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Preface

An increasing world population means higher demand for food and fiber. These demands
can only be met through increased and sustained soil productivity, which is linked to prop‐
er soil and crop management practices with the provision of soil nutrients being an impor‐
tant factor. In most poor countries, particularly in Africa, agriculture is the main source of
income, hence improving crop production has a positive effect on the socioeconomic status
of farmers and their families. Most soils in Africa and Latin America are inherently poor or
have been degraded due to crop production (uptake of nutrients by plants, soil erosion, and
leaching of nutrients) with little or no fertilizer input. The availability of cheap and good
organic fertilizers and the integrated use of these with mineral fertilizers are key to increas‐
ing crop production.

Soil Productivity Enhancement examines various sources of fertilizer materials and their ef‐
fects on crop production. It further describes the practices and possible nutrient manage‐
ment methods to improve production. The book has five chapters written by scientists from
various parts of the world. It is divided into three sections. Section 1: Conversion of Envi‐
ronmentally Polluting Waste into Fertilizer. Waste water and other by-products from facto‐
ries have serious environmental issues. This section offers suggestions as to the conversion
of these pollutants to organic fertilizers that can be used for crop production. An added ad‐
vantage of these processes is the maintenance of environmental sanity through the conver‐
sion of these waste products to useful materials. Section 2: Practices for Improving Nutrient
Availability. Good nutrient management and proper composting of organic materials are
options that can be used to enhance and/or increase the productivity of the soil. Section 3:
Policy on Fertilizer Use. Use of fertilizers may be effective in increasing crop production.
Adequate policies regarding the management and use of fertilizers not only promote and
encourage efficiency in crop production but also help to reduce pollution and improve envi‐
ronmental sanity.

Dr. Roland Nuhu Issaka and Dr. Mohammed Moro Buri
CSIR-Soil Research Institute

Kwadaso-Kumasi, Ghana
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Organic Fertilizers and Nutrient Recycling from Diluted 
Waste Streams
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Abstract

To develop a circular economy, nutrients from waste streams need to be recovered and 
brought back to agricultural production as much as possible. Liquid waste streams pose 
a specific problem because high water content makes transport expensive. Treatment of 
wastewater and diluted waste streams to recover nutrients are briefly discussed, and two 
options that are not much used are discussed: sorption to increase the fraction of nutri-
ents found in the solid phase and nitrification of liquid to reduce nitrogen losses. Then, 
availability of nutrients to plants and environmental effects are discussed. It is concluded 
that there is little information on how treatment options affect how bioavailable the nutri-
ents are and that this should be taken into account when treatment option is chosen.

Keywords: biofertilizer, nutrients, liquid waste, bioavailability, environmental effects

1. Introduction

Many organic waste streams have high nutrient content, and can, if treated properly, become 
good fertilizers and soil improvers. There are many reasons to promote this use:

1. Resource efficiency: Nutrients in waste resource can replace mineral fertilizers and there-
fore reduce resource mining and energy use.

2. Organic agriculture cannot use mineral fertilizers and needs to use organic fertilizers to get 
nutrients for crop growth.

© 2018 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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3. Organic fertilizers also contain organic matter as well as organically bound nutrients. 
Organic matter can improve soil fertility and reduce soil degradation in some cases, and 
organically bound nutrients are released slowly.

4. Carbon can be sequestered in the soil and reduce atmospheric build-up.

The benefits of organic matter additions to soil have been stated by many authors [1–4]; how-
ever, the evidence suggests that mineral fertilizers usually are better at supplying plants with 
nutrients and avoid leaching losses, at least in the short term. However, in the longer term, 
building organic matter in the soil can improve nutrient retention. Slow release of nutrients 
may be beneficial for some crops (with long-period nutrient uptake e.g. root crops) and under 
some conditions (humid conditions with leaching losses early in the season), but less benefi-
cial for other crops and conditions [5].

Many organic waste streams contain a lot of water, making transport difficult and expensive 
in economic and environmental terms. Examples of diluted waste streams can be sewage, 
biogas digestate, animal manure, various industrial waste streams, animal manure and fish 
sludge from aquaculture.

An overview of wastewater treatment can be found in textbooks, for example, [6–8]. Choice 
of treatment has so far almost exclusively focused on cleaning the water sufficiently to be 
discharged to the recipient; the resource recovery perspective has not received much atten-
tion. However, this is now changing because of concern of resource mining, particularly for 
phosphorus [9, 10] and high-energy consumption in nitrogen fertilizer production [11].

Options for concentration (alone or in combination) can be:

• dewatering (by centrifuge or press)

• flocculation, settling

• precipitation

• drying, evaporation

• biological stabilization, wet composting

In most cases, liquid waste streams are left to let whatever can settle do so. There are also 
methods to increase settling and flocculation. Some form of stabilization is also common, 
either aerobic by use of oxygen or by anaerobic digestion for biogas production.

Dewatering leaves an organic rest with relatively low water content and a liquid residue with 
dissolved substances. As soluble nutrients are the most readily plant available, that means 
that a large fraction of the plant available nutrients will be found in the liquid phase. Often 
no good use of the liquid phase can be found, and it enters into sewage treatment systems. In 
many cases also some chemicals (polymers) are required to give proper separation [12]. This 
is costly, and chemicals can also have potentially negative environmental effects.

Dissolved nutrients can be precipitated out of solution. This is commonly done to get 
phosphorus out of wastewater before discharge to the recipient. Unfortunately, an almost 
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insoluble salt results, and plant availability is very low [13, 14], although different for different 
precipitation chemicals [15].

Drying or water reduction by evaporation can be good options if cheap or waste heat is avail-
able. However, most liquid waste streams contain most of the nitrogen on ammonium form, 
and some measures must be applied to prevent losses of nitrogen as ammonia [16]. This is 
commonly achieved by acidifying the solution first or collecting the ammonia in biofilter acid 
trap afterwards.

Fertilizer products developed from organic residues can be called organic fertilizers or biofer-
tilizers. This chapter deals with biofertilizers developed from liquid waste streams and dis-
cusses how biofertilizer quality in agricultural and environmental terms depend on treatment.

2. New treatment option to increase fraction in the solid phase and 
make liquid waste stable

Some newer options to increase recycling are discussed before Sorption is a physical and 
chemical process by which one substance becomes attached to another. By adding cheap sor-
bents to a liquid waste stream prior to dewatering, the fraction of nutrients found in the solid 
phase after dewatering can be increased. Nitrification is a microbial process where ammo-
nium is transferred to nitrate. This leaves a stable solution that can be applied and evaporated 
without losses of ammonia.

2.1. Sorption

Some sorbents can be used to remove nutrients from liquid waste streams and concentrate 
them in a solid phase that can be separated by dewatering. Sorption is a physical and chemical 
process by which one substance becomes attached to another. Sorbents are the solid sub-
stances they attach to, sorbate are the substances (dissolved or gaseous) that attach. Organic 
material is a weak sorbent, sorption properties can be greatly increased by charring [17]. The 
sorbents can be charred organic material (e.g. biochar, hydrochar, activated carbon) or some 
clay or other minerals (bentonite, zeolite, vermiculite). Cation exchange is the most common; 
there are reports on removal of ammonium ([18–24]. Some authors also report potassium 
removal [22, 23]. Sorption of anions appears to be more difficult, but there are some reports of 
phosphorous sorption [18, 20, 22–26]. Sorption of nitrate is difficult, but it appears that it can 
be achieved on some biochars produced at high temperature [27, 28]. There are also reports 
of sorption of hydrogen sulfide (reviewed by [29]) and also one report on ammonia removal 
from the gas phase [30].

2.2. Nitrification

It is possible to reduce or eliminate losses of ammonia from liquid waste by reducing pH, or 
nitrogen can be collected in biofilters or by stripping afterwards [31].

Losses of ammonia from liquid waste can also be eliminated by transforming ammonium to 
nitrate by a microbial process prior to storage and/or evaporation and application. The process 
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also lowers pH, and that will also reduce ammonia volatilization, so that a small free and sta-
ble product will be the result. There are reports on tests on this for digestate and urine [32–34]. 
This process happens naturally in soil, and it can also be made to happen in an aerated reactor, 
this is done in many sewage treatment plants [35, 36]. It is also similar to wet-composting 
where nitrogen transformations happen as well as carbon consumption and stabilization [37].

Nitrification has two steps; both are microbially mediated [35]. In the first step, ammonia 
is oxidized to nitrite (NO2-) by bacteria belonging to the genus Nitrosomonas. In the second 
step, nitrite is oxidized to nitrate (NO3-), mostly by Nitrospira and Nitrobacter microorganisms 
[35, 38, 39]. However, high nitrite concentrations inhibit both processes, and it is therefore 
important to control the processes so that the intermediate products do not accumulate. This 
means process parameters must be controlled so that both steps can proceed at the same rate 
[40]. As ammonia oxidizing bacteria use ammonia as a substrate, not ammonium, this gener-
ally means controlling parameters of the concentration of free ammonia in solution is kept 
relatively low, for example, moderate pH and temperature [40].

3. What do we know about how treatment options affect plant 
availability?

It is known from numerous studies that not all nutrients in biofertilizers based on organic 
residues are available to crop plants, and sometimes also become available only after some 
time, and predicting the availability over time can be challenging [41, 42]. Plants take up dis-
solved nutrients, and nutrients that are dissolved or readily soluble will usually be 100% plant 
available. This is the case for mineral fertilizers. Most studies of plant availability of nutrient 
have assessed final products, for example, [43–47]. There are few studies assessing the same 
waste residue treated in different ways. This makes it difficult to disentangle the effect of 
feedstock from the effect of treatment option.

Dissolved nutrients in liquid organic waste will usually be bioavailable. Dewatering will 
therefore usually mean that most of the readily plant available nutrients are found in the 
liquid phase. How well plant nutrients are recycled will then depend on what happens to the 
liquid phase. Often it is not recycled optimally because transport costs are too high.

Precipitation can make nutrients less available, or even almost unavailable. This is well known 
for phosphorus removal from sewage treatment [15, 48]. The most common precipitation 
agents are aluminum and iron salts, leaving phosphorous almost unavailable to crop plants. 
Excess precipitation chemicals may even make soil phosphorus less available.

It is usually assumed that drying does not affect nutrient quality, so that plant availability 
remains unaltered. However, there is very little experimental evidence confirming that this is 
actually true. Knoop et al. [49] compared composting and drying as treatment options. They 
found that the content of plant available nitrogen decreased during drying although less than 
during composting, probably because the most plant available nitrogen is lost as ammonia. 
The fraction of phosphorus that was plant available also decreased during drying. There was 
no difference between air (20–30°C) and own dried (70°C). However, phosphorus availability 
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was measured chemically; it is not certain that this corresponded exactly to actual plant avail-
ability measured in plant growth experiments. We have some indications that drying at high 
temperature at least may make phosphorus more plant available. This requires further study.

Most biological stabilization options will make the nutrients more available as they are 
decomposition processes, which mineralize the nutrients. However, during aerobic treat-
ment (composting), some of the nitrogen is lost, more the more open the process is [50–52]. 
Anaerobic treatment will also usually make nutrients more available [53], an exception is 
phosphorus during anaerobic digestion of precipitated sewage sludge [54], probably because 
excess precipitation chemicals are used, which precipitate mineralized phosphorus.

Adding sorbents before dewatering can be a way to increase the fraction of nutrients found 
in the liquid phase as discussed in Section 2. The authors usually state that solid product can 
be applied in agriculture as a fertilizer, but there are surprisingly few studies that investigate 
if sorbed nutrients are as bioavailable as nutrients added the conventional way. One study 
found that ammonia sorbed as gas was bioavailable, but the degree of availability was not 
compared to conventional fertilizer application [55]. Another study found that sorbed nutri-
ents were slowly desorbed in soil [56]. Our own unpublished studies suggest that ammonium 
sorbed to zeolite is less plant available than conventionally added ammonium. A recent study 
[57] found that at least some nitrogen sorbed to zeolite from urine was plant available. They 
also suggest that nitrification could be an important driver of release of nitrogen from zeolite, 
as liming increased the recovery of mineral nitrogen. It is possible that zeolite and other sor-
bents provide surface area for biofilm development, and it could therefore stimulate nitrifica-
tion. This requires further study.

Nitrification has also been discussed as a possible way to treat liquid waste. The question 
if nitrate or ammonium is the preferable fertilizer is a complicated one. Usually nitrate is 
preferred, because it can be taken up faster and only ammonium as a fertilizer can be harmful 
to some plants [58, 59]. However, nitrate is also more easily leached and can be lost from the 
soil profile before plants can take it up. As such, ammonium can be regarded as a slow release 
fertilizer, as it is usually quite quickly nitrified in agricultural soil.

4. How does treatment affect environmental performance of 
biofertilizers?

Most environmental problems related to fertilizer use, either mineral or organic, are related 
to losses to the environment, as leaching and runoff and as gas. Loss of nitrogen and phos-
phorus to waterways and coastal areas can result in eutrophication and algal blooms [60]. 
Losses of ammonia gas can also lead to over-fertilization and acidification [61]. In addition, 
a small fraction of the nitrogen lost as gas is lost as nitrous oxide, a powerful greenhouse gas 
and as NOx [62, 63]. The best way to avoid losses is therefore to time fertilizer application or 
availability with crop demand, so that the crop can take it up before it is lost, this will be a 
win-win situation. Losses can also be reduced by reducing application rates, but this will also 
reduce yield.
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win-win situation. Losses can also be reduced by reducing application rates, but this will also 
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Biofertilizers usually induce larger losses per unit nutrients added than mineral fertilizers. 
This is partly because not all nutrients in organic fertilizers are immediately available and 
may become available later when plants cannot take them up. However, this depends on crop 
type as well, some crops take up nutrients throughout the growing season, and then slow-
release fertilizers may be an advantage [5].

The environmental effect of acidification has not been much studied. Particularly the effect 
on losses of nitrogen a nitrous oxide would be an interesting field of study, as the effect of 
pH on emissions of this gas is particularly complicated [62–66]. Denitrification rate increases 
with pH up to above neutral, but the fraction that is nitrous oxide rather than dinitrogen gas 
is higher at acidic pH. The effect on emission of the greenhouse gas nitrous oxide is therefore 
difficult to predict.

Addition of sorbents to increase the fraction of nutrients found in the solid phase has been 
discussed in Section 2. There is also some evidence that sorbents could reduce gaseous 
losses from soils, including greenhouse gases. Vermiculite and bentonite have been shown 
to decrease emissions of ammonia and nitrous oxide when mixed with manure prior to [67, 
68] and increase nutrient retention after application [69]. However, Dietrich [70] did not find 
any effect of bentonite additions to digestate on nitrous oxide emission, so this also requires 
further study.

Nitrification as treatment option was also discussed in Section 2. Most environmental effects 
are related to losses; as mentioned in the previous section, nitrate is more easily lost by 
leaching. However, it is also more easily taken up by plants, and if application is timed with 
demand, losses can be low. As greenhouse gases can be emitted by a number of processes 
[62, 63, 71], it is difficult to predict if nitrification prior to application will increase or decrease 
emissions. However, a review found lower emissions from nitrate-based fertilizers [62], sug-
gesting that nitrification may be favorable.

5. Conclusion and outlook

Sorption can be a good way to get a larger fraction of available nutrients in the solid phase 
prior to dewatering. Nitrification prior to storage and application may be a good way to 
reduce losses of nitrogen. However, little is known about if these and other treatments affect 
how plant available the nutrients are. More effort should be directed at understanding how 
treatment options affect plant availability, to be able to choose the best options.
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Abstract

Organic fertilizer is the core of organic farming, which represents the most important way to 
provide crops and agricultural products that are safe and free of any chemical components 
and pesticides. From this point of view, the purpose of this study is to provide a source of 
organic fertilizers which was formerly an environmental problem. The northwestern region 
of Saudi Arabia is flourishing with olive production, leaving huge amounts of residues 
called olive press cake (OPC). These wastes are a major environmental pollution despite 
their good content of carbohydrates, protein, oil and cellulose alongside phenols and lig-
nin. We tested the cultivation of Gliocladium roseum, Pythium oligandrum and Trichoderma 
harzianum and the mushroom Pleurotus ostreatus on OPC in order to reduce the high per-
centage of phenols that impede the germination of some plant seeds. Gliocladium roseum, 
Pythium oligandrum and Pleurotus ostreatus were able to reduce the percentage of phenols 
to more than 40% and thus support germination of seeds of Eruca sativa. This study gave 
than one benefit: firstly, reducing phenols that impede the germination of seeds. Secondly, 
Gliocladium roseum and Pythium oligandrum work against some plant diseases and also pro-
duce plant-like hormones that increase growth of plants.

Keywords: biofertilizer, Eruca sativa, Gliocladium roseum, Pythium oligandrum, 
Trichoderma harzianum and Pleurotus ostreatus, northwestern region of Saudi Arabia, 
olive press cake

1. Introduction

Olive trees are widespread in the Mediterranean countries, where the climate is in line with 
the pattern and physiology of the growth of these trees. There is almost no Mediterranean 
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country without thousands of hectares of olive trees, where the majority of people thrive on 
their products, fruits, and oil [1, 2]. Olive is one of the most important horticultural crops, 
both for direct consumption of fruit and for oil extraction which has nutritional value and a 
high historical reputation. The scientific name of the olive plant is Olea europaea L. and fol-
lows the family of Oleaceae. Olive trees grow wild in many parts of the world, especially in 
southern France, Syria, Palestine, Jordan, Morocco, Algeria, and India and also grow wildly 
in the southwest of Saudi Arabia. Olive trees are durable and can live for centuries. They are 
strong, energetic, and resistant to various conditions, including water shortage. The tallest 
tree reaches 15 m and the average height is 5–8 m. Leaves are spear shape, covered with a 
thick cutin and some disc hairs. Trees bear two types of flowers: bisexual and male flowers, 
according to the variety. Pollination is done by wind, and the fruit is drupe, rounded, or oval, 
depending on the variety and turns to black color when matured. Olive trees are subtropical. 
During winter, most varieties need low temperatures until flowering buds are formed. Trees 
thrive in the spring. If temperatures are high in winter, flowering is greatly reduced. Olive 
trees can withstand summer temperatures up to 48°C. Small olive trees need to be irrigated 
on a regular basis during the first 3 years of planting. After that, they can tolerate very little 
irrigation. Olive trees are cultivated in many areas in Spain, Tunisia, and Libya, relying on 
rain only without the need for artificial irrigation when rainfall is up to 300 mm per year. 
Small olive trees also need little fertilization but respond to good fertilization later, where it 
is necessary to add organic and chemical fertilizers, especially nitrogen, potash, and phos-
phates (www.fao.org).

Most of the world’s olive production is concentrated in Mediterranean countries, as well 
as some countries outside the Mediterranean basin such as Peru, Australia, Chile, Iran, 
Albania, Argentina, USA, and Saudi Arabia (Figure 1). Since 2010, there have been sig-
nificant variations in production from year to year until 2018 (www.fao.org). This may 
be due to:

Figure 1. Mediterranean countries distributed in Africa, Asia, and Europe.
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• Development of new varieties characterized by their high production;

• Unusual temperature change

• Recent climate changes on earth

• Political problems and wars in some countries

It should also be noted that the level of global consumption of olive products, especially olive oil, 
has increased steadily in parallel with increasing awareness of the strong role of olive products 
in human health as well as increasing world population. For this reason, global demand for olive 
products in general and olive oil in particular has increased. All modern methods have been 
used to increase production and increase the efficiency of olive squeeze operations (Figure 2).

Ranking of countries in terms of olive production, as shown in Table 1:

Country 2017/2018 (average)

Greece 260–280 (270)

Italy 300–318 (309)

Spain 1.100–1.250 (1.175)

Portugal 90–100 (95)

Morocco 100–110 (105)

Tunisia 250–270 (260)

Turkey 230–250 (240)

Syria* 100–150 (125)

Total 2.430–2.730 (2.580)

Production (1.000 tm). *Affected by war.

Table 1. Latest production in the eight leading olive oil producers that make up to 90% of the world’s olive oil production 
(www.fao.org).

Figure 2. World olive oil production and consumption, 2016/2017, in years (www.fao.org).
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2. A research on the presence conversion of the solid waste of 
pressing olives to soil fertilizers using some useful fungi [part of 
this work has been reported elsewhere]:

It is important to outline the stages of oil production from olive. Olive fruits must be purified 
from all impurities, either by manual method or by special sieves, and then washed with 
hot water to eliminate the effect of some substances on taste and quality of olive oil [1, 2]. 
Processing olive fruits for the mechanical stages in the production line are as follows:

• After washing the fruits well, they are ground by different crushing processes. This is the 
first process designed to compress the fruits and separate largest amount of liquids in them.

• This process is carried out accurately and at suitable temperatures, until the oil is assembled 
together to facilitate separation from other components, especially water, where the tempera-
ture directed plays an important role in affecting the viscosity of the oil. Temperature is about 
30°C. The aim is not to affect the viscosity of the water but to prevent the mixing of water 
with oil and influence its density, as well as to protect the oil material from being affected by 
temperature change of its physical properties such as changing its color to red, or its acidity.

