view the real time soil 
nutrient [N, P, K] values on their mobile phones. To determine the soil nutrients, 
value the hardware set up is made which includes sensor, Ardino microcontroller, 
serial port, cable connector, regulated power supply, soil sample.

The mobile application also helps in establishing the connection between farm-
ers and Agricultural Produce Market Committee (APMC) in order to attain Pricing 
uncertainty and marketing of the organic farming yields by avoiding the middle 
man. APMC is a state government body which ensures safeguard to the farm-
ers from exploitation by large retailers. APMC admin can view the details of the 
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registered farmers like land area, land number etc. The registered organic farmers 
of the mobile application get the facility to share the soil and water nutrients reports 
to the APMC authorities. Further based on the reports, the APMC authorities can 
recommend the suitable crop to be grown to the farmers and issue the organic 
certification. And also offers an agreement proposal to the farmer which consists 
of purchasing price and insurance for their yields thus promoting direct market 
and distribution facility to the farmers. The organic farming product are costly as it 
requires more workers and is produced in smaller amounts. According to this agree-
ment, if in situations like Droughts, flood and any other Natural Disasters occurs 
the APMC authority should pay a minimum amount to the farmers which is fixed 
by the government. The mobile application also provides the facility for the farmers 
to get the awareness and usage of new tools and technology, and suggestive measure 
for the organic farming.

1.2 Scope and objective

The objective of the proposed mobile application used for the organic farming is to,

• Assist the farmers to communicate with APMC for buying and selling of their 
organic products through online by establishing a link between them.

• Support regional language, hence it increases the usability of mobile  
application among the farmers.

• Automate the processes of testing the agriculture land to determine the pH of 
irrigation water and soil nutrients (NPK).

• Facilitate the farmers to share the soil test report with the APMC.

• Suggests the suitable crop based on the uploaded soil test report.

• Facilitate the organic farming with an organic certification, fair pricing for 
their organic yields without intervention of any middle man through smart 
farming practices.

1.3 Motivation

The day by day increase in population growth, there is huge need of crop 
production this crop production mainly depends on the nutrients present in the soil, 
pH of irrigation water supplied and location specific crop cultivation. Hence it is 
required for farmers to select suitable crop by monitoring water pH and soil nutri-
ents of the agricultural land. The main motivation of this project is to automate the 
process of soil nutrient and pH of irrigation water testing and develop an advisory 
mobile application for farmers to suggests suitable crop based on analysis made on 
the soil test report to increase crop yield. Farmers usually starts work early during 
planting and work till harvesting of crops because of their hard work everyone 
has their daily bread on table. His/her life can be made little better by establishing 
communication link between APMC authority and farmer to ensure fair marketing 
price by providing direct selling and buying option through the developed mobile 
application. Thus, achieving minimum profit out of cultivation. So, farmer’s life can 
be made a tension free by guarantying buying of the agriculture product before they 
start cultivation through this mobile app and provide all the necessary information 
for farming or cultivation hence, this mobile application is developed.
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1.4 Organization of chapter

The entire project chapter is organized in six sections. Section 1 Introduces 
the system, and presents overview, scope and objectives and motivation of the 
proposed work. Section 2 provides the summary of the existing work and survey of 
various literatures. Section 3 describes the proposed model with module descrip-
tion, workflow and advantages of system. Section 4 discusses the system design 
and description of each module of the system. Finally, Section 5 depicts the results 
and discussion, comparison and method of increasing the accuracy with Graphical 
result analysis.

1.4.1 Section 2: Literature survey

Organic farming started along with the human civilization but it was totally 
dependent on nature. Due to increase in the population, there is higher demand 
for the agricultural products also increased. In-order to cope with this demand 
farmers started using fertilizers. Indiscriminate use of pesticides and chemicals 
polluted soil, water and whole ecosystem. Off late our farmers from different parts 
of India are switching over to sustainable agriculture practice in fields by adopt-
ing smart farming techniques as part of Digital India campaign to promote Digital 
Agriculture.

Exhaustive literature survey is carried out to determine the soil primary nutri-
ents and pH value of the irrigation water of the agriculture field, the technologies 
employed for the agricultural activities, the mobile applications etc. The research 
work is enlisted in the Table 2.

Location specific cultivation of crop provides better yield and selecting the best 
suitable crop based on the soil parameter using ICT enabled Machine Learning 
technology results in high accuracy and sustainable agriculture. Some of recent 
works done in this direction are summarized and enlisted in Table 3.

Reference Proposed work Sensor used

[1] IoT sensor for monitoring the soil moisture content with 
automatic irrigation to save excess water usage.

Soil Moisture Sensors

[2] Develop an intelligent System to monitor the crop by 
using drones fitted with a camera eye to record images of 
crops in a scheduled time

Computer Vision System to 
monitor the crop

[3] Monitoring of the field and to provide the proper 
fertilizers depending upon the soil nutrients.

Soil moisture, pH, PIR, 
ultrasonic and color sensor

[4] The soil characters are determined and monitored using 
various sensors. The data determined are saved in server 
for later use.

pH sensor, soil moisture 
sensor, infrared sensor

[5] Aim is to ease the farmers work by providing automatic 
planting of crops and monitor the field remotely using 
ICT enabled tools and technology

Sensor to capture the crop 
image, and PC to monitor it.

[6] Soil is foundation for any plant growth. The soil 
components are measured using various sensors. The real 
time data are put away and refreshed in cloud worker for 
further processing

pH sensor, soil moisture 
sensor, infrared sensor, 
Humidity sensor

[7] The proposed of equipment module is constructed 
utilizing the raspberry-pi as a minicomputer to process all 
live info information from the sensor to give fundamental 
data about land information as yield.

Raspberry Pi USB GPS 
programming.
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1.4.2 Summary of the literature survey

In the literature survey, several techniques are proposed by the authors by cover-
ing various areas of the agriculture including usage of different technology such as 
Internet of Things (IoT) technique for determining and monitoring soil nutrients, 
Drones for automation of crop management and identifying harvesting period of 
crop. Further Machine Learning calculations, for example, k-Nearest Neighbor 
(k-NN), Support Vector Machines (SVM) and Artificial Neural Network (ANN) 
have been utilized for foreseeing the harvest yield. The mobile applications for the 
educated farmers in monitoring the agriculture activities including suggestions, 
notifications, APMC marketing, direct marketing etc.

1.5 Problems in the existing system

No proper guidance about the soil nutrients is available to the farmer, organic 
crop/food requirement in the market, non-support of local language in the applica-
tion, lack of awareness about the location specific crop cultivation and less profit 
due to occurrence of third party in marketing of agricultural products [26].

1.6 Issues and challenges

Some of the issue and challenges of the existing techniques proposed by various 
authors and reported in the literature are identified and are enlisted in the following:

Reference Proposed work Sensor used

[8] Mainly focuses on the strategy to protect the crops 
during inevitable condition and inculcating technology 
implementation to promote smart Agro-environment.

GSM and DTMF technology

[9] Provides systematic agriculture monitoring irrigation 
techniques which consists of sensor to sense water level of 
soil and different other parameters of soil.

Soil Moisture Sensor, 
temperature and humidity 
sensor.

[10] Crop productivity mainly depends upon soil and water 
parameters, the proposed system helps in monitoring the 
soil and water parameter using several sensors.

Soil Sensor and Infrared 
sensors

[11] Objective is to improve the crop production as well as 
increase the GDP of nation using IoT ecosystem to bring 
new beginning in the agriculture filed.

Soil moisture, DHT11 sensor 
and Light sensor

[12] Goal is to collect live data of agriculture and environment 
to provide necessary advice on weather condition, crops 
selection etc. using messages through Short Massaging 
Service (SMS)

Sensing local agricultural 
parameters using several soil 
sensors

[13] Presents complete automatic drip irrigation system for 
the agriculture fields by determining the pH, moisture 
content and the nutrient content of the soil

ARM9 processor, GSM module

[14] Proposed model aims at restoring the levels of nutrients 
by monitoring the NPK present in the soil using sensor. 
And developed a system to provide appropriate amount 
of fertilizers.

soil fertility sensor, pH sensor 
and color sensor

[15] Aims at developing portable handheld device for 
estimating the nutrient content of the soil and a mobile 
app for further analysis and comparison.

EC sensor, pH sensor and color 
sensor

Table 2. 
Summary of the literature review.
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• Lack of Knowledge About the Soil and Water Parameters: Soil and water are 
the most important factors for any crops to grow having less knowledge about 
the soil nutrients and pH of irrigation water will reduce the agriculture profit 
or in sometimes it results in the crop failure.

• Lack of Concern Towards New Technology: The transformation to new 
innovation is still amazingly poor and the greater part of the farmers are yet 
uninformed with respect to such progressions.

• Negligence Related Natural Resources: inattention towards natural resources 
like water, soil etc. will lead to changes in the agriculture productivity and 
natural assets.

• Over-Dependence on Traditional Crops than Organic Crops: Earlier farmers 
follow the traditional cropping system but nowadays due to increased use of 
fertilizer and same cropping system will reduce the nutrients level of the soil. 
It results in the reduce crop production and produce low quality crops. Hence 
selection of crops should be based on the soil parameter and type of soil.

Reference Proposed work Algorithm used

[16] Selection of location specific crop plays an important 
parameter in getting high and stable yield.

Information Fuzzy Network and 
Data Mining Techniques

[17] Objective is to predict and suggest the end 
user/farmer about the crop yield with proper 
recommendation of fertilizer ratio.

Backpropagation algorithm

[18] Developed mobile application to support the farmers 
in getting job notification, search investors across 
the country and also identify the ripeness of fruit for 
banana and grapes

Support Vector Machine Classifier

[19] To increase GDP of nation, a mobile application is 
developed to predict suitable crop and its future 
price based on the user input location.

Long Short-Term Memory (LSTM) 
recurrent neural networks (RNNs)

[20] developed a mobile application to predict future 
weather condition of remote area.

Random Forest Classification

[21] Goal is to build a hardware device to measure soil 
fertility and accordingly a mobile app is developed 
to predict and suggest crop and fertilizer plan to 
farmer.

Support Vector Machine Classifier

[22] Developed model to classify the soil based on the 
land type and accordingly predict and suggest the 
suitable crop to farmers

k-Nearest Neighbor (k-NN), 
Bagged Trees, Gaussian kernel 
based Support Vector Machines 
(SVM).

[23] Objective of the proposed mobile app is to 
provide chat forum for farmers to share and get 
suggestion from experts about crop and fertilizer 
recommendation.

Predictive Analytics

[24] Objective is to predict the most profitable crop using 
data analytics techniques

Multiple Linear Regression

[25] Predicts the crop yield from the available historical 
data of Tamil Nadu weather condition.

Random Forest

Table 3. 
Location specific cultivation of crop.
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• Poor Marketing: Absence of market offices and helpless government guidelines, 
and so forth., make it practically incomprehensible for farmers particularly little 
scope farmers to showcase their homestead produce. Improved market offices 
and great government guidelines can go far in helping helpless farmers market 
and benefit from their harvests.

Hence in the proposed work design and develop of organic farming based 
advisory mobile application to test soil nutrients and pH of irrigation water of 
agricultural lands there by providing suggestive measures to the farmers for the 
type of organic crops to be grown, usage of the fertilizers in-order to increase the 
soil fertility and yield of the land.

2. Proposed system

The smart farming for sustainable agriculture using soil and water nutrients is a 
IoT enabled system exploring the android mobile application. The proposed work 
tries to overcome the problems of the existing system and to lower the farming cost 
a smart farming based android mobile application is proposed to help the farmers in 
monitoring and maintenance of agricultural land to get high yield, crop selection, 
promoting organic farming to achieve sustainability in agricultural activities is 
depicted in Figure 1.

2.1 Block diagram

The proposed organic farming based mobile application provide separate login 
facility is to both Agricultural Produce Market Committee (APMC) admin and 
farmer. It also helps farmer to communicate with Agricultural Produce Market 
Committee (APMC) to avail the facilities provided by the APMC such as uploading 

Figure 1. 
Flow of the processes in proposed model.
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soil and water analysis report for knowing suitable crop for growing, sell crops, 
organic certificate and claim crop insurance through mobile application by estab-
lishing a communication link between them.

2.2 Module description

The proposed android mobile application provides several services like IoT 
based soil nutrient and pH of irrigation water testing, promoting smart contract 
farming service between APMC and farm producers (farmers) by facilitating an 
interface to communicate with APMC to view the suitable crop to grow based on 
uploaded soil analysis report, agreement for purchasing the yields, insurance to 
crops and obtaining the organic certificate. Thus, the proposed smart farming 
based mobile application provides separate login modules for both APMC admin 
and Farmer. The mobile users are categorized based on the services namely Farmer 
Services and APMC Admin Services, facilities under each category are listed below.

2.2.1 Farmers services

In-order to extend the facilities to the farmer who is involved in organic farming, 
the mobile application is developed which will provide access to the farmer services on 
selecting user login option as farmer. Further the farmer can perform several activities 
in the application based on their choice. Each activity is explored in the following.

1. IoT Enabled Sensor for Soil and Water [SWA] Analysis – Soil and water are im-
portant factor that need to considered for effective growth of plants, so it is neces-
sary to analyze these two viz. soil and water, for healthy and sustainable farming. 
Since the testing laboratories are located one per district and consume more time 
and delayed response from the testing laboratories for the reports. Hence the vil-
lage farmers face difficulty in getting tested these parameters from the laboratory. 
So, the proposed IoT based smart farming mobile application helps in measuring 
the primary soil nutrients [NPK] and pH value of water using IoT enabled sensor 
implanted at different locations of the agricultural lands and water reservoirs. This 
automation will save the time and cost of the farmers. The block diagram of IoT 
enabled Soil NPK and pH of Irrigation Water testing is shown in below Figure 2.

Figure 2. 
Block diagram of soil NPK and pH of irrigation water analysis.
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The prototype of IoT based soil NPK and pH of irrigation water testing makes 
use of hardware components like IoT enable Microcontroller, Ethernet shield, 
soil moisture, temperature and humidity sensor, Color Sensor, Water pH sensor 
and power supply.

2. Communication with APMC – This module helps farmers to register with 
APMC to access the facilities provided by the APMC authority. Services 
 provided by APMC to the formers are depicted in the following.

a. About APMC – This module provides information about the Agricultural 
Produce Market Committee (APMC).

b. Upload SWA Report – It provides a facility for farmer to upload the soil  
and water analysis report of the agriculture land to the APMC admin for 
knowing the best and suitable crop for growing to get more yield.

c. View Crop Suggestion and Get Organic Certificate – Admin will suggest 
the best and profitable crop to the farmers based on their uploaded SWA 
reports. Admin also offers an agreement clause and Organic certificate to the 
farmers which provides fair marketing for the farmers yield and also provide 
insurance facility for the crop.

d. Signing of Agreement – It provides an option for the farmers to sign the 
agreement with the APMC. According to this agreement, the yield of the 
farmer was purchased by APMC at fixed price as mentioned in the agreement 
provided, if farmers agrees to grow crops that are suggested by APMC admin. 
The agreement clause also includes the Insurance for the crops in case yield 
loss due to occurrence of natural disaster like flood, droughts etc. Farmers will 
get the minimum amount per acre as mentioned in the agreement.

e. Sell Crops – It gives an internet showcasing office/market to the farmer to 
offer their yields to the APMC at fixed cost.

2.2.2 APMC admin services

APMC is advertising board set up by state government in India to guarantee 
reasonable promoting for the farmer’s yield. The services offered by the APMC 
admin are as follows.

1. View and Approve Farmer – It provides facility for admin to view the details of 
the farmer such as full name, mobile number and kisanId. If details are correct 
then admin will approve the registered farmer to provide access permission to 
use the APMC services.

2. View SWA Reports – This module provides facility for the admin to view the 
SWA reports uploaded by the farmers for further operation such as predicting 
and suggesting suitable crop to farmer.

3. Predict Crop - This module will help the admin to predict the best and suitable 
crop based on SWA reports using Machine Learning Algorithm. And also offers an 
agreement proposal to the farmers for ensuring the fair marketing to the farmers.

4. Buy Crop –APMC administrator can straightforwardly buy crop from ranchers 
utilizing this android application, it benefits both APMC administrator and 
ranchers to encourage advantageous reasonable promoting between them.
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5. Insurance – It facilitates the admin to approve or reject the insurance claimed 
by the farmer by verifying the criteria.

In this section, the block diagram of the proposed model and description of its 
process flow is explained briefly. Detailed discussion and data flow diagrams of 
each module is explained in subsequent chapter. The soil nutrient and pH of irriga-
tion water testing using IoT enabled sensor technology is explained.

3. System design

The process of system design helps in understanding functionality of the proposed 
system. The microscopic view of the functionalities of each module in the proposed 
work is described with the help of data flow diagram (DFD). Further to showcase the 
process, the case studies are considered and explored in the following sections.

The Figure 3 shows the progression of information for login and enlistment 
movement procedure of the farmer. The farmer/user enters the login details. If the 
farmer does not have the login details then he/she needs to register to the mobile 
application. After successful registration of the farmer to the application the login 
details are saved then username and password is used for login into the application. 
Homepage of farmers mobile application consists of several modules and logout 
option is provided to logoff from the application.

Figure 3. 
DFD for login and registration activity of farmer.
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The Figure 4 shows the data flow diagrams of services present in the farmer 
homepage. The farmer needs to first choose upload SWA reading module because 
all other module operations depend upon upload SWA reading module. Then enter 
all the required details about the soil parameters and click upload button to upload 
values. Once after executing this module the rest all module operations get activated.

The admin should enter login details. If login details are correct then the admin 
login successfully. The Figure 5 shows the data flow diagram of all the available 
services in the APMC admin homepage. The homepage of APMC admin has the 
logout button to logoff from the application.

Figure 4. 
DFD for applying/requesting process in farmer homepage.

Figure 5. 
DFD for applying/requesting process in admin homepage.
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3.1 Modules dataflow

The design process helps to know how the developed mobile application is  
working in a particular way. There are basically two modules and each module 
associated with certain set of services.

3.1.1 Farmer module

The farmer can communicate with APMC officials to send SWA report collected 
from the IoT sensors, to get crop and organic farming suggestions for sustainable 
agriculture, direct marketing etc. The module description shows the services offered 
to the registered farmer of the mobile application and is depicted in the following.

3.1.1.1 Upload SWA readings

The government authorities have facilitated the agriculturist with Tablet PC/hand-
held devices. In-order utilize these handheld devices efficiently for agricultural activi-
ties, the proposed work developed a mobile application with two modules. The farmer 
module and APMC admin module. After successful login to the application, farmer can 
upload SWA reports by entering details of the soil and water analysis readings deter-
mined using IoT enabled sensor technology as shown in Figure 6 for further processing.

3.1.1.2 View crop prediction and sign the agreement

The APMC admin offer an agreement proposal to the farmer along with suitable 
crop and fertilizer suggestion based on analysis done on the uploaded readings of soil 
parameter. Farmer can view the crop and fertilizer suggestion as show in Figure 7 and 
have option to sign the agreement. This agreement states that the farmer must grow 
suggested crop and use the recommended fertilizer. It also provides insurance facility 
to the crops in case of yield loss due to occurrence of droughts and floods. It helps the 
farmers to grow crops with tension free because the purchasing price of the crop yield 
is fixed and mentioned in the agreement.

3.1.1.3 Sell crop

The farmer adds the information of the of the harvest which they need to sell, for 
example, crop name, amount and all out anticipated cost as shown in Figure 8. All these 

Figure 6. 
Data flow for uploading SWA values.
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details of crop information are stored in the database so that APMC admin can retrieve 
and view crop details from the database to place an order for purchasing the yield.

3.1.1.4 Claim insurance

This service is given to farmer who signed the agreement offered by the APMC 
shop. Here farmer has facility to claim insurance through the mobile app in case of 
loss of crop yield due to occurrence of any unavoidable climatic condition such as 
droughts, floods etc. (Figure 9).

3.1.2 APMC admin module

Following module description shows the services offered by developed mobile 
application to the APMC Admin.

3.1.2.1 View and approve farmer details

The APMC admin has facility to view the farmer details such as name, kisanId 
and contact number of farmers along with status either approved or pending. The 
newly registered farmers have the status pending indicating that the admin has not 
yet approved the registered farmer. After verifying all the farmer details then admin 
has facility to approve the farmer to give access permission for the farmer to the 
mobile phone. The Figure 10 shows flow diagram for verifying and approve farmer 
details. Thus, prevents the unauthorized person accessing the mobile app.

Figure 7. 
Data flow for view crop prediction and signing of agreement.

Figure 8. 
Data flow for sell crop.
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3.1.2.2 Crop prediction

The crop prediction is a process of predicting the suitable crop for location 
specific crop cultivation and appropriate fertilizer without degrading the quality of 
the soil for the sustainable agriculture. The five different steps which are followed in 
this module are shown in Figure 11.

1. Dataset collection

2. Data pre-processing

3. Data splitting into train and test sets

4. Fitting algorithm

5. Testing/Prediction

1. Dataset Collection

The dataset containing soil parameters are collected which includes moisture, tem-
perature, humidity, soil type, NPK value, crop name and fertilizer name. The IoT 
enabled sensors data is stored in the matrix form. The grid size of the IoT enabled 
sensors from different locations of the agricultural land is 200 X 9. There are totally 

Figure 10. 
Data flow for view and approve farmer details.

Figure 9. 
Data flow for claiming insurance.
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200 rows and 9 columns. The first 3 columns contain data which were in string 
format i.e., NPK values and rest 6 columns contain data which are in numerical.

2. Data pre-processing

The information gathered from the IoT empowered sensors is in non-uniform 
and need preprocessing. In data pre-processing all the string data is converted 
into numerical data. In order to perform this, all the string features are converted 
into dummy variables which indirectly increased the column number, further the 
data is cleaned to remove null values. The dataset contains some categorical data 
and some continuous numeric data. This type of unstructured data cause prob-
lems to algorithm, hence the pre-processing task is performed standard feature 
scaling on all of the data to bring them into a common scale.

3. Data Splitting

The crop prediction module requires the supervised classifier such as support 
vector machine (SVM). In-order to train the supervised classifier, it is required 
to segment the accessible dataset into preparing and testing dataset. It is the 
way towards parting the dataset into preparing and testing information. In the 
proposed work the dataset is divided into an 80:20 ratio, the algorithm is trained 
using the training data and tested using test data to find the accuracy.

4. Fitting algorithm

The training the data file is to be carried out by loading the cpdata.csv file in order 
to separates features and labels that are done by applying fit module that is SVM 
(Support Vector Machine) algorithm used for classification, it works with managed 
learning method. In the event that the dataset comprise with the main highlights 
and names SVM works better. As SVM is primarily used for the binarization, binary 

Figure 11. 
Data flow for crop prediction.
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classifier searches the hyper planes with possibility between positive and negative 
samples. The multi-SVM is used when the there are many classes from which the clas-
sification can happen successfully. There are various strategies offered, where a multi-
class classifier is worked by blending the different parallel classifier and afterward 
used to prepare a SVM classifier in the choice tree root hub utilizing soil information.

5. Prediction of Crop and Organic Certification

The features extracted are used for prediction of crop and fertilizer for sustain-
able agriculture. The crop prediction is based on SWA (NPK values of Soil at 
different locations of the land and pH value of the water at different reservoirs) 
provided by the IoT enabled sensors. The parameters are validated and further 
the prediction for the crop is carried out. Further the authorities will issue the 
Organic certification for the suggested crop.

3.1.2.3 Buy crops

Once the farmer grow the organic product then farmer need to add the informa-
tion about crop such as crop name, quantity and expected total price of the crop as 
shown in Figure 12 which is stored in the database. If the direct buyer/APMC admin 
wish to purchase agriculture product/yield from the farmer they access the crop 
details from the database using mobile application to place an order for crop buy. 
The farmers can avoid the involvement of the mediators in the selling of crop and 
can earn maximum benefit.

3.1.2.4 Approve/reject insurance

In case of occurrences of any natural calamities/disaster such as landslides, 
flood, drought, fires etc. due to which farmers face loss in their organic farming 
yield. In-order to solve such issues the developed mobile application provides online 
insurance claiming facility for farmers. Figure 13 shows the data flow diagram for 
approving/rejecting of the Insurance from the agency. They have to add the crop 
details to claim the insurance. Once the request to claim the insurance is sent to the 
APMC shop then the admin will verify the details of the crop with the existent data 
to check whether the farmer has grown the suggested crop or not. If the provided 
details are valid then the admin will approve the insurance else, he will reject the 
insurance.

In this section, the working flow of data is described using data flow diagrams. 
It also provides information about yield of every element and the procedure itself. 

Figure 12. 
Data flow for buying crop yield.



47

Organic Farming for Sustainable Agriculture Using Water and Soil Nutrients
DOI: http://dx.doi.org/10.5772/intechopen.100319

Objective of this system design deals with functionality each module in the system 
and also provides basic understanding of system characteristics.

4. Experimentation and results

The proposed organic farming model can be implemented in two phases, the 
first phase is building hardware kit using IoT enabled sensor technology to mea-
sure the soil macro nutrients [NPK] and pH of irrigation water. The second phase 
is developing advisory mobile application using Android studio to predict and 
suggest the suitable crop and appropriate fertilizer for organic farming to achieve 
sustainable agriculture. The experiment for measuring the soil parameter and pH of 
irrigation water has been conducted in fields for different soil samples. The results 
obtained from the sensor forms repository for further processing to predict crop 
and fertilizer using machine learning algorithm viz. SVM technique.

The Figure 14 shows the experimental setup of hardware kit which consists 
of Arduino UNO microcontroller to control all the operation. The IoT enabled 
sensors namely soil moisture sensor to measure the moisture content of the soil, 
temperature and humidity sensor (DHT11) to measure the temperature and humid-
ity of soil respectively, pH sensor for water pH value and color sensor is used to 
determine the soil NPK value.

Experimentation is carried out for six different parts of the Bagalkot district 
namely Hunugund, Kaladagi, Kerur, Bilagi, Kudalsangam and Mudhol of Karnataka 
State, India. The different lands of soil samples to measure the soil parameter such as 
moisture, temperature, humidity and NPK nutrient value of soil. The pH value of the 

Figure 14. 
Experimental setup of IoT enabled kit.

Figure 13. 
Data flow for approve/reject insurance claim.
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irrigation water is also determined at different locations of land including borewell 
water, rain water, river water etc. available in the reservoirs. The suitable pH value for 
the irrigation water for sustainable agriculture should lie between the value 5 to 7.

Experimentation is conducted as shown in Figure 15 to measures the moisture, 
temperature and humidity content of soil in agriculture field which has grown green 
grams. The results are uploaded onto the thingsspeak software. This software helps 
to visualize and analyze live data by plotting graphs, the graph for moisture is shown 
in Figure 16 and graph for temperature and humidity are as shown in Figure 17.

Figure 16. 
Graph showing soil moisture.

Figure 17. 
Graph of humidity and temperature of soil.

Figure 15. 
Experimental setup of hardware kit to collect NPK values.
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Experimentation is additionally done to quantify these essential supplements 
and results are appeared in Figures 18 and 19.

The values which are retrieved from the sensor are transferred to Arduino from 
there to thingsspeak software and eventually on to the app. The result for different 
soil sample have been listed in the Table 4. With these measurements the sustain-
ability is maintained and increased organic yield is obtained as depicted in the 
above Table 1.

Experimentation is also conducted to determine pH of irrigation water the LCD 
display value as shown in Figure 20 shows the result of pH of water.

The Second step of implementation in the proposed methodology is developing 
the mobile application to assist the farmer in selecting location specific crop for 
cultivation and also provide appropriate fertilizer recommendation to the farmer. 
The developed mobile app can be used by both APMC admin and farmer as shown 
in Figure 21 through which it establishes a communication link between them.

Figure 18. 
LCD display output for soil sample 1.

Figure 19. 
Serial monitor output for soil sample 2.

Soil Sample No Moisture Temperature Humidity N P K

1 56 22 70 37 45 34

2 58 23 65 125 77 29

3 45 29 49 35 22 24

4 70 26 55 41 56 45

5 60 24 68 38 34 14

Table 4. 
Results of sensor readings for different soil sample.
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4.1 Farmer registration and login

The application should be installed in the smart phone and farmer need to regis-
ter to the application as shown in Figure 22 after successful registration the details 

Figure 20. 
LCD display value of pH of irrigation water.

Figure 21. 
Mobile application - direct marketing.

Figure 22. 
Snapshot of registration and login page of farmer.



51

Organic Farming for Sustainable Agriculture Using Water and Soil Nutrients
DOI: http://dx.doi.org/10.5772/intechopen.100319

will be sent to admin for approval. Once the admin approved the farmer details then 
the farmer can able to login to application using username and password as shown 
in Figure 22.

4.2 APMC admin login and home page

Agricultural Produce Market Committee (APMC) is a state govern-
ment body which ensures safeguard to the farmers from exploitation by large 
retailers. The admin can login to the application using username and pass-
word as shown in Figure 23 after successful login the admin can access the 
home page.

4.3 View and approve farmer details

The admin has the facility to view the farmer details as shown in Figure 24 the 
status pending shows that the farmer is newly registered and admin will approve 
the farmer by just clicking on the checkbox button. The status approved indicates 
that the farmer is an existing user of the application. Only approved formers can 
successfully login and access the homepage services as shown in Figure 25.

4.4 Upload readings

In Upload soil and water analysis (SWA) readings the details such as moisture, 
temperature, humidity and NPK value are filled as shown in Figure 26 after 
clicking the upload button the details will be uploaded to the database for further 
processing. The APMC admin can use this information for crop and fertilizer 
prediction as shown in Figure 27.

4.5 View prediction and sign agreement

The farmer can view the suitable crop and appropriate fertilizer as shown in 
Figure 27 suggested by the admin. Along with this the admin offers an agreement 
proposal to the farmer. According to this agreement the farmer has to grow only those 
crops that are suggested by the admin, the purchasing price of the crop yield is fixed in 
the agreement before the farmer starts growing it and it also provides crop insurance 

Figure 23. 
Snapshot of admin login and home page.
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to the farmer. If the farmer agrees to stated agreement criteria to grow the suggested 
organic crop then he can sign the agreement as shown in Figure 28 by just clicking I 
agree checkbox and submit button. The request is sent to admin for future operation.

4.6 Selling and buying of organic crops

Whenever the farmer wishes to sell the crop yield, he/she fills the details as 
shown in Figure 29 the crop details will be stored in the database and when the 
admin login to app to buy the crops then these stored details will be retrieved and 
displayed to admin.

Figure 25. 
Snapshot of farmer home page.

Figure 24. 
Snapshot of view and approve farmer.
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4.7 Insurance

Insurance is a means of protection from financial loss. The agreement provides the 
crop insurance to the farmer, to avail this facility farmer must have signed the agreement. 
It is given to the farmer whose yield is lost due to occurrences of unavoidable climatic 
conditions such as droughts, floods etc. to save the farmers from financial loss. Using this 
mobile app farmer can claim the insurance by providing the necessary details as shown 
in the Figure 30. The request is sent to the admin for approval, on verifying the details 
admin has the facility to approve or reject the insurance claim as shown in Figure 30.

This section shows the experimental results of complete implementation of the pro-
posed method. The experiment is conducted in agriculture fields to measure real time 
values of soil parameter such as moisture, temperature, humidity and NPK nutrients 

Figure 26. 
Snapshot of uploading SWA readings.

Figure 27. 
Snapshots of organic crop prediction.



New Generation of Organic Fertilizers

54

Figure 29. 
Snapshot of selling and buying of organic crops.

Figure 30. 
Snapshot of insurance process.

Figure 28. 
Snapshot of view prediction and signing of agreement.
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value and listed the read value in the Table 3. Further these values are used for predict-
ing suitable crop and appropriate fertilizer. The yield of the organic farm is monitored 
with the help of Mobile and IoT enabled technology for the duration of one year and 
tabulated the observations, which indicated the production of the yield is increased and 
the soil fertility is also improved. The proposed methodology obtained the promising 
results for sustainable agriculture using soil and water nutrients and farmers get direct 
marketing to their increased organic products at APMC as per the agreement.

5. Conclusion

The proposed system of an organic farming for sustainable agriculture is an 
advisory mobile application which helps the farmers to self-test their field param-
eters for generating quick soil and water analysis report and developed android 
mobile application predicts and suggest the suitable crop to farmers along with 
agreement proposal to meet the sustainable agriculture practice. It helps to main-
tain and improve the soil fertility creating ecologically sustainable environment. 
Thus, the IoT enabled sensor kit helps the farmers to get the soil testing services at 
the doorstep. It also provides awareness and usage of tools and technology. Hence 
overall mobile app is used to automate the agricultural process.

6. Future enhancement

The work can be expanded to implement on large fields and skill-based trainings 
on usage and monitoring of sensor module given to the farmers which helps them 
to easy the farming practice. Further the developed organic farming based mobile 
application can also be expanded to implement the government initiative scheme 
for “One District One Crop“ functionality to augment crop diversity.

© 2021 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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Chapter 4

The Role of Organic Fertilizers 
in Transition to Sustainable 
Agriculture in the MENA Region
Helen Avery

Abstract

Organic fertilizers can serve as an element of transitions to sustainable low-input 
agriculture in semi-arid regions of the MENA region. They play a key role in sup-
porting soil biota and soil fertility. Yield improvements, availability and relatively 
low costs make organic fertilizers an attractive alternative for farmers. In semi-arid 
regions, important considerations are improved soil quality, which in turn affects 
soil water retention, while better root development helps crops resist heat and water 
stress. Organic fertilizers thus support climate adaptation and regional food secu-
rity. Soil quality is crucial for carbon sequestration, at the same time that increased 
nutrient retention reduces impacts of agricultural runoff on groundwater and water 
bodies. Factors that impede the generalised use of organic fertilizers include lack 
of expertise, subsidy structures, constraints of the wider food and agricultural 
systems, and difficulties in transitioning from conventional agriculture. Such 
obstacles are aggravated in countries affected by security issues, financial volatility 
or restrictions in access to market. Against the background of both general and local 
constraints, the chapter examines possible pathways to benefit from organic fertil-
izers, in particular synergies with other sustainable agricultural practices, as well as 
improved access to expertise.

Keywords: organic fertilizers, sustainable agriculture, transition pathways, 
smallholder farmers, semi-arid regions, low-input agriculture, soil health, soil carbon, 
GHG emissions, conservation agriculture, water management,  
climate adaptation and mitigation

1. Introduction

Organic fertilizers are a highly diverse family of products used in agriculture for 
soil improvement and to provide nutrients. Their characteristics and benefits will 
depend on their origin and processing, as on how they are used or combined in par-
ticular contexts [1–5]. The main common denominator is therefore that organic fertil-
izers provide a sustainable option to avoid the negative impacts of chemical fertilizers 
for long term soil fertility [6], decrease vulnerability to climate stress and weather 
variability, while reducing the impacts of agriculture on the environment [7, 8].

The term ‘organic fertilizers’ refers to a very wide range of products, as do the 
terms chemical, inorganic or synthetic fertilizers. It is therefore exceedingly difficult 
to make sweeping generalisations concerning the respective benefits or character-
istics of these types of fertilizers. The task becomes all the more challenging, since 
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outcomes will depend on numerous factors. These include how the fertilizer matches 
soil characteristics, crops, climatic and topographical questions, landscape char-
acteristics, but also irrigation and tilling practices, time and manner of application 
of the fertilizer, as well as details concerning source and manner of producing the 
fertilizer. Undesirable effects may result from inappropriate fertilizer production 
processes, and the presence of metals and other contaminants in source materials is a 
major concern [9, 10]. There are also challenges linked to the overall or local avail-
ability of source materials.

Using organic matter to improve soils is not only related to fertility, but also 
to effects on physical, chemical and biological soil properties, including aeration, 
permeability, water-holding capacity and nutrient preserving capacity [11]. 
Benefits will depend on the exact type of organic fertilizer used, as well as on soil 
characteristics [7, 11]. Organic fertilizers can be used alone, or in combination with 
other fertilizers. For instance, a study under experimental conditions suggests 
that under deficit irrigation conditions, a combination of chemical fertilizer with 
vermicompost produced better results than chemical fertilizer alone [12]. The use 
of organic fertilizers appears particularly interesting in conditions of stress and 
weather variability, while a tailored combination with micro-nutrients suitable 
for crop and soil enhances yields (see e.g., Parmar et al. [13]). However, much of 
the literature on fertilizers reduces outcome to the question of crop yield rather 
than resilience, and more specifically short-term gains in crop yield under normal 
circumstances.

The use of synthetic fertilizers was generalised as part of the so-called green 
revolution [14, 15], which stood for a vision of modernising agriculture through 
use of agricultural machinery, synthetic fertilizers, pesticides, and systematic 
improvement of crop varieties. The ambition was to dramatically increase food 
production, and thereby alleviate hunger globally, so the focus on short term crop 
yield is therefore not surprising. The vision of the green revolution was also very 
much part of an industrial paradigm, with a simplified vision of agriculture as 
resembling other industrial production processes, with a flow consisting of input 
and output, controlled process, and output, where success was measured in pro-
duction units. Today, however, we have come to a realisation that this oversimpli-
fication brought with it a very high cost to the environment, human health, as well 
as a degradation of planetary conditions necessary for food production in the long 
term. Crop yields remain important, of course, but there are other implications 
of our choice of agricultural practices that equally need to be considered. While 
much of agronomical research investigates linear correlations between a small set 
of isolated factors under relatively stable conditions, Hou et al. [16] argue for the 
need to consider soil health holistically, dynamically and from an interdisciplinary 
perspective.

Besides the narrow focus on productivity, the industrial paradigm within which 
agriculture was placed has tended to favour a comparatively linear and mechanistic 
understanding, while disregarding the complexity of ecosystems below ground, 
above ground, and in water bodies. Soil exchanges gases and chemical substances 
with air, and aerosols from erosion, burning and vegetation affect cloud formation, 
precipitation and greenhouse effects [17–19]. Also, as farmers have always known, 
weather is highly unpredictable, and far from the controlled conditions that indus-
trial production supposes. In view of current rapid climate change [20], farmers 
are facing increasing weather variability, a greater number of extreme events, and a 
greater extent of uncertainty with respect to future developments [21, 22]. The use 
of organic fertilizers alone is not sufficient to address these challenges but can, in 
combination with other sustainable agricultural practices, constitute an important 
ingredient in farmers’ climate adaptation and mitigation strategies.
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2. Agriculture in the Middle East and North Africa

Soil types, crops and trade patterns vary considerably across the Middle East and 
North Africa (MENA) region [23], but all countries are affected by water scarcity. 
The region comprises arid, semi-arid and hyper-arid areas, but even comparatively 
water-rich countries are affected by severe water stress [24], caused in part by eco-
nomic incentives to cultivate water-intensive crops. Crop choice therefore plays an 
important role [25]. The water crisis is aggravated by deterioration of water quality 
caused by pesticides and nutrient runoff [26, 27], while groundwater is impacted by 
leaching and excessive pumping [28, 29]. Rural flight and decline of rural popula-
tions in several countries, such as Iran and Turkey [30] can reflect reduced need for 
labour due to mechanisation but may also reflect insecure livelihoods and difficult 
conditions of farmers [31, 32], while rural populations are also affected by displace-
ment caused by disasters related to extreme weather, including forest fires, flooding 
and crop failure. The region is heavily dependent on imports of cereals. Both price 
fluctuations and transitions away from hydrocarbons globally will lead to decline 
in hydrocarbons exports on which many states of the region depend, affecting their 
ability to ensure food security through imports [23]. However, vested interests in 
exploiting hydrocarbons for the production of petrochemicals for agricultural use, 
as well as the existence of major phosphate deposits are likely to influence national 
economic diversification policies.

Large parts of the Middle East and North Africa are affected by protracted 
conflicts, internally displaced populations, and high volatility [33, 34]. Political 
and economic crises are affecting access to food, clean water and energy for large 
population groups [35], while agriculture is impacted by rising costs of fertilizers, 
pesticides, fuel and machinery, combined with disruptions to infrastructure and 
processing, storage and distribution systems for agricultural produce. These chal-
lenges will increasingly be aggravated by climate change [36–41] and environmental 
degradation. Consequently, resilient food systems and food security will become 
issues of major concern for the region [42, 43], highlighting the question of climate 
adaptation strategies for farmers [31, 44–46].

Research on organic fertilizers in the MENA region from an environmental 
perspective is as yet relatively limited. Thus, a Scopus search on October 14, 2021, 
with the search term ‘organic fertilizers’ yielded 517 articles and reviews in English 
concerning agricultural sciences in the MENA region for the period 2017–2021, 
compared to 6558 worldwide for the same period. Publications in this field were 
dominated by Iran, Iraq, Egypt and Turkey (92%). Only 102 (20%) of the 517 MENA 
publications related to environmental or earth and planetary sciences. Within these 
102, a mere 5 directly dealt with water-related issues, (including keywords such as 
irrigation, water quality, water stress, arid regions or groundwater), and none of the 
overall 517 publications on organic fertilizers mentioned climate adaptation or miti-
gation. In view of the interrelated urgent challenges that climate change and food 
security pose for the region, I will therefore draw on the international literature, to 
situate the use of organic fertilizers with respect to these challenges.

3. Environmental impacts of agriculture

Climate and environmental impacts of fertilizer use and soil management 
practices include not only emissions and pollution from production of fertilizer 
[47], but also those linked to the mechanised and chemical-intensive agricultural 
production systems they are associated with, impacts of nutrient runoff and 
chemicals [48, 49] on receiving water bodies, as well as impacts connected to food 



New Generation of Organic Fertilizers

62

processing, storage, transport and waste. Effects on the world’s oceans are concern-
ing. Unsustainable land use poses a threat for climate and biodiversity [20, 36, 50]. 
Agricultural land use and soil management practices are from a climate and envi-
ronmental perspective of relevance for carbon storage [51], but also with respect to 
nutrient runoff, and persistent chemicals, and to emissions of N2O and CH4 [52]. 
According to the IPCC, the use of fertilizers has increased nine-fold since 1961 [53], 
and soil management accounts for half of greenhouse gas (GHG) emissions of the 
agricultural sector [54].

3.1 IPCC estimates of climate impacts and mitigation potentials

No global data are available specifically for agricultural CO2 emissions, and 
there is considerable uncertainty concerning net balance of CO2 land-atmosphere 
exchanges. However, land is an overall carbon sink, with a net land-atmosphere flux 
from response of vegetation and soils of −6 ± 3.7 GtCo2yr (averages for 2007–2016). 
The capacity of land to act as a carbon sink is expected to decrease as an effect of 
global warming. The major impacts of agricultural land use (food, fibre and bio-
mass production) on CO2 (5.2 ± 2.6 GtCo2yr) are connected to deforestation, drain-
age of soils and biomass burning rather than to the net flux balance directly caused 
by different fertilization practices. Numbers regarding CO2 emissions from land use 
can be compared to net global anthropogenic CO2 emissions, which are estimated at 
39.1 ± 3.2 GtCo2yr. In addition to land use impacts, agriculture causes CO2 emissions 
in the order of 2.6–5.2 GtCo2yr through activities in the global food system, includ-
ing grain drying, international trade, synthesis of inorganic fertilizers, heating in 
greenhouses, manufacturing of farm inputs, and agri-food processing [55].

Agricultural land use directly represents 40% (4.0 ± 1.2 GtCo2eq yr) of total net 
global anthropogenic CH4 emissions, and represents 79% (2.2 ± 0.7 GtCo2eq yr) 
of total net global N2O emissions. CH4 emissions are mainly caused by ruminants 
and rice cultivation. Half of N2O emissions are caused by livestock, and the rest 
mainly by N fertilization (including inefficiencies). Total average net global GHG 
emissions (CO2, CH4 and N2O) for all sectors 2007-2016 are estimated at 52.0 ± 4.5 
GtCo2eq yr, of which agriculture directly contributes with 17-22% (not including 
impacts of agriculture on land available for forests), or 21-37% (including agricul-
tural land expansion and other contributions of the food system) [55]. Importantly, 
agricultural soil carbon stock change is not included in these statistics. Irrigation 
and agricultural land management contribute to making forests vulnerable to fires, 
while desertification [37] amplifies global warming through release of CO2, but 
such emissions as well as impacts from runoff on net fluxes from wetlands, water 
bodies and oceans are not included in the above figures.

Although net GHG emissions are often converted to CO2 equivalents for 
accounting purposes, different gases remain in the atmosphere for different periods 
of time and will consequently have different impacts on the progression of global 
warming. The specific proportions of GHG will affect the likelihood of crossing 
critical thresholds and tipping points, setting off cascades (cf. Lenton et al. [56]) 
with ecosystem collapse and mass extinctions, while driving biophysical processes 
that further aggravate the dynamics. Effects of mitigation measures also have vary-
ing timelines.

The creation of reactive N in agriculture has significant environmental impacts 
[57], and excessive application of nitrogen can increase nitrous oxide emissions 
without improving crop yields [54]. On average, only 50% of N is used, but in coun-
tries with heavy N fertilization the efficiency can be much lower, and the potential 
for mitigation therefore increases [7, 36]. Use of fertilizer is responsible for more 
than 80% of N2O emissions increase since the preindustrial era [58]. Ruminant 
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livestock is the overall main source of CH4 from agricultural practices [55, 59], and 
among organic fertilizers cattle manure has therefore been widely studied. Rice 
cultivation makes the greatest contribution to CH4 emissions from agricultural soils 
[60]. Both water logging and soil compaction also contribute to CH4 emissions [61].

4. Climate mitigation potentials in agriculture

In view of the imminent threat to planetary life systems posed by climate change 
[20, 56, 62], research has in recent years accelerated on potentials for carbon 
offsetting and impacts on GHG emissions of different land use and management 
systems [63–67], as well as with respect to climate adaptation [68] and food security 
[69, 70]. Large areas of the MENA-region are exposed to desertification, including 
relatively water rich countries. For instance, at least half of Turkey is affected [37]. 
Desertification amplifies global warming through the release of CO2 linked with the 
decrease in vegetation cover, GHG fluxes, sand and dust. In dry areas, net carbon 
uptake is about 27% lower than elsewhere, reducing the capacity of land to act as 
a carbon sink. A rise in temperatures accelerates decomposition, at the same time 
that moisture is insufficient for plant productivity. Further SOC is lost due to soil 
erosion. An estimated 241–470 GtC is stored in the top 1 m of dryland soils [37]. 
In 2011, semi-arid ecosystems in the southern hemisphere represented half of the 
global net carbon sink [37].

Integrated sustainable practices are essential for climate adaptation, but esti-
mates with respect to mitigation potentials vary. The chapter on interlinkages in the 
IPCC special report on climate change, desertification, land degradation, sustain-
able land management, food security, and greenhouse gas fluxes in terrestrial 
ecosystems [8] considers technical and economic feasibility of possible mitigation 
measures, as well as impacts on livelihoods and human health. Some measures that 
specifically concern cropland and soil management are summarized in Table 1.

There is some overlap in the categories listed in Table 1, since different interven-
tions could be envisaged for the same land, and the integrated measures discussed 
by Smith et al. [8] notably result in increased carbon storage in soils. The category 

Improved cropland management 1.4–2.3*

Increasing soil organic matter stocks 1.3–5.1*

Reduced deforestation and forest degradation 0.4–5.8*

Reduced conversion of grasslands 0.7*

Agroforestry 0.11–5.68**

Reduced conversion of coastal wetlands 0.11–2.25**

Biochar 0.03–6.60**

Cropland nutrient management N2O 0.03–0.71**

Manure management N20 and CH4 0.01–0.26**

Improved rice cultivation CH4 0.08–0.87**

Reduced enteric fermentation CH4 (ruminants) 0.12–1.18**

Soil carbon sequestration in croplands 0.25–6.78**

*[8].
**[36].

Table 1. 
Yearly global climate mitigation potential of different interventions (IPCC estimates in GtCO2eq yr).
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‘improved cropland management’ includes practices such as reduced tillage, cover 
crops, perennials, water management and nutrient management.

4.1 Uncertainties in estimates and critical issues

The type of management system that farmers adopt, will substantially deter-
mine the capacity of soil to act as a carbon sink, and the extent to which agricultural 
land will contribute to GHG emissions. However, estimates regarding the potential 
of agricultural soil management practices to mitigate climate change vary con-
siderably, and have been calculated in various manners. While Minasny et al. [71] 
estimate that raising soil organic matter could offset 20–35% of total GHG emis-
sions, Schlesinger and Amundson [72] believe that the combined use of biochar and 
enhanced silicate weathering on agricultural land will not offset more than 5% of 
emissions. Differences in what is included in calculations, as well as in assumptions 
regarding anticipated conditions and future projections naturally affect conclu-
sions. Biochar has attracted considerable interest for its ability to improve soil 
fertility and immobilize pollutants, while offering potential for long term storage 
of carbon [51]. However, the stability of biochar and its long-term impacts will ulti-
mately depend on conditions that affect biochar aging [73]. With respect to upscal-
ing enhanced silicate weathering as a climate mitigation strategy, uncertainties and 
possible negative environmental impacts need to be taken into account [74, 75].

Types of organic fertilizer that contain organic matter will directly contribute 
to soil organic carbon (SOC) content, but fungi and microbes contained in cer-
tain types of organic fertilizer, as well as impacts of pH and the proportions of 
other nutrients and micro-nutrients, will all affect the dynamics of soil biota and 
ecosystems. This leads to indirect positive or negative affects not only on fertility, 
water retention and resilience, but also on net GHG emissions (see e.g., Galic et al. 
[7], Walling et al. [47], Xu et al. [52]). Among other factors, annual precipitation 
significantly affects SOC dynamics [37, 76], and must be considered in arid and 
semi-arid regions.

4.2 Carbon sequestration

Carbon stocks in agricultural soils have been depleted worldwide, affecting 
productivity (see Droste et al. [77]). However, these losses do not all necessar-
ily correspond to release of CO2 into the atmosphere, and Chenu [78] therefore 
makes the distinction between carbon sequestration, which aims to counteract 
global warming, and carbon storage in soils. Numerous approaches are developed 
to enhance carbon sequestration. In New Zealand, for instance, ‘flipping’ is used 
for podzolized sandy soils with pasture grassland, to avoid water logging. Burying 
topsoil led to long term SOC preservation, while new organic matter could accumu-
late in the surface soil under these conditions [79]. However, as for most practices, 
impacts will be dependent on local circumstances, since disrupting soil ecosystems 
will alter SOC dynamics, thereby carbon contained in above-ground vegetation 
or root systems, while exposure of topsoil can lead to erosion. Madigan et al. [80] 
compare different approaches to managing pasture and argue that full-inversion 
tillage (FIT) during pasture renewal has potential in an Irish context, particularly 
when combined with re-seeding.

While many of the approaches aiming at carbon sequestration and reduction 
of GHG emissions [65] bring benefits for agriculture through soil improvement, 
increasing water retention, reducing agricultural runoff and effects of heat stress, 
as well as conserving ecosystems, there are nevertheless risks associated with the 
need to rapidly offset GHG emissions produced by the burning of fossil fuels. From 
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the point of view of agricultural production, organic matter is urgently needed 
to counter loss of topsoil and soil degradation, while equally urgent ambitions to 
rapidly achieve long term sequestration of carbon at a large scale, will reduce the 
amount of organic material available. Some approaches to carbon sequestration 
keep soil organic matter (SOM) in soil layers and forms that remain available to 
vegetation, while others such as flipping [79] bury the SOM in lower layers in order 
to slow down metabolic processes. However, yet others aim to bind carbon in forms 
that are not bioavailable or bury it in deep sediment or geological layers that remove 
both carbon and nutrients contained in organic waste from biological cycles.