• Separation of the components:

The previous phase contributes to some degree in the separation of oil molecules from 
milled materials, but they are without the end filter work because some oil particles are 
stuck in the mixture. They need a more precise separation process such as process of sepa-
ration of liquids from solids, separation of oil from liquid materials, and the process of 
refining it more than once depending on the value of its standard density. This process is 
affected by a number of factors:

1. Density: It plays an important role in separating oil from other liquids. This depends on 
the speed at which the material is removed due to the force, resulting from the rotational 
movement of the center of motion.

2. Size: The small size of the oil molecules increases the difficulty of collecting and remov-
ing them from the mix.

3. Viscosity: Differences in the degree of viscosity between components of the mixture 
contribute to the speed and ease of separating oil from rest of the materials, as well as 
temperature that was previously mentioned.

• After the oil is separated by centrifugation, solid and liquid residues are discarded, and the 
oil is finally obtained.

What concerns us here is the solid remains that are the residues of grinding seeds and cel-
lulosic cell walls and organelles of olive fruit cells, as well. This mixture is called olive press 
cake (OPC) (Figure 3).

The huge quantities of waste produced from olive mills have the following properties:

• These residues contain cellulose, protein, carbohydrate, and oil, and they represent a good 
medium for use as soil fertilizers.

Soil Productivity Enhancement18

• High content of phenols may cause inhibitors of plant seed germination.

• High content of nutrients in these residues may be an appropriate environment for hordes 
of insects, spiders, bacteria, and fungi, and some of them may be harmful.

Therefore, we have conducted studies on the abovementioned topics, focusing on the use of 
these residues as organic fertilizers that can be used to improve mechanical, natural, chemical, 
and biological soil properties.

The importance of organic agriculture in many areas is of interest to farmers, consumers, soci-
ety, and the environment. Farmers benefit from the adoption of organic means to increase the 
production and quality of their crops, due to improved soil fertility and productivity over a 
long term. Organic agriculture also prohibits the use of insecticides, fungicides, herbicides, 
nematocides, and other chemicals, reducing dependence on off-farm inputs, thereby reducing 
production costs and improving health and vitality of animals and plants, while preserving 
biological and environmental diversity. For the consumer, it increases their confidence in high-
quality organic agricultural products, ensuring that they are free of pesticide residues, chemical 
fertilizers, and genetically modified organisms. All this makes the community healthy, reduces 
the risk of soil and water contamination with chemical residues, and promotes the sustain-
ability of natural resources and the ecosystem. For soil fertility, there is no accepted concept 
that includes or is known specifically and clearly. Some soil scientists have pointed out that soil 
fertility means “the state of nutrients in the soil, in terms of quantity, availability, equilibrium, 

Figure 3. A, B: a large pile of solid olive residues (olive press cake, OPC) from olive presses in Sakaka, Jouf, Saudi Arabia. 
C: amount of OPC in a pail in preparation for some laboratory experiments.
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cake (OPC) (Figure 3).
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quality organic agricultural products, ensuring that they are free of pesticide residues, chemical 
fertilizers, and genetically modified organisms. All this makes the community healthy, reduces 
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and other nutrients.” According to this definition, it has a well-balanced source of nutrients in 
a soft form to meet its needs during various stages of its growth. Soil may contain necessary 
essential nutrients in a readily available form. However, their production capacity is low, or 
unproductive, due to the negative impact of physical, chemical, and biological soil properties. 
In other words, soil fertility, whether physical or chemical, refers to “the ability of the soil to 
supply the plant with nutrients.” In these two ideas, soil fertility is only an estimate, since the 
biological effects and their relation to certain aquatic or hydrothermal factors are not considered 
important, making this interpretation non-exhaustive, although it is used by most soil fertility 
researchers. Soil fertility is also indicated by its ability to meet the needs of the entire crop of 
nutrients and water. Soil fertility is sometimes defined as an expression of the state of the nutri-
ent soil, that is, the amount of nutrients it contains in a prepared, adequate, and balanced form 
for optimal production of a particular crop. In general, soil fertility is a cumulative estimate that 
can deteriorate as a result of continuous agricultural exploitation and can be developed, main-
tained, and sustained through good fertilization programs and appropriate soil management.

2.1. Biofertilizers

Modern scientific progress has allowed many processes to take place in nature, prompting 
scientists to develop new technologies and introduce them into agriculture to protect the envi-
ronment and increase crop productivity. Using of microorganisms in agriculture was proven 
to take advantage in processing nutrients needed by the plant in its growth and productiv-
ity, and in increasing its biological ability to control pathogens. Biofertilizers can be used to 
improve soil properties when applying organic farming systems as a natural catalyst for plant 
growth and productivity. Many studies have shown that some added microorganisms pro-
duce antibiotics to protect themselves, killing many pathogenic fungi. At the same time, these 
microorganisms secrete stimulant-like substances such as auxins to increase seed germination 
rate as well as increasing root and vegetative growth of the plant. In addition, these stimulants 
increase the surface area of the root hairs, which contributes to increase the ability of the plant 
to absorb water, salts, and nutrients. For the previous mentioned reasons, these microorgan-
isms contribute to improving physical and chemical properties of agricultural soils and thus 
their fertility and productivity. Therefore, some countries have been interested in settling 
organic agriculture in many parts of the country. This is done by converting organic waste and 
agricultural products to organic fertilizers, especially in countries characterized by drought 
due to lack of rainfall, scarcity of vegetation, and high temperatures. In desert countries, lack 
of intensive cultivation methods resulted in a decrease in biofertilizers and low organic matter, 
resulting in reduced soil fertility, http://www.fao.org/organicag/oa-faq/oa-faq1/ar.

From this point of view, one of the main objectives of this study is the use of olive press cake 
(OPC) from many olive mills spread in Jouf region in the northern part of Saudi Arabia, as 
biofertilizers in organic agriculture. The number of fruitful olive trees in such area was esti-
mated to be more than 15,000,000 trees, produced more than 12,000,000 l of olive oil.

The agricultural land of the city of Sakaka and its suburbs, belonging to the Jouf region, of the 
northern part of Saudi Arabia is characterized by the lack of suitable physical, chemical, and 
biological properties. Therefore, we have considered using enormous amount of residual OPC 
in raising efficiency of agricultural soil through a number of successive researches in this field.

Soil Productivity Enhancement20

As a result of the huge quantities of the remnants of the process of refining olives, large quan-
tities of waste are formed with other pollutants from the wastewater of these processes [2, 3]. 
These pollutants are of big environmental problem because of their high organic load [4]. The 
addition of OPC to agricultural soil increases organic matter and inorganic elements essential 
for plant growth [5]. By contrast, the application of OPC to the soil causes phytotoxic proper-
ties due to the high content of phenolic compounds [4, 6, 7]. Generally, the mushroom fungus 
(Pleurotus) can grow well on organic residues containing lignin and lignocellulose, since these 
fungi are able to analyze these substances and produce simpler, more nutritious residues, 
and more benefits to plants. Previous studies indicate that the first stage of mycelial growth 
of the mushroom and some terrestrial fungi is to be biomass, followed by a decrease in the 
concentration of harmful phenolics, which turns waste into organic residues enriched and 
useful for agricultural soil [8, 9].

Analysis of components of OPC is found to contain ash, lipids, minerals, polyphenols, poly-
saccharides, proteins, sugars, and tannins [10]. The concentration of phenolic compounds 
reaches up to 10 g/L [11], which causes high plant toxicity and antibacterial properties.

We have benefited from these data that we designed researches based on the use of certain fungi 
in the withdrawal of high phenols of OPC and then converted it into organic fertilizers added to 
agricultural soil. Useful fungus of Gliocladium roseum, Pythium oligandrum and Trichoderma har-
zianum, and the mushroom of Pleurotus ostreatus were used in this respect. It is well known and 
noted through many previous studies that G. roseum, P. oligandrum, and T. harzianum have a long 
history of biological control of many fungal plant diseases [10]. The mushroom of P. ostreatus 
mushroom is also known for its high nutritional value and a good source of protein for many 
people. Therefore, the use of G. roseum, P. oligandrum, and T. harzianum has more than one benefit. 
The first is the withdrawal of the high concentration of phenolic materials from OPC to be suitable 
for agriculture. The second that these fungi are important in the biological control constitutes a 
wonderful medium to exist within these organic fertilizers. It is worth mentioning that G. roseum, 
P. oligandrum, and T. harzianum have the ability to secrete substances similar to plant hormones 
(auxins) that cause increased vegetative growth and productivity of plant crops [12].

The overall aim of this study was to use P. ostreatus mushrooms as well as G. roseum, P. oligan-
drum, and T. harzianum to grow on OPC to benefit from the productivity of mushrooms and 
make it suitable as a biofertilizer.

2.2. Materials and methods

G. roseum (JU 121, Jouf University, Saudi Arabia), P. oligandrum (JU 221, Jouf University, Saudi 
Arabia), and T. Harzianum (JU 321, Jouf University, Saudi Arabia) were isolated from 25 agri-
culture fields distributed in Khoaa village, Sakaka (29° 48′ 6’ N, 40° 26′ 27″), Jouf Governorate, 
located in the northern part of Saudi Arabia [1]. P. ostreatus (MUAGRI 1102, Egypt) fungus 
was kindly obtained from the Ministry of Agriculture, Egypt, as a ready spawn grown on 
grains of sorghum; afterward the spawn prepared by subculturing the fungus on the medium 
of Malt Extract Agar) was used (Figure 4).

OPC was obtained from an olive mill located in Sakaka city, Jouf, Saudi Arabia, and used 
spontaneously after sterilization by autoclaving.
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mushroom is also known for its high nutritional value and a good source of protein for many 
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2.2. Materials and methods
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2.3. Mushroom (P. ostreatus) cultivation

Experiments were performed in a glass house, and two treatments were used (control + five 
replicates). Subsequently, results were statistically arranged and all treatments were com-
pared using Duncan Multiple Range test. Ninety-five percent vermiculite and five percent 
gypsum were the only components of the control. Treatments were prepared as 95% olive 
press cake and 5% gypsum (dry weight).

2.4. Substrate medium sterilization for cultivation of P. ostreatus

Gypsum was added to each treatment and mixed thoroughly and then placed in a cloth bag. 
Autoclaving was done for two successive days at 121°C for 1 h and left 3 days before use. The 
glasshouse was disinfected using sodium hypochlorite. The medium was re-placed in big plastic 
bags in order to allow the manipulation of mixing the spawn with the substrate by thoroughly 
shaking. Subsequently, medium was inoculated with 5% (dry weight) spawn of P. ostreatus. The 
bags were sealed tightly with a strong thread and punctured with a sterile metal screwdriver.

2.5. Adjustment of culture circumstances

Substrates were incubated at 20–25°C, under 80–95% (R.H.) humidity in the dark during 
starting days until the emergence of white mycelial growth. The colonized substrates were 
subjected to a cold shock at 5°C for 48 h to stimulate the emergence of first flush. It is worth 
mentioning that ventilation was very important during the fruiting period; therefore, the 
upper side of the bags was opened. Precautions must be taken for the temperature to be 
around 25°C and the relative humidity was between 80 and 90% by watering the bags twice 
daily and placing vast water containers on the floor.

2.6. Harvesting mushroom crop

Basidiocarps (fruiting bodies) of P. ostreatus had been collected when pilei were matured and 
just before started to curl up. Residues attached on stipes of mushrooms were gently disposed 
of by wiping them with a tissue paper before weighing. After harvesting mushroom, the aver-
age weight of singular basidiomata calculated as the quotient of the total weight of fresh bod-
ies collected by their total number, the average production for each parameter and diameter 
of the pilei, and the average diameter were measured.

Figure 4. Spawn of mushroom of P. ostreatus grown on grains of sorghum.
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2.7. Culturing G. roseum, P. oligandrum, and T. harzianum on OPC

Olive press cake (OPC) was collected from an olive mill (Aljouba, Sakaka city, Jouf, Saudi 
Arabia). Fungi were developed and preserved in potato dextrose agar (PDA) (part of this 
work has been reported elsewhere [1]). Potato dextrose agar discs containing fungal growth 
were used for OPC inoculation and subculturing, as well. Incubation procedure was per-
formed in 1-L Erlenmeyer flasks, each containing 200 g of OPC and 150 ml distilled water at 
28°C for a time course of 1–4 weeks (Figure 5).

2.8. Effect of growth of G. roseum, P. oligandrum, T. harzianum, and P. ostreatus on 
the amount of phenols in OPC

The total phenolic contents of OPC were estimated according to the method of [13], via tannic 
acid as a standard, and expressed as grams per kilogram of OPC. Analyses were done for each 
treatment before and after growth of tested four fungi within 1–4 weeks.

2.9. Testing the ability of Eruca sativa seeds to grow in the waste before and after 
the growth of fungi

The OPC before and after culturing with each of the tested four fungi was analyzed for their 
appropriateness for growing seeds of E. sativa. Quantities of every 100 g of OPC were added 

Figure 5. A. OPC and water in flasks after sterilization in the autoclave. B. Flasks during inoculation by fungi. C. Flasks 
after inoculation. D. Fungal growth after incubation for 2 weeks at 28°C in the dark.
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to plastic pots. Fifty E. sativa seeds were distributed on the surface of each pot containing 
tested OPC. Pots were incubated in an illuminated growth cabinet at 25°C with 12 h photope-
riod (91 μmol m−2 s−1). Emergence seedlings were counted in the course of 5–20 days.

2.10. Statistical analysis

Data were analyzed using one-way analysis of variance (ANOVA) through Minitab statistical 
software (version 12) unless elsewhere mentioned.

3. Results

3.1. The effect of different amounts of OPC on growth parameters (incubation 
period, yield, average weight, and average diameter of pilei) of P. ostreatus

Table 2 shows that that period required for incubation of OPC substrate was around 13 days 
compared with the control treatment which needed 5 extra days. Highest mushroom pro-
duction was recorded in control, but in OPC it showed significant differences between them 
and the yield fell by almost half. In control, the average weight was 25.26 (g/cap), whereas 
it decreased to 17.99 (g/cap) in OPC. There were no significant differences between control 
treatment and OPC in their average diameter of fungal pileus.

3.2. Culturing G. roseum, P. oligandrum, T. harzianum, and P. ostreatus on OPC

G. roseum, P. oligandrum, T. harzianum, and P. ostreatus showed excellent growth on OPC, 
which began from the first week of cultivation and more intense growth between the second 
and the third week of the incubation period (Figure 5).

3.3. Total phenols of OPC before and after the growth of G. roseum, P. oligandrum, 
T. harzianum, and P. ostreatus

Total phenols significantly decreased when G. roseum, P. oligandrum, and P. ostreatus grew on 
OPC from the first week up to the fourth week of growth. On the other hand, T. harzianum 
did not show any significant decrease in phenol content of OPC before and after growth on 
OPC (Figure 6).

Treatments Incubation period (days) Yield (g/0.5 kg) Average weight (g/cap) Average diameter (cm/cap)

Control 18a1 588.69a 25.26a 8.31a

OPC 13b 270.16c 17.99c 7.28a

1Means within each column followed by the same letter were not significantly different according to Duncan’s Multiple 
range test (P = 0.05).

Table 2. Effect of adding olive press cake on incubation period, yield, average weight, and average diameter of P. ostreatus.
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Treatments Time of incubation (days)

5 10 15 20

Vermiculite 42* 42** 42 42

OPC 0 0 0 0

OPC previously incubated with G. roseum for 1 week 29c 33c 33c 33c

OPC previously incubated with G. roseum for 2 week 38c 41c 41c 41c

OPC previously incubated with G. roseum for 3 week 37c 40c 40c 40c

OPC previously incubated with G. roseum for 4 week 39c 41c 41c 41c

OPC previously incubated with P. ostreatus for 1 week 22c 28c 30c 31c

OPC previously incubated with P. ostreatus for 2 week 32c 38c 40c 41c

OPC previously incubated with P. ostreatus for 3 week 35c 38c 39c 40c

OPC previously incubated with P. ostreatus for 4 week 35c 43c 40c 42c

OPC previously incubated with T. harzianum for 1 week 0 0 0 0

OPC previously incubated with T. harzianum for 2 week 0 0 0 0

OPC previously incubated with T. harzianum for 3 week 0 0 0 0

OPC previously incubated with T. harzianum for 4 week 0 0 0 0

OPC previously incubated with P. oligandrum for 1 week 33c 33c 31c 31c

OPC previously incubated with P. oligandrum for 2 week 35c 40c 42c 42c

OPC previously incubated with P. oligandrum for 3 week 43c 45c 45c 45c

OPC previously incubated with P. oligandrum for 4 week 45c 46c 46c 46c

*Number of emerged Eruca sativa seeds out of 50.
**Means within each column followed by the same letter were not significantly different (compared with the control in 
OPC) according to Duncan’s Multiple range test (P = 0.05).

Table 3. Emergency of 50 Eruca sativa seeds inoculated or not with G. roseum, P. oligandrum, T. harzianum, and P. ostreatus 
in the presence or absence of olive press cake (OPC) incubated within 20 days.

Figure 6. Phenol content (g/kg OPC) of OPC treated with each of G. roseum, P. oligandrum, T. harzianum, and P. ostreatus 
during different treatment times (1–4 weeks). Data are averages (±S.E.) of five replicates and significant values against 
control represent **highly significant at p < 0.01, ***very significant at p < 0.001.
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3.4. Germination of E. sativa seeds on OPC previously cultured with G. roseum, 
P. oligandrum, T. harzianum, and P. ostreatus

OPC previously cultured with each of G. roseum, P. oligandrum, T. harzianum, and P. ostreatus 
during 1–4 weeks increased the emergency of E. sativa seedling, whereas seeds never germi-
nated in crude OPC (Table 3, Figures 7 and 8).

Ability of Eruca sativa seeds to grow on OPC before and after the growth of P. oligandrum 
after 30 and 40 days

Figure 7. (A–E) Germination of Eruca sativa seeds on OPC after 2 weeks culturing with G. roseum (B), T. harzianum (C), 
T. harzianum (D), P. oligandrum (E), P. ostreatus, and control (A) whereas seeds were seeded on crude OPC after 7 days at 
25°C under 12 h photoperiod (91 μmol m−2 s−1).
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4. Discussion

Experimental data show that the phytotoxic properties of OPC were responsible for inhibiting 
the growth of plant seeds used in this study. The olive press cake used in our study inhibited 
E. sativa seed germination. Many high concentrations of phenolic compounds were considered 
one of the main reasons of the toxicant effect of OPC on plant seed germination and subsequent 
growth [14]. For this reason, a high phenolic content of OPC could be responsible for phytotox-
icity. Most of phenolic acids began to exhibit their phytotoxicity at high concentrations [15]. In 
this research, OPC were 40 g kg−1 of total phenolic compounds. The application of OPC to agri-
cultural soil causes the inhibition of plant seeds and retards the growth of many growing plants.

It is worth mentioning that many fungi can grow and flourish in food environments contain-
ing high concentrations of phenols. From the previous point, this phenomenon can be used to 
withdraw or even reduce the high percentage of phenols in any medium [16].

From the study, many Aspergillus spp. are capable of decomposing phenolics in OPC. Subse-
quently, many isolates of A. niger were observed to flourish and produce dense growth on 
OPC [17]. One of the methods used by some fungi to remove the toxic effect of high concen-
trations of phenols had been attributed to their capacity to metabolize phenols [14]. Earlier 
results showed that Coriolopsis rigida decreases phenolics of OPC [4]. In addition, the same 
fungus increased the dry weight of tomato fruits [18].

Results of this study showed that some of the tested fungi, which were G. roseum, P. oligandrum, 
and P. ostreatus, had the ability to grow on OPC and withdraw a large amount of phenols up 
to 75% of the main concentration. By contrast, T. harzianum was able to grow on OPC while 
it could not affect the level of phenols and therefore remained the amount of phenols as they 
were throughout the incubation period. This may be explained by the ability of G. roseum, P. 
oligandrum, and P. ostreatus to metabolize the phenols while T. harzianum cannot. It is therefore 
very important to test the ability of fungi (even in the level of isolates) for analyzing phenols 
after testing their ability to grow on OPC to be used in the clearance OPC from the high con-
centration of phenols.

Fortunately, a high level of nutrients in OPC strengthened and helped to grow tested fungi 
intensively without any dietary additives. Therefore, we have used environmentally friendly 

Figure 8. (A–E) Germination of Eruca sativa seeds on OPC after 30 and 40 days culturing with P. oligandrum. Control 
represents seeds on crude OPC after 7 days at 25°C under 12 h photoperiod (91 μmol m−2 s−1).
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fungi and have benefits in the biological control and production of plant-like auxins for plant 
growth in addition to its ability to reduce the high concentration of phenols. So we hit two 
birds with one stone, which is that we have made OPC suitable to add to the agricultural 
soil to improve their properties and at the same time add fungi that resist plant diseases and 
increase the vegetative growth and productivity of plants.