Soil microbial activity is beneficial to crops and supports agricultural productiv-
ity but can also result in a net increase of GHG emissions, depending on balance 
and conditions. The use of agricultural lime to improve acidic soils can either lead 
to increased release of CO2 in the atmosphere, or to carbon sequestration. For 
instance, Bramble, Gouveia and Ramnarine [81] found that combining the applica-
tion of agricultural lime with poultry litter prevented CO2 emissions. Finally, it is 
important to also consider energy conservation in climate mitigation strategies. Soil 
organic content substantially affects energy requirements, and Hercher-Pasteur  
et al. [82] therefore argue that this should be included when calculating optimal 
uses for biomass.

5. Sustainable agricultural practices

Choice of fertilizer cannot be understood in isolation, but as part of overall soil 
and land management practices in agriculture. In the following, some examples 
of sustainable practices are given, that are supported by the use of organic fertil-
izers, but which can also enhance their benefits. Combinations of approaches lead 
to synergies, not only with respect to bioavailability of nutrients, but also with 
respect to water balance, prevention of erosion [37], pest and pathogen control, and 
resilience to other stressors. For instance, improving tillage practices and incorpo-
rating residue was found to increase water-use efficiency by 30%, rice–wheat yields 
by 5–37%, income by 28–40%, while reducing and GHG emissions by 16–25% 
[8]. Further options of interest include perennial crops [83–85], polyculture [86], 
mosaic landscapes [87] and the use of pollinator strips or other habitat [88, 89], 
which support crop productivity through ecological intensification [90].

5.1 The role of soil health and microbial activity

Loss of soil health exposes crops to various diseases [54]. Among the numerous 
challenges for soil health in arid and semi-arid regions is the risk of salinization 
[37, 54, 91], which is driven not only by evaporation and low precipitation, but 
also by use of synthetic fertilizers and reduced moisture retention in soils with 
low content of organic materials. Soil organisms are essential for soil fertility, by 
making nutrients available to crops. A healthy soil ecosystem decomposes organic 
matter, makes nutrients available, prevents nutrient leaching and fixes nitrogen. 
It also protects plants from pathogens [54], improves soil structure and promotes 
well-functioning root systems. However, microbial activity can contribute to GHG 
emissions, and net effects under different conditions therefore need to be carefully 
considered.

The fungal to bacteria biomass ration (F/B) is one of the important indicators of 
soil health. Optimal F/B ratios depend on intended use. While grains and vegetables 
require bacterial dominance or a balance between fungi and bacteria, orchard trees 
need a dominance of fungi, which are more effective at immobilizing nutrients, 
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preventing leaching. For grasslands, higher F/B ratios are an indication of more 
sustainable systems, with less environmental impacts [92]. It should be noted that 
biomass in itself is not a complete indicator for fungal and microbial activity [92] 
and that the distribution across various depths is also important for fertility and 
GHG flux dynamics.

Fiodor et al. [54] point to the potential use of specific plant growth promoting 
microbes (PGPM) that protect against a wide range of stressors and pathogens, 
and which can be applied by methods such as inoculation. Although microbial 
communities can in many respects be interchangeable from a functional point of 
view, unique strains of PGPM that mitigate effects of biotic and abiotic stressors 
are especially relevant in the light of rapid climate change. Research on how organic 
fertilizers can support such microbes is therefore called for, as is research soil 
ecosystems and plant-microbial symbiotic relationships (see e.g., Porter and Sachs 
[93]). Impacts of antibiotic residues in organic fertilizer [10] also require attention.

5.2 Conservation agriculture

Soil conservation practices are needed for sustainable productivity [94]. 
Conservation agriculture (CA) conserves soil moisture and reduces both erosion 
and runoff, improving water quality, as well as promoting biodiversity and above-
ground ecosystems [95], with potentials for pest control and pollination. CA has 
been found to reduce water use substantially, as well as decreasing energy inputs 
[96]. It is of particular interest under extreme climatic conditions, due to its ability 
to mitigate heat and water stress, thereby increasing crop yields [96] and resilience.

In an Indian context, Battacharya et al. [94] compared performance of CA practices 
with farms applying conventional tillage over a nine-year period, using a wide range 
of measurements for soil health and sustainability. In this Indian study, conservation 
agriculture was shown to increase SOC, while requiring low input. However, Palm  
et al. [95] underline that CA will not necessarily increase soil carbon sequestration in 
all contexts. In studies they reviewed, only about half reported increased sequestra-
tion with no-till practices. Furthermore, in Sub Saharan Africa, Palm et al. [95] found 
that lack of residues was a significant obstacle to implementing CA for smallholder 
farmers. Use of organic residues for soil amendment in these contexts competed with 
other uses that had higher values, primarily as fodder for livestock. They conclude that 
it is important to distinguish between high-input CA systems applied in large-scale 
mechanised farms, and which require large inputs of herbicides to control weeds, with 
conditions for smallholder systems in the tropics and subtropics.

5.3 Tillage practices

No-tillage systems and suitable cover crop management can improve SOC, total N, 
available P, exchangeable K-Mg, CEC, bulk density, soil penetration resistance, and 
substrate-induced respiration, as exemplified in a Japanese study concerning Andosols 
[97]. Inversely, tillage will increase microbial activity that contributes to emissions, 
accelerate decomposition, but the disturbance will reduce microbial communities over 
time [97]. However, according to the review made by Palm et al. [95], no-till systems 
in cooler and wetter climates are more likely to result in lower soil carbon and reduced 
crop yields.

5.4 Cover crops

Cover crops conserve water, moderate soil temperature, and help to control 
weeds. Cover crops can further increase fungal biomass and improve the biological 
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structure of soil [92]. Long-term use of cover crops improves soil fertility through 
the accumulation of SOM [92]. Disrupting soils through tillage kills fungi, and 
therefore shifts the balance towards bacteria. Legume intercrops or cover crops 
can lead to higher soil carbon storage and slower decomposition in no-till rotation 
systems [95]. Palm et al. [95] found that while quality of organic inputs affected 
short-term carbon dynamics, it did not appear to substantially affect long-term 
storage. Quality could be modified by addition of lignin. Materials with a high 
carbon to N ratio could result in reduced crop yields, while residues with a lower 
C:N ratio, as in the case of legume residues and legume cover crops, increased N 
availability. Legumes are not only of interest for their N-fixing properties, but for 
other facilitation effects as well [98–100].

5.5 Agroforestry

Agroforestry brings benefits for soil fauna and generally improves soil quality 
[101–103], and soil organic carbon sequestration [51, 104]. Depending on condi-
tions, reduced light can affect yields of crops that are grown with trees, but agrofor-
estry is also deliberately used to provide shade and create beneficial microclimates 
to mitigate heat stress and loss of water through evapotranspiration, as well as to 
adjust for lower or more variable rainfall [105], which is highly relevant for arid and 
semi-arid regions. With global warming, weather systems will contain more energy, 
and agroforestry therefore can play a role in preventing erosion and loss of soil from 
wind [37], as well as from extreme rainfall. Agroforestry systems can offer valu-
able habitat for pollinators and fauna essential for pest control, but trees should be 
selected for climate resilience and the precise combinations of species of orchards, 
crops or other vegetation in these systems needs to be considered, as well as spacing, 
orientation and adjustment to topography.

6. Water conservation and pollution prevention

Major landscape changes, with loss and deterioration of wetlands [26, 106], 
mean that nutrient flows from agriculture rapidly move on into the oceans, destabi-
lizing ecosystems [107]. Drainage, to claim land for agriculture or other purposes, 
and extensive irrigation in agriculture cause wetlands to dry [108], while other 
drivers of wetland loss are urbanisation and surface sealing for road networks, 
industrial use of water and large dams. With climate change, water is no longer 
released gradually over the year through snow smelting, and forest fires [41], use of 
woodlands for fuel or commercial logging create additional disruptions in the water 
systems on which wetlands depend [109]. The amount of carbon stored in wetlands 
and peatlands constitutes in the order of 30–40% of terrestrial carbon [110, 111].

According to UN Water, 72% of all water withdrawals globally are used by agri-
culture [112]. Besides practices such as no-till, reduced till, cover crops or terracing 
and contour farming to retain water and reduce erosion [37], leaving crop residue 
on the surface also serves these purposes [113]. Importantly, demand for water can 
be further reduced by supporting complex agricultural landscapes that include trees 
and other vegetation, and by shifting to crops and cultivars that require less water. 
Alongside conventional approaches to water conservation such as drip irrigation, 
such approaches are necessary to address the water crisis, which will in many 
regions be aggravated by climate change [39–41]. For arid and semi-arid regions in 
particular, conservation agriculture and other sustainable practices are crucial for 
their role in preserving soil moisture and reducing irrigation needs. Both organic 
fertilizers and other methods of increasing SOM play a role in reclaiming land and 
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combatting desertification [8, 37, 59, 99, 114–116]. Several solutions to the issue of 
polluted water [26, 106] have been suggested, including phytoremediation or the 
use of agricultural waste to serve as biosorbants [117–119].

Bhattacharyya et al. [120] suggest nutrient budgeting as an effective approach to 
preventing soil-water-air contamination from crop-livestock systems. Excess nutri-
ents do not only impact rivers, lakes and coastal waters, but also affect groundwater 
quality [28, 29]. Nutrient surpluses are linked to use of fertilizers and manure, as 
well as to low nutrient utilization efficiency of plants. Leaching, runoff and erosion 
are therefore all significant for sustainable agricultural practices. In this respect, a 
slower release of nutrients and improvements in soil structure are important poten-
tial benefits of organic fertilizers, compared to chemical fertilizers. Contributions 
to soil and ecosystem health of sustainable practices reduce the need for pesticides 
to control pests and pathogens, thereby increasing availability of good quality water 
[49] and protecting the world’s oceans [121, 122].

The various interlinkages and trade-offs that need to be considered in use of 
water resources are acknowledged in European policy on the water, energy, food, 
and ecosystems (WEFE) nexus [123], as well as in recent research in this field 
[124–127]. Both general conflicts in demands concerning use of land and resources, 
and water scarcity, in particular, affect the arid and semi-arid regions of the MENA 
region. For these regions, land management must pay greater attention to how soil 
health and quality affects water retention. Degraded soils have poor water retention 
capacity, demand more fertilizer, and are less able to contribute to carbon seques-
tration. A more holistic view of land and soil management can also mitigate effects 
of stress caused by heat, extreme weather events and increased climate variability.

7. Transition issues

Conservation agriculture can lead to yield benefits, but improvements may 
not be noticeable in the initial years [94]. In a Swedish context, examining various 
sites over a period of 54 years, Droste et al. [77] find that increasing SOC leads to 
long-term yield stability and resilience, which is important in view of accelerating 
climate change. However, adopting sustainable management practices can come 
at the cost of short-term productivity. Policy changes to support the transition are 
therefore recommended [77, 128]. To minimise initial economic impacts for farmers 
of conversion, Yigezu et al. [46] and Tu et al. [129] recommend transition strategies 
that involve gradually reducing conventional inputs.

Sustainable agricultural practices achieve control of pests and pathogens without 
damaging the environment, but these practices are also largely dependent on healthy 
soil biota and rich ecosystems in the agricultural landscape. Agricultural soils have 
been affected by numerous sources of pollution [130]. Soil management practices 
and use of chemicals will have negative effects on many soil invertebrates and 
microbes [131, 132] but will favour others. The net effect is therefore not only loss of 
important strains of soil biota or total mass, but the creation of imbalances in micro-
bial communities that can have detrimental effects for plant health and crop yields.

Since soil health and ecosystems have been damaged by prior unsustainable prac-
tices, including use of synthetic fertilizers and pesticides, restoring health takes time, 
and processes of remediation and restoration are therefore crucial [59, 77, 132–134]. 
The ability of new cultivars to benefit from plant-microbial symbiosis has been affected 
by selection of cultivars for other traits, and by reduced dependence on this symbiosis 
through the use of synthetic fertilizers [93]. Transition to sustainable farming with 
organic fertilizers should therefore also consider the choice of suitable cultivars and 
heritage varieties that retain the ability to fully benefit from improved soil health.
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8. Smallholder farming and sustainable agriculture

It is difficult to evaluate the magnitude of smallholder and subsistence farming 
world-wide, since it is frequently undertaken in regions with limited statistics, on 
fragmented or mixed-use plots where land-use can be difficult to identify from 
satellite images. In many contexts, it is not necessarily the primary occupation of 
the farmer. Despite its marginal position in debates on agricultural productivity, 
smallholder farming plays a vital role for biodiversity, food security, human health, 
equity and climate resilience, since value is not lost in the distribution chain but stays 
with producers and their communities. Locally sourced food reduces community 
vulnerability to disruptions in the food supply chain, due to disasters, logistics 
failures, financial crises, or armed conflict. The latter consideration is significant for 
the MENA region, where several countries are affected by conflict or volatility [33]. 
Food systems worldwide are exposed to numerous disruptions, which will increase 
as a result of climate change and environmental degradation [69]. Smallholder farm-
ers are particularly vulnerable to such shocks and have difficulties making adequate 
choices in the face of uncertainty [21, 22, 31]. To address such challenges, Kim et al. 
[70] suggest a land-water-nutrient nexus (LWNN) approach (see also Jat et al. [96] 
for strategies from an Indian context). Crop diversification can be a strategy to meet 
the double uncertainty of price fluctuations and crop failures [135], and polycultures 
also have environmental benefits. However, food processing industries and interna-
tional markets tend to be oriented towards monocultures, and smallholder farmers 
can be obligated by contracts to produce particular crops.

Low-input smallholder production systems are one of the dominant food pro-
duction systems globally [136]. In an Ethiopian case, Baudron et al. [136] observe 
that complex agricultural landscapes that incorporate trees offer better overall 
livelihoods for farmers, lead to better carbon balances, as well as being more resil-
ient both to fluctuation in input prices and to climate stress. They further underline 
that low-input farming with resource-saving practices can increase profitability for 
farmers more than yield optimization, while yield stability is another important 
consideration for smallholders.

Baudron et al. [136] therefore argue for an increased attention to agricultural 
practices that support synergies between agriculture and biodiversity, rather than 
presenting the situation as an irreducible choice between ‘land sparing’—aiming 
to reduce demand for land through intensification— and ‘land sharing’, assuming 
loss in yields, as a consequence of practices that are more favourable to wildlife 
and biodiversity. Baudron et al. emphasize the reliance of low-input smallholder 
agricultural production on ecosystem services provided by biodiverse ecosystems, 
and further point to the crucial role of ecosystem services to maintain soil fertility, 
pollination, and for pest and disease control [136, 137].

Despite the benefits that low-input farming can bring [138], barriers include 
lack of locally relevant expertise, and the time needed to rehabilitate soils degraded 
by use of synthetic fertilizers and pesticides. Subsidy systems may support heavily 
mechanised and chemical-intensive agriculture [3, 14], with questionable benefits 
for smallholder farmers. Further barriers in transitioning to sustainable agricul-
tural practices are access to markets, and global food systems structured to favour 
monoculture of particular crops and cultivars.

9. Conclusions

In view of the numerous factors that influence outcomes for the use of organic 
fertilizers, locally tailored strategies that combine approaches to enhance soil health 
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and sustainable land management would be recommended. However, sufficiently 
detailed data is still lacking on how different management practices affect yields 
and environmental impacts depending on local conditions, particularly in the 
global South. Citizen science has the potential to offer a better evidence base for 
farmers’ choices, but the structure of many citizen science projects rarely supports 
longer term collaboration and dialogue with smallholder farmers in the global 
South [139, 140]. In addition, smallholder farmers may not be able to afford indi-
vidualised consulting, and agronomists may lack expertise applicable to low-input 
agriculture. Transitioning to sustainable practices is knowledge intensive [44], and 
this is therefore an area where international networking with academic institutions 
could play a significant role in supporting climate adaptation and mitigation efforts. 
Exchange of knowledge among farmers [141] and farmers’ organizations can also 
play a role for mobilizing resources and expertise, but such potential contributions 
will depend on the orientation of the organization [142].

Among other implications of the current climate crisis, a narrow focus on crop 
yields is not sufficient, since outcomes of fertilizer application are usually estimated 
under optimal or normal growing conditions. Increased weather variability and 
the ensuing risk of crop failure, means that greater attention must be devoted to 
resilience, and the capacity to cultivate under unpredictable and less than optimal 
conditions. This in turn means, for instance, that effects on root growth, the 
capacity of root systems to absorb water and nutrients under extreme conditions, as 
well as the capacity of the soil to retain water and nutrients over longer periods of 
time all become critical factors. Also, rather than considering fertilizer application 
merely from the view of inputs and short-term yields, and besides measures such as 
C:N ratios, we need to take on a more holistic view, looking at how choice of fertil-
izer relates to nutrient absorption efficiency, drought resistance of root systems 
[143], soil health, land degradation, water management and ecological intensifica-
tion. Future shortages of P [144–146], loss of arable land [37], decline in soil carbon 
[147], as well as widespread decline in soil fertility driven by industrial practices in 
agriculture, point to the important role of organic fertilizers. However, availability 
of organic material is constrained by competing demands on biomass and land 
for industrial and carbon sequestration purposes, while contamination of organic 
waste and wastewater [10, 118, 148] poses an issue for possible circular approaches. 
To generalise the use of organic fertilizers, redesign of food systems and policy 
changes are therefore required, adopting a more comprehensive approach to the 
complex interlinkages that are involved.
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Abstract

Investigations to assess farmer’s perceptions on the fertilizing potential of 
associated trees species in cocoa agroforest of degraded forest ecology were carried 
out in southern Cameroon. The perception of the farmers was based on the ability 
of the trees to maintain or improve soil fertility of their farms. The verification of 
these perceptions was done through an evaluation of litter fall biomass nutrient 
content (N, P, K, Ca and Mg) of selected trees. The top 5 associates trees ranked 
by farmers was: Milicia excelsa, Ceiba pentandra, Ficus mucuso, Asltonia boonei, 
Terminalia superba. The chemical analysis of the leaf litter from the different 
tree species revealed a significant different between their chemical components. 
N appeared to have the highest concentrations varying from 2.82 to 5.57% with 
a mean value of 4.25 ± 1.065%, P had the lowest concentrations typically around 
0.001%. The top 5 tree species based on the chemical analysis ranking were: C. 
pentandra, M. excelsa, Eribroma oblungum, Alstonia boonei, Zanthoxylum heitzi. 
Farmer’s perceptions thou holistic, are not completely different from scientific 
finding. Therefore, they should be taken in consideration in management plans 
for cocoa- based systems in order to enhance their ecological and economic 
performance.

Keywords: Farmer’s perception, associated trees, fertilizing potential, Cocoa, 
Agroforestry

1. Introduction

The cocoa tree (Theobroma cacao L.) belongs to the Malvaceae family and is 
native to the tropical rain forests of Central and South America [1]. The Germans 
first introduced cocoa in Africa through Ghana in 1857 and in Cameroon precisely 
through Victoria (Limbe) in 1886 [2]. The nutritional and pharmaceutical 
importance of cocoa makes it one of the main export products for certain tropical 
 countries. In Cameroon, and particularly in the center region, Cocoa is still grown 
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in the traditional Agroforestry way with the shade of some forests, fruits trees 
and oil palms [3–5]. These systems have been widely described in relation to the 
environmental and ecosystem services they provide, but much less regarding 
productivity related to their structure [4, 6, 7].

Soil fertility under tropics is mainly influenced by biological interactions, and 
trees are the main driver of these, as they provide the rough material to achieve 
these [8]. Bellow and above grounds interactions significantly influence the 
status of soil health through their rooting habit, but also through the decomposi-
tion and mineralization of the litter fall. Several studies have demonstrated that 
the reduction of nutrient and organic matter content in the soil is a serious threat 
for agricultural production and food security in many tropical countries [9, 
10]. Research has been involved in this theme to understand the mechanisms of 
conservation and improvement of soil fertility by trees. Numerous studies have 
identified links between traditional knowledge of trees associated with cocoa 
agroforest and soil health (fertility), although some processes are difficult to 
codify [8, 11, 12].

Although not always recognized by agronomists, trees in cocoa-based agrofor-
ests have more uses for local farmers than just providing a suitable microclimate 
for cocoa trees [3, 8]. Some indigenous species are maintained in the system by 
local farmers for their fertilizing capacities through nutrient recycling. Such 
tree species most mentioned as positively influencing fertility of soils and/or 
having other desirable attributes in traditional land used as described by [8, 11] 
include species such as Ceiba pentandra described to have floral and leaf litter 
fall that improves soil upon decomposition in rainy season, gathers dew in the 
dry season and prevents soil from drying, woody parts decompose rapidly and 
add to fertility, soil around always wet; Milicia excelsa described to provides good 
shade, improve microclimate, leaf litter improve soil conditions, deep rooting 
habit, abundant leaf litter and high leaf litter decomposition rate and soil fertility 
value; Alstonia boonei have a deep rooting habit, tall tree, wide and open crown, 
intermediate leaf area, abundant leaf litter with high decomposition rate, pro-
vides good shade and maintains soil moisture, gathers dew/exudes water, fertility 
value; Ficus mucuso and Ficus exasperate described to possess deep rooting habit, 
tall tree, wide and open crown, big leaf area with high leaf litter decomposition 
rate, high fertility value etc. Yet, little information is available on the contribution 
of these species leaf litter nutrient to the productivity of soils under cocoa fields. 
It is therefore hypothesized that trees species in cocoa-based agroforests play a 
major role in the improvement of soil conditions, hence the productivity of the 
entire system.

Appropriate tree species selection based on nutrient cycling is a vital issue in 
agroforestry practices [13]. So far, the screening or prioritization of commonly 
present indigenous trees species of cocoa-based agroforestry systems (CBAFS) 
is based on ethnoecological and ethnopedological studies [11, 12] but a scientific 
approach was carried base on the rate of mychorrizal colonization of the roots of 
some of these indigenous tree species. The results established a positive correla-
tion between local farmer’s classification of ten indigenous tree species with high 
fertility potential, and the colonization of the roots of those by mychorrizal [11]. 
However, no or little attempt has been taken to assess the fertility potential of these 
trees in term of their nutrient content present in their leaf litterfall, hence the need 
for this study.

This study, therefore, aims to investigates farmer’s perceptions and knowledge 
on the fertilizing potential of the leaf litterfall of the non – cocoa tree associated to 
cocoa in CBAFS. If the pertinence of the perceptions is established, such measures 
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could be introduced in management plans for cocoa- based systems in order to 
enhance their ecological and economic performance.

2. Methodology

2.1 Study site

This multiscale study encompassed the village area, the household and farming 
unit, the cocoa farm and homogeneous cocoa plantations. The study was conducted 
in the Centre Region, i.e., in the Evodoula subdivision (Latitude: 4° 04′ 60.00“ N 
Longitude: 11° 11’ 60.00” E) (Figure 1). Located in one of the oldest cocoa produc-
ing basin in a degraded forest zone, the Evodoula village (≈76 Pop/km2) is charac-
terized by a high land use intensity.

The climate is hot and humid with average temperatures and relative humidity 
of 25°C and 75% respectively. The rainfall pattern is bimodal with a heavy rainy 
season running from mid-September to mid-November, and a severe dry season 
running from December to mid-March.

Pedologically, there is a wide variety of soils based on structure and texture. 
The soils are mostly ferralitic, sandy clay and hydromorphic in the lowlands found 
around certain places. These soils are 90% agricultural land, favorable to the cul-
tivation of cocoa and to a wide range of food and market garden products and are 
intensively exploited because of the strong demography. The operating method is 
based on clearing, cutting, burning and plowing, which helps to strip the vegetation 
cover and exposes the soil to severe erosion and reduced fertility. Unfortunately, the 
amendments (organic fertilizers) recommended by the competent services are used 
very little [14].

Vegetation is semi-deciduous evergreen and degrades from the gradient Equator 
to north [11].

Figure 1. 
Location of the study site in it agro-ecological zone.
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2.2 Data collection

Both qualitative and quantitative data were collected from August 2013 to March 
2014. Two different methods were used for data collection: (1) semi-structured 
socioeconomic surveys with households, and (2) direct observations and measure-
ments in cocoa plantations. A total of forty (40) cocoa growers, were selected 
randomly for the semi-structured socioeconomic interview. These were focused 
on cocoa plantation characteristics (plantation status, age, history since its initial 
planting, area, cocoa tree ages, etc.) and the identification/selection and ranking of 
10 tree species with leaf litterfall of high fertility potential was done. This identi-
fication/selection and ranking was based on their ethno-botanical knowledge of 
associated indigenous species, and the productivity of cocoa stands around those 
species. A generalized farmers’ ranking was obtained by calculating the mean value 
of the position occupied in the individual farmers’ ranking. The empirical classifi-
cation by farmers of the fertility potential of these ten species was then compared 
to the classification of the same species based on their respective nutrient contents 
(Test Ranking).

Following these interviews with the cocoa growers, field visits to plantations 
were organized to select fifteen (15) cocoa agroforestry systems, through an in – 
depth assessment, for specific farm characterization. In each of the fifteen cocoa 
agroforestry systems, a systematic inventory of all non-cocoa trees exceeding 1 m 
in height were inventoried over the total area of each cocoa plantation following the 
method of [15]. Each tree species (forest, exotic as well as palm tree) was counted, 
numbered, identified and their density per plot estimated. The species identifica-
tions were based on vernacular names in the ‘Eton’ language with the assistance of 
the farm owner and correspondences with the scientific names were established 
from literature review [16].

From the above fifteen cocoa farms, litterfall of the 10 trees species of high 
fertility potential as rank by farmers was collected daily. Here, every newly fallen 
leaf was collected systematically at the same time after every two (02) days for one 
(1) week. The collection of fresh litterfall was done by a random walk around the 
specific tree species studied and the distance covered was from the base of the trunk 
to the longest branch of tree when the sun is at the zenith. Litterfall was conditioned 
according to standard procedure and taken to the laboratory for compositional 
analysis of macro-nutrients (nitrogen, phosphorus, potassium, calcium, and 
magnesium) and analyses were carried in conformity with standard analytical 
procedures of [17].

2.2.1 Data analyses

The data collected from the questionnaire and inventory forms were checked, 
entered into Microsoft Office Excel 2007 software and were analyzed using the 
Statistical Package for Social Sciences (SPSS) version 12.0. These analyzes con-
sisted of descriptive statistics (sum, frequency, percentage, tree species densities 
and cross-tabulations of results), interactive graphs, and the total litter primary 
macro-nutrient (PMM) contents of the tree’s species; which was obtained by 
summing the proportion of the respective elements analyzed. This, enable  
us to established the Test ranking of trees species. Data obtained from the  
chemical analysis were analyzed as a one-way analysis of variance  
(ANOVA) using the Proc GLM IN in SAS version 9.0. Separation of means was 
done using the DUNGAN Multiple Range Test, to test for significant effects 
between the leaf litters nutrient compositions of the different tree species at 5% 
probability level.
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3. Results and discussions

3.1 Results

3.1.1 Cocoa farms characteristics

Many of the CBAFS monitored in the study area were cultivated and managed 
in very traditional ways resembling the approaches implemented previously by the 
elders. Among the households surveyed, 20% of the cocoa plantations had been 
established by the current owners, 80% had been established by grandparents 
or parents of the current owners (inherited). Those cocoa plantations had been 
established from food-crop fields (13%) or forest areas (73%). As a whole, 40% of 
the farms fall in the age range of (> 10–30 years), while 27% and 33% represent 
the age range of (≤ 10 years) and (> 30 years) respectively. Local classification of 
Cocoa cultivars used in the area identified two varieties; the local Cocoa landraces 
locally called “German variety” (80%) (Figure 2), mostly made up of Forastero-
Amazonian or upper Amazon varieties and a considerable population of Trinitario 
in the old Cocoa orchard. Due to the fact that 40% of the plantation studied are 
old plantations that is >30-year-old, some of the farmers turn to regenerate their 
plantations consequently, some systems (13%) had a mixture of the “German 
cocoa” and the Hybrids while, the young systems (7%) were mostly dominated by 
the improved varieties or hybrids locally called ‘SODECAO’ from the name of the 
parastatal in charge of the distribution of the cultivars of that variety. Farmers had 
specific knowledge of the behavioral characteristics of each of cocoa cultivars.

3.1.2 Associate’s tree species diversity

The results of the inventory of non-cocoa tree species diversity showed that 
there were in total 122 different non-cocoa trees species, with in total 1417 shade 
trees recorded over a total surface area of 29.5 ha, resulting to a shade tree density 
of 48 trees/ha of the different cocoa systems of the studied. Species sampled 
belonged to 37 tree families. The families mostly represented were: Sterculiaceae 
(28 species), Moraceae (22 species), Mimosaceae (15 species), Apocynaceae (13 
species), Anacardiaceae (11 species), Euphorbiaceae (10 species), Meliaceae (10 
species), Rutaceae (10 species), Bombaceae (8 species), Burseraceae (8 species) and 
Musaceae (8 species). Also, 493 trees belonging to 43 species were of the fruit types, 
while, 924 trees belonging to 79 specie were of the forest type. The 17 most occur-
ring trees species are shown in Table 1.

Figure 2. 
Type of vegetative material used in the study zone.
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3.1.3 Farmers’ perceptions and ranking of trees species indicators of fertile soils

Cocoa farmers interviewed confirm that, all cocoa-based systems studied 
(100%) were dominated by the presence of indigenous trees species. The latter pro-
duced more litter than the exotic trees species. The organic matter they produced 
played a favorable role in maintaining the soils’ fertility. The farmers believe in 
their protecting ability against soil erosion (13%), maintenance and improvement 
of the soils’ physico-chemical properties (structure; porosity; water retention, and 
soil nutrient) (100%), modification of the soil temperature (13%), and the rapid 
decomposition of organic matter (87%).

Farmers based their perceptions of the fertility potential of certain tree species 
on the observation of cocoa productivity around the tree (100%), vegetative aspect 
such as the size; the consistency and the arrangement in relation with the crown 
cover (93%). It is understood that, tree species introduced or maintained by farmers 
are those closer to the cocoa trees and through the quality of litterfall, shade, and 
eventual improvement of the soils’ fertility plays an essential role on the cocoa 
productivity.

The ranking of the tree species with respect to their fertility potential, by local 
farmers, in decreasing order of importance is shown in Table 2.

3.1.4 Nutrient content of the litterfall of the rank tree species

Significant difference was found to exist in the chemical composition  
(quality) between litterfall from the different studied tree species ranked by 
farmers and within the different nutrient elements tested. Nitrogen was the 
main nutrient in leaf litter of different tree species with its concentration 

No. Scientific name Local name Family Frequency Percentage (%)

1 Mangifera indica Andok ntangani Anacardiaceae 135 18%

2 Persea americana Pia Lauraceae 131 17%

3 Dacryodes edulis Sa’a Burseraceae 81 11%

4 Milicia excelsa Abang Moraceae 66 9%

5 Terminalia superba Akom Combretaceae 64 8%

6 Elaeis guineensis Allen Arecaceae 59 8%

7 Albizia adianthifolia Sayeme Mimosaceae 37 5%

8 Mansonia altissima Opong Sterciliaceae 34 4%

9 Citrus recticulata Opouma Rutaceae 33 4%

10 Ficus mucosa Ekokolle Moraceae 24 3%

11 Cola accuminata Abel Sterculiacaeae 17 2%

12 Musanga cecropoiides Eseng Cecropiaceae 15 2%

13 Lovoa trichilioides Bibollo Meliaceae 14 2%

14 Tieghemella africana Avo Sapotaceae 13 2%

15 Citrus sinensis Nia opouma Rutaceae 13 2%

16 Entandrophrama cylindricum Asse Meliaceae 12 2%

17 Nesogordonia papaverifera Kodibé Sterculiacaeae 11 1%

Table 1. 
Frequency and percentage of the 17 most common species present in the study location.
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varying from 2.82 to 5.57% and a mean of 4.23 ± 1.065%. Phosphorus is present 
in very low concentration, typically around 0.001% while K varied widely from 
1.95 to 18.9 cmol/kg. Mg was quantitatively the second element in leaf litter, 
with values ranging from 20 to 310.75 cmol/kg (Table 3).

Considering the importance of these nutrient elements to the growth of cocoa, 
its can be observe that, they are presence in very high concentration in the leaf 
litter of these trees’ species. Concentration which are a way too far higher than the 
threshold values required for cocoa cultivation (Table 4).

No. Trees species Mean rank

1 Milicia excelsa 1.4

2 Ceiba pentandra 1.9

3 Ficus mucoso 2.8

4 Alstonia boonei 2.8

5 Terminalia superba 3

6 Eribroma oblungum 3.3

7 Irvingia gabonensis 4.2

8 Zanthoxylum heitzi 5.5

9 Musanga cecropoides 7.7

10 Coula edulis 9.9

Table 2. 
Farmers mean ranking of tree species of indicators of fertile soil.

Nutrient content species N (%) P (%) K (cmol /kg) Mg (cmol /kg) Ca (cmol /kg)

Ceiba pentandra 5.57a 0.17ab 15.36abc 108.25b 50.25b

Eribroma oblungum 5.36ab 0.14abc 16.36abc 310.75a 28.2cd

Milicia excelsa 5.35ab 0.192a 15.62abc 66.83bc 6.78bc

Alstonia boonei 4.95 ab 0.116abcd 13.41c 57.25bc 33.9bc

Zanthoxylum heitzi 4.58abc 0.072cde 18.90a 60.17bc 23.9bc

Ficus mucoso 4.08bcd 0.173ab 17.49ab 59.33bc 168.35bc

Musanga cecropoides 3.35cd 0.033e 5.26d 244.5a 29.2a

Terminalia superba 3.27d 0.109bcde 13.90bc 49bc 13.7bc

Irvingia gabonensis 2.98d 0.087cde 15.19abc 20c 60.55c

Coula edulis 2.82d 0.04de 1.95d 73.67bc 16.45bc

Anova/Duncan’s Multiple Range Test

Df 9 9 9 9 9

F value 6.92 5.28 22.09 17.15 30.71

Pr (>F) 0.0002 0.001 <.0001 <.0001 <.0001

Values in the same column followed by different superscript are statistically different at P < 0.05 level using Duncan’s 
Multiple Range Test.

Table 3. 
Chemical composition of the litter falls of the 10 trees species ranked by farmers.
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3.1.5 Comparison between farmers’ ranking and measured nutrient contents

Contribution of trees species in soil fertility sustenance in general was based on 
indicators such as cocoa productivity, abundance of biomass produced, functional 
attributes of certain organs of these species and interactions with the medium. The 
litterfall of the associated tree species, based on farmers’ perceptions determine 
the biomass produced, which once decomposed, improves soil fertility. The above-
mentioned criteria were the basis of the ranking of 10 species of high fertility poten-
tial in descending order of importance (Table 1) by farmers. Comparison of farmers 
ranking with the ranking obtained by summing the nutrient content of the primary 
macro-nutrients (PMN) (N, P and K) (Test ranking) is presented in Table 5. Farmers’ 
ranking, though closer, but is different from the Test ranking.

3.2 Discussion

3.2.1 Characteristics of cocoa based agroforestry systems

This study was performed in an attempt to acquire farmers’ perceptions of the 
fertility potential of associated non-cocoa trees in cocoa systems in order to develop 
more knowledge about the soil-trees interactions. The maximal farm size in the 
entire study area is 5 ha and the smallest cocoa fields have a surface area of 0.5 ha. 

Macronutrient Unit Threshold values

Total Nitrogen % 0.2–0.4

Available Phosphorous ppm 6.0–15.0

Potassium Cmol + kg−1 0.2–1.2

Calcium Cmol + kg−1 4.0–18.0

Magnesium Cmol + kg−1 0.9–4.0

Source: Snoeck et al., 2016.

Table 4. 
Average soil macronutrient threshold values for cocoa cultivation.

N0 Local ranking Ranking according to the sum of the 
PMN content

Sum of the PMN 
Content (g/kg)

1 Milicia excelsa Ceiba pentandra 63.3

2 C. pentandra M. excelsa 61.5

3 Ficus mucoso Eribroma oblungum 61.3

4 Alstonia boonei Alstonia boonei 55.9

5 Terminalia superba Zanthoxylum heitzi 53.9

6 Eribroma oblungum Ficus mucoso 49.4

7 Irvingia gabonensis T. superba 39.3

8 Zanthoxylum heitzi Irvingia gabonensis 36.6

9 Musanga cecropoides Musanga cecropoides 35.8

10 Coula edulis Coula edulis 29.4

Table 5. 
Comparison of farmer’s ranking (local) with the ranking from the sum of PMN content of the studied trees 
species.



91

Farmer’s Perception of Associates Non-Cocoa Tree’s Leaf Litterfall Fertilizing Potential…
DOI: http://dx.doi.org/10.5772/intechopen.100262

The smallest surface area observed in this zone is due to the fact that 60% of the 
cocoa agroforests are inherited. In this zone the beneficiaries share the heritage left 
by their parents or relatives. This factor further contributes to the reduction of the 
surface area of the plantation and does not facilitate the creation of new plantation 
because the pressure on the available land is high, these further account for the 
small number of cocoa agroforests of age range ≤ 10 years within the study area. 
These results are similar to those obtained by [18].

The fact that most cocoa agroforest ownership is acquired by inheritance could 
further explain the age of the cocoa agroforest. These results are closer to those 
found by [19]; [18] who confirms that Cocoa orchard of Center Cameroon are old 
from the fact that 70% of the cocoa farms are more than 40-year-old. These results 
practically indicate that farmers of the study zone do not create new plantations. 
This is due to the high pressure exerted on the available land, which does not facili-
tate the acquisition of land by the younger producers. This was also observed by 
[20, 21] who further noted that cocoa trees were not renewed in cocoa plantations 
and were as old as the plantations.

3.2.2 Non-cocoa trees species densities, frequencies and abundance

Cocoa based agroforestry systems (CBAFS) of the study area are complex 
multispecies cropping systems whose performances are usually difficult to assess. 
The associated non – cocoa tree species diversity was high, with a predominance 
of timber species. Nevertheless, the fruit tree species Mangifera indica, Persea 
American and Dacryodes edulis were the most occurring species. Located in the lekié 
division, near Yaoundé urban city this further confirm the finding of [22, 23], who 
demonstrated in their study that farmers introduced and maintained fruit trees 
in plantation for the sake of income diversification. The high abundance of non-
primary forest species points to the degree of alteration of the cocoa agroforests 
compared to primary forest. These cocoa agroforests have a high tree diversity 
compared to cocoa production systems in other parts of the tropics. For instance, 
they are higher than those of 38 species in traditional CBAFS in Central Cameroon 
[24]. Results of this inventory are similar to those of 38 species in traditional CBAFS 
in Central Cameroon [24], 21 species identified [25] by and those of 40 species 
identified in three CBAFS (traditional, innovative and SODECAO) in the locality 
of Talba (Center Region of Cameroon) by [26]. The differences in species obtained 
could be explained by the fact that farmers in localities such as Talba established 
CBAFS following recommendations by SODECAO for cocoa cultivation and maybe 
by the smaller size of their sampling units.

3.2.3  Farmers ranking of non-cocoa trees of high fertility potential and the nutrient 
composition of their leaf litterfall

Farmers were able to identify and rank non-cocoa trees species they considered 
of having a high fertility potential of CBAFS in center Cameroon. These results 
joined those obtained by [8, 12] in their works, who identified farmers’ preferred 
trees species as far as soil fertility maintenance is concerned. Farmers’ ranking of 
trees consider as indicators of fertile soil in our study though closer but was differ-
ent from the ranking obtained by [8] in his study on mycotrophy and farmer knowl-
edge of tree species of high fertility potential in cocoa-based agroforest of southern 
Cameroon. Our results are also in line with the results of [27], through his work on a 
look at activities on preferred trees in farming systems of the main cocoa producing 
countries in Africa, also identified and ranked several species as preferred trees for 
cocoa cultivation by farmers.
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The results showed that, there is a significant difference in chemical composition 
(quality) between leaf litterfall from the different selected tree species and within 
the different nutrient elements tested. These results also indicate that Nitrogen is the 
main nutrient in the litterfall of the different tree species concentration varying from 
2.82 to 5.57% with a mean data of 4.25 ± 1.065%. Mg is quantitatively the second 
element in the leaf litterfall of the different tree’s species studied. The studied nutri-
ent element where present in very high concentration and and far above the critical 
value needed for cocoa growth. This is in line with the finding of [28], who stated 
that a large part of some of these nutrient’s elements is found in the vegetation. For 
instance, it was found that, for Cameroon, N in the litter was about twice the amount 
removed by the yield, whereas for Malaysia, this ratio was nearly 5 [28].

3.2.4 Comparison between farmers’ ranking and measured nutrient contents

Based on the total primary macronutrient content potentially released by 
associated species, it can be observed that Milicia excelsa, Ceiba pentendra, Eribroma 
oblungum, Asltonia boonei and Zanthoxylum heitzi contained the highest nutrient 
concentration can be considered the best trees species in terms of fertility potential. 
However, with phosphorus (P) being an essential plant nutrient contributing to the 
development of fruits (increases flowering), we can say that M. excelsa and Ceiba 
pentendra are good sources for the improvement of soil fertility status (good indica-
tors of fertile soil) under cocoa based systems in the study locality.

Compared to farmers’ ranking, these two species appear in the 1st and 2nd 
positions respectively, meanwhile in the test ranking they appear in the 2nd and 1st 
positions respectively. The order of the primary macronutrient concentrations and 
returns to the soil through litterfall as observed in the isolated tree is N > K > P while 
that of the secondary macronutrient is Mg > Ca (an indication of the ranges of nutri-
ent elements in concentrations and returns via litterfall). These results are close to 
those of [29], working on nutrient stocks, nutrient cycling, and soil changes in cocoa 
agroforestry. It could therefore be deduced that nutrient concentration in the litterfall 
of some trees is higher compared to other tree species, consequently some trees have 
a high fertility potential compared to others. However, in the light of the differences 
observed between the various rankings: farmers’ ranking, test ranking, and the 
nutrient content of the associated species could not, on its own, serve as a tool for 
validating farmers’ perceptions. Other factors such as the rate of mychoryzal coloni-
zation of roots of associated species [11], and soil fauna activities are also known to be 
important drivers of the biological fertility of the soil and soil health in general [30].

4. Conclusion

The present study which aimed at identifying and classifying 10 top spe-
cies of good fertilizing potential and then collect and analyze the litter fall from 
these species trees in other to bring out a link between farmers knowledge and 
scientific knowledge aimed at, enhancing system sustainability and productivity. 
An important correspondence was found between the farmers’ ranking and the 
chemical content of the litterfall, supporting the assertion that the integration of 
local knowledge in global science may contribute to easily understand the above and 
below grounds interactions in agroforestry systems in general and therefore pave 
the way for a smooth adoption among end users. Considering the increasing climate 
change and the predicted negative impact on cocoa production in West Africa, this 
approach can be a subsequent widespread call for the adoption of climate smart 
cocoa production.
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Chapter 6

Vermicompost for Sustainable 
Agriculture and Bioconversion 
of Terrestrial Weed Biomass into 
Vermicompost
Chaichi Devi and Meena Khwairakpam

Abstract

Organic fertilizers are alternative to chemicals used in agriculture which 
enhance soil quality, prevent harmful chemicals entering into food chain, improve 
health and contribute to sustainable future socially, economically and ecologically. 
Vermicompost is a nutrient-rich organic fertilizer which promotes plant growth and 
improves soil quality. Vermicomposting is an economically feasible and environ-
ment friendly technology in which organic wastes are bio-converted into value 
added product and various organic wastes are used in this process. Terrestrial weeds 
are the plant species which grow on land and invasive in nature. These plants are 
responsible for various nuisances in the environment, agriculture and society. The 
weed biomass generated after various management methods are considered as 
organic waste. The terrestrial weed biomass is a possible option for the production 
of vermicompost. In this chapter scope of vermicompost for sustainable agriculture, 
the vemicomposting mechanism and the bioconversion of terrestrial weed biomass 
into vermicompost have been discussed.

Keywords: Organic fertilizer, Vernicompost, Sustainable agriculture,  
Terrestrial weed biomass

1. Introduction

Chemical fertilizers are used for a long period for nutrient supply in soil but 
inadequate amount and prolonged used of these chemicals proved to be detrimental 
for the environment and whole of ecosystem. Beneficial soil microorganisms as 
well as other biota have been disturbed due to continuous applications of chemical 
fertilizers. Therefore the needs of environment friendly and ecologically sustain-
able alternative have been realized. Organic fertilizers are always considered more 
sustainable practice of agriculture rather than chemical fertilizers [1]. Organic 
fertilizers have many advantages over chemical fertilizers. The demands for food 
is very high in current time with rapid increase of population all over the world 
specially the developing countries. The non-availability of land for growing crops 
led to the higher demand for application of chemical fertilizers which increased the 
crop production to fulfill the demand. But various adversities are associated with 
these chemical fertilizers and have shown direct impacts on soil, water and air. The 
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runoff from agricultural areas caused eutrophication in nearby water bodies. The 
properties of soil are dramatically altered by the application of these chemicals, 
Rapid depletion of soil nutrients and soil water retention capacities are evident 
from various studies [2].

Organic farming relies on efficient utilization of local resources, and application 
of advanced sustainable technologies. The various management practices adopted 
in organic farming helps in soil improvement and better nutrient supply. The sus-
tainable development to secure future generation is based on the concept of organic 
farming. Organic farming has various potential including soil fertility re-storage, 
sustainable agricultural produce, biodiversity mainatenance, food security and 
economic benefit to the marginal farmers. The research is oriented towards how 
organic farming is a solution to global food security and sustainable development. 
The international organizations are involved for policy development for cost-effec-
tive and sustainable strategies for stable food production. The major challenge is to 
shifting towards organic supplements and curbs the chemicals used in agriculture 
for a better and healthy environment [3]. Vermicomposting is a technology for the 
production of organic manure with the help of earthworms. Organic matters are 
degraded biologically resulting into a more stable compound called vermicompost 
rich in nutrients. There are various benefits of application of vermicompost to the 
soil as well as environment [4]. Various organic matters are utilized for the produc-
tion of vermicompost and further research is going on to investigate the potential 
of various natural organic resources in the production of vermicompost [5–10]. 
Weeds are those unwanted plants that grow on any ecosystem disturbing the native 
plants and environment. Weeds which grow on land are termed as terrestrial weeds. 
Various management practices are adopted like mechanical, chemical, biological to 
remove and control these weeds in any forest or agricultural land. Terrestrial weed 
biomass is discarded as a waste after various management methods [11]. In the 
recent time utilization of terrestrial weed biomass for the production of vermicom-
post is documented in various researches [9, 11–14]. In the current chapter the role 
of organic fertilizers for sustainable development as an alternate superior solution 
to chemical fertilizers has been discussed. Various benefits of vermicomposting 
technology for the production of organic fertilizers and the potential of terrestrial 
weed biomass as a feedstock for the production of nutrient rich vermicompost is 
also illustrated.

2. Organic fertilizers as an alternative to chemical fertilizers

Heavy input of synthetic chemicals like herbicides, manure, pesticides in 
commercial agriculture includes ample amount of cash outpouring. Conventional 
agriculture practice always leads to pollution, soil degradation and health issues 
[15]. As a plant grows, the major essential seventeen elements along with other are 
taken up from the soil. The nutrient supply is the major role of soil and as these 
elements becomes in short supply than restoration is required in the soil for sustain-
able agriculture. Chemical fertilizers are used to replenish the soil for centuries. But 
the efficiency of these fertilizers is very low. Around 80–90% of the fertilizers are 
not assimilated by the plants after application to soil. The remaining fertilizers acts 
as contaminant and intrude into the environmental bodies [16]. The soil is capable 
to produce crops in sustainably but the application of various synthetic chemicals 
led to loss in soil fertility in different parts of the world. There is a huge gap between 
nutrient supply and nutrient demand. The nutrient in fertilizers was globally sup-
plied in 2014 was 240 million tons while requirement of nutrient was 284 million 
tones. This results into scarcity in crop production [17]. On the other hand the 
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heavy metals are present in chemical fertilizers and prolonged use of these results 
into adverse impacts on soil property. Plant metabolism is also affected by the 
accumulation of heavy metals and becomes fatal. The various contaminants from 
enters into food chain due to application of chemical fertilizers leading to bioaccu-
mulation. The aquatic life of nearby water bodies are at high risk due to eutrophica-
tion [18]. Eutrophication is caused by runoff during rain and sometimes irrigation. 
Nitrogen and phosphorus are the major elements which mostly affect water bodies. 
Nitrogen in other forms like ammonia finds its way to atmosphere considered as one 
of the greenhouse gases. Negatively it contributes to global warming. Therefore all 
these chemicals are harmful to the surrounding ecosystem as well as human, plant 
and animal health. The mismanaged application of chemical fertilizers in excessive 
quantity often results into contamination. These contaminants accumulate in water; 
air and soil negatively affect the environment thus impedes sustainable production 
of food [19]. With growing demand the transition was seen in last decades from 
traditional practices to modern practices in agriculture. The prerequisite of inor-
ganic fertilizers was very high wide-reaching to increase agricultural production. 
The stipulated demand increased for various essential elements in soil from 2015 to 
2020. In the coming 5 years the overall fertilizer consumption will be very high. But 
eventual application of chemical fertilizers increases the chance of environmental 
contamination. These chemicals also contain heavy metals and other radioactive 
compounds becomes fatal when enters the food chain and also a major foundation 
for contaminants which exist in soil and environment for a longer period [16]. 
Generally by the composition the inorganic fertilizers more or less remain same as 
compared to organic fertilizers. However organic fertilizers always have advantages 
over chemical fertilizers both economically and ecologically. In the recent time 
amendment of soil with organic supplements is gaining tremendous response for 
the management of soil nutrients and sustainable agriculture [20].

Organic fertilizers are prepared from various organic resources and nutrient 
composition varies based on the characteristics of the used feedstock [11, 21, 22]. 
In the recent time on large scale production and application of organic fertilizers 
have been promoted worldwide. But the resources to prepare organic fertilizers 
are limited and difficult to meet the demand. Biodegradable organic matter is the 
major feedstock for organic fertilizer preparation. Organic matters are considered 
easiest way for nutrient recycling in soil and plants. They act as soil conditioner and 
dependency on chemical fertilizers is reduced. If the application is adequate with 
proper guidance to the farmers then small amount of organic fertilizers is enough 
to meet the requirement of essential elements for drop growth [16, 23]. Among 
the various advantages of organic fertilizers the major contribution is the supply 
of macro and micro nutrients, improvement in soil properties, increase in plant 
nutrient uptake efficiency, increase microbial interaction and also in a barren land 
it acts as a better amendment to revitalize infertility of the soil. Therefore a mass 
movement is required to shift in the application of organic fertilizers prepared from 
various organic sources. The application of chemical fertilizers as in conventional 
agricultural practices must be discouraged to avoid deterioration of food quality, 
human as well as soil health [16].