Another useful dimension is the extent to which OPCs are used as a medium for growth of 
an edible species of mushrooms (P. ostreatus). After mushroom cultivation course, OPC can 
then be used as high-value organic fertilizers. Mushrooms were recently used for decreasing 
phenolics in OPC. Other basidiomycota belonging to white rots were proved to be efficient 
metabolizers of phenolics in OPC [19]. Pleurotus was able to grow on OPC and reduced total 
phenols. It has been evidenced that the development of normal basidiomata on OPC cultured 
with P. ostreatus and P. eryngii [20]. They further postulated that the residual toxicity of OPC 
was significantly reduced. Our experiments showed that by growing P. ostreatus on OPC, the 
percentage of phenols decreased by about 40% of the ratio in the raw OPC after 4 weeks of 
mushroom cultivation.

It is worth mentioning that each of G. roseum, P. oligandrum, and P. ostreatus, which gave 
positive results toward the reduction of high phenols and make the residues suitable for seed 
germination and then used in organic agriculture as fertilizer for agricultural soil, was used 
separately from each other.

It is therefore very appropriate to test the integration of G. roseum and P. oligandrum in their 
work as depressants of the high concentration of phenols and their ability as biological con-
trols. There have been no experiments on this integration in this study here, and therefore we 
recommend further studies in this regard.

This study is a nucleus of similar studies using other useful fungi that have antifungal proper-
ties and can eliminate the OPC of the high concentrations of phenols.

5. Conclusion

It is known that there are many sources of organic fertilizers that man has dealt with throughout 
the ages. The basic contents of organic fertilizers contain plant and animal residues moistened 
and left for a certain period of time until microbial degradation occurs and eventually produce 
organic fertilizers containing organic sources in a simple form that the plant can benefit from. 
What is new here is that we used OPC as a vital source of organic fertilizer. Olive press cake con-
tains cellulose, protein, carbohydrate, oil, and phenol. This shows the good content of the neces-
sary compounds to ensure seed germination, plant growth, and prosperity. The problem is the 
high content of phenols that have hindered the germination of plant seeds in some crop plants. 
In this context, research studies have been conducted to benefit from the high nutritional content 
of OPC and to withdraw the high concentration of phenols in order to prepare these wastes as 
a good source of organic fertilizers .It has been found that using some of the saprophytic fungi 
can reduce the level of phenols in OPC. The idea was to use saprophytic fungi with the ability 
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to control some plant diseases, in addition to their ability to increase plant growth by producing 
plant-like hormones (auxins) that are responsible for increasing vegetative growth and fruit pro-
duction. Therefore, we have used G. roseum, P. oligandrum, T. harzianum, and P. ostreatus known 
to have the ability to control fungal plant diseases and produce plant-like hormones. Our studies 
have shown that G. roseum, P. oligandrum, and P. ostreatus can play a positive role in reducing the 
rate of phenols and the foundation of OPC to be a good source of organic fertilizers.

Steps of preparing OPC to be a suitable medium for organic fertilizers can be illustrated in the 
following infographic illustration:
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Abstract

The high generation of waste in Pakistan (estimated at 55,000 tons/day) has resulted in
serious environmental problems. Collected solid waste material are left in depressions and
on vacant plots, buried, burned, and dumped in the ocean. To improve this situation, the
material was composted and evaluated as a fertilizing material and its effect on the environ-
ment. Composting of these waste resulted in the production of good quality materials that
can be used as soil amendments and source of plant nutrients. Large amounts of N and K
are usually generated and very effective in crop production. Leaching of nutrients was less
when compost was applied than mineral fertilizer. The composting of solid municipal waste
was observed to be a better option to open disposition.

Keywords: MSW, compost, aeration

1. Introduction

Pakistan urbanization has increased drastically in recent decades. The migration of people in
urban areas leads to problems like poverty, housing and transportation, water and sanitation,
and solid waste generation. In Pakistan, the solid waste generation in urban areas is estimated
at 55,000 tons/day [1]. Waste management generally comprises primary and secondary collec-
tion and open dumping of more than 90% of the collected waste. Only 60% of the waste
generated is actually collected in most cities of Pakistan. The uncollected waste lies in topo-
graphic depressions, vacant plots along the street, roads and railway line, drains, storm drains,
and open sewers within overall urban limits [2]. Burial, burning, and ocean dumping strategies
for the management of MSW lead to contamination of land, air, and sea [3]. It poses serious
health hazards by causing considerable increase in the environmental pollution [4]. In Lahore,
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Pakistan, the existing system of solid waste management is inadequate and insufficient to
manage the present and future need.

2. Materials and methods

In MSW, the organic matter is an important parameter to determine the method for its treat-
ment. Typically, MSW is treated by two different methods: (i) by anaerobic digestion and (ii)
aerobic process (composting). Both methods have their own specific advantages and disad-
vantages, with aerobic process very rapid compared to anaerobic treatment [5]. Composting is
the process whereby thermophilic, aerobic microorganisms transform organic materials into
hygienic, biostable products [6].

Composting methods differ in duration of decomposition and potency of stability and matu-
rity. Aerobic composting physically breaks up organic matter yielding a texturally and chem-
ically homogeneous end product in less time than anaerobic methods.

Composting process is affected by some environmental conditions (temperature, moisture
contents, pH, and aeration) and substrate characteristics (C/N ratios, particles size, nutrient
contents, and free air space) [7]. Moisture content greatly influences the changes in physical
and chemical properties of waste material in the course of degradation of organic matter. MSW
comprises high proportion of moisture (80–90%) and organic matters (70–80%) that give raise
the odor during decomposition [8]. When the optimum moisture level (60%) is not easily
accessible to the microorganism, their microbial activity abates the composting process, and
temperature (40–70�C) will not be accomplished [9]. Most favorable moisture level for biodeg-
radation of different compost mixtures varied from 50 to 70% [10]. Excessive moisture content
of MSW results in significant leachate formation during composting and collapse of the
composting matrix leading to reduction in porosity and oxygen availability. If the oxygen
apportioning is not homogenous, it causes CO2 accumulation and brings forth anaerobic
condition inside the piles. According to Haug [9], oxygen concentration within the composting
matrix should not be lower than 5–7%, and proper aeration of the composting material will
only be possible if enough porosity and FAS are around 30% in composting piles. To control
the moisture contents and to optimize the C/N ratio, bulking agents (BA) are added in the
composting process for an effective degradation of MSW.

However, the main requirement for the safe use or application of compost to agricultural lands
is its degree of stability and maturity, which implies stable organic matter content [11, 12].
Stability prevents nutrients from becoming tied up in rapid microbial growth, allowing them
to be available for plant needs [13]. Application of immature compost may inhibit seed
germination, reduce plant growth, and damage crops by competing for oxygen or causing
phytotoxicity to plants due to insufficient biodegradation of organic matter [14]. Due to these
concerns, extensive research has been conducted to study the composting process and to
evaluate methods to describe the stability and maturity of compost prior to its agricultural
use [15]. The most common indicators that have been used in other composting studies include
C/N ratio, cation exchange capacity (CEC), humic substances, NHþ

4 �N and NO�
3 �N ratio of
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NHþ
4 �N=NO�

3 �N, and CO2 evaluation [13]. It should be noted that no single maturity
indicator could be applied to all composts because of differences in feedstock used.

The compost prepared by mechanical composting plants is generally low in plant nutrients,
and therefore their acceptability by farmers is poor [16]. The loss of nutrients is responsible for
a decrease in soil fertility. The most common practice to preserve or restore the soil fertility is to
add the organic matter to this soil.

Compost as fertilizer or soil conditioner improves the soil quality by enhancing aeration, water
status, macro- and micronutrients, and aggregate stability, which perk up plant growth [17].
Plant establishment and maintenance of high crop yield are possible only by the use of
compost.

Compost material improves the soil health and plant growth. It has also been found that
compost suppresses the pathogens and plant diseases. Compost increases the organic matter
in soil, improve tilth and water holding capacity, and provide a long-term supply of nutrients
as the organic material decomposes [18].

3. Results

3.1. Comparing treated and untreated compost

The uptake of nutrients by plants depends upon the rate of applications of compost and
availability of nutrients in soil. Thus, available forms of nutrients in soil solution depend on
the release of nutrients from fertilizer materials in soil solution.

The treated and untreated composts are incubated in a specific pot volume to study the
mineralization of nitrogen in controlled environmental conditions. The treated and untreated
composts are applied at different rates, and soil is analyzed before putting the pot in the
incubator. The chemical analysis of soil is given in Table 4.14, and the quantity of nitrogen
untreated composts (Table 1).

In the incubation study, trace amounts of ammonium are found while the nitrification process
is very rapid. The net N mineralization is presented in terms of the sum of the ammonium-N
and total oxides of nitrogen (nitrate) (Table 2).

The net N mineralization rate of the control soil throughout the incubation period ranged from
67.47 to 85.20 mg/kg with a mean of 81.51 mg/kg. Soil mineral N is shown to increase with the
incubation time. Considering each sampling time, the treated compost application resulted in

Sand (%) Silt (%) Clay (%) pH Total P (mg/kg) Total K (mg/kg) Total N (mg/kg) C/N

53.12 � 8.93 19.25 � 4.06 27.63 � 5.65 7.5 � 0.12 6.5 � 0.53 117.6 � 0.61 0.06 � 0.01 6.0 � 0.8

�SE of three replicates.

Table 1. Initial soil properties used in the study.
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higher amounts of soil mineral N than the control and the untreated compost-amended soil.
The soil mineral N of the different treatments is presented in Figure 1, with reference to
incubation time.

The effect of compost application rate (30, 60, 90 kg N/ha) on soil mineral N contents is found
not to be important for any given time, which is attributed to the fact that the increase in the
amount of mineral N is not significantly different between the treatments, except T-90.

Flavel and Murphy [19] found also in his study that the N-mineralization is not much different
between treatments, but there is difference in total N mineralization rates that are different in
magnitude of N.

The mean mineral N over the whole duration of the incubation experiment increased with the
increase of the treated compost application rate (Figure 2). The untreated compost applications
at the highest rate increased the mean soil mineral N contents as compared to control. The N
mineralization depends upon the rate of N amended in soil. As the regression value R2 (0.979)
in treated compost indicates that 98% of the variability in Nmineralization is dependent on the

Compost application pate (kg-N/ha) Compost (g)

Treated Untreated

30 54.94 64

60 109.88 128

90 164.82 192

Table 2. Application rate of N to the soil.

Figure 1. Mineralization of treated and untreated compost in soil. T, treated compost; UT, untreated compost.
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rate of the N added. In untreated compost, 88% of the N mineralization depended on the N
addition.

The amount of gross N mineralization depends upon the total C, N, lignin, ash, and NO�
3 . The

composts used in the study are characterized by relatively low C/N ratios. The treated compost
has a C/N ratio of 11:40 and untreated of 15:33. Treated compost application results in signif-
icantly higher net N mineralization by 76.26% than untreated compost. The same observation
is noted by Kokkora [20] and Chaves et al. [21].

The NMRtotal of the treated compost remained fairly constant from days 4 to 14 and then
increased from days 24 to 44 constantly. The NMRtotal of the untreated compost remained
constant till day 2, then decreased in day 8, and increased in day 15 and from that point till
day 24 (Figure 3).

Both compost showed a net mineral N release in incubation. This finding is in good agreement
with other incubation work using organic materials with low C/N ratio [21, 22].

The mineralization rate in the study revealed that CO2 released from the soil amendments is
higher than the control (soil), because the amendments increased the soil biomass in relation to
control [23, 24]. The presence of high concentration of easily degradable organic C in the
amendments led to a larger growth of the microbial population in the soil [25]. The highest
CO2 evolution is recorded at day 15 of incubation, and afterwards it shapely declined in the

Figure 2. Mineralization of nitrogen of treated and untreated compost in soil. T, treated compost; UT, untreated compost.
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treated compost, whereas after 20 days, both composts showed steady CO2 evolution. This
suggests that after this period the amendments are mature for plant growth (Figure 4). The
increased application rate of amendments affects the large increase in C mineralization in
matured compost. Similar results are found by (Pedra et al. [26] and Busby et al. [27]). The
low C/N ratio of the experimental amendments induced their stability and showed a higher
rate of mineralization due to N contents which promote microbial activity to some extent.
Hence, the results of mineralization in both composts are not considerably different at the end
of the incubation.

Figure 3. Mineralization of treated and untreated compost in soil. T, treated compost; UT, untreated compost.

Figure 4. Mineralization of CO2 � C of treated and untreated compost in soil.

Soil Productivity Enhancement40

4. Lysimeter study of compost

The lysimeter experiment was conducted to study the effect of N leaching of two different
composts, in poor quality sandy soil under controlled drainage system. This aim is used to
note the nitrate leaching and subsequent effects of excessive leaching on sandy soil. In this
study the potential of treated and untreated composts and mineral fertilizer on quality of sand
and tomato plant is also evaluated. The study also covers phosphate and potassium nutrients
at different depths of lysimeter sand and from different parts of the plant at the end of the
experiment. The analysis of sand, which is used in lysimeter study, is given in Table 4.16. The
sand is mixed with compost in lysimeter, and their application rate of compost nutrients is
given in Table 3.

4.1. Mineral nitrogen leaching experiment

Nitrogen is an essential nutrient required to increase and maintain agricultural production.
However, nitrogen leaching can impact water bodies. The mineral nitrogen results are differ-
ent due to each treatment nutrients leachibility and phytoavailability. In the initial stage of the
experiment, leaching of N in treated and untreated composts is parallel to control. The mineral
fertilizer treatments (200, 400, 600 kg N/ha) are notably different from all other treatments. It is
also noted that there is no considerable difference between treated and untreated composts
throughout the study period. The mineral fertilizer produces an excessive quantity of mineral
N in the leachate. The increase of application rate of mineral fertilizer increased the N in the
leachate. Due to the increase of mineral N leachate from the mineral fertilizer treatments, a
limited amount of mineral N is found in the tomato crop. At the end of the leaching, an
increase of about 60.5 and 67% of the initial (30.91 and 28.76%) leaching is increased in
untreated and treated compost, respectively. Ahmad et al. [28] results are inlined with the
present study.

Mineral fertilizer had notably higher N in leachate than compost (treated and untreated)
shown in tomato plant growth in irrigated sandy soil, which indicates an environmental
benefits from water quality perspective as compared to mineral fertilization. The amount of N
leaching agrees with Xiaoxin et al. [29] report that increased application rate increased N
leaching.

Figure 5 shows the effect of the compost type on the total mineral N leached during the
lysimeter study as compared to mineral fertilizer treatments. Treated compost is not consider-
ably higher in the amount of N leaching than untreated compost. However, the mineral N
leached from both compost-amended sandy soil is higher than the control and lower than the
mineral fertilizer treatment. The effect of compost application rate on total N leaching is

Sand (%) Silt (%) Clay (%) O.M (%) Tot. N (%) T.P (mg/kg) K (mg/kg)

Fine sand 98.2 1.5 0.3 1.29 0.017 0.7 23.9

Coarse sand 97.8 1.6 0.6 1.23 0.02 0.65 20.5

Table 3. Mechanical analysis of the soil used in the lysimeter experiment.
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4. Lysimeter study of compost

The lysimeter experiment was conducted to study the effect of N leaching of two different
composts, in poor quality sandy soil under controlled drainage system. This aim is used to
note the nitrate leaching and subsequent effects of excessive leaching on sandy soil. In this
study the potential of treated and untreated composts and mineral fertilizer on quality of sand
and tomato plant is also evaluated. The study also covers phosphate and potassium nutrients
at different depths of lysimeter sand and from different parts of the plant at the end of the
experiment. The analysis of sand, which is used in lysimeter study, is given in Table 4.16. The
sand is mixed with compost in lysimeter, and their application rate of compost nutrients is
given in Table 3.

4.1. Mineral nitrogen leaching experiment

Nitrogen is an essential nutrient required to increase and maintain agricultural production.
However, nitrogen leaching can impact water bodies. The mineral nitrogen results are differ-
ent due to each treatment nutrients leachibility and phytoavailability. In the initial stage of the
experiment, leaching of N in treated and untreated composts is parallel to control. The mineral
fertilizer treatments (200, 400, 600 kg N/ha) are notably different from all other treatments. It is
also noted that there is no considerable difference between treated and untreated composts
throughout the study period. The mineral fertilizer produces an excessive quantity of mineral
N in the leachate. The increase of application rate of mineral fertilizer increased the N in the
leachate. Due to the increase of mineral N leachate from the mineral fertilizer treatments, a
limited amount of mineral N is found in the tomato crop. At the end of the leaching, an
increase of about 60.5 and 67% of the initial (30.91 and 28.76%) leaching is increased in
untreated and treated compost, respectively. Ahmad et al. [28] results are inlined with the
present study.

Mineral fertilizer had notably higher N in leachate than compost (treated and untreated)
shown in tomato plant growth in irrigated sandy soil, which indicates an environmental
benefits from water quality perspective as compared to mineral fertilization. The amount of N
leaching agrees with Xiaoxin et al. [29] report that increased application rate increased N
leaching.

Figure 5 shows the effect of the compost type on the total mineral N leached during the
lysimeter study as compared to mineral fertilizer treatments. Treated compost is not consider-
ably higher in the amount of N leaching than untreated compost. However, the mineral N
leached from both compost-amended sandy soil is higher than the control and lower than the
mineral fertilizer treatment. The effect of compost application rate on total N leaching is

Sand (%) Silt (%) Clay (%) O.M (%) Tot. N (%) T.P (mg/kg) K (mg/kg)

Fine sand 98.2 1.5 0.3 1.29 0.017 0.7 23.9

Coarse sand 97.8 1.6 0.6 1.23 0.02 0.65 20.5

Table 3. Mechanical analysis of the soil used in the lysimeter experiment.
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different from each treatment. The amount of NHþ
4 �N leached is 3.5%, and the remaining is

the 96.5% NO�
3 �N of the total mineral N leached. The same observation was found by the

Kokkora [20] in his study of biowaste and onion waste.

The amount of mineral N leached from mineral fertilizer-amended sand is calculated as a
percentage of the mineral fertilizer N applied. It is found to be 19.33% at the rate of 200 kg N /
ha, 12.45% at the rate of 400 kg N/ha, and 10.34% at the rate of 600 kg N/ha. The amount of
mineral N leached from both compost-amended sand was calculated as a percentage of the
total compost N applied. The average of all treatments is 2.8% for untreated compost and
3.04% for the treated compost.

Kokkora [20] found that compost with low C/N ratio leached more than compost with the high
C/N ratio. The same observation is found in the present study (Figure 6).

Compost application to poor quality and well-drained sandy soil is found capable of increas-
ing tomato production by increasing the supply of nutrients. The soil properties and crop
production are dependent on the application of compost rate and its C/N ratio. The residual
mineral N in sandy soil is found to be low for all treatments except mineral fertilizer. The effect
of depth is found not to be considerable in all lysimeter treatments. The residual total mineral
N contents resulted from all depths of mineral fertilizers are found to be higher than from all
compost-amended soil, while the compost application rate is not found to be different in total
mineral N for both treated and untreated composts (Figure 7).

The treated compost (C/N, 11:40) appreciably increased the N uptake in the tomato plant. The
increase in N uptake is due to the increase of compost application rate, which is in accordance
with Iglesias-Jimenez and Alvarez [30], who used compost with a C/N ratio lower than 12.

The untreated compost has a poor response to the immobilization of N due to C/N ratio of
15:33. Sullivan et al.’s [31] results are in accordance with the present study.

Figure 5. Mineral N leached from different treatments. UT, untreated compost; T, treated compost; M, mineral fertilizer.
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The study results show that about 16.1 and 19.66% in 600 kg N/ha is more than 200 kg N/ha.
The N recovery in mineral fertilizers is very low in all treatments compared to both composts. This
low recovery means that excessive quantity of N is leached during the experiment, which is shown
in Figure 4.35.

Figure 6. Comparison of total mineral N leached from mineral fertilizers and composts.

Figure 7. Uptake of mineral N by soil from mineral fertilizer and compost.
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The study results show that about 16.1 and 19.66% in 600 kg N/ha is more than 200 kg N/ha.
The N recovery in mineral fertilizers is very low in all treatments compared to both composts. This
low recovery means that excessive quantity of N is leached during the experiment, which is shown
in Figure 4.35.
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Composing of Municipal Solid Waste and Its Use as Fertilizer
http://dx.doi.org/10.5772/intechopen.81729

43



4.2. Nitrogen uptake by tomato plant from mineral fertilizer and composts

4.2.1. Mineral potassium leaching

The effect of compost application is important in tomato crop uptake of K and P, but no
considerable difference is found between treated and untreated composts. However, the
treated compost shows higher K uptake than untreated compost. The rate of K uptake is
directly correlated with the application rate of composts (Figure 8). The rise of compost
application rate raised the quantity of K by plant. Abdelhamid et al. [32] reported that the
addition of compost prepared with rice straw along with oilseed rape cake and poultry
manure improves soil chemical and biological properties. The increased availability of nutri-
ents in enriched compost enhanced root proliferation, which resulted in greater uptake of K by
the crop (Figure 9).