The nutrient level in organic fertilizers is very high. They are considered good 
soil amendments and also involves in various disease control in plants. Bacterial 
augmentation, promotion of plant growth, reducing population of nematodes has 
been observed during application of organic fertilizers. The increased microbial 
population and improved organic content in soil result into continuing reimburse-
ment in soil fertility. The crop cultivation in organic way always retains stable pH 
and more exchangeable minerals for plant uptake [24]. The prevention of harmful 
impact of inorganic fertilizers and long-standing protection to land is possible by 
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the application of organic manure. Organic fertilizers are generally free of toxic ele-
ments and heavy metals. The carbon linkages in these fertilizers make the nutrient 
ions release slower which consequently perks up the soil physical properties like 
aeration, water retention and sustainable nutrient supply. This helps in better plant 
growth [25].

3. Organic fertilizer for sustainable development

Organic food is in high demand due to consciousness for health among the 
consumers and concern for environment to meet sustainable development goals. 
Therefore most of the marginal growers are inclined towards organic farming. The 
research, promotion, marketing along with education and training for organic 
farming has been stimulated in various sectors all over the country. Organic farm-
ing includes good soil health, crop protection, organized plantation, health benefits 
and sustainable land use for agriculture. In both developed and developing nations 
organic farming plays a crucial role in maintaining healthy environment. The 
reduced level of greenhouse gas emissions, efficient energy use and protection of 
biodiversity as well as ecosystem in developed countries is the outcome of organic 
farming. On the other hand in developing countries it promotes high yield with eco-
nomic benefits, sustainable utilization of resources and also maintains biodiversity 
[26]. The practical applicability of organic farming mostly depends on the farmers. 
Untill 2012 organic food shares US$ 60 billion of the global food industry. Organic 
farming is not about more nutrient supply to soil rather it concentrates to minimize 
loss of nutrients and proper soil management with sustainable nutrients supply. 
Retention and recycling of nutrients is the major goal of organic farming. Organic 
matters supply these nutrients in a healthy manner and prevent soluble nutrients 
to leach out [27]. The term sustainable development was first conceptualized in 
the Bruntland Commission Report in 1987. Sustainable development describes 
development as without compromising the future generation to fulfill their own 
needs while meeting the needs of the present generation. Keeping it in view, for 
the benefits of existing and future generation around 150 global leaders adopted 
a global agenda to achieve sustainable development by 2030 through 17 primary 
sustainable development goals (SDG) for transformation a better future. All these 
goals targets for an equitable society and mitigate climate change [17]. The SDG 
also includes zero hunger, good health and well being. Organic farming is vital to 
achieve these goals. The change in agricultural pattern is always suggested for food 
security and feeding ever expanding global population sustainably. Organic farm-
ing is always kept as topmost solution for this by various scientific reports [28–30]. 
According to [17] organic agriculture is a holistic approach for better soil quality, 
biodiversity, proper biological cycle and overall healthy agro-ecosystem. This can 
be accomplished by using any biological resources despite of synthetic chemicals. 
This is the base for organic movement throughout the world [31–33]. The principles 
lie on good health and ecology makes the root for organic farming to grow and 
gain popularity across the globe. Organic farming stands as a sustainable approach 
that reduces green house gas emission as a mitigation measure to climate change. 
Organic food production as a safety concern influences both consumer awareness 
and consumer purchase. In USA alone organic products shares 5.3% of the food 
market with $47 billion in 2016. In developing country like India organic market 
shares in 2015 $104.5 billion. Organic farming is always beneficial to the marginal 
farmers with who follows traditional approach with no chemical applications. This 
results into large scale organic production. On the other hand it provides economic 
benefits, health and environment, protection of biodiversity by the implication of 
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traditional knowledge. The adaptation to climate change is possible through organic 
farming as it is concordant to traditional farming and more resistant to disease 
and extreme climate. The motto of SDG is to make the world poverty liberated and 
sustainable. This makes organic farming as a fundamental strategy for the well 
being of the planet. Organic farming is a combination of tradition and scientific 
innovation for the benefit of environment and maintaining a healthy relation of the 
organisms involved. This totally brings to an end of synthetic chemicals considered 
as a curse to environment [15]. In this context, organic fertilizer is a boon to organic 
farming as well as sustainable development [34, 35]. Organic matters are the major 
source for organic fertilizers. Addition of organic source to soil is always beneficial 
to maintain soil fertility. The various organic sources are still under investigation 
which can be utilized to prepare organic fertilizers. The green waste are considered 
biodegradable wastes and generated from various sources. The biomass of various 
organic wastes can be turned into wealth with proper technology to prepare organic 
fertilizers. In the following part of the chapter one of such technology and a possible 
source for organic fertilizer has been discussed in brief.

4. Vermicompost as nutrient rich organic fertilizer

Composting is a process in which biodegradation of organic matter takes place 
in an aerobic environment. There is various composting process and is one of the 
traditional practice for organic waste management. Over the time composting 
techniques have been evolved with various advanced engineering. Vermicomposting 
is an extension of composting technology in which earthworms are involved in 
the degradation process. Earthworms consume organic matter and accelerate 
degradation process. At the end nutrient rich vermicompost considered as one of 
the finest organic fertilizer is obtained [12]. Vermicompost is termed as black gold. 
Application of vermicompost has various benefits including promoting soil health 
and plant growth [36–38]. Being organic in nature is always superior to the other 
synthetic chemicals. The demand for vermicompost production is rising in global 
market. The outcome of vermicompost never harm human health and always safe 
for consumption. The environmental issues are always resolved by the application 
of vermicompost. The technology itself for vermicompost production is environ-
ment friendly and economical. The zero pollution and low cost of vermicomposting 
technology makes it advantageous over other fertilizer production technologies 
[11]. At present for a sustainable future adoption of an eco friendly and economical 
technology is very much important. Vermicomposting has the potential to mitigate 
all the problems related to health, environment and society. The organic waste 
generation is becoming a major problem all over the world and their ultimate fate 
is the waste stream. The burning also releases harmful elements to the atmosphere 
as well as destroys overall physical properties of the soil. The proper waste manage-
ment through utilization of these bio wastes as organic fertilizer for organic farming 
is possible [39]. This may set a benchmark as the most significant approach for 
sustainable development.

The importance of earthworms for the biodegradation of organic waste was 
first observed by Charles Darwin which became the base for evolution of modern 
sustainable technology called vermicomposting for organic waste management 
[12]. Vermicomposting have evolved in more scientific way by different researchers 
[40–44]. There are various benefits associated with vermicompost. Vermicomposting 
is considered more advantageous than traditional composting process [11]. The 
particle obtained after breakdown during vermocomposting is more homogenous 
and uniform with earthy manifestation than heterogeneous mixture obtained during 
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composting process [45]. The release of nutrients is slow during application of 
vermicompost to the soil. This benefits the easy uptake of nutrients by plants and also 
increases water holding capacity of soil [39]. Vermicomposting highly influence the 
soil physical properties. The soil porosity, aeration and temperature are well main-
tained during application of vermicompost. Soil microbial activity is also enhanced 
and replenishes nutrient content in soil in significant way which gradually promotes 
healthy plant growth [36]. Bulk density of soil is also observed to be reduced due to 
enhanced microbial activity resulting into increased porosity. The oxidation potential 
is also enhanced during vermicompost application to the soil. Vermicomposting of 
different organic wastes with different earthworm species results into nutrient rich 
eco-friendly vermicompost. The nutrient content is significantly high in vermicom-
post produced from various feedstocks and acts as a soil amendment for organic 
farming [9, 20]. The nutrients are released into more exchangeable format during 
stabilization process of organic waste making these elements readily available to 
plants in final vermicompost [12].

If we consider the economic benefits of vermicompost, in the current time 
global market for fertilizer is increasing. Farmers are more concentrated in effi-
cient production. Organic fertilizers are always derived from natural sources. 
Vermicompost is basically a result of bio-conversion of various organic wastes. 
The improvement in soil quality and healthy crops associated with vermicompost 
application highly influence the rural economy. The economic profit for any agri-
cultural produce in evaluated on the basis of yield, return and cost–benefit analysis. 
The nutrient losses from the field are marginalized during any organic application 
including vermicomposting. The lower emission of pollutants, soil biota conserva-
tion, enhanced nutrients is all characterized for economic profit for any marginal 
farmers using organic manure like vermicompost [20]. On the other hand on site 
production of vermicompost also requires very low input for installation and the 
raw material can be easily available without any transportation costs [12]. The rural 
development is possible through employment generation by small entrepreneur 
with vermicompost production with readily available resources in and around. The 
farmers were benefited substantially with organic farming as compared to equiva-
lent economic input in synthetic fertilizers [20].

5. Terrestrial weed biomass as an organic waste for vermicompost

Various organic wastes have been investigated for the production of vermicom-
post. The unwanted plants in any ecosystem are termed as weeds and terrestrial 
weeds are those grow on land. The non native species to a particular area causing 
harm environment and health is termed as an invasive species. These invaders 
remain persistent in an area and gradually harm the total environment. The weeds 
particularly invasive in nature and destroys native vegetation. The whole nutri-
ent regime and energy balance is altered by the prevailing of these weed species. 
The management of these weed species is difficult and complete eradication is 
not possible [12]. The weed biomass is a potential resource for the production of 
vermicompost. In the recent time various researches revealed the utilization of ter-
restrial weed biomass and found significant results while producing vermicompost 
[11–14]. Among the most noxious terrestrial weed species mostly investigated for 
the potential of vermicompost production are Lantana camara, Ageratum conyzoides, 
Parthenium hysterophorus etc. All of these weeds species are associated with various 
adversities and management with sustainable technology is very much required. 
The rapid regeneration capacity and morphologal adaptation make these weeds 
wide spread to a larger area. Most of these are found in forest, agriculture and urban 
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ecosystem [12]. The weed biomass is easily available near farm area after clear-
ance in abundance and can be easily utilized for onsite vermicompost production 
without any heavy cost involved. The nutrient rich vermicompost is produced from 
Ageratum conyzoides without any phytotoxicity. The germination index analysis 
proves Ageratum conyzoides biomass as an excellent media for plants [14]. The 
enhanced nutrient content in the bioconversion of Ageratum conyzoides biomass 
indicates its suitability as a substrate for vermicompost production [12]. The high 
tolerance capacity makes the weed Lantana camara to withstand any adverse 
environmental condition. Annually Lantana camara biomasss tons in billion is gen-
erated and can be utilized in an extensive way for vermicompost production. The 
FTIR analysis of vermicompost produced from Lantana camara biomass indicates 
reduced lignin content and allelopathic elements. Thus the vermicompost produced 
become eco-friendly and plant friendly [9].

6. Conclusion

Sustainable development depends on the conservation of natural resources 
and reliance on renewable resources for the future generation. Hunger reduction 
and food security for all is the major goal of SDG. The consumer consciousness 
for health and well being is the major driven force for organic movement. The 
chemicals applied in the paradigm of shift in agricultural activities in recent past 
have destroyed the food quality, soil fertility and the environment to a large extent. 
Organic farming is a solution to overcome all of these problems. The organic prod-
ucts are in high demand in both developed and developing nations. It was observed 
that organic farming is beneficial to the marginal farmers in rural economy and 
also helps in maintaining a clean environment. Organic fertilizers make organic 
farming more sustainable. Crop production, soil fertility is also enhanced due to 
application of organic fertilizers. The role of vermicompost as an organic fertilizer 
plays a crucial function in sustainable eco-friendly farming with abundant benefits 
including maintaining soil quality and nutrient supply to the crops in efficient way. 
Vermicompost application also accounts for pest control, enhanced microbial activ-
ity in soil and release of no emission to the atmosphere. Terrestrial weed biomass is 
seen to be a good resource for vermicompost production. This can be utilized in an 
efficient way instead of discarding it into waste stream. The proper management 
of terrestrial weed biomass through vermicomposting can resolve the demand for 
organic fertilizer globally.
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Chapter 7

Biosynthesis of Zinc Nanocomplex 
Employing for Plant Growth 
Promotion and Bio-Control of 
Pythium ultimum
Shaima M.N. Moustafa and Rania H. Taha

Abstract

Green Biosynthesis method was used for the preparation of Zn(II) nano 
 complex from the reaction of the schiff base ligand 2,2′-((1E,1′E)-(1,2-phenylenebis 
(azanylylidene)) bis(methanylylidene))bis(4-bromophenol) and Zn(II)sulphate. 
The nano complex was characterized by different physicochemical methods. Zinc 
nanoparticles (ZnNP-T) will be studied as an antifungal agent. In this study, we 
will investigate the ability of the myogenic Zinc nanoparticles for plant Growth 
Promotion and Bio-control of Pythium ultimum.

Keywords: Zn-Nanocomplex, Trichoderma harzianum, Pythium ultimum,  
antifungal activity, Trigonella foenum-graecum

1. Introduction

The rising interest of consumers for food integrity and for the social and envi-
ronmental sustainability of agriculture systems has a special impact on the crop 
production fields. This circumstance forces us to look for new tools for crop protec-
tion that are not based on chemical control.

Since the rising demand production of organic food, using of biofertilizers 
and biopesticides were the best way to alternative eco-friendly production. In 
fact, Trichoderma spp. have the greatest resistant to pesticides, which categorizes 
as integrated control and good bio-control agents [1, 2] because of its ability to 
produce many enzymes, such as chitinases, glucanases and proteases. In addition to 
bio-control, Trichoderma spp. have been recognized as plant growth promoter and 
promoters of different plant defense mechanisms [1, 3].

Nanoparticles have very important role in the biotechnology industries [4], 
which considered one of the fastest growing fields because of their biological, 
chemical and physical characterization. The biosynthesis of nanoparticles complex 
from fungi are a significant branch, due to the fungi has the greatest tolerance and 
metal bioaccumulation capability. Biogenic methods for nanoparticles forming by 
plants [5, 6], fungi [7, 8], and bacteria [9, 10] have formerly been described.

A great promise in this area is the Schiff bases. A Schiff base can be defined as 
the nitrogen analogue of aldehyde in which the carbonyl group is replaced by the 
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azomethen group [11]. The transition metal complexes having O and N donor of 
Schiff bases ligands possess unusual configuration, structural liability, and are 
sensitive to the molecular environment [12].

Fenugreek (Trigonella foenum-graecum L) is an annual herb grown in North 
Africa, Egypt, India, Afghanistan, Bangladesh, Pakistan, Nepal, Iran, Turkey, 
Morocco, Spain, southern China and southern Europe. it is one of the commonly 
used herbs since ancient times. Medical Papyri of ancient Egyptian mentioned that 
it is used as food and antipyretic and in compounds used as incense for embalming 
and fumigation [13]. Several Arab writers described the plant and seeds as aperi-
ent, suppurative, emmenagogue, diuretic, useful in enlargements of spleen and 
liver, dropsy, and chronic cough. Fenugreek seeds contain 45.4% dietary fiber that 
blunts glucose absorption after a meal and regulate the production of cholesterol 
in liver [14, 15]. Seeds contain trypsine, alkaloids and chymotrypsine inhibitors 
[16, 17], anti-inflammatory steroidal saponin glycosides, flavonoids, furostanol 
steroidal saponins, flavone C-glycosides, spirostanol saponins and 17 amino acids, 
7 of them being essential amino acids. Seeds considered as one of the most effec-
tive antidiabetic plants, used by traditional healers of northern Europe to treat 
diabetes, as stimulant and carminative, and in renal disorders. In Danish popular 
medicine, it is used to treat anxiety and depression. The seeds are used for wound 
dressing, rheumatism, stomachache, and leprosy, and have observed uterine 
stimulant activity [18].

However, its production may be affected by several exogenous stresses, includ-
ing diseases caused by soil born pathogen microorganism. Pythium species affecting 
the different plants in younger stages and causing damping-off disease, this patho-
genic fungi can caused root rot in later stages of plant growth [19, 20]. When the 
plant is in the seedling stage of its life cycle, infection by pathogenic Pythium species 
causes pre and post-emergence damping-off disease, which decaying the seeds 
and seedlings before and after the emergence of the plant from the soil surface, 
respectively. However, infected mature plants have also been found to show root rot 
symptoms.

Pythium spp. affect the young tissues, which have not developed to secondary 
thickenings; thus, the infection is limited to seedlings and youngest roots. The 
post-emergence damping-off disease of seedlings is associated with symptoms 
like water soaking, reduced growth, black or brown discoloration, wilting and 
root rot [21, 22]. In mature plants, water-soaked roots and lesions of stem at the 
soil line, stunted growth, and brown discoloration of roots are prevalent [23]. 
Due to their capability to disperse through different routes, their detection and 
Managements have become crucial. Therefore, the use of an integrated approach 
with bio and myogenic techniques for controlling of pathogenic Pythium spp. can 
be the most and best sustainable alternative to the traditionally used and danger-
ous chemical approach.

This study will focus on the management strategies of Pythium ultimum 
causing damping-off and root rot in Fenugreek (Trigonella foenum-graecum L) 
plants by preparation of Nano Schiff base complex, its characterization and its 
hopeful applications in different fields by using Trichoderma harzianum, which is 
a nonpathogenic, fast growing and environmentally friendly fungus. Therefore, 
the goals of the present study were: (a) to evaluate the pathogenicity capacity of 
nano metal complex against seedling. (b) to evaluate the tolerance of different 
concentrations of nano metal complex on the germination of seeds and possibil-
ity for acceleration of the growth and finally, (c) to evaluate the biosynthesis 
of nanoparticles complex for control of the disease caused by P. ultimum in 
seedlings.
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2. Methodology

2.1 Materials

In this study, all chemicals used were of highest purity. Organic solvents used 
included C2H5OH and (DMF) were spectroscopic pure from British Drug House 
(BDH). Distilled water collected from glass equipment. The other materials such 
as, 5-bromo-salicylaldehyde (Sigma), o-phenelendiamine (Aldrich), Zn(NO3)2 
(Merck) were also used.

2.2 Instrumentation

Microanalytical determinations were carried out in the Cairo University 
(Microanalytical center). The IR spectra were recorded on a Perkinelmer spectro-
photometer (400 – 4000 cm−1) (KBr technique). proton-NMR spectra (DMSO-d6) 
were measured at a Pruker spectrophotometer, using TMS as an internal standard. 
The uv–vis spectra were recorded on a Perkin-Elmer spectrophotometer. Mass 
spectra were recorded with the aid of a Shimadzu using a direct insertion probe 
(DIP) at temperature range 50–800°C. The nano-sized complex was characterized 
with (SEM) a scanning electron microscope.

2.3 Synthesis of the Schiff base ligand

A solution of 5-bromo-salicylaldehyde (4.02 g, 20 mmol.) in absolute ethanol 
(50 ml) was added to a hot stirred solution of o-phenylenediamine (1.08 g, 
10 mmol.). This mixture was refluxed for 3 hr. in water bath and cooling,  
then, the products formed were collected by filtration. Yield (87.4%, 90.2%); 
M. P; 240 and 200°C; respectively (the ligand was synthesized in our previous 
work [24].

2.4 Studied micro-organisms

Isolates of Pythium ultimum and Trichderma harzianum were obtained from 
biology department –Jouf University, KSA. Precultures of Trichderma harzianum 
(MW459195) and Pythium ultimum (MW830915) were made by grown on potato 
dextrose agar (PDA) for 7 days at 26°C in dark.

2.5 Preparation of biomass of Trichderma harzianum (MW459195)

Two discs (5 mm in diameter) of T. harzianum (MW459195) was inoculated 
onto 100 ml PD broth in a 250 Erlenmeyer flask and incubated at 26°C for 7 days 
in the dark. Mycelium mats were collected by using filter paper (Whatman No. 
1) and washed three times with sterilized distilled water to eliminate any adher-
ing media may present. Mycelium mats (3 g) were dried for bio-synthesis of 
nanoparticles.

2.6  Pathogenicity tests of nano metal complex against seedling and germination 
of seeds

In order to use Nano metal complex as bio-control agent, it must not produce 
metabolic toxins that effect on seed germination and plant growth. Seeds of 
Fenugreek were soaked in the solution of sodium hypochlorite (2% w/v) for 3 min 
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and washed with sterile distilled H2O several times. Ten ml of different concentra-
tion of nano metal complex (10, 20, 30 and 40 ppm) were prepared and mixed 
with 0.6 g of carboxymethyl cellulose (CMC). Fifty of Fenugreek seeds were added 
to the mixture and stirred thoroughly and allowed to dry overnight in a laminar 
flow cabinet at room temperature, and incubated at 20°C until seeds germinated. 
Ten ml of sterile distilled H2O were used as control. After Fenugreek seeds were 
germinated and beginning to form radicles and plumules, the time of seed ger-
mination were determined. Choose the vital seeds and 3 seeds were planted in 
Erlenmeyer flasks, which containing sterilized 100 ml of WA (3%) was decanted 
in conical flasks with 10 ml of different concentration of nano-metal complex (10, 
20, 30 and 40 ppm). All flasks were incubated in growth chamber at 25°C with 
12 h photoperiod (91 μmol m−2 s−1) for 4 week. All seeds were then used in study 
the pathogenicity of nano metal complex on Fenugreek seed germination and 
seedling elongation.

2.7 Biosynthesis of the nano metal complex

The Zn nano complex was prepared by mixing the Schiff base ligand (1 mmol) 
and 1 mmol of Zn (II) nitrate in the presence of T. harzianum powder as a reducing 
agent as a novel method for the preparation of Zn-nanocomplex. The mixture was 
ground with a pestle in an open mortar at room temperature. The melted mixture 
was then allowed to solidify. The solid was filtered off and crystallized twice-using 
C2H5OH to give Zn-nanocomplex as a pale brown crystal [25].

2.8 Bioassay of nano metal complex against Pythium ultimum

Sterilized warm Potato Dextrose Agar (PDA) medium was prepared, and poured 
in sterile Petri dish supplemented with 100 μl of different concentration of nano 
metal complex (10, 20, 30 and 40 ppm). Agar discs (10 mm) were taken from the 
margins colony grown on water agar, and then placed in the center of each Petri 
dish. All petri-dishes were incubated in the dark at 26°C. Radial fungal mycelial 
growth was measured by determined colony diameters in each dishes, after 6 days 
of incubation. The percentage inhibition of fungal growth was calculated using the 
formula:

 ( ) ( )( )Inhibition % D M D 100= − ÷ ×  (1)

where D is the growth diameter of P. ultimum in the control (mm) and M is the 
growth diameter of P. ultimum in presence of Nano-metal complex (ppm) [26].

2.9  Microscopic analysis of the effect of nano metal complex on the mycelium 
growth

The microscopic images were taken at the faculty of Agriculture, Cairo 
University, using a scanning electron microscope (JOEL brand model JSM6400) at 
1000 and 3000 x. Samples were taken from mycelium treatment with tested nano 
metal complex at 30 ppm, then the mycelium was placed on a glass slide and using 
a metal coating equipment of samples (EDWARDS E306A), a copper bath was 
applied to the samples for 20 min for subsequent visualization. Finally, the general 
morphological and structural characteristics of the P. ultimum mycelium were 
evaluated.
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2.10  Evaluation of nano metal complex as antifungal activity and plant growth 
promotion in pot experiment

The ability of nano metal complex in different concentrations (10, 20, 30 and 
40 ppm), its antifungal and growth enhancement effects of Fenugreek seedlings 
in soil infested with P. ultimum were tested. For preparation P. ultimum infested 
soil, the propagule suspension of P. ultimum was added at thirty-propagules/g soil 
to the autoclaved soil. Thirty seeds were used for each treatment. The surface of 
the seeds were sterilized with 2% sodium hypochlorite for 3 min, and washed by 
sterile distilled H2O for 5 min and dried using sterile filter paper. Pre germination 
test was done to select viable seeds. The experiment was classified into five groups. 
Frist group: free Pythium soil were irrigated with sterile distilled water, while 
second groups: soil infested with Pythium and irrigated sterile distilled water. The 
remaining three groups: the soil infested with Pythium in each group and soil were 
irrigated with nano metal complex -solution with different concentrations (10, 20, 
30 and 40 ppm). Pots were kept in a growth-illuminated cabinet (Precision, United 
States) at 25°C with 12 h photoperiod (91 μmol/ m2 s1) under humid conditions. 
Soil moisture content was preserved at 35%. Experiments were performed with ten 
replicate pots per treatment. Germination % was calculated after 48 and 72 hour by 
following formula:

 
Number of germinated seeds

Germination percentage 100
Total number of seeds

= ×  (2)

After 10 days of germination, seedlings growth were determined in terms of 
shoot and root length (mm).

3. Results and discussion

In the present study, the analytical data of the previously prepared Schiff base 
ligand and its Zn nano metal complex suggest the structures as in Figure 1. The 
Schiff base ligand and its Zn-nano complex were subjected to elemental analyses 
(C, H, N and O). The results of elemental analyses with molecular formula and the 
M.P. were in Table 1. The results obtained were in well agreement with those of 

Figure 1. 
Schematic route for preparation of the free ligand.
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the suggested formulae. The M.P. were sharp, indicating the purity of the prepared 
compounds. The results of the elemental analyses of the isolated complex are in 
agreement with those required by the proposed formula of the complex.

The NMR spectrum of the Schiff base ligand (Figure 2) (Table 2) showed a 
singlet peaks at 9.335 ppm and at 11.247 ppm due to the azomethine and phenolic 
protons, respectively. In addition to multiplet signals at 6.465–8.175 ppm attributed 
to the aromatic protons [27, 28]. The comparison of the NMR data of the ligand and 
its Zn (II)metal complex confirms the mode of coordination between the ligand 
and its metal ion. By complexation, the spectrum of the nano-Zn complex display 

Figure 2. 
1H NMR data for (a) free ligand and (b) its Zn(II) nano complex.

Compd. no. δph δCH=N δOH

L 6.465–8.175 9.335 11.247

Zn nano complex 6.451–7.684 8.252 10.210

Table 2. 
1H NMR data for the Schiff base ligand and its nano complex.

Compd. no. emprical formula M.P. 
(oc)

Color 
(yield %)

(%) found (calcd.) Λm*

C H N

Free ligand(L), C20H14Br2N2O2 200 Dark 
yellow 
(90.20)

36.89 
(50.64)

2.93 
(2.98)

12.01 
(5.91)

—

(5)[(Zn)(L)](NO3)2, 
C20H14Br2N4O8Zn nano complex

<350 Dark 
yellow 
(85.79)

33.59 
(33.90)

1.95 
(2.00)

7.86 
(7.91)

11.25

*ohm −1cm2mol−1.

Table 1. 
Elemental analysis and some physical measurements of the free ligand and its metal nano complex.
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a significant shift of the signals due to C=N group and OH protons indicating the 
involvement of both OH as well as C=N groups in coordination to the metal ions 
without their deprotonation suggesting that the ligand act as neutral tetradentate 
ligand, O2N2 coordination sphere.

The IR spectrum of the ligand was compared with those of its metal complex, in 
order to confirm the mode of bonding, Table 3.

The infrared spectrum of the schiff base ligand has a broad absorption band at 
3456 cm−1 which were due to the phenolic group [29, 30]. The spectrum displays 
also medium band at 1290 cm−1 due to υC-O (phenolic group) [31]. Additionally, a 
strong band at1620 cm−1 was observed due to υC=N of azomethine group [32]. By 
careful comparison of the spectrum of the nano-metal complex with those of the 
Schiff base ligand it was found that: the band at 3456 cm−1 shifted to lower fre-
quency region at 3401 cm−1 in the metal nano complex suggesting the involvement 
of OH group in complexation without its deprotonation. The strong bands at 1620 
and 1290 cm−1 due to υC=N and υC-O (C=N and OH groups) are shifted to lower wave 
number (1532 cm−1) and (1240 cm−1), respectively in the metal complex indicating 
the coordination of nitrogen and oxygen to the metal ion. Also, the spectrum of the 
complex shows three bands at 1401 cm−1, 1372 cm−1 and 1025 cm−1 corresponding 
to unidentate coordination mode of NO3 group. All these results are consistent with 
the conductance data. Conclusive evidence of the bonding is also shown by observ-
ing new bands in the infrared spectrum of metal nano complex in low frequency 
region at 550 cm−1 and 515 cm−1 may be attributed to υM-O and υM-N, respectively 
that are not observed in the spectrum of the Schiff base ligand [33, 34].

The mass spectrum of the free ligand shows the parent peak at m/e = 474.36 
(48.78%) that agree with the molecular formula C20H14Br2N2O2. Also, the spectrum 
shows numerous peaks corresponding to various fragments, their intensity indi-
cates the stability of the fragments. Figure 3 represent the proposed pathway for the 
decomposition steps for the ligand.

The conductivity Λm value of the Zn-nanocomplex can be calculated using 
the following relation Λm = K/C, where C is the molar concentration of the nano 
metal complex solution and K is the specific conductance. The complex was dis-
solved in (10−3 M) DMF and the molar conductivity of the solution at 25 ± 2°C were 
measured Table 1. It is concluded from the results that; the complex is found to has 
molar conductance value of 11.25 ohm−1mol−1cm2 indicating that this complex is 
non-electrolytic in nature. Also, the values indicate the bonding of the nitrate ions 
to metal cations [33, 35].

UV–vis spectra of the ligand and its metal complex was performed in DMF at 
room temperature at wavelength range 200–800 nm. The significant electronic 
absorption bands of the ligand, its nano complex and the magnetic moments of 
the complex are given in Table 4. 2 absorption peaks were observed in the spec-
trum of the ligand at 265 and 339 nm due to п-п* and n-п* transitions, respectively 
attributed to benzene and the azomethine groups [34, 36]. In the spectrum of 
metal complex, the absorption bands attributed to п-п* and n-п* transition were 

Compd. no. ʋO-H 
(phenolic)

ʋCH=N 
(azomethine)

ʋC-O 
(phenolic)

ʋM-O ʋM-N Additional 
bands

L 3456 1620 1290 — — —

Zn-nanocomplex 3401 1532 1240 550 515 1401,1372,1025 
(coord.NO3)

Table 3. 
Infra-red spectral data of the free ligand and its metal complex.
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shifted to lower or higher frequency due to the coordination of the Schiff base 
ligand with the metal ions. Zn (II) complex is diamagnetic in nature with no d-d 
transition. So, according to all of this obtained data, the octahedral structure may 
be suggested.

The size and the morphology of the nano complex were studied by SEM 
(Figure 4). It was found that the particles are semispherical in nature with some 
agglomerations. The SEM images also revealed the stabilization of Zn(II) nanopar-
ticles due to interaction with the Schiff base ligand [37].

Figure 3. 
Mass fragmentation pattern for the free ligand

Compd. no. μeff (B.M.) Absorption bands (nm)

п-п* n-п* d-d transition

L — 265 339 —

Zn-nano complex Diamagnetic 276 323 —

Table 4. 
Magnetic moment and electronic spectral data of the ligand and its Zn-nano complex.
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Correlation of all this results, the structure of the complex can be suggested to 
be as in Figure 5.

Fungi are the most efficient microorganisms when it comes to the biological 
production of Mycogenic Metal Nanoparticles synthesis [38]. This is due to the 
fungi having enhanced processes, accumulating metals, have capacity for produc-
ing a high number of bioactive metabolites [39, 40], fungi do not require complex 
nutrients, these are easy to grow, easy to manipulate, also have high metabolites and 
production of biomass, and has high metal uptake and high wall-binding capability 
[41–43]. Our Experiment revealed that nano-metal complex had no obvious effect 
on the time required for Fenugreek seed germination, (Figures 6 and 7). Nano-
metal complex activated seeds germination, since seeds germinated 24 h prior to the 
germination of control. Results in Figure 7 revealed that seedling elongation was 
retarded with different degrees in case of treated seeds compared with the controls. 
Nano-metal complex showed a slight retarding effect on Fenugreek seedling elonga-
tion compared with the control, especially after 7 days from seed germination.

Table 5 shows the antifungal influence of different concentration of nano 
metal complex (10, 20, 30 and 40 ppm) on P. ultimum mycelial growth on PDA 

Figure 4. 
SEM image of nanoparticle complex.

Figure 5. 
Suggested structure of Zn nano complex.
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Figure 6. 
Effect of nano-metal complex with different concentration on the time of seed germination.

Figure 7. 
Pathogenicity tests of nano metal complex against Trigonella foenum-graecum germinating seeds grown 
in Erlenmeyer flasks containing 2% water agar. (A) Control, (B) treated seeds with nano-metal complex 
(10ppm), (C) treated seeds with nano-metal complex (20 ppm), (D) treated seeds with nano-metal complex 
(30 ppm), (E) treated seeds with nano-metal complex (40 ppm) after 7 days at 25°C.
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medium after 6 days of incubation at 26°C. Results reveled that significantly 
reduced of mycelial growth of P. ultimum at different concentrations (10, 20, 30 
and 40 ppm), especially in 30 and 40 ppm compared to control (p ≤ 0.001). As 
shown in Figures 8 and 9 efficacy of nano metal complex at concentration 40 ppm, 
was the greatest one of all concentration tested P. ultimum growth inhibition, that 
observed no mycelium growth appear, follow by nano metal complex at concentra-
tion 30 ppm which mycelium growth were (32 mm). Percentage of inhibition of 
nano metal complex at different concentrations (10, 20, 30 and 40 ppm) were 
(23.52%, 29.4%, 62.4% and 100%) respectively. Biological control of damping-off 
diseases has been successfully. Applied using T. harzianum [44, 45]. El-Sayed [46] 
reported that Trichoderma spp. are known to control all pathogens either directly by 
inhibition of sporulation and growth of the pathogen mechanisms such as enzyme 
production and mycoparasitism, or indirectly by competing for nutrients and 
space, modifying the environmental conditions, or by promoting plant growth and 
enhancing plant defensive mechanisms and antibiosis. Microscopic examination of 
the mycelium showed coagulation of the protoplasm within the mycelium and lysis 
of cell wall of mycelium compared with the control (Figure 10).

Kamala and Indira [47], Evaluated the activity of three Trichoderma isolates 
(T73, T80 and T105) for their bio-control activity of P. ultimum. Also assayed 
the different bio control mechanisms such as protease, chitinase, β-1,3-glucanase 

Pythium 
spp.

Mycelium growth (mm)

control 
(metalaxyl)

Nano metal 
complex  
(10 ppm)

Nano metal 
complex  
(20 ppm)

Nano metal 
complex  
(30 ppm)

Nano metal 
complex  

(40 ppm)

P. ultimum 34**±0.16* 65 ± 0.3 60 ± 0.13 52 ± 0.21 0

*Mycelium growth (mm).
**Standard error of three replicates.

Table 5. 
Antifungal activity of nano metal complex against P. ultimum on PDA medium at 26°C for 6 days in the dark.

Figure 8. 
Inhibition of mycelial growth of P. ultimum. (A) Control, (B) Control containing Metalaxyl, (C) Treated 
containing Nano-metal complex (10 ppm), (D) Treated containing Nano-metal complex (20ppm), (E) 
Treated containing Nano-metal complex (30ppm) and F) Treated containing Nano-metal complex (40ppm) 
on PDA at 26°C for 6 days at the dark.
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activity, cellulase and production of volatile and non-volatile compounds. Their 
results show that, Trichoderma (T-105) reduced the.

Pre and post-emergence damping-off disease or Root rot disease were incidence 
in infested soil with P. ultimum and showed the highest disease control percentage 
under in vitro as well as the pot experiment [48–50]. In our study, we evaluated the 
biogenic Nano-metal complex in pot experiments, which reveal that data in Table 6 
have differences in the germination%, that It observed the beginning of germination 

Figure 9. 
Inhibition % of P. ultimum exposed to different concentration of nano metal complex, on PDA at 27°C for 6 
days at the dark.

Figure 10. 
Scanning electron micrograph showing the antagonistic effect of nano metal complex (30 ppm) against 
P. ultimum. (A and B) healthy mycelia of P. ultimum. (C) Abnormal structure, lysis and destruction of 
P. ultimum.
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of seeds after 20 hour in Nano-metal complex 20, 30 and 40 ppm about 60%,com-
pared with control 33.3%. gradullary, the germination % of seeds increase with 
increasing time until 48 h, all seeds were germinate 100%.

With observance to root and shoot lengths, results in Table 6 show that Nano-
metal complex had effects in both concentration 20–40 ppm for shoot length about 
(180 mm), the Nano-metal complex (10 ppm) treatment recorded the lowest value for 
root length about 150 mm. In addition in the same concentration for root length about 
(95.2 mm, 96.5 mm and 96.5 mm), respectively. The Nano-metal complex (10 ppm) 
treatment recorded the lowest value for root length about 81.8 mm, Figures 11 and 12. 
From previous results, it can be concluded that Nano-metal complex (40 ppm) had the 
best record in both germination as well as shoot and root length.

The increased applications of Metal Nano Particles in several area required new 
biocompatible, safe, and active nanostructures with less dangerous by products of 
synthesis reactions [51]. Mycogenic Nano-Particles are observed as biocompatible, 

Treatment Germination 
% after 20 h

Germination 
% after 24 h

Germination 
% after 48 h

Length (mm)

Shoot Root

Control 33.3 ± 0.2 73.33 ± 0.16 100 130 69.5

Nano-metal complex 
“10 ppm”

60 ± 0.05 93.33 ± 0.13 100 150 81.8

Nano-metal complex 
“20 ppm”

66.6 ± 0.1 96.67 ± 0.2 100 180 95.2

Nano-metal complex 
“30 ppm”

66.6 ± 0.12 96.67 ± 0.12 100 180 96.5

Nano-metal complex 
“40 ppm”

66.6 ± 0.2 96.67 ± 0.22 100 180 96.5

Table 6. 
Effect of nano-metal complex treatments on germination (%) and root and shoot lengths (mm) of fenugreek.

Figure 11. 
The effect of bio-control agent and plant growth promotion of nano metal complex on Trigonella foenum-
graecum seeds germination in pots containing sandy loam soil cultivated with P. ultimum. (1) Control seeds 
sown in free Pythium soil, (2–5) seeds sown in soil infested with P. ultimum and irrigated with nano-metal 
complex (40,30,20, 10 ppm), respectively after 4 weeks.
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eco-friendly, less toxic, safe, and cheapest alternatives, with lowest consumption of 
energy and highest yields when compared with other physical or chemical synthesis 
[26, 52]. While well-known advantages of Metal Nano-Particles as the best alterna-
tives against antimicrobial species of pathogenic fungi and other microflora, many 

Figure 12. 
Effect of nano-metal complex on Trigonella foenum-graecum plant biomass after 4 weeks of planting.  
(1) Shoot biomass. (2) Root biomass. (3) Total biomass.
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challenges and opportunities are ahead of us. Given that the effects of NPs result 
from a combination of multiple, the potential development of resistance against 
them is more difficulty and less likely [53]. In future should be focus on testing new 
isolates, discovering new Metal Nano-Particles, and clarifying their structures and 
mode of its action as antimicrobial agents. Novel discovery of mycogenic MNPs 
include the study of extremophilic and endophytic isolates. While the endophytic 
has increased its relevance during the last years, the extremophilic is still limited 
in studies and focused on other purpose rather than their use against antimicrobial 
species [54].
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Abstract

The cupuassu (Theobroma grandiflorum (Willd. Ex Spreng.) K. Schum.) is a native 
fruit tree which has, in the past years, acquired great social and economic importance 
for the regional farmers. The nutrient-rich and often wasted cupuassu tree fruit shell 
residues can contribute to the improvement of the low fertility soil of Amazonia. A 
trial was carried out on a small holder’s cupuassu plantation in Central Amazonia to 
ascertain the effect of organic fertilization on the recovery of soil fertility and plant 
nutrition by using material from cupuassu shell residues and Inga edulis pruning 
(branches and leaves). The fertilization with cupuassu rinds + Inga prunings improved 
soil fertility, mainly by the increase of K and Ca in the soil, but only with liming, 
which appears to favor the mineralization of these nutrients. At the 0–10 cm depth, 
the Ca level increased about 50% compared to the control and the K level increased 
75% compared to the cupuassu shell treatments. The significant increase of about 
30% in N absorption by trees in the plots without liming shows that the application of 
green manure can increase the mineralization of N in Oxisols. These results show that 
the organic residue sources used can result in a nutrient-bearing organic fertilizer and 
become a low-cost alternative for recycling cupuassu processing residues.

Keywords: cupuassu shell, Inga pruning, decomposition, nutrients, liming

1. Introduction

The cupuassu (Theobroma grandiflorum (Willd. Ex Spreng.) K. Schum.) is a 
native fruit tree which has, in the past years, acquired great social and economic 
importance to the regional farmers. Most soils, where this species is cultivated, are 
of low natural fertility. Successive crops with no nutrient replenishment can bring 
about soil exhaustion and become detrimental to the system’s sustainability [1, 2]. 
Problems, such as population unevenness, nutritional deficiencies, the occurrence 
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Of witch’s broom disease caused by a fungi (Moniliophtora perniciosa), and cultiva-
tion of plants susceptible to it, have imposed a crop yield decrease, causing losses to 
the rural producers [2–4].

The municipality of Presidente Figueiredo in the Amazonas state has great 
potential for cupuassu agribusiness, despite the producers have been faced with 
problems related to the decrease in cupuassu yield due to the soil’s natural fertility 
loss throughout years of cultivation, plus the occurrence of pests and diseases. Since 
most producers in this municipality cannot afford agricultural inputs, an alternative 
technology for conserving and recovering soils must be economically viable to be 
adopted by the farmers in the region. Hence, low-cost soil management alternatives, 
such as the use of organic residues, must be prioritized.

The often wasted cupuassu tree fruit shells could be used in contributing to fertil-
ize the soils. The recycling of these wastes, as well as a better use of natural resources, 
has become very important when it comes to sustainable agriculture since it reduces 
production costs and minimizes environmental impact [5, 6]. Furthermore, organic 
residues can bear phytopathogenic suppressing microorganisms present in the soil, in 
addition to stimulating the growth of a more diversified and competitive/suppressing 
microbiota, reducing the occurrence of plant diseases [7, 8].

As most fruits, especially cupussu, are rich in potassium (K) and their pro-
ductivity depends on the contents of this nutrient in the soil, their replenishment 
becomes necessary to maintain the cupuassu productivity [1, 9, 10]. Large amounts 
of organic residues from cupuassu pulping processing are currently found available 
piled up near the dwellings and/or agroindustries in the municipality of Presidente 
Figueiredo. These residues are a low-cost fertilizer alternative source for the replen-
ishment of nutrients exported by harvesting or lost by leaching. On the other hand, 
the mixing of the cupuassu shells with N-rich materials could help the cupuassu 
shells’ decomposition and mineralization without the soil’s N immobilization in 
the soil. Thus, the addition of pruning of some N2-fixing leguminous species, such 
as the Inga tree (Inga edulis Mart.), also known as ice cream bean, which is very 
frequent in the properties of the farmers of the Amazonas, might be used for this 
purpose. Hence, an experimental assay was implemented in the site of a smallholder 
farmer in the municipality of Presidente Figueiredo, in Central Amazonia, aiming 
to evaluate the effect of an organic fertilizer, by using plant materials from cupuassu 
shell residues and Inga tree pruning, on recovering the fertility of an Oxisol.

2. Material and methods

2.1 Characterization study area and experimental design

This study was conducted on a farming site located at coordinates 02° 03′ 55.5″ S 
and 59° 22′ 55.5″ W, on the side roads called Morena, in the municipality of Presidente 
Figueiredo, about 150 km from Manaus-AM through highway BR-174, in the Central 
Amazonia region. The experimental site’s soil was classified as Oxisol, with flat to 
slightly undulated relief and belonging to the very clayey textural class, with the 
following chemical characteristics (0–20 cm layer): pH (H2O) 4.62; available P 
3.67 mg kg−1; total N 1.88 g kg−1; and 0.36; 0.16; 0,07; 2.75 cmoc kg−1 of exchangeable 
Ca, Mg, K, and Al, respectively.

The experiment was carried out in an eight-year-old cupuassu crop, with 5 × 5 m 
spacing between plants and 400 plants ha−1 density. The experimental design was 
a randomized block design with four blocks (replications), consisting of a 2 × 3 
factorial scheme, in which the factors were two levels of liming and three types of 
fertilization, making a total of six treatments, totaling 24 plots with 10 cupuassu 
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plants per plot and a total of 60 plants per block. Treatments were as follows: 1—soil 
control; 2—cupuassu shell 2 t ha−1; 3—cupuassu shell 2 t ha−1 + Inga prunings 
3 t ha−1; 4—Limestone 2 t ha−1; 5—cupuassu shell 2 t ha−1 + limestone 2 t ha−1; 6—
cupuassu shell 2 t ha−1 + Inga prunings 3 t ha−1 + limestone 2 t ha−1.

The dolomitic limestone (2 t ha−1) was applied within the area straight below the 
cupuassu plant canopy and superficially incorporated into the soil. Plant materials 
used as organic fertilizers were obtained from farmers growing sites. Cupuassu shells 
were removed from a pile of discarded cupuassu shells and ground in a disintegrator 
(chopper and grinder), whereas the plant material was obtained from adult Inga 
tree pruning. Pruning was done by cutting off branches bearing up to 1.0-cm-thick 
leaves, just prior to the fertilization. Organic fertilizers were applied within the area 
straight below the cupuassu tree canopies, 60 days after the limestone was applied.

Plant materials used as organic fertilizer were analyzed to determine their 
chemical characteristics according to Silva [11] methodology. Inga plant material 
held higher nutrient concentrations than those of cupuassu shell, except for K, the 
contents of which showed to be similar (Table 1).

2.2 Soil sampling and analyses

Soil and cupuassu leave samplings were carried out at the end of the 2007 
harvest, so as to evaluate soil fertility and plant nutritional status. Soil samples, 
within the area below plant canopies, were collected at 0–10 and 10–20-cm deep, for 
a total of 10 simple subsamples to make up a composite sample, and 20–30-cm deep, 
in a total of 5 subsamples to form one composite sample. Soil samples were air-
dried, sieved through a 2-mm mesh, and taken to INPA’s Soil and Plants Laboratory, 
where they were analyzed according to the methodology used by Embrapa [12]. 
Soil pH was measured in water at a ratio of 1:2.5. The cations of Ca, Mg, and Al 
were extracted using KCl 1 N, and their concentration was measured using atomic 
absorption spectrophotometry. For P and K, the double acid extraction system 
(H2SO4 0.0125 M + HCl 0.05 M) was used. P levels were determined by spectro-
photometry using ammonium molybdate. The organic carbon concentrations were 
obtained using the self-analyzer for C, H, and N from Carlo Erba manufacturer.

Four simple soil samples were collected at 0–5, 5–10, and 10–20-cm deep, within 
the area straight below the canopies of the four central plants in the plot, for 0, 30, 
60, and 90 days following the organic fertilizers application, so as to determine 
the N in the ammonium (NH4

+) and nitrate (NO3
−) forms. Samples were placed in 

plastic bags and stored in a styrofoam box containing ice. They were then trans-
ported to the laboratory and weighed for mineral-N extraction. Mineral N contents 
were determined after having been extracted with 0.5 M K2SO4, by using 20 g of 
moist soil and 40 mL of K2SO4. Nitrate and ammonium contents were determined 
through colorimetry following Embrapa [12] methodologies.

The sixth recently ripened sprouting leaf, downward from the tip of one of the 
mid-canopy branches, was established as a standard reference in the collection of 

Plant material N Ca Mg K P C C/N

g kg−1

Cupuassu shell 6.19 1.29 0.90 6.58 0.33 495 68.3

Pruning of Inga 24.90 6.99 1.65 6.49 1.15 483 19.4

Table 1. 
Nutrient concentrations in plant materials used as organic fertilizer, collected on farms in the Central Amazon 
region (n = 3).
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cupuassu leaves. A total of five leaves were removed from each useful plant per plot, 
rapidly cleaned with distilled water-soaked cotton, dried in a forced ventilation 
oven at 65°C for three days, and then ground. Ca, Mg, K, and P concentrations were 
determined by nitro-perchloric digestion and the total N through sulfur digestion 
followed by distillation through the micro-Kjeldahl method [12].

2.3 Fruit production

The fruit production was evaluated by the number and weight of cupuaçu 
of 10 useful plants of each plot, from December to April (time of production 
cultivation), during the 2007/2008 harvest. The fruits, once detached from the 
plant, were counted and weighed. This operation was carried out once a week, 
during the entire harvest period.

2.4 Statistical analysis

Treatment effects significance was determined by the analysis of variance 
(ANOVA), and the comparisons between the means of the variables were per-
formed by the Tukey test at 5% probability.

3. Results and discussions

3.1 Soil acidity and calcium and magnesium contents

As it was expected, liming significantly increased soil pH, Ca, and Mg contents 
and reduced the exchangeable Al at the three assessed depths (Table 2). Despite the 
2 t ha−1 of limestone application significantly reduced the exchangeable Al content 
at the three evaluated depths, it still remained high at deeper layers (1.01–2.00 cmoc 
kg−1) [13]. The liming effect was more pronounced in the 0–10 cm layer, mainly in 
the treatments with the application of organic residues. There occurred an increase of 
the soil pH, as well as a more pronounced reduction of the Al content in the treat-
ments with an application of organic residues, in the limestone plots, especially in the 
superficial layer of the soil. The increase in soil pH with the addition of plant residues 
has been observed [14]. Castro [15] observed Al content marked reduction with the 
application of organic fertilizers on an Ultisol in Central Amazonia. The intensity 
of the effects is linked to the characteristics of the plant material used. In general, 
legumes provide higher pH and Al neutralization in the soil than grasses, and this 
effect is linked to the cation content in the plant material [16]. This result would be 
due to the complexation of free H+ and Al3+ with anionic organic compounds from the 
residues and the increased saturation of the cation exchange capacity by Ca, Mg, and 
K added with the plant residue, which would reduce the potential acidity [14]. The 
Oxisols of the Amazon are characterized by high acidity and the presence of toxic Al, 
and the application of organic matter has been suggested as an alternative for correct-
ing the acidity and the neutralization of the exchangeable Al in the soil [17, 18].

3.2 Exchangeable K, available P, and organic C contents

The results of the Table 3 showed a beneficial effect of liming on the decompo-
sition of the organic material added, resulting in the increase of the mineralization 
of K in the soil, improving the efficiency of the organic fertilizers used. In that 
case, K concentration on the plant materials used on the organic fertilization may 
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have been the determinant factor for such an effect, since in the treatment with 
cupuassu shells + Inga prunings, we applied almost twice the amount of K we had 
done in the treatment with just cupuassu shells. Similar results have also been 
observed by Alfaia et al. [9] in cupuassu agroforestry systems in Western Amazonia.