The extractable K from sand is notably higher due to application of composts than the control.
The K concentration is 83.6 and 82% more than the control in treated and untreated compost-
amended soil.

Similar results of extractable K are also found by both treated and untreated composts. The
release of nutrients is more in treated compost than in untreated compost due to low C/N ratio.
The same observations are found by Nishanth and Biswas [33] in their study (Figure 10).

4.2.2. Phosphorous leaching

Incorporation of enriched compost (treated) in sandy soil resulted in notably higher total P
uptake by tomato plant in all the growth stages than the control. A 99.6% increase in P uptake

Figure 8. Nitrogen uptake by plant from mineral fertilizer and composts. UT, untreated compost; T, treated compost; M,
mineral fertilizer.
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over control is also recorded for both composts. The P uptake increases substantially in both
composts with increased application rate (Figure 11). The treated compost resulted in higher P
uptake than the untreated compost. It was also reported by Nishanth Biswas [33] that
phosphate-solubilizing microorganisms can mineralize organic and inorganic P into soluble
forms in the root rhizosphere, and because the microorganisms render more P in solution form
than that required for their growth and metabolism, the surplus is available for plants
resulting in increasing P uptake.

The amount of available P in sand is greatly influenced by the addition of compost. The rate of
addition of compost increased the concentration of P in both compost-amended sand. The
analysis of sand at the end of the experiment shows that compost application had considerably
higher available P in sand than the control. The treated compost sand retained greater P by

Figure 9. Comparison of K uptake by tomato plant from treated and untreated composts. T, treated compost; UT,
untreated compost.

Figure 10. Concentration of K in sand after the harvest of tomato crop by the application of treated and untreated
compost. C, control; T, treated compost; UT, untreated compost.

Composing of Municipal Solid Waste and Its Use as Fertilizer
http://dx.doi.org/10.5772/intechopen.81729

45



4.2. Nitrogen uptake by tomato plant from mineral fertilizer and composts

4.2.1. Mineral potassium leaching

The effect of compost application is important in tomato crop uptake of K and P, but no
considerable difference is found between treated and untreated composts. However, the
treated compost shows higher K uptake than untreated compost. The rate of K uptake is
directly correlated with the application rate of composts (Figure 8). The rise of compost
application rate raised the quantity of K by plant. Abdelhamid et al. [32] reported that the
addition of compost prepared with rice straw along with oilseed rape cake and poultry
manure improves soil chemical and biological properties. The increased availability of nutri-
ents in enriched compost enhanced root proliferation, which resulted in greater uptake of K by
the crop (Figure 9).

The extractable K from sand is notably higher due to application of composts than the control.
The K concentration is 83.6 and 82% more than the control in treated and untreated compost-
amended soil.

Similar results of extractable K are also found by both treated and untreated composts. The
release of nutrients is more in treated compost than in untreated compost due to low C/N ratio.
The same observations are found by Nishanth and Biswas [33] in their study (Figure 10).

4.2.2. Phosphorous leaching

Incorporation of enriched compost (treated) in sandy soil resulted in notably higher total P
uptake by tomato plant in all the growth stages than the control. A 99.6% increase in P uptake

Figure 8. Nitrogen uptake by plant from mineral fertilizer and composts. UT, untreated compost; T, treated compost; M,
mineral fertilizer.

Soil Productivity Enhancement44
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about 99.46% and the untreated by about 99% than the control, while the treated compost has
32.5% higher P in the sand than untreated compost-amended sand (Figure 12).

5. Pot study

The pot study is conducted to compare the efficiency of inorganic fertilizer and enriched
composts with different percentages of inorganic nitrogen (urea) for improving the growth of

Figure 11. Comparison of P uptake by tomato plant from treated and untreated compost applications. T, treated compost;
UT, untreated compost.

Figure 12. Concentration of P in sand after the harvest of tomato crop by the application of treated and untreated
compost. T, treated compost; UT, untreated compost.
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tomato plants and to document their performance as soil amendments. The treated composts
and inorganic fertilizers are mixed with loamy sandy soil in individual pots, which are applied
at different rates.

The treated compost along with different percentages (20 and 40%) of chemical fertilizer (urea)
is described for the agronomic and environmental effects of the compost in pot study of tomato
plant.

5.1. Effect of treatments on physical characteristics of tomato plant

With regard to root length, the highest value was observed with the application of composts
enriched with 40% N, (T4) that is 32.97% greater than the control. It is found that the root
length is significantly greater (25.58%) by the addition of full dose of N (110 kg N/ha) than the
control and no significant difference is noted between the cases of T1, T2, and T3 treatments to
tomato plants. Root length recorded in case of T4 is also significantly different compared to T1.

The application of T1 resulted in significantly greater (14.51, 50.26%) root dry weight than T2

and control, respectively. The maximum plant root dry weight is observed by the application
of T4, which is more (54%) than the control (P and K only), and no difference in results between
T1, T3, and T4 is noted. There is also a significant difference between T2 and T3. A significant
greater root dry weight of T4 (21%) than T2 was observed. The root dry weight recorded as a
result of T4 is greater than that obtained by control.

The maximum shoot dry weight is also observed by the application of T3 which differs
significantly from the control, T1, T2, and T4. But it is higher in T3 and T4 than the full dose of
the mineral N fertilizer (110 kg N/ha), whereas a difference in their weight between T4 and T2 is
also present. T1 is greater (31.45%) than the control. The leaching of N in the soil is greater in

Application rate (kg N/ha) Compost/lysimeter (kg) Total N (g) K (g) P (g) C/N ratio

Treated compost 11.40

200 0.15 3.2 2.46 1.75

400 0.30 6.4 4.92 3.51

600 0.46 9.6 7.5 5.38

Untreated compost 15.33

200 0.18 3.2 2.71 0.52

400 0.35 6.4 5.28 1.01

600 0.53 9.6 8.0 1.53

Mineral fertilizer

200 0.0069 3.2

400 0.0139 6.4

600 0.0208 9.6

Table 4. Application rate of treated and untreated composts and mineral fertilizer.
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the mineral N than in the compost combinations. The tomato plant needs not only the N but
also all other nutrients (P and K), which affect the growth of the fruit (Table 4).

The pots treated with T4 produced the maximum number of fruits, while the pots treated with
T1, T2, and T3 also give the maximum number of fruits compared to control (Table 5). The
recital of the pots fertilized with T4 is considerably healthier than fertilized with T1. The
average number of fruits per pot varied among the compost types (T2–T4) and mineral fertil-
izer (T1) with an increase in order of T4 > T3 > T1 > T2. It is also noted that T1 and T3 do not show
a significant difference between their results and are lower in values than T4 but higher than
the control.

All the composts (T2–T4) and mineral fertilizers (T1) produce an acceptable degree of fruits,
whose chemical composition depends upon the contribution of nutrients, which are
supplemented to plants during their growth period. The application of composts,
supplemented with 40% N (T4), has a number of fruits significantly higher (36.90%) than the
control. Similarly, T2 is significantly lower (0.67%) than T1. The weight of fresh fruit per plant is
statistically similar between T1 and T3. The results reveal that the application of T4 significantly
increases the weight of fresh fruit up to average of 0.97% over T1. Garcia-Gomez et al. [34] also
found the same results in their study.

The compost type affected the tomato growth parameters such as stem height, stem girth,
leaves per plant, number of branches per plant, and dry matter per plant. Atiyeh et al. [35]
describe the same idea; better growth is proportional to the higher nutritional input by the
vermicompost. The tomato plant needs other nutrients (P and K) for effective plant growth,
which is in line with the report that okra gave an upbeat and healthier fruit yield due to the
availability of P and K not only N [36].

Stem height is affected by the application of different ratios of compost and mineral fertilizer.
Compost T4 shows the superiority over T2 and T3 composts and also on control. This superi-
ority up to 16.45, 9.6, and 3.9%, more in stem height over control, T2 and T3, respectively, is
noted. T1 is significantly higher (14.56%) in stem height of tomato plant than the control.
Similarly, no significant difference is found between T1 and T3 and in between T1 and T4,
whereas a significant difference is found between T4 and T2.

Treatments Root length (cm) Root dry weight (g/pot) Shoot dry weight (g/pot)

T1 34.12 b 15.02 c 104.07 c

T2 32.95 b 12.84 b 101.13 b

T3 33.71 b 14.74 c 113.79 e

T4 37.88 c 16.26 c 109.76 d

Control 25.39 a 7.47 a 71.34 a

Values having same letters in column do not differ significantly at P < 0.05, according to Duncan’s Multiple Range Test.

Table 5. Effect of treatments on root length, root dry weight, and shoot dry weight.
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In the case of stem girth, a nonsignificant difference is observed between T1, T2, T3, T4, and
control. This result is different from the pattern of other growth parameters decreased in the
present study. T4 in all growth showed the maximum result, whereas in stem girth, T4 shows
the average maximum but lower than T3. Stem girth did not show a remarkable difference
between T3 and control. Togun et al. [37] also noted the same observation by the application of
different composts on the tomato plant in plots (Table 6).

The maximum number of leaves per plant is recorded when enriched compost T4 is
supplemented and has a nonsignificant difference with full dose of N (T1). All composts
(T2–T4) and mineral fertilizer (T1) improved the number of leaves significantly over control. It
is also noted that there is no significant difference between T2 and T3 and the T1 produced
more leaves per plant than T2 and T3, while T4 is more than T3.

The rate of compost and enrichment significantly influenced the number of branches per plant
but no significant influence by N rate (T1) over T3 and T4. When compost is added with N
addition, the maximum number of branches is not produced by the T3 and T4 compared to
control, and T1 may not have much more than the control.

Regarding the dry mass per plant, all treatments differed significantly compared to control.
The highest rate of N addition (T1) increased the dry mass per plant 39.92% compared to
control. Statistically, similar results are obtained by the treatments T1, T2, and T3. Enriched
compost T4 is higher than T1, T2, and T3. The present study results were in line with Levy and
Taylor [38] and Meunchang et al. [39] (Table 7).

Treatments No. of fruit Fresh fruit weight/pot (g) Stem height (cm) Stem girth (cm)

T1 31.0 c 816.9 c 75.2 dc 2.16 NS

T2 29.0 b 811.4 b 69.48 b 2.0

T3 32.10 c 817.5 c 73.9 c 3.15

T4 35.4 d 824.9 d 76.9 d 2.13

Control 26.5 a 520.5 a 64.26 a 1.57

Values having same letters in column do not differ significantly at P < 0.05, according to Duncan’s Multiple Range Test.

Table 6. Effect of treatments on the number of fruit/pot, fresh fruit weight/pot, stem height, and stem girth.

Treatments No. of leaves/plant Branches/plant DM/plant (g)

T1 22.7 c 4.31 N.S 11.2 b

T2 19.0 b 3.67 11.10 b

T3 19 b 4.11 12.10 b

T4 23 c 4.54 14.23 c

Control 14.0 a 3.42 7.4 a

Values having same letters in column do not differ significantly at P < 0.05, according to Duncan’s Multiple Range Test.

Table 7. Effect of treatments on the number of leaves per plant, branches/plant, and DM/plant.
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the mineral N than in the compost combinations. The tomato plant needs not only the N but
also all other nutrients (P and K), which affect the growth of the fruit (Table 4).
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describe the same idea; better growth is proportional to the higher nutritional input by the
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In the case of stem girth, a nonsignificant difference is observed between T1, T2, T3, T4, and
control. This result is different from the pattern of other growth parameters decreased in the
present study. T4 in all growth showed the maximum result, whereas in stem girth, T4 shows
the average maximum but lower than T3. Stem girth did not show a remarkable difference
between T3 and control. Togun et al. [37] also noted the same observation by the application of
different composts on the tomato plant in plots (Table 6).

The maximum number of leaves per plant is recorded when enriched compost T4 is
supplemented and has a nonsignificant difference with full dose of N (T1). All composts
(T2–T4) and mineral fertilizer (T1) improved the number of leaves significantly over control. It
is also noted that there is no significant difference between T2 and T3 and the T1 produced
more leaves per plant than T2 and T3, while T4 is more than T3.

The rate of compost and enrichment significantly influenced the number of branches per plant
but no significant influence by N rate (T1) over T3 and T4. When compost is added with N
addition, the maximum number of branches is not produced by the T3 and T4 compared to
control, and T1 may not have much more than the control.

Regarding the dry mass per plant, all treatments differed significantly compared to control.
The highest rate of N addition (T1) increased the dry mass per plant 39.92% compared to
control. Statistically, similar results are obtained by the treatments T1, T2, and T3. Enriched
compost T4 is higher than T1, T2, and T3. The present study results were in line with Levy and
Taylor [38] and Meunchang et al. [39] (Table 7).

Treatments No. of fruit Fresh fruit weight/pot (g) Stem height (cm) Stem girth (cm)

T1 31.0 c 816.9 c 75.2 dc 2.16 NS

T2 29.0 b 811.4 b 69.48 b 2.0

T3 32.10 c 817.5 c 73.9 c 3.15

T4 35.4 d 824.9 d 76.9 d 2.13

Control 26.5 a 520.5 a 64.26 a 1.57

Values having same letters in column do not differ significantly at P < 0.05, according to Duncan’s Multiple Range Test.

Table 6. Effect of treatments on the number of fruit/pot, fresh fruit weight/pot, stem height, and stem girth.

Treatments No. of leaves/plant Branches/plant DM/plant (g)

T1 22.7 c 4.31 N.S 11.2 b

T2 19.0 b 3.67 11.10 b

T3 19 b 4.11 12.10 b

T4 23 c 4.54 14.23 c

Control 14.0 a 3.42 7.4 a

Values having same letters in column do not differ significantly at P < 0.05, according to Duncan’s Multiple Range Test.

Table 7. Effect of treatments on the number of leaves per plant, branches/plant, and DM/plant.
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5.2. Effect of treatments on nutrient uptake in soil and plant

The addition of both composts and inorganic fertilizer has positive impacts on the growth of
the tomato plant, and no negative effect is found throughout the study, whereas the growth
rate is maximum in compost treatments compared to control and inorganic treatment. The
same kind of observation is found in the study of the Martinez-Blanco et al. [40]. The tomato
plant needs the N, P, and K in great amount for their growth. The maximum concentration of
N is observed in plants growing in pure compost T2, which is higher than T1, T4, and control.
The T1 treatment has N concentration greater than the control, whereas no significant differ-
ence is found between T1 and T4. T3 and T2 had N significantly higher in plant than T1, but the
N quantity is higher in soil in T1, T2, T3, and T4 than the control. The greater concentration of N
in soil is due to leaching of N in the soil, and plant uptake of N is less in all treatments than T2

and T3 (Tables 8 and 9). T2 is pure compost, and T3 (compost enriched with 20% urea) releases
the N and other nutrients slowly as compared to the inorganic N, which are more soluble and
more leached, as already studied in the Lysimeter experiment that the N leaching is maximum
and plant uptake is less in sandy soil. The N leaching or denitrification might have reduced in
soil by mixing N-fertilizer with organic compost resulting in better utilization of N by plants.
Some scientists described that the compost releases the nutrients slowly and reduced the loss
of N.

The compost affects the physical and chemical properties of the soil and reduces the soil
acidification due to the basic nature of the compost. In the present study, the addition of

Treatments Nitrogen (g/plant) Phosphate (g/plant) Potassium (g/plant)

T1 2.8 b 1.98 b 2.1 b

T2 5.2 c 4.14 c 3.93 c

T3 4.9 c 4.3 c 4.10 c

T4 2.78 b 2.06 b 2.03 b

Control 0.90 a 0.25 a 0.32 a

Values having same letters in column do not differ significantly at P < 0.05, according to Duncan’s Multiple Range Test.

Table 8. Effect of treatments on nutrient uptake by plant.

Treatments Nitrogen (g/kg) Phosphate (g/kg) Potassium (g/kg) O.M (%)

T1 3.5 b 2.91b 4.59 b 8.68 b

T2 5.8 c 4.74 c 7.53 c 13.11d

T3 6.25 c 3.38 bc 5.09 b 11.5 dc

T4 3.63 b 2.68 b 4.37 b 10.7 c

Control 0.37 a 0.38 a 1.12 a 5.36 a

Values having same letters in column do not differ significantly at P < 0.05, according to Duncan’s Multiple Range Test.

Table 9. Effect of treatments on nutrient uptake by soil.
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compost (T2) shows maximum OM in soil. But T2 and T3 have great significant difference
compared to control. The concentration of OM was greater in T2 and T3 than T1 and T4,
whereas T1 shows the variation with control in values because T1 does not contain the com-
post, but the inorganic N is only added. OM increases with increasing compost application
rate.

The application of compost improves the fertility of nutrients in depleted soil because compost
increases the OM, soil porosity, water holding capacity, and nutrients contents [41]. With the
addition of higher rates of compost, the quantity of C is increased, which ultimately increases
the ratio of OM. The low level of soil organic matter may lead to reduced crop productivity,
even when sufficient nutrients are present in inorganic fertilizers [42].The present study results
are in line with Evanylo et al. [43] (Table 9).

Application of compost has a significant effect on P uptake in plants and on soil. The soils
treated with T2 and T3 compost produce tomato plants with the maximum P uptake compared
to the other enriched compost (T4) and mineral fertilizer (T1).

Similar observations are made for T1, which is higher in P concentration than the control. The
significant difference is found in P uptake by plant between compost T1 and T4 as compared to
T2 and T3. Similarly, P concentration is also found to be greater in soil. With the increased
application rate of compost, the quantity of P in soil is increased. The highest P in soil is present
in compost T2 and T3, because the compost releases the nutrients in the soil slower than
mineral fertilizers. The concentration of P in lysimeter is also studied and found that P in soil
is higher than plant uptake. P in soil is higher than K because P makes the bonding with Ca,
which is present in the compost. The present study results are strongly related with Mbarki
et al. [44].

The same type of behavior is found in the case of K that the compost contains higher concen-
trations of K than mineral fertilizer. K is also present in higher amount in soil than plant, which
is in accord with other scientists. The higher concentration of K is responsible for the higher
growth of the plant.
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5.2. Effect of treatments on nutrient uptake in soil and plant

The addition of both composts and inorganic fertilizer has positive impacts on the growth of
the tomato plant, and no negative effect is found throughout the study, whereas the growth
rate is maximum in compost treatments compared to control and inorganic treatment. The
same kind of observation is found in the study of the Martinez-Blanco et al. [40]. The tomato
plant needs the N, P, and K in great amount for their growth. The maximum concentration of
N is observed in plants growing in pure compost T2, which is higher than T1, T4, and control.
The T1 treatment has N concentration greater than the control, whereas no significant differ-
ence is found between T1 and T4. T3 and T2 had N significantly higher in plant than T1, but the
N quantity is higher in soil in T1, T2, T3, and T4 than the control. The greater concentration of N
in soil is due to leaching of N in the soil, and plant uptake of N is less in all treatments than T2

and T3 (Tables 8 and 9). T2 is pure compost, and T3 (compost enriched with 20% urea) releases
the N and other nutrients slowly as compared to the inorganic N, which are more soluble and
more leached, as already studied in the Lysimeter experiment that the N leaching is maximum
and plant uptake is less in sandy soil. The N leaching or denitrification might have reduced in
soil by mixing N-fertilizer with organic compost resulting in better utilization of N by plants.
Some scientists described that the compost releases the nutrients slowly and reduced the loss
of N.

The compost affects the physical and chemical properties of the soil and reduces the soil
acidification due to the basic nature of the compost. In the present study, the addition of
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T1 2.8 b 1.98 b 2.1 b
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compost (T2) shows maximum OM in soil. But T2 and T3 have great significant difference
compared to control. The concentration of OM was greater in T2 and T3 than T1 and T4,
whereas T1 shows the variation with control in values because T1 does not contain the com-
post, but the inorganic N is only added. OM increases with increasing compost application
rate.

The application of compost improves the fertility of nutrients in depleted soil because compost
increases the OM, soil porosity, water holding capacity, and nutrients contents [41]. With the
addition of higher rates of compost, the quantity of C is increased, which ultimately increases
the ratio of OM. The low level of soil organic matter may lead to reduced crop productivity,
even when sufficient nutrients are present in inorganic fertilizers [42].The present study results
are in line with Evanylo et al. [43] (Table 9).

Application of compost has a significant effect on P uptake in plants and on soil. The soils
treated with T2 and T3 compost produce tomato plants with the maximum P uptake compared
to the other enriched compost (T4) and mineral fertilizer (T1).

Similar observations are made for T1, which is higher in P concentration than the control. The
significant difference is found in P uptake by plant between compost T1 and T4 as compared to
T2 and T3. Similarly, P concentration is also found to be greater in soil. With the increased
application rate of compost, the quantity of P in soil is increased. The highest P in soil is present
in compost T2 and T3, because the compost releases the nutrients in the soil slower than
mineral fertilizers. The concentration of P in lysimeter is also studied and found that P in soil
is higher than plant uptake. P in soil is higher than K because P makes the bonding with Ca,
which is present in the compost. The present study results are strongly related with Mbarki
et al. [44].