In general, the average levels of K in the soil observed in this study were low 
(<0.05–0.10 cmolc kg−1), according to Moreira and Fageria [13] criteria. Soils in 
Amazonia hold low K contents [6, 13, 19, 20] and, due to the relatively high demand 
many native plants have for it, K becomes one of the most limiting nutrients for 

Treatments Soil depth (cm)

0–10 10–20 20–30

Without lime With 
lime

Without 
lime

With 
lime

Without 
lime

With 
lime

pH (H2O)

Controls 4.29 4.87 b 4.25 4.64 4.30 4.43

Cupuassu shell1 4.30 5.08 
ab

4.25 4.66 4.26 4.51

Cupuassu shell + 
Inga2

4.24 5.31 a 4.20 4.60 4.20 4.39

Mean lime 4.28 B 5.09 A 4.23 B 4.63 A 4.25 B 4.44 A

Al (cmolc kg−1)

Controls 2.98 1.01 2.96 1.95 2.64 b 2.36

Cupuassu shell1 2.88 0.53 2.64 1.66 2.52 b 2.21

Cupuassu shell + 
Inga2

3.13 0.34 3.03 1.75 3.27 a 2.31

Mean lime 3.00 A 0.63 B 2.88 A 1.79 B 2.81 A 2.29 B

Ca (cmolc kg−1)

Controls 0.65 2.02 b 0.28 0.90 0.12 0.42

Cupuassu shell1 0.51 2.45 
ab

0.23 0.95 0.10 0.45

Cupuassu shell + 
Inga2

0.32 3.02 a 0.22 0.86 0.12 0.35

Mean lime 0.49 B 2.50 A 0.24 B 0.90 
A

0.11 B 0.41 A

Mg2+ (cmolc kg−1)

Controls 0.37 1.03 0.17 0.57 0.10 0.30

Cupuassu shell1 0.32 1.10 0.16 0.57 0.09 0.33

Cupuassu shell + 
Inga2

0.28 1.19 0.14 0.60 0.09 0.27

Mean lime 0.32 B 1.17 A 0.16 B 0.58 
A

0.09 B 0.30 A

Means followed by different lowercase letters in the columns, and different upper case letters in the lines, differ from 
each other, by Tukey test at 5% probability.
12 t ha−1 organic fertilization of residues of cupuassu shell.
22 t ha−1 organic fertilization of residues of cupuassu shell +3 t ha−1 Inga pruning.

Table 2. 
Values of pH (H2O), exchangeable aluminum (Al), calcium (Ca), and magnesium (Mg) in an Oxisol, 
cultivated with cupuassu tree, as a function of lime and organic fertilizer.
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producing fruits in this region [21]. Studies conducted in the Manaus region have 
shown K to be the most exported nutrient through agroforestry products origi-
nating from Amazonian native species, such as cupuassu, peach palm (Bactris 
gasipaes), and assai (Euterpe oleracea), with higher concentration in shells, seeds, 
and infructescence petioles, which must be reincorporated into the planting areas to 
maintain sustainability [22].

The low exchangeable K contents in the soils may also be related to its export 
through fruit harvesting in addition to losses by leaching, according to what was 
observed by Alfaia et al. [9]. The results of that study confirmed that mineraliza-
tion and, the addition to the soil, of K-rich organic matter, such as cupuassu shells 
and Inga plant material, have the potential to restore this nutrient in the soil when 
associated with the correction of the soil acidity [9, 23].

With regard to P, it was observed that only at a depth of 20–30 cm the levels of 
this nutrient were significantly higher in the presence of liming, although the data in 
Table 4 show a significant effect of liming on the absorption of P by cupuassu plants.

According to Khorramdel et al. [24], soil organic matter content is a result of the 
balance between the processes of addition of organic materials (plant residues, among 

Treatments Soil depth (cm)

0–10 10–20 20–30

Without lime With 
lime

Without 
lime

With 
lime

Without 
lime

With 
lime

K (cmolc kg−1)

Controls 0.09 A 0.09 
Aab

0.05 A 0.05 
Aab

0.04 0.03

Cupuassu shell1 0.12 A 0.07 
Ab

0.06 A 0.04 
Bb

0.04 0.03

Cupuassu shell + 
Inga2

0.09 B 0.15 
Aa

0.04 B 0.07 
Aa

0.04 0.04

Mean lime 0.10 0.10 0.05 0.05 0.04 0.03

P (mg kg−1)

Controls 4.4 4.6 2.5 3.6 1.7 2.9

Cupuassu shell1 4.6 3.9 2.8 2.8 1.8 2.1

Cupuassu shell + 
Inga2

4.3 3.5 2.8 2.5 2.0 2.0

Mean lime 4.4 4.0 2.7 3.0 1.8 B 2.3 A

Organic C (g kg −1)

Controls 35.0 28.4 24.2 21.6 19.4 19.1

Cupuassu shell1 32.9 29.4 22.3 20.5 17.4 17.3

Cupuassu shell + 
Inga2

31.1 29.1 21.7 19.8 18.3 17.1

Mean lime 33.0 A 28.9 B 22.7 A 20.6 
B

18.4 17.8

Means followed by different lowercase letters in the columns, and different upper case letters in the lines, differ from 
each other, by Tukey test at 5% probability.12 t ha−1 organic fertilization of residues of cupuassu shell.
22 t ha−1 organic fertilization of residues of cupuassu shell +3 t ha−1 Inga pruning.

Table 3. 
Values of exchangeable potassium (K), available phosphorus (P), and organic carbon (C) in an Oxisol, 
cultivated with cupuassu tree, as a function of lime and organic fertilizer.
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others) and their loss (mineralization and decomposition by the decomposing organ-
isms present in the soil). Under the conditions this work was performed, the dolomitic 
liming might have stimulated the mineralization of the organic matter added to the 
soil in the form of plant residues, which, combined with the high temperatures and 
humidity moisture (rainy season), favored and accelerated the decomposing process.

Inputs of exogenous organic matter may accelerate or retard the mineralization of 
native soil organic carbon (SOC) through a priming effect, and thus have a potential 
to change SOC dynamics [25]. In general, the priming effect is induced by the exog-
enous organic C but its intensity is controlled by soil nutrient availability [26]. Under 
the conditions of this work, liming increased the mineralization of N, increasing the 
availability of this nutrient in the soil (Figures 1 and 2), which probably accelerated 
the decomposition of the native SOC, [26, 27]. However, more research is needed to 
clarify the influences of organic amendments on SOC build-up [28].

3.3 Mineral nitrogen contents (N-NH4
+ and NO3

−)

Figure 1 shows the results of the mineral N, in the soil, as nitrate (N-NO3
−) 

and ammonium (N-NH4
+). The predominant mineral N was the form of N-NH4

+, 
especially in the treatment with the addition of Inga pruning, with presented this 
nutrient’s highest releasing rate (0–5 cm layer) 60 days after its application. Mineral 
N predominant in the form of ammonium (N-NH4

+) confirms the findings by other 
authors who claimed this ion to be a major N source for plants on Amazonian Oxisol 
[29]. The lower content of N in the form of nitrate (N-NO3

−) might result from its 
greater losses through leaching and denitrification, such as documented by other 
authors [30, 31] and by its use by plants. On the other hand, the presence of the two 
forms of nitrogen in the soil can be highly positive for plant nutrition to maintain 
the internal ionic balance, since their uptake is in the form of N-NH4

+ (positive 
charge) or in the form of N-NO3

− (negative charge) keep the electrical equilibrium.
Figure 2 shows the liming positive effect on the organic fertilizer mineralization 

60 days following their application. The three depths showed to have occurred an 
increase in the total mineral N (N-NH4

+ + N-NO3
−) contents, confirming the data shown 

in Figure 1 and adding the information of it that it was leached down to the depth of 
20 cm, at least. At 60 days after the application of organic fertilizers, the mineral N total 
(NH4

+ + NO3
−) contents along the soil profile were higher in the treatments contain-

ing liming and cupuassu shells either with or without Inga residues, because adding 

Treatments N P K

Without 
lime

With 
lime

Without 
lime

With 
lime

Without 
lime

With 
lime

g kg−1

Controls 12.5 Bb 14.7 A 0.83 0.89 4.48 5.04

Cupuassu shell 14.9 Aab 13.9 A 0.97 0.97 5.42 5.20

Cupuassu shell+ Inga 15.9 Aa 14.8 A 0.88 0.97 4.29 5.53

Mean lime 14.4 14.4 0.89 B 0.94 A 4.73 B 5.26 A

Means followed by different lowercase letters in the columns, and different upper-case letters in the lines, differ from 
each other, by Tukey test at 5% probability.
12 t ha−1 organic fertilization of residues of cupuassu shell.
22 t ha−1 organic fertilization of residues of cupuassu shell + 3 t ha−1 Inga pruning.

Table 4. 
Concentrations of nitrogen (N), phosphorus (P), and potassium (K), in cupuassu tree, leaves planted in an 
Oxisol of Central Amazonia as a function of lime and organic fertilizer.
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that organic material and raising the pH as well as the addition of Ca and Mg through 
dolomitic limestone increased the nitrogen contents through soil layer (Figure 2). It 
must take into account that part of this nutrient was uptake by the plants, or its contents 
would have shown to be higher in the soil profile due to leaching. The results obtained in 
this work confirm that the applications of green manure (leguminous plant prunings) 
are able to increase the mineralizable N in cupuassu crops in Oxisols.

3.4 Cupuassu plant nutrient contents

Liming significantly increased the plant absorption of P, K (Table 4). On the other 
hand, in the plot without liming occurred a significant increase in the absorption of N 
in the treatment with Inga + cupuassu shell compared to the control. Probably, the incor-
poration of organic waste has contributed to increasing the mineralization of organic 
N in the soil, as has been reported in other studies [29, 32]. Studies on the Oxisol and 
Ultisol of Central Amazonia have mentioned the absence of N response in cupuassu 
fruit production, due to the high mineralization rate and, consequently, high availabil-
ity of mineral N in these soils, especially in soils with leguminous cover [33, 34].

The average concentrations of N and P obtained in this work are below the 
levels found by other authors in cupuassu tree plantations in the Oxisols of Central 
Amazonia [33], while the average concentration of K is found well above the values 
obtained in other works in Amazonia [1, 33], which may be related to the effect of 
organic fertilizers on the supply of K to the cupuassu plants in the present work. On 
Cambisols of Central Amazonia, Ayres and Alfaia [1] observed that liming pro-
moted a small increase in K uptake by cupuassu plants.

Figure 1. 
N mineral content in the form of NH4

+ and NO3
− in an Oxisol, cultivated with cupuassu tree, as a function of 

lime and organic fertilization.
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3.5 Fruit production

The data in Figure 3 showed that organic fertilization induced a slight, non-sig-
nificant increase in fruit production. Alfaia et al. [9], in experiments using cupuassu 
bark residues with and without liming, also did not observe significant effects on 
fruit production during the first fruit harvest; however, the increase in production 
was most pronounced during the harvest of the following year. It is probable that in 
this work, the time after the application of the treatments was not enough for the 
decomposition of organic matter to occur.

The largest increases of nitrogen in the soil occurred at 60 days after the applica-
tion of fertilizers, shown a slow decomposition of organic material (Figure 3), even 
in the treatment with the addition of Inga, which has a lower C/N ratio and could 
help to accelerate the decomposition process [35]. The Inga, although being a legume, 
has low rates of decomposition and release of nutrients, when compared to other 
legume species [36]. In an Oxisol in the Central Amazon, Schwendener et al. [37] 
observed that the mixture of cupuassu litter (of low nutritional quality) and leaves of 
Inga (of slow decomposition) did not contribute to the increase of mineral N in the 
soil in the short term, in contrast to a legume such as gliricidia (Gliricidia sepium), of 
rapid decomposition. The results of this work show the potential of organic fertiliza-
tion with cupuassu shell + Inga pruning as a supplier of nutrients for the cupuassu 
plants. However, more studies are needed, both on the effect of the application of 
residues in the long term, and tests of doses and mixing with other legumes and its 
use in the production of biochar and composting, which would prevent the immobi-
lization of nutrients.

Figure 2. 
N mineral total (NH4

+ + NO3
−) content in a Oxisol, cultivated with cupuassu tree, as a function of lime and 

organic fertilization.
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4. Conclusions

The organic fertilization with cupuassu shell + Inga pruning improved the chemi-
cal characteristics of the soil, mainly for the replacement of K and Ca, since applied 
with liming.

Without liming, there was a significant increase in the absorption of N by the 
cupuassu plants, showing that applications of green manure (legume pruning) can 
increase the N mineralization in Oxisols.

Liming also stimulated the mineralization of the organic fertilizers added to the 
soil, bringing about significant increases in P and K uptake by the cupuassu trees.

The assessed organic residues sources can result in a great nutrient-bearing 
organic fertilizer and become a low-cost alternative for recycling cupuassu processing 
residues.
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Chapter 9

The Insects as a Workforce 
for Organic Fertilizers 
Production – Insect Frass
Regina Menino and Daniel Murta

Abstract

Following the evolution of composting technology, the process of digestion of 
a biological substrate by insects (entomocomposting) represents the last stage; 
however, from its initial context of producing an organic fertilizer, the role of 
entomocomposting has been imposing itself (due to increasing demographic pres-
sure) mainly in the safe disposal of organic waste (in rampant growth) and in the 
breeding of insects for food and feed, for the sake of food security. Both these last 
goals converge in the first, as the safest disposal of the compost is its use as organic 
fertilizer; but the organic substrates are of a diversified nature, as are the species of 
insects which have already proved themselves in entomocomposting; hence, for each 
of the purposes in view, the choice is vast and, in the same way, the entomocompost 
composition is wide-ranging. Furthermore, various types of organic substrates, in 
addition to a microbial flora with symbiotic effects, may sometimes be able to trans-
mit to the frass a harmful load of heavy metals and/or, depending on the composting 
insect agents, the presence of microorganisms harmful to crops and to humans 
and animals; in these situations, the former should be encouraged, and the latter 
counteracted through appropriate composting technology. Directives and legislation 
in this area, if properly considered, constitute a fundamental basis for ensuring the 
appropriate use of this particular kind of organic fertilizer. Apart from the produc-
tion of insects for food and feed, where the choice of which insect is determined 
at the outset, the preference for the insect to be used in entomocomposting should 
be considered according to its proficiency in biological digestion of the organic 
substrates available for this purpose and the fertilizing quality of the frass produced. 
Although a multitude of species have been evaluated, to date, for the digestion of 
organic substrates, most have been used in assessing their specific potential for 
certain functionalities of frass related to crop nutrition and health, but there are few 
which, either by prolificacy, proficiency or rapidity in digesting substrates, exhibit 
capacity to compete in rural environment; nevertheless, new species could be evalu-
ated in the framework of the research of competitors for entomocomposting of all 
or each substrate type and for each of the main anticipated objectives, meanwhile, 
genetic improvement to obtain new strains specialized for different organic sub-
strates has already started to take its first steps. In addition to the binomial “insect x 
substrate” the composting technology constitutes the third fundamental factor for 
the efficiency of the process. Insects use as a composting agent has been suggested 
several decades ago, but it was only in the last decade that this process grown from 
the garden to the factory. Within rural areas, entomocomposting could play a key 
role within a circular economy, where recycling and reusing potentially polluting 
wastes safely returns to the land the enduring fertility that enables the sustained 
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production that generated them, requiring no particularly upscale installations, 
equipment or technical training; it can, therefore, be adapted to any size of agricul-
tural holding, from smallholdings to large industrial holdings, on the other hand, 
and in order to obtain a controlled production and high quality entomocompost, it 
is needed to implement industrial technologies and the composting unit can achieve 
a very high production per square meter, comparing with traditional compost-
ing methods. However, whether from the perspective of agriculture, livestock or 
forestry, the production of waste for entomocomposting always falls far short of the 
necessary scale, and therefore always requiring the use of biodigested organic waste 
from agricultural industries, provided that the necessary precautions are taken; 
in any case, it always constitutes added value, due to the products it generates, in 
addition to the inestimable value of the productive disposal of potentially polluting 
products. Despite all the advantages mentioned above, the controversy over the 
organic vs. mineral fertilizer option persists, often fuelled by myths on both sides, 
but the successes already achieved with insect entomocomposts, such as the black 
soldier fly (Hermetia illucens L.) or the mealworm (Tenebrio molitor L.), in field 
trials, which are gradually adding up, anticipate an important role for insects in 
safeguarding global food and environmental security.

Keywords: soil fertilizers, biodigestion, entomocompost, insect frass, sustainable 
agriculture

1. Introduction

The first alternative to the traditional aerobic composting of organic waste 
was vermicomposting; however, according to Čičková et al. [1], Lindner already 
in the second decade of the last century (1919) had proposed the use of insects 
(in accordance to his experiments with the house fly (Musca domestica L), to 
recover nutrients (especially fat) from organic waste; this could have been the 
threshold for entomocomposting research, nevertheless, it is only a few decades 
later that some experimental work appears in the context of the disposal of 
potentially polluting organic waste.

Nowadays, suitable technologies have already been developed for a diverse range 
of target functionalities of entomocomposting, namely:

• The treatment of polluting organic waste for safe disposal, from the point of 
view of environmental safety;

• The production of insects (in the larval, pupal or imaginal stage), from the 
perspective of food and feed security;

• and the production of an organic fertilizer, from the perspective of rationalizing 
sustained agricultural production and reducing to minimum the environmental 
impact of agricultural activity, without prejudice of the optimum levels of the 
potential production in each “soil-climate-culture” interaction process.

Whatever the main objective is, the entomocompost will always provide invalu-
able added value (as produced or, possibly, after suitable treatment) for safeguard-
ing food security and the environment, due to its potential in the immediate and 
deferred fertilization of agricultural soils, so as in the recovery of exhausted soils 
and even in the inclusion of new unproductive land, as, for example, in the case of 
abandoned mining sites.
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But when we talk about entomocompost we are referring to a product with a very 
diversified physical, chemical and microbiological composition, depending on the 
nature of the substrate to be digested and the species used to produce it; thus, the 
option to obtain an organic fertilizer by entomocomposting for pre-defined main 
purposes, requires taking the following into consideration, as regards the elements 
of the above mentioned “substrate-insect” interaction: On the one hand, knowledge 
of the nature of the substrates to be biodigested and the more adequate species to 
do the job; on the other hand, the eventual treatment of the substrate that may 
enhance more efficient bio-digestion and/or specific qualities of the frass, and the 
choice of the best insect species (or genotype within the elected species) in order to 
obtain most efficiently the entomocompost that is more suitable for fertilizing the 
soil and the crop for which it is intended.

This would be ideal, and to some extent feasible, at rural level, however, the 
production of entomocompost for crop fertilization is still in short supply, even 
counting on the compost obtained in a different context.

Organic bio-digestion by insects for the production of entomocompost also 
requires the choice of technology to be adopted, both for industrial production and 
for medium-scale production in rural areas (either at cooperative scale or at farm 
level), and in the case of agricultural and livestock holdings, it evokes the choice of 
a circular economy system.

This chapter deals with the knowledge that informs the decision to be taken 
for all the aforementioned options, by the some other, concluding with a compila-
tion of the experimental results that we consider most relevant with regard to the 
relative fertilizing potential (immediate and deferred) for specific situations of 
the “soil–plant-fertilizer” triad interaction. Some notes on insects regarding food 
and feed are anticipated, as they are inextricably linked to the production of the 
entomocompost.

2. Insects as food and feed

The present COVID-19 pandemic has shown how Europe is hostage of the inter-
national feed market, and as far as nutrition is concerned, protein is a huge problem 
to be solved. However, society continues to waste food products, contributing to a 
very inefficient agriculture vale chain in which more than 25% of food products can 
be lost.

Based on a one hundred percent circular economy-based approach, vegetable 
by-products can be converted into high valuable nutrient sources for both animals 
and plants. Insects can be the key for the transformation of this otherwise lost 
nutrients into new nutritional solutions not only for both humans and animals, but 
also for plants.

In a very short period, insects can convert a very large range low value by-
products into high value insect protein and oil for animal and human nutrition and 
insect frass, and organic fertilizer for plants. With this process, now completely 
industrialized and at a full-scale level, it is possible to reduce the Europe depen-
dency from the international feed and food markets, contributing to a local and 
more sustainable food production.

As mentioned, nowadays, feed producers face several significant global chal-
lenges to find suitable resources to produce compound feed for livestock, aqua-
culture, and pets. On the one hand, the growing demand for animal products, 
and thus for animal feed, associated with the need to find resources with reduced 
environmental impact, has led to the development of novel feed ingredients, and 
moves to decrease dependency on common resources, such as soybean meal, maize 
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and fishmeal. The current use of these resources is assessed as being unsustain-
able therefore driving the need for alternative ingredients to maintain the balance 
between food, feed and biofuel industries. Land degradation, water deprivation and 
drastic climate change are additional challenges impacting on livestock production, 
aquaculture and the pet food industry.

On the other hand, recent events have illustrated the need to reduce our depen-
dency on imported resources, specifically from other continents, strengthened by 
consumer opinion exerting pressure to provide more ‘natural’ food production for 
humans, livestock and pets. Accordingly, the development of novel sustainable raw 
materials plus improved efficiency of resource use play, and will continue to play, a 
vital role in ensuring the sustainability of feed manufacture.

Significant relevance is now placed on the development of new feed resources 
based on environmentally friendly approaches, circular economy solutions, and the 
use of natural resources. However, it is not likely in the near future to be feasible 
to completely replace existing feed ingredients with novel ones, leading to a focus 
in the sector on improving efficient use of existing ingredients, thus decreas-
ing demand.

Some novel food and feed ingredients have the significant advantage of making  
use of available agri-food co-products and transforming them locally into new 
nutrient sources. Insects are one such ingredient that has the capability to convert 
low value vegetal co-products into a high value nutritional solution, while also 
aligning with the environmental drivers that are prompting the food and feed 
revolution.

It has been estimated that food waste accounts for 23% of arable land and 24% 
of freshwater resources used for crop production [2]. Thus, it is relevant to evaluate 
the use of insects in feed from a circular economy point of view. Insect rearing can 
potentially be used to upgrade low-value organic food waste streams increasing the 
efficiency of natural resource use and animal production.

Several livestock production companies in the world operate vertically, produc-
ing feed for the animals, raising and processing them before market. Co-products 
include manure and other animal and vegetable co-products as well as former 
foodstuffs. Insects could be an invaluable tool for such organizations, as they can 
provide a perfect link between nutrient loss in vegetable co-products, and the 
protein supplement needed for animal feed.

Therefore, insects have a perfect spot in certain value chains, where, more than 
creating value, they contribute to natural resource use efficiency through nutrient 
bioconversion. This might be the greatest contribution of insects to the food value 
chain, as they have the capability to be integrated perfectly in present day market 
chains, whilst also converting wastes and less desirable co-products into high 
value nutrient resources. When applied with the right infrastructure, such systems 
could contribute to animal production efficiency, environmental sustainability, 
and supply chain profitability. Furthermore, insects, as for other novel food and 
feed ingredients, offer the potential to decrease dependency upon foreign products 
imports, creating new local products, and thus helping to shorten supply chains.

Thus, there is growing interest regarding the use of insects as an alternative 
ingredient source for both food and feed production. The use of alternative ingredi-
ents in animal diets can be optimized in terms of their nutritional characterization, 
their safety and technological quality, in order to achieve better performance as well 
as facing the challenges of increased feed demand in volume as well as quality and 
sustainability factors.

Insects can supplement traditional feed sources such as soy, maize, grain and 
fishmeal, with several different species of insects considered for use as a partial or 
total substitute of traditional feed sources [3–6]. Many trials have been conducted 
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with different animal species, both terrestrial and marine, with the challenges 
associated with the use of insects in these animals changing, dependent not only 
on the animal species being fed, but also on the insect species being used, and the 
rearing substrate on which it was grown. However, it has also been demonstrated 
that different organic substrates can be used to rear insects, such as Black Soldier 
Fly (BSF), without significantly affecting its amino acid composition, the profile of 
which has been shown to be similar to that of fish meal and soybean meal [3, 7]. By 
contrast, when considering fat and ash composition, both can differ substantially 
according to the rearing substrate [8]. Thus, insect nutritional and technological 
properties are linked to the species, rearing system adopted and especially to the 
substrate used [8].

On the other hand, the so produced novel plant nutritional source, entomo-
compost, can contribute to a wide range of soil solutions, from drought resistance 
and plant nutrition to even pest control and sprouting promotion.

However, this novel sector still faces several challenges, from legal to consumer 
acceptance and to industrialization and growth. Although the legal framework is 
changing and adapting to this new reality, consumers still have to prepare for it, 
and insect producers have a lot to learn from other livestock and industrial sectors. 
Besides that, the use of insects as a tool to other applications is still in its infancy, 
as insects can be used from bioremediation in garbage disposal systems, to the 
production of new plastic solutions.

3. On the substrate to be composted

If initially the use of uncontrolled composting of organic agricultural wastes 
may have been motivated by obtaining a fertilizer for crops, as in the case of the use 
for this purpose of animal bedding and manure slurry, the fact is that subsequently, 
with the exponential growing production of industrial and urban organic waste, the 
emphasis has shifted to the disposal of polluting waste.

Within this last context, controlled composting methods have been developed 
[9], including in its motivation for the production of arthropods and worms for 
food and feed, and not least for the production of organic fertilizers; in fact, food 
security is no less relevant, and to this end the resilience of agricultural soil fertility, 
the restoration of depleted soils and even the acariation for agricultural production 
of infertile soils hitherto ignored for this purpose, without compromising environ-
mental security, is urgently needed.

But fertility is an ambiguous concept when applied in relation to the productive 
capacity of agricultural soils. Actually, boosting the full productive capacity of a 
given plant species (or even of a given genotype of the same species), depends on 
rigorously reconciling its physical and chemical requirements with the soil and 
climate conditions in which it is located, and these can be very diverse – in poor soil 
conditions, a primitive variety has more yield potential than a variety improved for 
yield capacity [10, 11].

However, that above-mentioned objective, of full productive capacity, will not 
always be the most appropriate if it is not based on economic, environmental and 
ethical considerations, because maximizing production does not always lead to 
greater financial return, it frequently translates into an environmental burden and 
it often forgets the responsibility of the agricultural sector in the context of global 
food security.