The same type of behavior is found in the case of K that the compost contains higher concen-
trations of K than mineral fertilizer. K is also present in higher amount in soil than plant, which
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Abstract

Soil nitrogen (N) dynamics are a major concern of soil nutrient status and its supply for 
crop uptake and growth. They are a central focus of agroecosystems. Agronomic practices 
play a central role in regulating soil N dynamics; the methodologies for investigating soil 
N mineralization are diverse, but debatable. This chapter discusses the pros and cons of 
different methods for measuring soil N mineralization, including laboratory, in-situ, and 
modeling procedures. This chapter illustrates the influence of agronomic practices on 
root architecture that potentially affects crop nutrient uptake. The relationship between 
agronomic practices and soil N dynamics were fully discussed, which can substantially 
inform soil fertility and crop nutrition management.

Keywords: agronomic management, nitrogen dynamics, methodology,  
N mineralization, crop N uptake

1. Agronomic practices reflect the history of managing soil N 
dynamics

Nitrogen (N) is the most important plant mineral nutrient [1]. It was first discovered in the 
late eighteenth century, and N’s role in improving crop production was widely recognized by 
the mid-nineteenth century [2]. Long before these discoveries, ancient farmers often unknow-
ingly employed agronomic practices that resulted in managing soil N availability, thereby 
helping to ensure the human food supply and nutrition. There were two major sources of N 
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in agroecosystems before synthetic N fertilizers—soil N and legume-based biological N fixa-
tion. Ancient farmers constructively developed tillage schemes and rotated nonlegume and 
legume crops to manage both N sources for millennia. Because the appearance of commercial 
synthetic N fertilizers in the early twentieth century brought significant changes to traditional 
agronomic practices, the history of agronomic practices from the perspective of managing soil 
and biologically fixed N dynamics would seem to be a fruitful review.

Plow tillage is a form of soil N management. Much of the soil N is in complex organic forms, 
such as decomposing plant and animal residues [3]. Most plants can only take up inorganic 
N (NH4

+ and NO3
−) [4] although the basic amino acids are absorbed by some plant species 

(e.g., Picea abies) [5]. Inorganic N and basic amino acids in soil are mainly derived from N 
mineralization processes. Tillage practices can promote mineralization because disturbance 
exposes naturally protected (i.e., aggregate-protected) soil organic matter (SOM) to microbes, 
enhancing microbial activity and N mineralization (Tisdall and Oades [6]). Therefore, plow 
tillage was considered a great agricultural advance and, from the archeological evidence, has 
had a very long history. Foot plows [7] also called “digging sticks” are shown in Egyptian 
tomb paintings [8]. A wooden model of oxen and plow was found in an Egyptian tomb dating 
from 2000 BCE [8]. In Asia, one of the oldest existing Chinese books titled “Lü Shi Chun Qiu” 
(compiled in 239 BCE) or “The Annals of Lu Buwei” [9] demonstrated the details of when 
and how to till according to soil and weather conditions and served as an early example of a 
practical farming guide.

Rotation can also be a tool to manage soil N through legume bio-fixation of N, depending on 
the crop species. Monocropping, especially with nonlegumes and heavy-nutrient-using crops 
(e.g., tobacco and corn) can deplete soil N [10]. Rotation practices, even simple fallow, help to 
restore soil N [11]. This practice was evident in early Roman times. One of the Rome’s great-
est poets, Virgil (70–19 BCE), wrote in his poem Georgics (from the Greek, “On Working the 
Earth”) “For the field is drained by flax-harvest and wheat-harvest, drained by the slumber-
steeped poppy of Lethe, but yet rotation lightens the labour.” This emphasizes that fallow 
was necessary to rotate with those crops requiring more nutrients. On the other hand, rota-
tions that include a legume crop can bring biological N fixation into agricultural produc-
tion systems. Although ancient farmers knew nothing of the biological N fixation process, 
and nothing about the importance of mineral N to plant growth, they intentionally included 
legume crops into crop sequences. This was evident in the Pliny the Elder’s (23–79 CE) book 
on natural history that mentioned several legume successions as alternatives to conditions 
that forbade fallowing [12].

Synthetic fertilizer N application in agricultural production has a relatively short history com-
pared to tillage and rotation practices because knowledge regarding N in plant nutrition and 
N synthesis techniques is recent. In 1836, Jean-Baptiste Boussingault (1801–1887) investigated 
manure, crop rotation, and N sources and for the first time concluded that N was a major 
component of plants and that the nutritional value of fertilizer was proportional to its N con-
tent [13]. However, ammonia could not be easily synthesized from constituent elements until 
1908, when the Haber-Bosch process was developed. After that, synthetic fertilizer N started 
to play a greater role in agricultural production, helping to improve global food security [14].
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2. Influence of synthetic fertilizer N on traditional agronomic 
practices

The appearance of synthetic fertilizer N brought a huge increase in the global food supply. 
Erisman et al. [14] estimated that around 50% of the world population’s food requirements 
are currently met by using synthetic fertilizer N. However, synthetic fertilizer N fundamen-
tally disturbed the soil N cycling balance in agro-ecosystems and brought significant changes 
to traditional agronomic practices. Our unpublished data (Zou et al. [91]) show that synthetic 
fertilizer N can promote or prime soil N mineralization depending on the indigenous SOM 
level and the amount of synthetic N.

Synthetic fertilizer N played a role in developing modern no-tillage farming. Agriculture 
derives numerous benefits from no-tillage, including fuel and labor savings, increased soil 
C stocks and erosion resistance. But few people recognized the fertilizer N contribution to 
no-tillage until early Kentucky no-tillage × N fertility trials revealed its importance [15]. 
No-tillage without N fertilizer significantly lowered yield compared to conventional tillage 
without N fertilizer. However, no-tillage with N fertilizer produced yields comparable to 
those of conventional tillage with fertilizer N. From this perspective, one can speculate that 
added fertilizer N compensated for reduced soil N mineralization in no-tillage. Other factors, 
including herbicide and equipment development, also made no-tillage farming feasible in 
Kentucky and the rest of the Southeast and mid-Atlantic states in the USA, beginning in the 
1960s [16]. At the time, the move away from tillage was viewed with much skepticism, but 
eventually no-tillage was accepted as a revolution in farming. By 2009, approximately 36% of 
U.S. cropland, planted to eight major crops, was in no-tillage soil management [17].

Although ancient farmers knew nothing of biological N fixation, legume crops had been an 
important cropping system component worldwide before synthetic N became available [12]. 
However, crop rotation was discouraged during the Green Revolution, partially because 
pest control benefits from crop rotation could be replaced by chemical crop protectants [18]. 
Also, the N credits from biological N fixation could be easily replaced by synthetic fertilizer 
N. However, soon after the height of the Green Revolution, many studies reported that no 
amount of chemical fertilizer or pesticide could fully compensate for crop rotation benefits 
[19]. Rotation systems then came back into fashion. Currently, 80% of all corn, soybean, and 
wheat planted acres in the United States are in rotation.

3. Systematic understanding of agronomic practices and soil N 
dynamics

This brief review of agricultural history shows that managing N dynamics is one of the central 
reasons farmers developed and implemented specific agronomic practices. Furthermore, in 
the last few decades, new knowledge indicates how transient N can have negative impacts on 
global environments and human health [20]. A systematic understanding of “How does soil 
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and crop sequence management influence nitrogen dynamics?” will significantly influence 
agronomic practice development but also has global meaning for the quality of human life. 
The aim of optimal agricultural N management is to enhance net N mineralization at times 
when crops need N, to synchronize soil N mineralization with crop N uptake, and to mini-
mize N loss. To systematically understand this topic, three sequential steps need clarification:

1. How do agronomic practices affect soil organic matter pools?

2. How do soil organic matter pools contribute to soil N availability?

3. How do agronomic practices influence crop N uptake capacity?

Soil organic and crop residue N pools provide the organic N for N mineralization. This micro-
bial process, primarily heterotrophic, also requires soil organic C (SOC) as an energy source 
[21, 22]. Thus, to understand how soil and crop management affect mineralized soil N, it is 
critical to first evaluate whether and how tillage, rotation, and fertilizer N application affect 
SOC and N sequestration. Soil organic matter sequestration has been reported to be linked 
with soil aggregate formation. The dominant concept that explains SOC and N sequestration 
is based on the aggregation-SOM model [23]. Zou et al. [24] reported that using NT and/or 
rotation practices in burley tobacco production maintained desirable soil physical and chemi-
cal properties by macroaggregate stabilization, which led to conserving SOC and TSN stocks 
[24]. The basic idea is that soil organic matter functions as a nucleus/binding agent for aggre-
gate formation. Aggregates are important reservoirs of SOC and N that are protected from 
microbial access and less subject to physical, chemical, microbial, and enzymatic degradation 
(Six et al. [25]).

Appropriate and precise estimation of soil N mineralization has been a challenge since the 
early 1900s [26]. Temporal and spatial variability are large because this process is deter-
mined by internal soil factors (e.g., SOM level, labile C and N pools, soil microbial commu-
nity) and external environment factors (e.g., temperature, precipitation and aeration) [27–29]. 
Agronomic management, such as plant species and N fertilizer application, may also affect 
N mineralization [30, 31]. With current technologies, it is impossible to predict N mineraliza-
tion by taking these factors into consideration simultaneously. Instead of being a measure of 
available N supply, N mineralization estimates by current methods should be considered an 
index of N availability [32].

Isotopic tracers and incubation methods are the two main approaches used to estimate N 
mineralization. The isotopic tracer method can measure gross N mineralization, but iso-
tope methods are expensive and can also have methodological problems with mineraliza-
tion rate estimates and other assumption violations [33]. Although incubation methods can 
only measure net soil N mineralization (net soil N mineralization = gross N mineralization–
N immobilization), incubation can fairly estimate the available N pool, which has a prac-
tical value for efficient N management in agroecosystems. Therefore, long-term biological 
mineralization has been considered the most suitable soil N availability index and is often 
used to validate other indices derived from more rapid chemical or biological assays [4, 34]. 
There are, however, many variations to incubation methods, including environment, sample 
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pretreatment, and incubation time, and each variation has advantages and disadvantages. 
To use incubation to meet research objectives, assumptions, benefits, and liabilities of each 
variation should be considered.

An experimentally derived N availability index might not necessarily reflect total crop N 
uptake. Besides the amount of available soil N, crop N accumulation also depends on N 
uptake capacity. Crop N uptake capacity might be determined by either/both genetic and 
environmental controls. Genetics can control crop growth rate and biomass accumulation, 
which would result in different N demands at different growth stages [35]. Crop species have 
different root architectures, mostly controlled by genetics [36]. However, roots, the dominant 
nutrient uptake organ directly exposed to the soil, interact with a wide array of soil physical, 
chemical, and biological factors that vary in time and space [37]. To understand the impact of 
agronomic management practices on crop N uptake or yield, both soil N availability and root 
architecture must be considered.

For this review, literature concerning the effect of agronomic practices on crop N uptake or 
yield is reviewed in three sequential steps. First, the mechanism and effect of agronomic prac-
tices on SOC and STN sequestration are described. Second, the pros and cons of long-term 
incubation methodologies for estimating N mineralization are described. Finally, the poten-
tial effects of soil and crop management on root architecture are discussed.

4. Mechanisms and effect of agronomic practices on soil C and N 
sequestration

The link between SOC and total soil N (STN) decomposition and stabilization and soil 
aggregate dynamics has been developed, recognized, and intensively studied since the 
1900s [23]. Soil organic C and N dynamics are important to agricultural production because 
these affect soil nutrient cycling and plant productivity [38]. The C and N dynamics are also 
important to the environment because they can affect greenhouse gas emissions and water 
quality [39, 40]. These processes happen in a heterogeneous soil matrix and have multiple 
interactions with soil biota [23]. The task of elucidation is complex. Aggregate-SOM models 
can explain some of these complexities. Aggregates not only physically protect SOC and 
SON, but also influence soil microbe community structure [41], limit oxygen diffusion [42], 
regulate water flow [43], determine nutrient adsorption and desorption [44, 45], and reduce 
surface runoff and erosion [46]. All these processes have fundamental effects on soil C and 
N sequestration and stabilization.

More current studies to understand the impact of agronomic practices on soil C and N 
sequestration have been based on the aggregate hierarchy concept proposed and developed 
by Tisdall and Oades [47, 48]. To apply the theoretical aggregate-SOM models, the first con-
sideration is the physical separation of soil into different aggregate size classes. Two main 
methods to separate soil aggregates are widely used by researchers: dry and wet sieving 
[49]. The disruption of aggregates is mainly due to slaking and microcracking when the soil 
is initially dry. Dry sieving of air-dried samples is used to characterize the aggregate size 
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distribution with minimum destruction. Wet sieving is used to simulate microcracking and 
slaking [50]. Water-stable aggregate stability from wet sieving procedures was reported to be 
closely correlated with SOM stabilization because SOM can act as a transient binding agent 
(Tisdall and Oades [6]) and has served as an effective early indicator of soil C change in 
numerous studies (e.g., [51]). The wet sieving procedure has been frequently used to evalu-
ate the agronomic practice effects on both SOM sequestration and soil structural stability [52, 
53]. In the wet sieving procedure, sample pretreatment is important [46]. The rewetting pre-
treatments for soils can cause different results when comparing soils and management his-
tory treatments [46]. Cambardella and Elliott [54] showed that capillary-wetted soils retained 
more macroaggregates (>250 μm) than slaked soils. Bissonnais [46] demonstrated that the 
different aggregate breakdown methods and frequency of crusting soil samples can dra-
matically affect soil aggregate stability within the same soil management system. Adopting 
minimum breakdown aggregates in the sieving procedure keeps comparisons between 
treatments relative to the natural field conditions.

The effect of agronomic practices (including tillage, rotation, and fertilizer N application) on 
SOC and STN, according to aggregate-SOM models, has been studied intensively in grass 
and grain crop production systems [55–59], but not in leaf harvest crop production systems. 
In these studies, no-tillage increased or maintained SOC and STN compared to conventional 
tillage. With aggregate separation, conventional tillage can increase large aggregate turnover 
rate, diminishing the macroaggregate proportion and SOC and STN concentrations [54]. In 
contrast, no-tillage increases macroaggregates and SOC and STN accumulation.

Most studies show that rotation increases SOC and STN sequestration, compared to monocrop-
ping [57, 60]. Crops in rotation schemes have different impacts on SOM stabilization, depend-
ing on the quantity and quality of crop residues. Wright and Hons [61] found that crop residue 
production was similar among wheat, sorghum, and soybean fields, but the wheat field had 
significantly higher SOC and STN in surface soil than the other two fields, which indicates 
that the higher C:N ratio in wheat residue can play a role in SOM stabilization. Kong et al. [57] 
reported that the quantity of crop residue/carbon production had a linear relationship with 
SOC sequestration in sustainable cropping systems. Therefore, when evaluating crop rotation 
schemes on SOM sequestration, examining crop residue quantity and quality is important.

Studies on the effect of fertilizer N application on SOM sequestration have produced the most 
controversial results. Some studies report that fertilizer N application increases SOM because 
higher fertilizer N input causes more crop residue to be returned to soil [56]. Mulvaney et al. [62] 
reported that fertilizer N application decreased soil N in the long-term Morrow plot study and 
argued that synthetic N application enhanced soil microbial decomposition due to the decreasing 
C:N ratio. Others have found no effect of N fertilizer application on SOM sequestration [63, 64].

5. Methodologies of soil N mineralization measurement

There are many different methods available for long-term aerobic incubation, in laboratory 
and field, depending on soil sample pretreatment and other incubation conditions [65].
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5.1. Laboratory incubation methods

Most aerobic laboratory incubation methods have common features, including maintenance 
of optimal soil water status (typically with 60% water-filled pore space), constant temperature 
(commonly 25, 30, or 35°C), and periodic sampling to estimate N mineralization rates [34]. 
Although there have been several standardized protocols (e.g., [26, 66]), there is significant 
variation in aerobic incubation details.

5.1.1. Leaching versus non-leaching processes

In early studies with long-term N mineralization incubation, samples were usually incubated 
continuously in a container without periodic leaching of the accumulated inorganic N. The 
merit of this method was convenience, but there could be cumulative inhibitory effects, such 
as pH decline, on mineralization during the incubation [67]. Thus, nonleaching approaches 
were not recommended for long incubation periods. Stanford and Hanway [68] proposed a 
periodic leaching approach during incubation. Briefly, 0.01 M CaCl2 was used to leach min-
eralized N from the sample at the end of each incubation period [69]. The merit of leaching 
would be avoidance of accumulation of unspecified toxins. While being a time-consuming 
and apparatus-requiring process, there was also an additional technical concern with poten-
tial leaching of soluble organic N during the incubation [65, 70].

5.1.2. Excluded crop residue versus included crop residue

Crop residue can contribute to the soil inorganic N pool by N mineralization or immobili-
zation, depending on the residue C:N ratio. Most laboratory incubation methods exclude 
such contributions by discarding visible pieces of residue in the pretreatment sieving pro-
cess [33]. Some laboratory methods cut entrained residues into pieces that are mixed with 
soil for incubation [71]. Certainly, discarding large portions of residue might influence 
estimates of the N credit from the previous crop because soil fertility guidelines usually 
recommend a different fertilizer N rate for the current crop that depends on the previous 
crop.

5.1.3. Field-moist soil sample versus dried and/or ground soil sample

Using dried and/or ground soil is convenient for a large amount of soil samples that 
require time to process or for cooperative projects where soil samples come from multiple 
locations at different times. However, several days are needed to rewet soil for preincu-
bation, which also causes an N mineralization flush during the first weeks of incubation. 
Numerous studies report that sample sieving and drying-rewetting causes rapid microbial 
death and enhances microbial respiration and activity, producing an N mineralization 
bloom [72–75]. Using field-moist samples might cause less physical damage during pre-
incubation protocols and cause a better transition from field to lab conditions than dried 
and/or ground soil samples. However, field-moist soil samples intended for incubation 
need to be gently crushed through the sieve (usually 2–4 mm) immediately after sample 
collection.
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reported that the quantity of crop residue/carbon production had a linear relationship with 
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Studies on the effect of fertilizer N application on SOM sequestration have produced the most 
controversial results. Some studies report that fertilizer N application increases SOM because 
higher fertilizer N input causes more crop residue to be returned to soil [56]. Mulvaney et al. [62] 
reported that fertilizer N application decreased soil N in the long-term Morrow plot study and 
argued that synthetic N application enhanced soil microbial decomposition due to the decreasing 
C:N ratio. Others have found no effect of N fertilizer application on SOM sequestration [63, 64].
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There are many different methods available for long-term aerobic incubation, in laboratory 
and field, depending on soil sample pretreatment and other incubation conditions [65].
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continuously in a container without periodic leaching of the accumulated inorganic N. The 
merit of this method was convenience, but there could be cumulative inhibitory effects, such 
as pH decline, on mineralization during the incubation [67]. Thus, nonleaching approaches 
were not recommended for long incubation periods. Stanford and Hanway [68] proposed a 
periodic leaching approach during incubation. Briefly, 0.01 M CaCl2 was used to leach min-
eralized N from the sample at the end of each incubation period [69]. The merit of leaching 
would be avoidance of accumulation of unspecified toxins. While being a time-consuming 
and apparatus-requiring process, there was also an additional technical concern with poten-
tial leaching of soluble organic N during the incubation [65, 70].
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Crop residue can contribute to the soil inorganic N pool by N mineralization or immobili-
zation, depending on the residue C:N ratio. Most laboratory incubation methods exclude 
such contributions by discarding visible pieces of residue in the pretreatment sieving pro-
cess [33]. Some laboratory methods cut entrained residues into pieces that are mixed with 
soil for incubation [71]. Certainly, discarding large portions of residue might influence 
estimates of the N credit from the previous crop because soil fertility guidelines usually 
recommend a different fertilizer N rate for the current crop that depends on the previous 
crop.

5.1.3. Field-moist soil sample versus dried and/or ground soil sample

Using dried and/or ground soil is convenient for a large amount of soil samples that 
require time to process or for cooperative projects where soil samples come from multiple 
locations at different times. However, several days are needed to rewet soil for preincu-
bation, which also causes an N mineralization flush during the first weeks of incubation. 
Numerous studies report that sample sieving and drying-rewetting causes rapid microbial 
death and enhances microbial respiration and activity, producing an N mineralization 
bloom [72–75]. Using field-moist samples might cause less physical damage during pre-
incubation protocols and cause a better transition from field to lab conditions than dried 
and/or ground soil samples. However, field-moist soil samples intended for incubation 
need to be gently crushed through the sieve (usually 2–4 mm) immediately after sample 
collection.
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5.1.4. Homogenized soil versus undisturbed soil cores

Most laboratory incubation methods utilize a homogenized sample created by sieving. 
However, there are reports that homogenized samples do not well represent the effects of 
field soil tillage. Laboratory soil should have a physical structure similar to that of the field 
environment the sample represents, but sieving artificially “tills” soil from undisturbed/no-
tillage environments. This can expose aggregate-protected SOM and enhance the microbial 
activity, over-estimating the N mineralization. Undisturbed cores may be a better option for 
laboratory incubations intended to differentiate the impact of tillage on N mineralization [76].