With regard to soil fertilization, which underlies the subject of this 
Communication, the above considerations are also valid: Soil fertilizers should 
be required to provide an advantageous cost–benefit balance, to cooperate in 
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protecting the environment, and to increase the resilience of soil fertility as a basis 
for long-term food security. According to these requirements there seems to be 
difficult to find a perfect type of fertilizer.

As with the majority of organic fertilizers, the main virtue of entomocompost 
lies in their action in correcting the physical, chemical and microbiological proper-
ties of soils (a fundamental factor in their deferred fertility) and in supplying the 
mineral elements necessary for each crop, in each specific situation (an important 
factor for their immediate fertility) [12]. Furthermore, entomocomposting can be a 
relevant factor in recycling exhaustible plant nutrient resources; an example of this 
is mentioned by Zhang et al. [13], when they observe the accumulation of phospho-
rus in the frass of grasshoppers as a function of the stoichiometric homeostasis of 
the N:P ratio in their bodies.

Any entomocompost is, however, more than the frass obtained from a given 
substrate; apart from the frass, it contains the remainder of the substrate and resi-
dues from the metamorphosis of pupae into adults (if not the pupae themselves). 
This is not entirely true in the case of biological digestion by the BSF larvae, which 
evidences the unique behavior of abandoning the compost at the pre-pupa stage, 
a phenomenon with obvious advantages in pupal harvesting and which is referred 
to in the bibliography as self-harvesting. For this reason, for the entomocompost 
obtained from BSF was proposed [14] the acronym CASH (Compost After Self 
Harvesting).

But the constraints on the more generalized use of entomocomposts are not 
limited to those mentioned above. They range from lack of definition of the exact 
formulation of their composition, to lack of knowledge of the mineralization rate 
(for formulations of its fertilizing elements that can be directly assimilated by 
the plants) in the soil and climate situations in question, to logistical and scale 
limitations to supply. In reference to this latter setback, Timsina [15] states that 
“considering the current organic sources of nutrients in developing countries, 
organic nutrients alone are not enough to increase crop yields to meet global food 
demand”.

Through bio-digestion by insects, the formulation of the substrate is largely 
altered in its physical, chemical and microbiological composition, with decisive 
consequences on the fertilizing potential of the entomocompost; it, therefore, plays 
a relevant role in the quality of the compost. As referred by Poveda et al. [16], by 
modifying the insect diet, not only do you get different nutritional content in the 
frass, but also significant changes in the actual microbiota, both aspects relevant to 
its ability to be used as organic fertilizer.

As an extreme situation, regarding the nature of the substrate, Koh et al. [17] 
reports that polystyrene, when digested by the coleopteran Zophobas morio, pro-
duced a starch-rich frass, which promoted the growth of Hylocereus undatus plants 
from both the aerial and root parts.

An entomocompost of a substrate of agroindustry origin, or of remnants 
and residues from agricultural production, is not seen as a threat of chemical or 
microbiological contamination of agricultural soil. On the other hand, a compost 
obtained by insect bio-digestion in industrial urban waste plants, requires analysis 
and possible remediation if chemical and microbiological substances harmful to soil 
fertility are found to be present, as for instance in the case of houseflies, with high 
levels of lead and arsenic in the frass [18].

Entomocompost derived from manure and slurry does not normally pose the 
danger of soil contamination of any kind, however, in the context of insect produc-
tion for feed or for food, is not at all suitable, and is subject to severe restrictions. 
To overcome these constraints, which are mainly dictated by the nature of the 
substrates, some progress has already been made.



149

The Insects as a Workforce for Organic Fertilizers Production – Insect Frass
DOI: http://dx.doi.org/10.5772/intechopen.100144

Thus, although the use of unsafe wastes as substrate for entomocomposting 
can be done with efficiency, as this technic is mainly applied for food and feed 
purposes, it is quite uncommon to see full-scale insect rearing units using such 
substrates. In fact, the majority of entomocomposting units, or insect farms, 
are using vegetable coproducts as substrates for insect production, being its 
main purpose the production of insects as a protein source and the insect frass a 
co-product of this process. Nevertheless, and as previously demonstrated, ento-
mocompost is a high valuable product with very good effects in soil fertility and 
plant health.

This way, entomocomposting should not only be considered as a process to 
produce food and feed, but also to produce the entomocompost as a main objective, 
opening the use of other, unsafe, wastes that cannot be used when the produced 
insects are intended for the food chain. However, such approach will require 
studies to evaluate food safety concerns in a one health approach, evaluating from 
environmental impacts and benefits, to possible impacts in the soil and plants. The 
so produced insects cannot be intended for the food cahin but might well find an 
economic value as a raw material for biorefineries such as fuel and plastic, or to be 
also used as fertilizers.

The use of entomocomposting technics to convert unsafe substrates such as 
urban organic wastes, manure or sewer sludge, is being tried in several R&D proj-
ects. Such is the case of NETA project (POCI-01-0247-FEDER-046959), a project in 
which a new manure and sewer water is being treated with a novel process and the 
sludge is being tested as a substrate for entomocomposting. This produced insect 
frass is being tested in vegetable and olive oil production, while the larvae are being 
evaluated in terms of safety, evaluating both chemical and microbiological con-
taminants, and being used for industrial purposes.

In order to be possible to produce insects for food and feed purposes with 
organic wastes as substrate, what would unlock the entomocomposting potential 
as a bioremediation tool, one should first show if such approach is safe. However, 
before proving its safety, one of the main challenges in entomocomposting organic 
wastes is that if we used the same insect species as for the production of food and 
feed, it will not be possible to differentiate insect products produced with safe or 
unsafe substrates. Thus, one possibility would be to develop the entomocompost-
ing process of unsafe substrates, such as organic wastes, manure and sewer sludge, 
with insect species not being used for food and feed purposes. That would allow 
to differentiate the obtained insect product with DNA testing and would unlock a 
very beneficial tool for the treatment of high environmental impact organic wastes, 
transforming them into novel products and returning lost value to the value chain, 
while contributing to both economic growth and sustainability in a 100% circular 
economy approach.

Thus, it should be highlighted that using insects for nutrient production is not 
a goal in itself but can be an instrument to achieve goals in biowaste reduction and 
conversion, improving sustainability and optimizing the food value chain. Insects 
should be evaluated as a tool to increase the efficiency of resources use and to 
increase income, and thus, one must evaluate them beyond their nutrient value as a 
feed ingredient.

For example, BSF are a rich source of lipids which can be industrially extracted 
to obtain a pure oil with several different potential uses, from feed and food, to 
biodiesel and cosmetics. It has been shown that BSF fat could be a useful alternative 
for other commonly used fats, with specific technological properties in common 
with palm and coconut oils, which are increasingly associated with negative envi-
ronmental impacts. In particular, the melting and crystallization behavior of BSF 
larval fat seems to allow replacement for traditional fats [19].
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In addition, the insect exoskeleton can be processed to obtain chitin and chito-
san, and its industrial scale production could offer a potential source of prebiotic 
oligosaccharides for pet, animal, and human nutrition [20]. Applications for chitin 
and chitosan go beyond nutrition, as chitosan is characterized by non-toxicity, 
biodegradability, film-forming capacity, antimicrobial and antioxidant properties 
and good barrier properties of packaging films against oxygen [21–23]. Thus, the 
potential for the use of insect derived chitosan to produce biodegradable plastics 
is being evaluated for a variety of applications, ranging from agriculture to food 
packaging.

Chitin-derived products have also been shown to be toxic to plant pests and 
pathogens, inducing plant defenses and stimulating the growth and activity of 
beneficial microbes. Chitin-based treatments augment and amplify the action of 
beneficial chitinolytic microbes [24]. Such properties prompted the development 
of novel crop fertilizer and crop protection products, which can be used in con-
junction with one of the main insect products, the insect frass. In natural condi-
tions, it is well known that frass deposition to soil has a great impact on soil fertility 
due to its high nutrient and labile carbon content and, therefore, several companies 
have already started to sell frass as a fertilizer [25].

4. Insects as agents to produce organic fertilizers

With all the economic and environmental advantages in the search for agricultural 
production that is compatible, in a sustainable way, with global demand, entomocom-
posts have been affirming themselves as an important alternative for reducing (if not 
replacing, in some cases) synthetic mineral fertilizers. To this end, several insect species 
have been evaluated for their proficiency in composting organic substrates.

In a careful literature review, Poveda [26] presents two thorough lists of stud-
ies on the use of insect frass as fertilizers, indicating, for each case, the plants, the 
benefits and the mechanisms by which these benefits were expressed.

In addition to providing the necessary mineral nutrient elements for plants, 
the benefits provided by adding insect frass to the soil are diverse in nature, such 
as: increased germination, sprouting, growth and nutritional content of plants; 
increased tolerance to abiotic stress; activation of the plant’s defense mechanisms 
against pathogens and pests; increased nitrogen in plant tissue; reduced oviposition 
of pest insects and; increased microbial activity in soils.

However, these advantages are not all concentrated in a single species so, although 
frass from various species may have a relevant role as a complementary fertilizer in 
specific situations, few species have shown the potential to produce an entomocom-
post with the potential to be an alternative to avoid completely mineral fertilization 
in all situations. One of this specie contradicts the thesis of Lardé [27], supported 
by Smetana et al. [28], that one species cannot be suitable for the huge diversity 
of organic substrates - BSF has proven to be quite “cosmopolitan”, living comfort-
ably in any type of organic substrate experienced so far [29–33]. Note, however, 
that even in cases - in experimental situations - where entomocompost shows the 
potential to provide a reduction in synthetic mineral fertilizer, the fertilizing effect 
of entomocompost can still be enhanced if associated with appropriate soil handling 
technology. In this context, Dulaurent et al. [34], in a pot trial with frass, reports a 
significant increase in nutrient content in the plant by the addition of earthworms 
(Lumbricus terrestris), by promoting an acceleration of the recycling of fertilizing 
elements from the frass.

But if the possibility of biotic associations or of physical or chemical corrections 
of entomocompost for preferential purposes (within the versatility of its benefits 
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in crop nutrition and soil fertility resilience) is a proven reality in the experimental 
and commercial field, in the field of genetic enhancement of insect species for 
entomocomposting only the first steps have been taken.

Advances in this field are predictable and particularly desirable, notably when 
it comes to insects with the ability to adapt to a wide diversity of substrates. This is 
the case of BSF, which is able to efficiently biodigest manure from various livestock 
species (from polygastric, monogastric or fish species) as well as residues and 
remnants from crops or from agroindustry.

The methodologies for this could be very diverse, but the simple continuous 
selection of pupae fed on the digestion of specific substrates can lead (as it has 
happened with the generality of animal and plant species already submitted to 
human-induced selection) to the differentiation of specialist genotypes more 
competent than generalists, probably because it should be anchored in an evolution 
towards more targeted physiological mechanisms that are necessarily less energy-
demanding; this option, which would certainly not meet with the disagreement 
of the detractors of transgenics, would only require, as an additional effort, the 
separation of breeding facilities for flies, even though it may be slower in results, 
but “constant dripping wears the rock away”.

5. Entomocomposting technologies

Insect production has grown a lot in the last decade. This new sector emerged 
with the support of FAO-UN who first referred to this field in the beginning of the 
decade and started an insect rush in several countries, with the development of new 
business. However, by then, both the business and the process where not mature 
yet and it took several years of development to see the first full-scale insect rearing 
unit being built by a handful of companies. However, the legal framework had not 
grown at the same rhythm, what promoted a lower growth. At this point, different 
companies have developed their entomocomposting technics in parallel, and even 
using the same insect species and substrates the processes can follow completely 
different approaches.

Besides that, although several approached have been made to create technologies 
to produce insects, and entomocompost, at a small scale, and although it can be 
applied at the farm level, it is only economically relevant at a large and controlled 
scale, ensuring both food safety and traceability.

Large scale insect production is an industrial sector in which several tons of 
vegetable by-products are converted by insects every day. Contrary to most com-
posting technologies, insect production generally does not use piles of by-products. 
It processes them into controlled mixes of raw-materials ready to be digested. This 
raw material processing allows a steady rhythm of conversion and production. In 
most cases insects are thus reared inside plastic boxes of different sizes in large con-
trolled environment warehouses. The time needed for composting and the number 
of insects to be used to convert each ton of by-products change from insect specie 
to insect specie and between companies. The main insect species to be used for food 
and feed are Tenebrio molitor and Hermetia illucens (BSF), however the last one is 
more prone to be used as an entomocomposting tool, as it have a large range of veg-
etable by-product conversion capabilities. BSF can convert decaying by-products in 
as few as 7 days, depending on the technology used, and some of the already exist-
ing BSF production units can convert as much as 100 tons of vegetable by-product 
every day into 20 tons of insect frass, while also producing 17 tons of insect larvae. 
However, this numbers and process greatly change between companies, which all 
apply different technologies, even when producing the same insect species.
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Therefore, insect production has not only to achieve economically viable production 
at scale, investing in new full-scale insect production units, but it must also be stan-
dardized, to obtain a steady production and uniform product. Standardization is key 
not only in relation to a single production unit, but also between different producers. 
Insects as a food and feed resource, and also as a plant nutrition source, would greatly 
benefit from standard quality and nutritional values when considering the same insect 
species and product. This would increase farmers trust in this novel fertilizer. However, 
different insect producers may use different insect species and rearing substrates, 
as well as different production and processing techniques. This results in different 
products, with different nutritional values and properties, entering the market.

Nevertheless, as the insect rearing industry is only in its infancy, we believe that 
in the future the production and processing of insects and frass will tend to be more 
similar between operators, as different production processes and technologies attain 
relevance in the sector. One opportunity to increase standardization and quality of 
insect products might be technology transfer between companies, enabling rapid 
growth of this novel sector and allowing investors and new operators to enter the 
market without the need to invest in the development of processing technologies. 
Technology transfer from other companies and research institutes that have spent 
recent years in R&D will have processes providing the most suitable solutions, 
avoiding the need for new producers to start from scratch, costing time and money 
as well as decreasing the chances of success for new businesses.

6.  The role of entomocomposting in the context of a circular economy in 
rural areas

For Zink & Geyer [35] “the proponents of the circular economy have tended to 
look at the world purely as an engineering system and have neglected the economic 
part of the circular economy”; to this assertion, the facts have been demonstrat-
ing, convincingly anchored in science, that the linear economy alternative, in turn, 
blatantly belittles the environmental part.

The circular economy is “a new economic model operating in closed circuits, cata-
lyzed by innovation throughout the value chain” [36], and, within the agrarian economy, 
whether in plant or animal production, entomocomposting is an innovative alternative, 
more efficient than traditional composting, to reduce the import of feed and fertilizers 
and energy losses, with added advantages in terms of safeguarding the environment.

This is how the entomocomposting of crop remains and residues, so as livestock 
production wastes, is a multifaceted pivotal factor of the greatest relevance to dif-
ferent circularities within farms, as shown in Figure 1.

The circularities represented in the diagram are multiple and interlinked and are 
not necessarily closed. In fact, there will always be a need for outsourcing, both for 
supplementation of feed and fertilizer, in quantities compatible with optimizing the 
efficiency of the entomocompost and the feed value derived from pupae.

The protagonist in this diagram is BSF, for the peculiarities that distinguish it, in 
a positive way, from the other composting agents, namely:

• High prolificacy;

• High proficiency and speed in biodigestion;

• Widespread range of organic substrates that have the potential to digest;

• Efficiency in the elimination of potentially harmful microorganisms;
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• The ability to drastically eliminate housefly multiplication during digestion 
processes;

• Capacity to provide the presence of plant growth factors in the CASH.

But beyond these, two singularities, particularly relevant in agricultural and 
livestock holdings, distinguish them from other insects:

• Self-harvesting and;

• The fact that the adult does not have a developed mouth apparatus, feeding on 
the copious reserves accumulated in the larval stage, and thus does not bother 
(or even transmit diseases to) humans and animals.

Finally, and following the results reported by Yildirim-Aksoy et al. [37, 38] in tri-
als with channel catfish (Ictalurus punctatus) and hybrid tilapia (Oreocromis niloticus 
x O. Mozambique), frass obtained by biodigestion by BSF of suitable substrates, 
more than an organic fertilizer, can be a feed in aquaculture.

Notwithstanding the fact that entomocomposting by BSF has already proven 
to be highly efficient in recycling and reuse capacity in the plant and animal pro-
duction circuit, the deficit generated in the export of plant and animal products 
to the market means that feed and fertilizers have to be imported. To this end, in 
rural areas, initiatives (possibly of a cooperative nature) for the production, on an 
industrial scale, of entomocomposts and larvae (or pupae) for soil fertilization and 
feed, allow the circularity of the production system to be extrapolated from the 
individual sphere to the community sphere; With this type of initiative, the agroin-
dustry will play a relevant role, with additional advantages in terms of capacity and 
fluidity of the system, broadening the scope of circularity at regional level.

7. Data in the context of the trinomial “soil x plant x fertilizer”

Most of the research on the role of insects in soil fertility has focused on specific 
aspects of the benefits of their frass, not necessarily obtained through the technological 

Figure 1. 
Multiple circularities driven by BSF on farms.
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composting of organic waste but through their metabolism as part of the soil entomo-
logical fauna; with this last aim, numerous studies have been published, as it can be 
seen in the comprehensive listing by Poveda [26].

These in situ studies focus on the possible symbiotic effect of frass within the 
particular soil entomofauna, in different ecosystems, to assess their role in the eco-
logical balance of the same, particularly with regard to nutrition and phytosanitary 
aspects of the crop species.

When it comes to the use of a compost derived from off-site insect digestion 
of organic waste, a more objective assessment of its fertilizing potential, although 
guided by scientifically well-founded theoretical considerations, should be further 
informed by evaluation in preliminary production trials in a conditioned environ-
ment, in accordance with the pre-defined end goal.

The fact that seldom these trials showed a decrease in production - as was 
reported by Alattar et al. [39], when comparing processed food waste via 
Microaerobic Fermentation and BSF larvae biodigestion as soil fertilizers in maize, 
or Gärttling et al. [40], with a BSF frass in a low nutrient potting soil - may not 
mean that, in the overwhelming majority of experimental trials, the results with 
entomocompost compete with mineral fertilizers; it should be noted that on the one 
hand, the implementation of field trials is often preceded by a prior study of the 
feasibility of the hypothesis and, on the other hand, that regrettably a large propor-
tion of the trials that do not confirm the hypothesis are not reported.

Some pot tests have shown the potential of entomocompost, obtained from 
substrates of various kinds, to reduce mineral fertilization in several crops, as for 
instance: With mealworm (Tenebrio molitor L.) frass, in barley [25] and ryegrass 
[41], and with BSF frass, in basil and Sudan grass [42], chinese cabbage [43], yard-
long bean [44], lettuce [45, 46], ryegrass [45, 47], maize [48] and swiss chard [49].

Also testing the potential fertilizer value of BSF frass from several origins and 
for different plant species, in pot experiment, comparing either with other organic 
composts or with commercial substrates, the results found by Newton et al. [42], 
Rosmiati et al. [50], Setti et al. [51] and Kawasaki et al. [52], were encouraging, 
resulting in yield increases when using frass in certain amounts.

Although these results are encouraging, the conclusive proof, which is specific 
to the conditions that characterize the experimental situations, can only be given 
in the light of the results of the field test. Trials of this nature are still scarce and 
will never allow abusive extrapolations, but they constitute the most valuable 
information on the fertilizing potential of entomocompounds in relation to mineral 
fertilization.

Notwithstanding the fact that Temple et al. [53] have not foud positive results 
in a field trial with beans, using a BSF EntomoCompost (BSFEC) from food waste, 
most of the field trials where entomocompost is used as a complement of the min-
eral fertilization, for contrasting with exclusive mineral fertilization, have shown 
an increased production for the mixt alternative. This was the case reported, among 
others: by Anyega et al. [54], in a ‘acric ferralsol’ trial with tomato, kale and fresh 
beans, with BSFEC from Brewer’s spent grains; by Quilliam et al. [55] in a ‘Ustic 
duraquert’ trial with chili pepper and shallots, with an identical entomocompost, 
so as in the same soil, with maize; and by Temple et al. (op. cit.) in a ‘Humic Gleysol’ 
trial with bok choi, lettuce and potato, with BSFEC from Brewer’s spent grains.

These results support the thesis that in the experimental situations tested to 
date, the percentage of CASH capable of competing with mineral fertilization 
alone, in what concerns the immediate fertilization for crops, is between 10% and 
40% in volume. More optimistic results were seen, for example, in a demonstration 
field [56] with potato (Solanum tuberosum), comparing traditional mineral fertiliza-
tion without and with CASH (from the digestion of agroindustrial waste of potato 
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and onion), where a 9% increase in yield was recorded and, in addition, the tuber 
specific weight, and the percentage of dry matter were also higher when combining 
both fertilization approaches.

The arguments mentioned so far, based on experimental results endorsed in the 
literature, justify promising perspectives regarding the role of insects in the produc-
tion of organic fertilizers capable of allowing a reduction of mineral fertilizers as far 
as the immediate fertilization of crops is concerned; nevertheless, more important 
than the immediate fertilization of crops is the deferred fertility of soils, both in the 
resilience or increase of their fertility and in the acariation of soils rendered unpro-
ductive by anthropogenic or climatic effects.

In any case, the medium- and long-term promotion and resilience of the fertil-
ity of the soils, which should be fostered by insect frass, would be translated, as 
for the generality of organic fertilizers, by the improvement of the structure of the 
soils and its capacity to retain water and crop nutrients and as well as by symbiotic 
interaction with the soil microbial flora and with the plant. Many knowledge within 
this perspective is still needed, but also a lot have been accumulated, allowing for 
hopeful evidences, such as: better use efficiency of P and K [57]; improved soil 
fertility and defense against pathogens [58]; suppression against Pythium ultimum 
[59]; influence on soil N availability [60]; stimulation of soil microbial activity 
and diversity [25]; not impairing hygienic properties of soils [47]; improvement of 
microbial activity [41]; increased dehydrogenase activity [61]; or increased enzyme 
activity (dehydrogenase and β-glucosidase) [46].

These data augur well, but medium and long-term field trials are indispensable 
for continued soil fertility management, since organic matter resilience is not its 
greatest virtue, particularly in tropical and sub-tropical climates.

Despite being still at the beginning of its career as a biodigester, for the produc-
tion of organic fertilizers, and beyond the benefits of the utmost relevance in the 
perspective of safeguarding the environmental balance and food safety, research and 
experimental development has already given concrete proof of its potential as an indis-
pensable partner in the resilience and recuperation of soils for agricultural production.

8. Conclusions

The role of insects in the biological digestion of organic substrates, with a view to the  
fertilizing potential of entomocomposts, has raised a growing commitment from 
the scientific and technical community in the field of agriculture and environmental 
protection; however, despite the accumulation of positive results from the application 
of this type of fertilizer, significant progress is still expected in this sector, with the 
improvement of the genetic capacity of insects, of the pre-treatment of substrates and 
of the entomocomposting technology, so as the adequacy of fertilization techniques.

In the context of the organic fertilizers, entomocomposting takes precedence 
over other composting methods, mainly because of the speed of the organic waste 
digestion process, drastically reducing composting time and thus the risk of envi-
ronmental pollution, besides advantages such as soil health, pest control, sprouting 
and germination potential.

Various insects have been tested for their potential in digesting substrates of a 
very different nature, giving rise to entomocomposts with positive results, in reduce 
mineral fertilizers, in crop production, or as correctors of certain chemical and/or 
microbiological deficiencies, not to mention physical soil deficiencies, for which 
any organic fertilizer is capable of dealing with.

Nevertheless, more results are expected with further research into entomo-
composting technology, with the discovery of new insect species and their genetic 
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improvement for the biodigestion of different organic substrates, and with new 
techniques for the enhancement of the fertilizing effect of composts, in order to 
make available suitable formulations for different “soil x plant x fertilizer” interac-
tion situations.

Until now, as shown in the tests presented in this analysis, the greatest success 
in the contentious debate “organic vs. mineral” has been achieved in situations 
of compromise, where the organic fertilizer has the complementary role, by its 
relatively low and unbalanced nutrient content, notwithstanding its biological 
interaction with plant and soil microrganisms, its action in improving the soil’s 
physical properties and its capacity to retain water and nutrients – so, as advocated 
by Ronald and Adamchak [62] or Amman K. [63], and as Saint Tomas d’Aquino said 
so well, ‘in medio stat virtus’.

Furthermore, although growing exponentially, increased production of organic 
waste for entomocomposting is unlikely to be sufficient to ensure global food secu-
rity on its own, as it is a direct function of population growth; suggestions based 
on success rates reported in the literature for insect frass - ranging from 10 to 40% 
by volume - may be realistic to be expected, at least in the medium term. In fact, if 
the potential of the triple valence of entomocomposting (protection of the environ-
ment, food security and resilient soil fertility) can already be categorically stated, 
the use of entomocompost as a fertilizer still faces the major constraint of the lack 
of scale of its production.

Considering all these possibilities, insects must be recognized not only as a 
nutrient source but also as a tool. The value of insects can surpass the production of 
nutrients and the use of its by/co-products to increase its profitability. In the near 
future insects could be used in manure and household waste treatment approaches, 
decreasing the environmental impact of livestock production and landfill volumes 
[5, 64, 65]. This approach would open a completely new opportunity for insect rear-
ing, that is distinct from insect production for animal nutrition which must comply 
with safety and hygiene regulations.

Increased sustainability of animal and food production can be delivered by 
insect use, not only through the development of new feed resources but also by 
contributing to the reduction and conversion of wastes into novel raw materials for 
bioindustry and biorefinery approaches.

There is still much to do in this regard but, in rural areas, the proposal of a 
circular economy system in the management of agricultural, livestock and forestry 
production, with circularities within private farms to be extrapolated (coopera-
tively) to the regional level with agroindustry and an industrial entomocomposting 
unit, deserved to be weighed up.
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