5.1.5. Constant temperature versus variable temperature

Most laboratory incubation methods use a constant temperature, which does not reflect 
temperature fluctuation in field conditions. Carpenter-Boggs et al. [77] proposed a variable 
temperature method for laboratory incubation in which soil samples are incubated in a vari-
able temperature incubator (VTI) that mimicked field soil temperatures under a growing 
corn canopy. They reported that the VTI technique provided a lower sample variance and a 
smaller initial flush of N mineralization than constant incubation temperature (35°C).

5.2. Field (in-situ) incubation methods

Due to the uncertainty about the extrapolation of laboratory N mineralization values in the 
field, estimating N mineralization from SOM and crop residues in field conditions would be 
a compelling research topic for investigators because more efficient N fertilization practices 
could be hastened if a reliable in-situ N mineralization method was developed. So far, there 
have been three dominant in-situ research techniques: buried polyethylene bags, covered 
cylinders, or resin-trap core methods.

5.2.1. Buried polyethylene bag method

The buried polyethylene bag method for in-situ N mineralization was proposed by Eno [78]. 
The main driving force behind this technical development was the realization that soil tem-
perature variance results in considerable changes in the soil NO3

− production rate. In that 
preliminary laboratory study, soil in sealed polyethylene bags had an equal nitrification rate 
compared to soil contained in ventilated bottles. Polyethylene is permeable to oxygen and 
carbon dioxide, but no NO3

− diffused through the polyethylene bag during the 24-week incu-
bation period. The preliminary results and polyethylene characteristics mean this technique 
has the potential to estimate aerobic in-situ soil N mineralization.

Although this technique mimics field temperature conditions at a low cost, the technique does 
not reflect transient field moisture conditions [79]. Elevated NO3

− and carbon dioxide concentra-
tions inside the bags may promote denitrification [80]. Physical damage to the bags by insects 
or plant roots may result in loss of mineralized N into the field soil via diffusion and mass flow 
[77, 78]. Another major limitation of this technique is the inevitable disturbance of soil, which 
does not allow a valid comparison of tillage effects on N mineralization in field conditions [76].
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5.2.2. Covered cylinder method

The covered cylinder method was developed as a more durable alternative to the buried bag. 
This technique allows incubation of intact soil cores [81]. Covered cylinders are usually con-
structed from PVC or metal pipes that are capped to exclude rainfall, which is also assumed to 
stop inorganic N leaching [82]. Although the tubes are open at the bottom, aeration is less than 
that in field soil, which might result in higher denitrification potential. Modifications such as 
using gas permeable caps or perforations in the tube sidewall were often added to promote air 
exchange and reduce denitrification potential [83, 84]. However, sidewall aeration holes could 
potentially allow mineralized N loss. Water may enter the soil tubes through aeration holes, 
causing N leaching at the bottom of the soil column. Furthermore, plant roots may potentially 
grow into the soil column via aeration holes or the open bottom, absorbing mineralized soil 
from the tubes. Another major limitation of this technique is that the soil in the tube usually 
has a lower soil moisture content than the surrounding field [79].

The basic principle of the covered cylinder method was to limit N leaching by sheltering incu-
bating soil from precipitation. Based on the same principle, there was another in-situ method 
called the “rain shelter” [76, 85], which simply used a shelter over the sampled area to prevent 
leaching. Except for considerations regarding the quality and durability of the rain shelter 
and surface water run-on during intense rainfall, the major drawback of this technique is a 
lack of ability to reflect field soil moisture fluctuations.

5.2.3. Resin-trap soil core method

Buried polyethylene bags and covered cylinder methods can capture variation in field tem-
perature, while failing to reflect moisture and aeration conditions, which are reported to 
play a large role in soil N mineralization [28]. An alternative in-situ method was proposed 
that employs ion exchange resins to capture mineralized N leaching from undisturbed soil 
cylinders [86, 87]. The major modification of this technique is an open cylinder top, which 
allows precipitation and air to freely enter the intact soil column, and a resin trap at the 
bottom to capture inorganic N that might otherwise leach from the tube. There are some 
concerns about whether the soil tube causes abiotic differences between soil in the tube 
and the surrounding field soil. Wienhold et al. [88] reported that soil inside the cylinders 
was slightly wetter and warmer than adjacent soil, which likely increases soil N miner-
alization. They pointed out that the magnitude of change in soil N mineralization was 
likely much less than the normally observed field core-to-core variation. This method was 
found to better track true field conditions [79] and has the potential to become a standard 
procedure [89].

The drawback with intact cores and resin bags is a large resource demand. This technique 
requires preliminary studies to ensure leached ions are efficiently trapped under field condi-
tions. Resin duality, adsorption capacity, and bypass flow are all factors that can potentially 
influence resin effectiveness in capturing leached N. The extraction of adsorbed N from the 
resin is also time-consuming. Kolberg et al. [87] reported that five extractions with KCl were 
required to completely release adsorbed N.
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tions inside the bags may promote denitrification [80]. Physical damage to the bags by insects 
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[77, 78]. Another major limitation of this technique is the inevitable disturbance of soil, which 
does not allow a valid comparison of tillage effects on N mineralization in field conditions [76].
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bottom to capture inorganic N that might otherwise leach from the tube. There are some 
concerns about whether the soil tube causes abiotic differences between soil in the tube 
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likely much less than the normally observed field core-to-core variation. This method was 
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The drawback with intact cores and resin bags is a large resource demand. This technique 
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5.2.4. Other modifications to in-situ incubation methods

Except for the major design developments mentioned above, some minor modifications to in-
situ incubation methods have been suggested. Hatch et al. [90] proposed a method to combine 
the soil core with acetylene inhibition, which would limit N loss by nitrification due to uncon-
trolled soil in-situ incubation conditions. The big concern with this modification is that the 
tube must be sealed at the top, causing a loss in practical application to the field environment 
if rainfall is a concern. Given consideration on different drainage characteristics in resin-trap 
soil cores relative to the surrounding soil, Hanselman et al. [79] developed a “new” type of 
resin-trap soil core method in which resin is mixed with soil to create an artificial uniform soil 
column. This method is impractical when undisturbed soil structure is a research concern, as 
in a comparison of conventional and conservation tillage [76].

5.3. Method selection

As discussed above, each method, including laboratory and in-situ methods, has unique 
assumptions, advantages, and disadvantages. There is no standard method that will work 
for every situation. The selection of method depends on the nature of the study, available 
resources, and site-specific factors. Although laboratory methods might not reflect natural field 
conditions, they can provide reasonable relative values to estimate differences due to soil type 
and certain management practices. Zou et al. [91] reported that discarding plant residue in the 
laboratory incubation method neglects the potential effect of plant residue on soil N mineral-
ization. The primary merit to field incubation is a more practical estimation of N mineraliza-
tion, which might be more useful in management decision making. However, the substantial 
time and apparatus requirement for the in-situ incubation methods must be considered. Zou 
et al. [92] reported that soil C and N fractions contribute variably to predict soil N mineraliza-
tion in different rotation systems, but SOC (which can be calculated from soil organic matter, a 
common index in the routine test package of many soil testing laboratories) was the best over-
all NSNM predictor in their study. The principle is that both biotic and abiotic factors control 
the soil N mineralization process. Knowing the advantage and disadvantage of each method 
can help the investigator choose the best method while reducing misinterpretation.

6. The influence of agronomic practices on root architecture

Plant roots are a fundamental component of terrestrial ecosystems and function to maintain 
nutrient and water supply to the plant [92]. Although root system architecture is controlled 
mainly by genetic factors [93], plant root systems exhibit high developmental plasticity. This 
plasticity is possible because root development results from continuous propagation of new 
meristems. In a heterogeneous soil matrix, a wide array of physical, chemical, and biologi-
cal factors can affect the initiation and activity of root meristems [37]. Previous studies have 
reported that certain crop root traits enhance productivity in resource-limited environments 
due to improved nutrient and water scavenging abilities [94–96]. Agronomic practices can 
influence crop nutrient uptake capacity by affecting the root growth environment.
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Tillage affects root growth mainly by changing soil structure, strength, and penetration 
resistance. Any particular root increases its length through primary growth when cells of 
the meristem divide, elongate, and push the root tip forward through surrounding materi-
als. Turgor pressure in the elongating cells is the driving force and must be sufficient to 
overcome cell wall constraints and other additional constraints imposed by the surrounding 
environment [97]. Compared to conventional plow tillage, numerous studies on grain crops 
report that no-tillage increases mechanical impedance, which can result in reduced root 
length density, root surface density, and lower biomass production [98–100]. Similar results 
were found in a no-tillage burley tobacco study [91, 101]. Furthermore, greater mechanical 
impedance with no-tillage not only restricts root growth but also changes root morphology, 
restricting main root axis elongation, stimulating lateral root branching and root thickening 
[102, 103].

Nutrient supply and distribution (or fertilizer application) can affect root system architecture 
mainly by signaling [104, 105]. Typically, roots proliferate in volumes where nutrients are 
most concentrated [106]. However, the mechanisms of plant root response to the different 
nutrient elements might be controlled by different pathways and signals [107–110].

There have been few studies on the effect of crop rotation on plant root architecture. Given the 
basic factors controlling root development, the hypothesis is crop rotation may differentially 
influence root architecture compared to monocropping systems, if rotated with residue-rich 
or deep-rooted crops that can increase SOM levels and soil structure. In this case, rotation 
affects root proliferation by changing soil structure in a manner similar to that observed with 
no-tillage. If rotation involves legumes, more N nutrition is provided than found with mono-
cropping. In this case, rotation could affect root architecture by changing soil nutrient supply 
in a manner similar to that found with fertilizer application.

The effects of agronomic practices on crop N uptake not only affect SOM sequestration and 
soil N mineralization but also alter the soil environment for plant root proliferation. Similarly, 
in a paper titled “A New Worldview of Soils” [111], soil productivity is broadly defined as 
the soil’s unique ability to supply water, nutrients, air, and heat, among other life-sustaining 
resources, adjusting that supply to the demands of plants and microbes. Soil resources fall 
into two main components: (a) nutrients and moisture and (b) an environment suited for root 
growth and microbial activity.

7. Conclusion

Agronomic practices reflect agriculture’s N management history. Current agronomic prac-
tices have two major responsibilities: (1) promote global food production and (2) maintain 
the agroecosystem environment. This review shows that soil N dynamics have the potential 
to provide a framework to understand how agronomic practices connect these two respon-
sibilities. Systematically understanding N cycling in the context of a suite of soil and crop 
management practices provides a foundation to understand, develop, evaluate, and reshape 
those agronomic practices.
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5.2.4. Other modifications to in-situ incubation methods

Except for the major design developments mentioned above, some minor modifications to in-
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the soil core with acetylene inhibition, which would limit N loss by nitrification due to uncon-
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for every situation. The selection of method depends on the nature of the study, available 
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and certain management practices. Zou et al. [91] reported that discarding plant residue in the 
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ization. The primary merit to field incubation is a more practical estimation of N mineraliza-
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time and apparatus requirement for the in-situ incubation methods must be considered. Zou 
et al. [92] reported that soil C and N fractions contribute variably to predict soil N mineraliza-
tion in different rotation systems, but SOC (which can be calculated from soil organic matter, a 
common index in the routine test package of many soil testing laboratories) was the best over-
all NSNM predictor in their study. The principle is that both biotic and abiotic factors control 
the soil N mineralization process. Knowing the advantage and disadvantage of each method 
can help the investigator choose the best method while reducing misinterpretation.

6. The influence of agronomic practices on root architecture

Plant roots are a fundamental component of terrestrial ecosystems and function to maintain 
nutrient and water supply to the plant [92]. Although root system architecture is controlled 
mainly by genetic factors [93], plant root systems exhibit high developmental plasticity. This 
plasticity is possible because root development results from continuous propagation of new 
meristems. In a heterogeneous soil matrix, a wide array of physical, chemical, and biologi-
cal factors can affect the initiation and activity of root meristems [37]. Previous studies have 
reported that certain crop root traits enhance productivity in resource-limited environments 
due to improved nutrient and water scavenging abilities [94–96]. Agronomic practices can 
influence crop nutrient uptake capacity by affecting the root growth environment.
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Tillage affects root growth mainly by changing soil structure, strength, and penetration 
resistance. Any particular root increases its length through primary growth when cells of 
the meristem divide, elongate, and push the root tip forward through surrounding materi-
als. Turgor pressure in the elongating cells is the driving force and must be sufficient to 
overcome cell wall constraints and other additional constraints imposed by the surrounding 
environment [97]. Compared to conventional plow tillage, numerous studies on grain crops 
report that no-tillage increases mechanical impedance, which can result in reduced root 
length density, root surface density, and lower biomass production [98–100]. Similar results 
were found in a no-tillage burley tobacco study [91, 101]. Furthermore, greater mechanical 
impedance with no-tillage not only restricts root growth but also changes root morphology, 
restricting main root axis elongation, stimulating lateral root branching and root thickening 
[102, 103].

Nutrient supply and distribution (or fertilizer application) can affect root system architecture 
mainly by signaling [104, 105]. Typically, roots proliferate in volumes where nutrients are 
most concentrated [106]. However, the mechanisms of plant root response to the different 
nutrient elements might be controlled by different pathways and signals [107–110].

There have been few studies on the effect of crop rotation on plant root architecture. Given the 
basic factors controlling root development, the hypothesis is crop rotation may differentially 
influence root architecture compared to monocropping systems, if rotated with residue-rich 
or deep-rooted crops that can increase SOM levels and soil structure. In this case, rotation 
affects root proliferation by changing soil structure in a manner similar to that observed with 
no-tillage. If rotation involves legumes, more N nutrition is provided than found with mono-
cropping. In this case, rotation could affect root architecture by changing soil nutrient supply 
in a manner similar to that found with fertilizer application.

The effects of agronomic practices on crop N uptake not only affect SOM sequestration and 
soil N mineralization but also alter the soil environment for plant root proliferation. Similarly, 
in a paper titled “A New Worldview of Soils” [111], soil productivity is broadly defined as 
the soil’s unique ability to supply water, nutrients, air, and heat, among other life-sustaining 
resources, adjusting that supply to the demands of plants and microbes. Soil resources fall 
into two main components: (a) nutrients and moisture and (b) an environment suited for root 
growth and microbial activity.

7. Conclusion

Agronomic practices reflect agriculture’s N management history. Current agronomic prac-
tices have two major responsibilities: (1) promote global food production and (2) maintain 
the agroecosystem environment. This review shows that soil N dynamics have the potential 
to provide a framework to understand how agronomic practices connect these two respon-
sibilities. Systematically understanding N cycling in the context of a suite of soil and crop 
management practices provides a foundation to understand, develop, evaluate, and reshape 
those agronomic practices.
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Abstract

This chapter attempts to assess the way the welfare effect is distributed among various
players of the fertilizer supply chain and how fertilizer use can be promoted using
micro fertilization technology. As policy debates over fertilizer use promotion have not
yet come full circle, this chapter derives important implications for policy and practice.
In particular, illustrations and economic-surplus effects framework were used to indi-
cate expected impacts of fertilizer microdosing on crop yields and welfare. Low-
dimension diagrammatic analysis using supply and demand curves was used together
with detailed assessment of actors’ interactions in the fertilizer supply chain. In terms
of welfare, crop producers, consumers and other market agents gain more if fertilizer
microdosing is adopted by farmers. However, the magnitude of welfare effects varies
as the slope of demand and supply curves change due to marginal fertilizer costs, crop
prices and yield responses. Other influencing factors are soil moisture, the microdose
rate, cropping system and general farm management practices. Thus, fertilizer
microdosing can easily foster fertilizer use if the country elites implement a rational
consistent policy, hence improving the welfare of players if adoption of the technology
is reinforced with an efficient fertilizer supply chain.

Keywords: welfare distribution, economic-surplus model, fertilizer microdosing, supply
chain, Tanzania

1. Introduction

A plethora of scientific literature indicates that hunger is caused by poor soil fertility. In Sub-
Saharan Africa, the gap between cereal consumption and production is the largest compared
to other continents. The productivity of most food crops is not as good as expected [1, 2]. Thus,
it is possible to secure food in African countries if soil fertility is improved as well as if there is
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an understanding of what works for smallholder farmers in rural areas [3]. Although small-
scale farmers are a potential source of economic growth [4], more efforts are needed to rescue
them from operating under low inputs and rain-fed agricultural conditions, which result in
low yields and profits [5, 6]. It is worth noting that fertilizers account for the largest proportion
of production costs component when compared with other farm inputs. Nevertheless, farmers
in Tanzania have low levels of fertilizer use, hence low productivity [7, 8]. In this light,
fertilizer use should be encouraged in order to improve productivity among farmers.

Investing on fertilizer use by smallholder farmers, including the application of recommended
rates has been risky due to the scarcity of fertilizers and the unpredictability of rainfall [9, 10].
Fertilizer microdosing is likely to be a unique initiative that can encourage fertilizer use among
the farmers community. The fertilizer microdosing technique is based on localized placement
of small doses of mineral fertilizers ranging from 25–75% of the common rates at the base of
the plants at sowing or shortly after seed germination instead of spreading fertilizers evenly
across the field [9, 11]. This chapter focuses on how fertilizer use can be fostered to improve
welfare among potential stakeholders of the fertilizer supply chain. Tanzania has been used as
the fertilizer microdosing technology is rather new within the country and more understand-
ing is needed associated with its impacts on fertilizer supply chain [12, 13]. In view of this, key
implications are derived for policy and practice with the emphasis on fertilizer microdosing as
an innovative low input technology that can replenish soil nutrients.

Some studies, although limited, seem to confirm that yields do relatively increase when
fertilizer microdosing is applied [9, 14, 15]. However, in such studies, the issue of welfare
distribution effects was rarely included to consider the benefits of fertilizer microdosing to
producers and consumers [2, 11, 16]. In this regard, a separate welfare effects analysis urgently
needs to be undertaken, targeting this farm-level technology [17], as it can easily be adopted by
smallholder farmers in rural areas [18]. The available literature seems to be inapplicable as it
mainly presents the impact of fertilizer microdosing in terms of yield responses. Actual
impacts, indicating interactions between demand and supply and the role of price mechanisms
have been marginally featured in the available literature. Likewise, the coverage on interac-
tions of fertilizer supply chain actors at the national level seems to be scanty. Some of the key
questions that remain unanswered include the following: what could be the impact of
adopting fertilizer microdosing on the supply side and produced food prices? What are the
likely changes in demand/supply of food crop produce, and to what extent is the resulting
impact likely to differ from the cost of fertilizer used or return on investment?

While reviewing past economic studies related to fertilizer use, the researcher found inade-
quate information on welfare effects distributions of farm input use [15, 19]. In view of this, in
the present chapter, the researcher build on the earlier studies to assess the welfare effects of
fertilizer microdosing based on yield and prices. Based on this objective of the chapter, the
contributions are twofold: first, little attention was noted on issues associated with crop
responses and welfare in the on-going policy debates over modern input promotion [3, 20].
Thus, the researcher sought to learn from the economic theory and provide insights into the
welfare effects that are likely to occur if fertilizer microdosing is adopted. In the same vein, the
researcher sought to ascertain whether key actors, particularly farmers, are better off than
before, and what factors are important for determining the outcomes, hence promote the
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technology. Second, in addition to contributing to the growing knowledge base on the welfare
effects as prices of commodities change, the researcher extended the role of price analysis on
welfare, beyond the output by considering the input (fertilizer) prices [21] and inter-temporal
effects [22]. This study focuses on the way market functioning can affect the incentives of
fertilizer supply chain actors using the available information gathered from previous studies.
An investigation of how the input market should be improved is pertinent in understanding
the underlying causes of low modern input use among producers and recommending best
practice and policy for implementation [19, 23, 24].

2. Methods

The agricultural sector is controlled by market fundamentals such as forces of supply and
demand. However, in reality, this is not always the case, as the market alone is not enough to
allow equitable, sustained and stable growth [13]. In this regard, the demonstration of the
partial equilibrium model using forces of supply and demand was used in this chapter, and a
relevant literature review was undertaken to determine whether the supply chain performance
and fertilizer markets functioning can improve through policy associated actions and govern-
ment interventions. However, the main disadvantage of the economic-surplus approaches as
reported is that the reliability of the findings usually depends on the extent to which the
underlying parameters represent local conditions [25]. Keeping this constraint in mind,
economic-surplus effects were determined and augmented with a thorough assessment of the
fertilizer supply chain using Tanzania as a case. Integration of related approaches may be
useful in support decisions, for instance, about better allocation of resources for promoting
fertilizer use and investments [2].

2.1. Economic-surplus model for welfare analysis

As suggested by [26], this chapter uses fertilizer microdosing as an opportunity available for
upgrading the agri-food value chains in Tanzania, targeting potential food crops [27]. It is the
upgrading option that is within the reach of the weakest actor, i.e., the smallholder farmers
[28]. An illustration and framework development of economic surplus (welfare and distribu-
tion) effects of the farm-level technology is of great importance for understanding the likely
spillover of the new innovation [29]. Low-dimension diagrammatic analysis of expected
impacts was used, based on the basic economic theory of supply and demand. In addition, a
downward sloping demand curve and an upward sloping supply curve were used to charac-
terize the domestic market for food crop produce. Thus, the choice of this methodological line
comes from the fact that the economic-surplus approach requires the least information, is
relatively easier to use and gives reliable results. According to [30], this method provides a
relatively simple and flexible approach to understanding the value of adopting new technol-
ogy by allowing for the comparison of the situations of with and without the use of the new
technology. Details of the welfare impact results are portrayed in Figure 1 and are further
explained in the subsequent sections.

Fostering Fertilizer Use and Welfare Distribution in Tanzania: Implications for Policy and Practice
http://dx.doi.org/10.5772/intechopen.78043

81



an understanding of what works for smallholder farmers in rural areas [3]. Although small-
scale farmers are a potential source of economic growth [4], more efforts are needed to rescue
them from operating under low inputs and rain-fed agricultural conditions, which result in
low yields and profits [5, 6]. It is worth noting that fertilizers account for the largest proportion
of production costs component when compared with other farm inputs. Nevertheless, farmers
in Tanzania have low levels of fertilizer use, hence low productivity [7, 8]. In this light,
fertilizer use should be encouraged in order to improve productivity among farmers.

Investing on fertilizer use by smallholder farmers, including the application of recommended
rates has been risky due to the scarcity of fertilizers and the unpredictability of rainfall [9, 10].
Fertilizer microdosing is likely to be a unique initiative that can encourage fertilizer use among
the farmers community. The fertilizer microdosing technique is based on localized placement
of small doses of mineral fertilizers ranging from 25–75% of the common rates at the base of
the plants at sowing or shortly after seed germination instead of spreading fertilizers evenly
across the field [9, 11]. This chapter focuses on how fertilizer use can be fostered to improve
welfare among potential stakeholders of the fertilizer supply chain. Tanzania has been used as
the fertilizer microdosing technology is rather new within the country and more understand-
ing is needed associated with its impacts on fertilizer supply chain [12, 13]. In view of this, key
implications are derived for policy and practice with the emphasis on fertilizer microdosing as
an innovative low input technology that can replenish soil nutrients.

Some studies, although limited, seem to confirm that yields do relatively increase when
fertilizer microdosing is applied [9, 14, 15]. However, in such studies, the issue of welfare
distribution effects was rarely included to consider the benefits of fertilizer microdosing to
producers and consumers [2, 11, 16]. In this regard, a separate welfare effects analysis urgently
needs to be undertaken, targeting this farm-level technology [17], as it can easily be adopted by
smallholder farmers in rural areas [18]. The available literature seems to be inapplicable as it
mainly presents the impact of fertilizer microdosing in terms of yield responses. Actual
impacts, indicating interactions between demand and supply and the role of price mechanisms
have been marginally featured in the available literature. Likewise, the coverage on interac-
tions of fertilizer supply chain actors at the national level seems to be scanty. Some of the key
questions that remain unanswered include the following: what could be the impact of
adopting fertilizer microdosing on the supply side and produced food prices? What are the
likely changes in demand/supply of food crop produce, and to what extent is the resulting
impact likely to differ from the cost of fertilizer used or return on investment?

While reviewing past economic studies related to fertilizer use, the researcher found inade-
quate information on welfare effects distributions of farm input use [15, 19]. In view of this, in
the present chapter, the researcher build on the earlier studies to assess the welfare effects of
fertilizer microdosing based on yield and prices. Based on this objective of the chapter, the
contributions are twofold: first, little attention was noted on issues associated with crop
responses and welfare in the on-going policy debates over modern input promotion [3, 20].
Thus, the researcher sought to learn from the economic theory and provide insights into the
welfare effects that are likely to occur if fertilizer microdosing is adopted. In the same vein, the
researcher sought to ascertain whether key actors, particularly farmers, are better off than
before, and what factors are important for determining the outcomes, hence promote the

Soil Productivity Enhancement80

technology. Second, in addition to contributing to the growing knowledge base on the welfare
effects as prices of commodities change, the researcher extended the role of price analysis on
welfare, beyond the output by considering the input (fertilizer) prices [21] and inter-temporal
effects [22]. This study focuses on the way market functioning can affect the incentives of
fertilizer supply chain actors using the available information gathered from previous studies.
An investigation of how the input market should be improved is pertinent in understanding
the underlying causes of low modern input use among producers and recommending best
practice and policy for implementation [19, 23, 24].

2. Methods

The agricultural sector is controlled by market fundamentals such as forces of supply and
demand. However, in reality, this is not always the case, as the market alone is not enough to
allow equitable, sustained and stable growth [13]. In this regard, the demonstration of the
partial equilibrium model using forces of supply and demand was used in this chapter, and a
relevant literature review was undertaken to determine whether the supply chain performance
and fertilizer markets functioning can improve through policy associated actions and govern-
ment interventions. However, the main disadvantage of the economic-surplus approaches as
reported is that the reliability of the findings usually depends on the extent to which the
underlying parameters represent local conditions [25]. Keeping this constraint in mind,
economic-surplus effects were determined and augmented with a thorough assessment of the
fertilizer supply chain using Tanzania as a case. Integration of related approaches may be
useful in support decisions, for instance, about better allocation of resources for promoting
fertilizer use and investments [2].

2.1. Economic-surplus model for welfare analysis

As suggested by [26], this chapter uses fertilizer microdosing as an opportunity available for
upgrading the agri-food value chains in Tanzania, targeting potential food crops [27]. It is the
upgrading option that is within the reach of the weakest actor, i.e., the smallholder farmers
[28]. An illustration and framework development of economic surplus (welfare and distribu-
tion) effects of the farm-level technology is of great importance for understanding the likely
spillover of the new innovation [29]. Low-dimension diagrammatic analysis of expected
impacts was used, based on the basic economic theory of supply and demand. In addition, a
downward sloping demand curve and an upward sloping supply curve were used to charac-
terize the domestic market for food crop produce. Thus, the choice of this methodological line
comes from the fact that the economic-surplus approach requires the least information, is
relatively easier to use and gives reliable results. According to [30], this method provides a
relatively simple and flexible approach to understanding the value of adopting new technol-
ogy by allowing for the comparison of the situations of with and without the use of the new
technology. Details of the welfare impact results are portrayed in Figure 1 and are further
explained in the subsequent sections.

Fostering Fertilizer Use and Welfare Distribution in Tanzania: Implications for Policy and Practice
http://dx.doi.org/10.5772/intechopen.78043

81



2.2. The law of one price and its application

The law of one price is an economic theory that states that there is only one prevailing price for
each product in a perfectly competitive market. Theoretically, price arbitrage works to dissi-
pate price wedges between domestic and world or external market so that there is a stable
tendency of domestic prices of a commodity to align with external prices [21]. In the context of
this chapter, it is assumed that the movement of fertilizers from one market to the other will
continue until the supply and demand forces equate the prices in both markets. It is further
assumed that domestic fertilizer prices are embedded in the impact of domestic market and
trade policies and actual functioning of farm-inputs markets. Therefore, the researcher has
considered the law of one price as a relevant theory in underpinning the theoretical foundation
of the chapter. In this regard, it has been noted that fertilizer microdosing, as an intermediary
traded input, can transform the production process, given the availability of the primary
factors of production, such as land, labor and capital. The value that is added through the
production process, over and above the value (cost) of traded inputs (fertilizer), is value added
[13]. Economic returns to the primary factors of production after the fertilizer microdosing has
been applied by smallholder farmers are part and parcel of the welfare analysis presented.
Moreover, additional reviews were undertaken to understand policy issues and conditions
that prevent the law of one price from perfecting fertilizer supply chain as well as distribution,
using Tanzania as a case.

Figure 1. Impacts of fertilizer microdosing in supply.
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3. Results

3.1. Response of fertilizer microdosing in supply

Here, the researcher analyses the economic impacts of fertilizer microdosing on a partial
equilibrium model. Figure 1 shows the market forces for a crop produce, with a standard
upward sloping supply curve and downward sloping demand curve. Initially, the equilibrium
is attained at point e1 due to the price mechanism that ensures that demand and supply is
equal. At this point, the price is Pe1, and the quantity traded is Qe1. The interpretation of this
depicted situation can involve other intermediate activities of the supply chain, including
transportation and storage. However, in the context of the chapter, they are hidden. For
instance, better market functioning that result in favorable fertilizer prices to farmers is likely
to encourage fertilizer use among producers; hence improve crop production [13].

Let us assume the scenario that smallholder farmers adopt fertilizer microdosing, which is a
new farm-level technology in Tanzania. The supply curve (socially optimal supply curve) of
the crop that would use fertilizer microdosing lies below the original supply curve, as shown
in Figure 1 by Supply2. Given the original price Pe1, more can actually be produced and
supplied to the market (Q2), or the original quantity Qe1 can actually be produced at a much
lower cost (P3) if fertilizer microdosing is adopted. It should be noted that the new supply
curve (Supply2) due to fertilizer microdosing technology does not necessarily have to be
parallel to the original supply curve (Supply1). Comparatively, the extent of response due to
fertilizer microdosing may vary with the scale of production, microdose rate and price [16].
Variation of yield responses due to fertilizer use also depends on the amount of moisture in the
soil [31]. Access to adequate amount of soil moisture in semi-arid areas is a necessary condition
for having a positive effect of fertilizer application [32]. Thus, the assumed scenario was used
as a guide for providing required insights of the fertilizer microdosing and elucidating on its
associated impacts.

3.2. Fertilizer microdosing impact on price, yields and welfare

As highlighted above, soil infertility poses the greatest threat in Tanzanian agriculture, and
most of the farmers do not use fertilizers on their farms. What occurs in terms of supply if
innovative low input technology such as fertilizer microdosing that replenishes soil nutrients is
accepted by farmers for their cash and food crop production? Agro-dealers and other fertilizer
suppliers/producers may, for example, be motivated to supply this farm input. This is particu-
larly important considering that it is a new technology that makes business possible and worth
undertaking and the emergence of new policies (regulations, taxes and subsidies) that penalize
and/or incentivize players of the fertilizer supply chain. It is worth noting that increasing crop
production due to fertilizer use surges, given the original demand curve and the underlying
motivation of doing so. Such a situation results in a lower price, Pe2, and a higher equilibrium
quantity,Qe2, in the market, as given by point e2. At this new equilibrium point, consumers can
buy more crop commodities/food at a lower price, resulting in a welfare gain to consumers as
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measured in the area (B + C + D). Similarly, producers can sell more, but at a lower price,
resulting in the PS of the area (E + F + G + H) minus area (B + E), which is also positive
(Figure 1). The overall welfare gain due to fertilizer microdosing equals the sum of the change
in the producer and the consumer surplus, which amounts to the area (C + D + F + G + H), the
area between the new and old supply curves and under the demand curve, whereby, CS
increased by C + D and a significant share of the welfare is favoring crop producers, presented
by the area (F + G + H).

Note: Supply1 and Supply2 are the supply curves without and with fertilizer microdosing
technology intervention respectively. Supply1 represents the without fertilizer microdosing
scenario, whereby, consumer surplus (CS) = area A, producer surplus (PS) = area (B + E), and
total surplus (TS) = area (A + B + E). Supply2 represents the with fertilizer microdosing
scenario, whereby CS = area (A + B + C + D), PS = area (E + F + G + H), and TS = area
(A + B + C + D + E + F + G + H). Therefore, welfare effects due to fertilizer microdosing in
supply are represented by the area (C + D + F + G + H).

Welfare gains for both producers and consumers and other associated impacts such as a lower
equilibrium price and higher quantity of food produced and consumed seem to be in line with
other quantitative and qualitative studies undertaken on the impacts of farm-level technologies
[11, 16]. The associated impacts of fertilizer microdosing can encourage fertilizer use in the
perspective of low-income countries such as Tanzania, where insufficient crop productivity is a
fundamental constraint. Based on Figure 1, it can also be noted that the magnitude of the
impacts will depend, among others, on how crop yield (supply) effects are relative to the size of
the market, which as reported earlier, varies by type of crop and farming system. Whatever the
extent of the impact is, in terms of the quantity of crop produced due to fertilizer microdosing
application, the size of the impact, Qe1Qe2, however, is smaller than the original size of the farm-
level technology potentials,Qe1Q2, which is due to the change in the price. Farm technologies are
output-increasing in nature. The observed impacts are supported by the recent literature and
ex-ante approaches of various technologies along the agri-food value chain [33].

3.3. Inter-temporal welfare effects

The size of the welfare effects depends on the slope of the demand and supply curves. Let the
assumption be that the extent of yield responses due to fertilizer microdosing application is the
same as before, that is, the shift in the supply or demand curve is of the same distance as
before, and independent of scale and/or price. The scenario considered and discussed in the
context of this chapter focused on impacts on the outcomes of crop yields increase in supply.
For instance, in the presence of a perfectly inelastic, that is, vertical demand curve, the new
equilibrium is at point ie (same quantity, lower price), with consumers receiving all the gains
from increased yields in the form of a lower price and a welfare gain of Pe1e

1ieP3, which is
equivalent to the area (B + C + E + F). In the presence of a perfectly elastic, that is, horizontal
demand curve, additional crop yields in supply result in a new equilibrium at point ee, where
all the gains translate into an increase in the equilibrium quantity supplied and demanded.
This implies that there is no change in price. As a result, this leads to welfare gain to producers
of the area (C + D + F + G + H + I).
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Distribution of welfare gains over producers and consumers can be influenced by varying the
slope of the demand curve. Moreover, the sign does not change due to this slope change. As
the demand for food is generally fairly inelastic (not perfectly), the actual scenario is likely to
lie in between the two extreme cases shown. Less than one in absolute value (inelastic)
estimates of elasticity of demand for food most of the time vary by type of food, and many
also vary by income level [34]. Because basic food commodities such as staple foods were
considered by our case, the demand will be more inelastic. Likewise, if supply is perfectly
inelastic (i.e., a vertical supply curve), the equilibrium is at point xe, resulting in a lower
equilibrium price and higher equilibrium quantity compared to what was analyzed before.
This implies that consumers gain and producers lose. However, the overall welfare result is
positive under e1xeQ2Qe1, which is the area (D + G + J + K + L + M). Finally, a completely elastic
(i.e., horizontal supply curve) results in equilibrium at point ze, whereby demand increases the
most to Q3 as the price also falls the most to P3, and all welfare gains end up with the
consumers who benefit to the maximum extent possible, by the area under Pe1e

1zeP3.

A vertical supply curve is representative of the short-run, where it is generally difficult for
farmers to respond to price changes, whereas the horizontal supply curve corresponds to a
long-run situation, where producers of agri-food commodities can respond. However, farmers
in this situation are price takers in a highly competitive market. The actual representation is
likely to lie somewhere in between, with the short-run and long-run situations being closer to
inelastic and more elastic, respectively. These findings imply the importance of inter-temporal
effects, which seem to have been ignored in the available literature [29]. To be more specific,
the overall welfare and the welfare of consumers in particular improve while that of producers
declines, implying that the supply is relatively inelastic. Thus, in the short-run situation, the
increase in sales from extra yields due to fertilizer microdosing could be insufficient to com-
pensate for the price decrease on existing sales. In the long-run situation, the supply of crop
produce is more elastic. In view of this, welfare gains are likely to occur, and most of the gains
end up with consumers.

3.4. Fertilizer microdosing interactions and performance of the fertilizer supply chain

Some assumptions were made to arrive at the presented results. Variations of the findings
could result from the influence of other factors. At this point, discussions of various impres-
sions on the viability of fertilizer microdosing technology have been presented. The focus has
been on how the impacts of fertilizer microdosing technology can be sustained by considering
other interactions of fertilizer supply chain. The researcher has also identified some factors that
may alter the anticipated impact of fertilizer microdosing, hence improved welfare.

3.4.1. Impact of fertilizer microdosing on economic returns

Development of low-input soil fertility management practice for crops is vital [35] in a wider
range of cropping systems in semi-arid and sub-humid areas [12]. Fertilizer microdosing can
be a better option that can be relied upon by smallholder farmers in rural areas [9]. However,
before the adoption of technology is cascaded, there was a need to undertake a comprehensive
economic analysis, by taking into account the associated risks [19, 36]. It was reported in sub-
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supply are represented by the area (C + D + F + G + H).
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equilibrium price and higher quantity of food produced and consumed seem to be in line with
other quantitative and qualitative studies undertaken on the impacts of farm-level technologies
[11, 16]. The associated impacts of fertilizer microdosing can encourage fertilizer use in the
perspective of low-income countries such as Tanzania, where insufficient crop productivity is a
fundamental constraint. Based on Figure 1, it can also be noted that the magnitude of the
impacts will depend, among others, on how crop yield (supply) effects are relative to the size of
the market, which as reported earlier, varies by type of crop and farming system. Whatever the
extent of the impact is, in terms of the quantity of crop produced due to fertilizer microdosing
application, the size of the impact, Qe1Qe2, however, is smaller than the original size of the farm-
level technology potentials,Qe1Q2, which is due to the change in the price. Farm technologies are
output-increasing in nature. The observed impacts are supported by the recent literature and
ex-ante approaches of various technologies along the agri-food value chain [33].

3.3. Inter-temporal welfare effects

The size of the welfare effects depends on the slope of the demand and supply curves. Let the
assumption be that the extent of yield responses due to fertilizer microdosing application is the
same as before, that is, the shift in the supply or demand curve is of the same distance as
before, and independent of scale and/or price. The scenario considered and discussed in the
context of this chapter focused on impacts on the outcomes of crop yields increase in supply.
For instance, in the presence of a perfectly inelastic, that is, vertical demand curve, the new
equilibrium is at point ie (same quantity, lower price), with consumers receiving all the gains
from increased yields in the form of a lower price and a welfare gain of Pe1e

1ieP3, which is
equivalent to the area (B + C + E + F). In the presence of a perfectly elastic, that is, horizontal
demand curve, additional crop yields in supply result in a new equilibrium at point ee, where
all the gains translate into an increase in the equilibrium quantity supplied and demanded.
This implies that there is no change in price. As a result, this leads to welfare gain to producers
of the area (C + D + F + G + H + I).
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slope of the demand curve. Moreover, the sign does not change due to this slope change. As
the demand for food is generally fairly inelastic (not perfectly), the actual scenario is likely to
lie in between the two extreme cases shown. Less than one in absolute value (inelastic)
estimates of elasticity of demand for food most of the time vary by type of food, and many
also vary by income level [34]. Because basic food commodities such as staple foods were
considered by our case, the demand will be more inelastic. Likewise, if supply is perfectly
inelastic (i.e., a vertical supply curve), the equilibrium is at point xe, resulting in a lower
equilibrium price and higher equilibrium quantity compared to what was analyzed before.
This implies that consumers gain and producers lose. However, the overall welfare result is
positive under e1xeQ2Qe1, which is the area (D + G + J + K + L + M). Finally, a completely elastic
(i.e., horizontal supply curve) results in equilibrium at point ze, whereby demand increases the
most to Q3 as the price also falls the most to P3, and all welfare gains end up with the
consumers who benefit to the maximum extent possible, by the area under Pe1e
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A vertical supply curve is representative of the short-run, where it is generally difficult for
farmers to respond to price changes, whereas the horizontal supply curve corresponds to a
long-run situation, where producers of agri-food commodities can respond. However, farmers
in this situation are price takers in a highly competitive market. The actual representation is
likely to lie somewhere in between, with the short-run and long-run situations being closer to
inelastic and more elastic, respectively. These findings imply the importance of inter-temporal
effects, which seem to have been ignored in the available literature [29]. To be more specific,
the overall welfare and the welfare of consumers in particular improve while that of producers
declines, implying that the supply is relatively inelastic. Thus, in the short-run situation, the
increase in sales from extra yields due to fertilizer microdosing could be insufficient to com-
pensate for the price decrease on existing sales. In the long-run situation, the supply of crop
produce is more elastic. In view of this, welfare gains are likely to occur, and most of the gains
end up with consumers.

3.4. Fertilizer microdosing interactions and performance of the fertilizer supply chain

Some assumptions were made to arrive at the presented results. Variations of the findings
could result from the influence of other factors. At this point, discussions of various impres-
sions on the viability of fertilizer microdosing technology have been presented. The focus has
been on how the impacts of fertilizer microdosing technology can be sustained by considering
other interactions of fertilizer supply chain. The researcher has also identified some factors that
may alter the anticipated impact of fertilizer microdosing, hence improved welfare.

3.4.1. Impact of fertilizer microdosing on economic returns

Development of low-input soil fertility management practice for crops is vital [35] in a wider
range of cropping systems in semi-arid and sub-humid areas [12]. Fertilizer microdosing can
be a better option that can be relied upon by smallholder farmers in rural areas [9]. However,
before the adoption of technology is cascaded, there was a need to undertake a comprehensive
economic analysis, by taking into account the associated risks [19, 36]. It was reported in sub-
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humid farming system that fertilizer microdosing (25, 50 and 75% of recommended rates) can be
applied to maize farms and result in positive net return distributions [16]. Because soil moisture
is a problem in semi-arid areas, fertilizer microdosing was found to be more effective if and
when combined with rainwater harvesting technology. A potential economic gain was further
noted from sunflower compared to other crops such as pearl millet and groundnuts. Direct
impacts of fertilizer microdosing technology on yields and profit changes with the level of
moisture in the soil, micro-dose rate, cropping system and general farm management practices.

3.4.2. Enhancing fertilizer microdosing impacts

There are costs associated with access and the application of a farm-input, and for this case,
fertilizers. While the underlying causes for low fertilizer use are still debatable [37], the main
notion behind fertilizer microdosing technology is to encourage farmers to use fertilizer after
experiencing the associated benefits, including higher yields [9]. This farm technology is more
feasible if costs associated with its use would be reduced to the level affordable by farmers [16],
considering that fertilizer can account for up to 35% of the total crop production costs [8]. The
government and other partners can play an important role in improving the distribution of farm
inputs, rendering extension services on how best fertilizers can be applied to different cropping
systems and stimulating adoption of the technology. Comparatively, the net welfare gains may
be lower if there are excess costs related to fertilizer use, incurred by producers, which counteract
the original shift of the supply curve [20]. However, farmers can organize themselves into strong
groups and use them as platforms for collective farm-inputs procurement.

3.4.3. Interactions within the fertilizer supply chain

The economic-surplus framework presented earlier cannot suffice to describe concerns ema-
nating from the fertilizer supply chain. Measures to address issues in the fertilizer supply chain
may vary significantly. For example, there could be no problem in the beginning of the supply
chain, but costs and benefits may occur later in the chain and affect potential players. Fertilizer
subsidy can stimulate the supply side and encourage fertilizer application to the lowest
fertilizer users in the world, including Tanzania [8, 38]. However, fertilizer subsidy schemes
that are convenient, transferable, and sustainable are needed for farmers who are not using
fertilizers at all [39]. It should be noted that following the subsidy removal and devaluation in
Tanzania, sharp declines in fertilizer use were observed [37], implying that any structural
adjustment should not be detrimental to fertilizer markets in the country. Thus, improvement
in inputs market functioning with a strategic investment in public goods is a potential way
forward for countries such as Tanzania [24].

It should be noted that structural adjustment is the only factor that affects fertilizer prices among
other factors, and fertilizer prices, however, are one of the several factors that influence fertilizer
use [40]. As far as welfare distribution is concerned, fertilizer subsidies cannot only lower food
prices in favor of consumers but also increase rural wages to key players of the supply chain. In
general, market infrastructure, similar to other factors such as soil moisture conditions, cropping
systems and extension systems, has a great role to play, and it must be considered as far as
fertilizer use is concerned [20]. For example, when the fertilizer-crop price ratio is not favorable
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to farmers due to market failures, government intervention is inevitable for incentives and
welfare enhancing [8, 13, 21]. Fertilizer distribution systems need to be improved for farmers in
marginal areas, as they are less likely to use fertilizer and adopt new technology than those in
higher potential areas. This is also an indication that agricultural input markets, particularly
those for fertilizers and seeds, require more rigorous policy actions that are location based and
context-specific [20].

3.4.4. Interactions with other commodity markets and players

A contrasting assumption that all factors remain constant was considered in the analysis. For
instance, higher crop yields due to fertilizer microdosing application result in lower prices of the
crop commodity in the market, which could also increase demand elsewhere in the system and
hypothetically lead to second-order impacts. To be more explicit, higher cereal yields from crops,
such as maize, which are used as chicken feed, become cheaper if fertilizer is used in the farm.
Nevertheless, if the supply of the chicken feed declines due to changes in price, the local chicken
meat demand is likely to rise, and prices for the same will essentially rise. The idea is that local
chicken are less efficient in the use of resources such as water and land compared to crops [41].
Moreover, the effects of fertilizer can be boosted bymanures because when they are used together,
they tend to be more effective on crop yields [42]. However, the use of manures in rural areas is
limited by the availability of sufficient quantities. From this observation, it would seem that crop-
livestock integration could be further enhanced for more food and income diversification.

Although soil water is a necessary condition for realizing a significant impact of fertilizer use,
improved seeds are similarly a key constituent. It should be noted that soil moisture is not a
serious problem in sub-humid farming system as in semi-arid areas. In this light, fertilizer
microdosing can be applied effectively in sub-humid areas and have the desired impact
realized [16, 32]. Thus, there is need of introducing rainwater harvesting or irrigation technol-
ogies in semi-arid areas for fertilizer use technology to be employed and cope with climatic

Figure 2. Promoting fertilizer use and microdosing technology in Tanzania.
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humid farming system that fertilizer microdosing (25, 50 and 75% of recommended rates) can be
applied to maize farms and result in positive net return distributions [16]. Because soil moisture
is a problem in semi-arid areas, fertilizer microdosing was found to be more effective if and
when combined with rainwater harvesting technology. A potential economic gain was further
noted from sunflower compared to other crops such as pearl millet and groundnuts. Direct
impacts of fertilizer microdosing technology on yields and profit changes with the level of
moisture in the soil, micro-dose rate, cropping system and general farm management practices.

3.4.2. Enhancing fertilizer microdosing impacts

There are costs associated with access and the application of a farm-input, and for this case,
fertilizers. While the underlying causes for low fertilizer use are still debatable [37], the main
notion behind fertilizer microdosing technology is to encourage farmers to use fertilizer after
experiencing the associated benefits, including higher yields [9]. This farm technology is more
feasible if costs associated with its use would be reduced to the level affordable by farmers [16],
considering that fertilizer can account for up to 35% of the total crop production costs [8]. The
government and other partners can play an important role in improving the distribution of farm
inputs, rendering extension services on how best fertilizers can be applied to different cropping
systems and stimulating adoption of the technology. Comparatively, the net welfare gains may
be lower if there are excess costs related to fertilizer use, incurred by producers, which counteract
the original shift of the supply curve [20]. However, farmers can organize themselves into strong
groups and use them as platforms for collective farm-inputs procurement.

3.4.3. Interactions within the fertilizer supply chain

The economic-surplus framework presented earlier cannot suffice to describe concerns ema-
nating from the fertilizer supply chain. Measures to address issues in the fertilizer supply chain
may vary significantly. For example, there could be no problem in the beginning of the supply
chain, but costs and benefits may occur later in the chain and affect potential players. Fertilizer
subsidy can stimulate the supply side and encourage fertilizer application to the lowest
fertilizer users in the world, including Tanzania [8, 38]. However, fertilizer subsidy schemes
that are convenient, transferable, and sustainable are needed for farmers who are not using
fertilizers at all [39]. It should be noted that following the subsidy removal and devaluation in
Tanzania, sharp declines in fertilizer use were observed [37], implying that any structural
adjustment should not be detrimental to fertilizer markets in the country. Thus, improvement
in inputs market functioning with a strategic investment in public goods is a potential way
forward for countries such as Tanzania [24].

It should be noted that structural adjustment is the only factor that affects fertilizer prices among
other factors, and fertilizer prices, however, are one of the several factors that influence fertilizer
use [40]. As far as welfare distribution is concerned, fertilizer subsidies cannot only lower food
prices in favor of consumers but also increase rural wages to key players of the supply chain. In
general, market infrastructure, similar to other factors such as soil moisture conditions, cropping
systems and extension systems, has a great role to play, and it must be considered as far as
fertilizer use is concerned [20]. For example, when the fertilizer-crop price ratio is not favorable
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marginal areas, as they are less likely to use fertilizer and adopt new technology than those in
higher potential areas. This is also an indication that agricultural input markets, particularly
those for fertilizers and seeds, require more rigorous policy actions that are location based and
context-specific [20].

3.4.4. Interactions with other commodity markets and players

A contrasting assumption that all factors remain constant was considered in the analysis. For
instance, higher crop yields due to fertilizer microdosing application result in lower prices of the
crop commodity in the market, which could also increase demand elsewhere in the system and
hypothetically lead to second-order impacts. To be more explicit, higher cereal yields from crops,
such as maize, which are used as chicken feed, become cheaper if fertilizer is used in the farm.
Nevertheless, if the supply of the chicken feed declines due to changes in price, the local chicken
meat demand is likely to rise, and prices for the same will essentially rise. The idea is that local
chicken are less efficient in the use of resources such as water and land compared to crops [41].
Moreover, the effects of fertilizer can be boosted bymanures because when they are used together,
they tend to be more effective on crop yields [42]. However, the use of manures in rural areas is
limited by the availability of sufficient quantities. From this observation, it would seem that crop-
livestock integration could be further enhanced for more food and income diversification.

Although soil water is a necessary condition for realizing a significant impact of fertilizer use,
improved seeds are similarly a key constituent. It should be noted that soil moisture is not a
serious problem in sub-humid farming system as in semi-arid areas. In this light, fertilizer
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variability conditions [31, 43]. In Tanzania, there is an effective locally manufactured fertilizer
known as Minjingu Mazao. This fertilizer use technology can be featured in the government
input subsidy programs, as experience has shown that the imported fertilizers meant for
subsidizing crop production do not reach farmers. It has been reported that the imported
fertilizers are being sold to unintended people, hence affecting the intended farmers [20].
Farmers are unlikely to benefit from the current yield gains as their depleted soils are non-
responsive to fertilizer application [44]. In view of this, an understanding of the possible
marginal yield/income responses across different agro-ecological zones of a country is needed
before investing much in soil nutrient inputs such as fertilizer microdosing. In addition, more
can be done to promote fertilizer use related technologies in Tanzania and beyond (Figure 2).

4. Discussion

4.1. A synthesis

An economic theory shows that the impacts of crop yields due to fertilizer microdosing,
application as a farm-level technology in supply and in terms of quantity are different from
the original size of the yields. In other words, the extent of the yields obtained is influenced by
the amount and the way fertilizer was applied, costs associated with fertilizers, level of food
prices, size of the fertilizer market and interactions within the fertilizer supply chain and with
other players and markets. It is also evident that impacts change with the slope of the demand
and supply curve and consumer preference or level of the technology adoption, which play an
important role in the demand size of fertilizers. If all of these influencing factors are consid-
ered, one cannot be sure of the likely impact of the fertilizer application in the context of
welfare and food security.

Table 1 presents the results of the supply and demand side analyses of applying fertilizer
microdosing on infertile soil that has an appropriate amount of soil moisture. It summarizes

Increasing yields
in supply

Impact on market
equilibrium

Welfare impacts in the
commodity market

Factor of influence and impacts

Price Quantity Consumers Producers Total Extent of yields increase relative to the size
of the fertilizer market

Perfectly elastic
supply curve

–ve +ve +ve Constant +ve Interactions within the fertilizer supply
chain and with other players

Perfectly inelastic
supply curve

–ve +ve +ve –ve in
example

+ve If fertilizer use involves costs, then welfare
impacts will be lower.

Perfectly elastic
demand curve

Constant +ve Constant +ve +ve Impacts may be smaller if costs associated
with technology are high.

Perfectly inelastic
demand curve

–ve Constant +ve Constant +ve If fertilizer use decreases, the impacts are
larger at a lower scale and price.

Table 1. Overview of the impacts of increasing yields in the market as fertilizer microdosing is applied in a food
commodity.
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what happens to the market equilibrium. Whereas the second and third columns show the price
and quantity of food commodity, respectively, consumer and producer welfare are shown in the
fourth and fifth columns, respectively. The overall effect of the welfare is presented in the sixth
column. This scenario was assumed to occur in the market for the food commodity in question
and for varying assumptions regarding demand and supply curves, providing the boundaries
by rows for what might occur. The last column indicates the impact of other factors that are of
influence, where possible, relaxing some of the simplifying assumptions made throughout the
analyses. The following subsections present the implications for policy and in practice, and
briefly highlight the aforementioned studies on the farm-level economic impacts of fertilizer
microdosing in Tanzania.

4.2. Promoting fertilizer microdosing technology

Promoting the farm-level technology that can encourage farmers to use fertilizers in a country
is a key for improving crop productivity [12]. However, there are some factors that need
consideration before adopting and promoting technology such as fertilizer microdosing. First,
the starting point for encouraging fertilizer use among farmers should be identified. Farmers
in a country such as Tanzania are of different scales, and for this reason, fertilizer microdosing
can target small-scale farmers who cultivate farms of less than a hectare. The technology is
useful to farmers who do not use fertilizers, as they are motivated to use more after finding it is
profitable. Because smallholder farmers are resource poor, the government can reduce the cost
of the technology by appropriately subsidizing the fertilizers and improve access of fertilizers
at the village level [16, 45].

Fertilizer microdosing can be more cost-effective if the government addresses potential market
failures within the fertilizer supplier chain. [46] Suggested focusing on a holistic approach by
addressing five pillars of market development and supporting conditions for effective func-
tioning fertilizer markets. The pillars include policy, human capital, finance, market informa-
tion and regulation. Crop yields can be improved with the efficient use of the technology,
which goes hand in hand with the provision of opportunities for acquiring necessary knowl-
edge and skills to targeted farmers and linking them with input suppliers [20].

In addition, after the adoption of the fertilizer microdosing technology by farmers with or
without subsidization, the technology should have positive impacts on country farming sys-
tems. Testing the effectiveness of technology for upgrading agri-food value chains in sub-
humid and semi-arid farming systems was important in Tanzania [12, 27]. For instance,
marginal yields due to fertilizer microdosing should be high enough to motivate farmers to
use fertilizers and adopt the technology. Moreover, better yields in semi-arid areas can be
obtained if the fertilizer microdosing is combined with rainwater harvesting technology, par-
ticularly through tied-ridges.

The second factor is related to the third one, that is, the technology contributes significantly
economic returns, hence being profitable to farmers. It is envisaged that farm-level technology
should increase the output. However, additional crop yield due to fertilizer microdosing is a
necessary but not sufficient condition for obtaining net returns. Empirical evidence shows that
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variability conditions [31, 43]. In Tanzania, there is an effective locally manufactured fertilizer
known as Minjingu Mazao. This fertilizer use technology can be featured in the government
input subsidy programs, as experience has shown that the imported fertilizers meant for
subsidizing crop production do not reach farmers. It has been reported that the imported
fertilizers are being sold to unintended people, hence affecting the intended farmers [20].
Farmers are unlikely to benefit from the current yield gains as their depleted soils are non-
responsive to fertilizer application [44]. In view of this, an understanding of the possible
marginal yield/income responses across different agro-ecological zones of a country is needed
before investing much in soil nutrient inputs such as fertilizer microdosing. In addition, more
can be done to promote fertilizer use related technologies in Tanzania and beyond (Figure 2).

4. Discussion

4.1. A synthesis

An economic theory shows that the impacts of crop yields due to fertilizer microdosing,
application as a farm-level technology in supply and in terms of quantity are different from
the original size of the yields. In other words, the extent of the yields obtained is influenced by
the amount and the way fertilizer was applied, costs associated with fertilizers, level of food
prices, size of the fertilizer market and interactions within the fertilizer supply chain and with
other players and markets. It is also evident that impacts change with the slope of the demand
and supply curve and consumer preference or level of the technology adoption, which play an
important role in the demand size of fertilizers. If all of these influencing factors are consid-
ered, one cannot be sure of the likely impact of the fertilizer application in the context of
welfare and food security.

Table 1 presents the results of the supply and demand side analyses of applying fertilizer
microdosing on infertile soil that has an appropriate amount of soil moisture. It summarizes

Increasing yields
in supply

Impact on market
equilibrium

Welfare impacts in the
commodity market

Factor of influence and impacts

Price Quantity Consumers Producers Total Extent of yields increase relative to the size
of the fertilizer market

Perfectly elastic
supply curve

–ve +ve +ve Constant +ve Interactions within the fertilizer supply
chain and with other players

Perfectly inelastic
supply curve

–ve +ve +ve –ve in
example

+ve If fertilizer use involves costs, then welfare
impacts will be lower.

Perfectly elastic
demand curve

Constant +ve Constant +ve +ve Impacts may be smaller if costs associated
with technology are high.

Perfectly inelastic
demand curve

–ve Constant +ve Constant +ve If fertilizer use decreases, the impacts are
larger at a lower scale and price.

Table 1. Overview of the impacts of increasing yields in the market as fertilizer microdosing is applied in a food
commodity.
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what happens to the market equilibrium. Whereas the second and third columns show the price
and quantity of food commodity, respectively, consumer and producer welfare are shown in the
fourth and fifth columns, respectively. The overall effect of the welfare is presented in the sixth
column. This scenario was assumed to occur in the market for the food commodity in question
and for varying assumptions regarding demand and supply curves, providing the boundaries
by rows for what might occur. The last column indicates the impact of other factors that are of
influence, where possible, relaxing some of the simplifying assumptions made throughout the
analyses. The following subsections present the implications for policy and in practice, and
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4.2. Promoting fertilizer microdosing technology

Promoting the farm-level technology that can encourage farmers to use fertilizers in a country
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obtained if the fertilizer microdosing is combined with rainwater harvesting technology, par-
ticularly through tied-ridges.

The second factor is related to the third one, that is, the technology contributes significantly
economic returns, hence being profitable to farmers. It is envisaged that farm-level technology
should increase the output. However, additional crop yield due to fertilizer microdosing is a
necessary but not sufficient condition for obtaining net returns. Empirical evidence shows that
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fertilizer microdosing can have significant impacts on both yield and income in sub-humid
rather than in semi-arid farming systems. Variability in soil quality, soil moisture, and fertilizer
market costs influence considerably the response and distribution of crop yields and rewards
[16]. This type of technology can be promoted at the country level, as it can improve agricul-
tural growth and alleviate poverty [31, [47], Figure 1. Figure 2 presents a summary of the
described factors and the way they are related to the promotion of fertilizer use and technol-
ogy, in this case, fertilizer microdosing.

4.3. Implication for policy

At this point, it is evident that the microdosing strategy can inspire farmers to use more
fertilizers. As policy debates on fertilizer use promotion are on-going [20], issues related to
crop responses due to fertilizer microdosing have been presented from the context of localized
application. Key messages that can be considered for policy actions have been highlighted to
guide policy makers in re-shaping the existing policies or formulate new ones with a view of
improving soil fertility as a key input for increased crop yields and profitability. It has been
noted that fertilizer microdosing is a cost-effective farm-level technology that requires more
resource attention.

Moreover, fertilizer-output price rations were found to be unfavorable due to market failure,
including inadequate provision of necessary market linked infrastructures [12, 24]. The govern-
ment can intervene and enhance the welfare of all key players in the fertilizer supply chain and
markets by balancing the outcome of the trade-offs, including reducing the tax level of locally
manufactured fertilizers. For example, as shown in Figure 2, smart fertilizer subsidies that are
effective and sustainable can be used to support the application of fertilizer microdosing tech-
nology for pro-poor growth in Tanzania. However, policy measures from the government side
should be predictable to enable farmers to make proper choices for farm inputs.

4.4. Implication for practice

Fertilizer microdosing can provide solutions to farmers and other players of the fertilizer
supply chain. The outcome of the applied research that works on innovative solutions can
benefit a wide range of supply chain actors. For example, farmers are likely to have higher
returns on investment if they adopt fertilizer microdosing in the production of important
crops, such as maize [16]. It is expected that with the adoption of technology, the demand for
associated farm-inputs will be triggered, hence profitable to input producers, trades and other
market agents.

Based on this, future studies and policy makers will be provided with information on how to
improve soil quality and the modern input supply chains. The information will also be useful
in understanding constraints, such as soil infertility and ineffective supply chains and possible
solutions for addressing these issues. Moreover, detailed information at the national level
about the composition of soil micronutrients would determine appropriate ways of using
fertilizers, hence ensuring high productivity and profitability.
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In this regard, policy, practice and future research tend to inform and benefit one another. If
people’s knowledge on the causal-impact of fertilizer microdosing is enhanced, it will enable
the refinement of policies and result in better outcomes among the essential players in the
fertilizer supply chain.

5. Concluding remarks

This review has revealed how economic theory can be used to provide intuitions of the
welfare effects to various players of the supply chain if fertilizer microdosing technology is
adopted. The overall welfare gains to crop producers, consumers and other market agents
due to fertilizer microdosing application have been found to be positive. Moreover, the size
of the welfare impacts changes as the slope of the demand and supply curves change, given
the crop yield responses as a result of fertilizer use and micro fertilization application. This
implies the importance of inter-temporal effects in the market where farmers are considered
as price takers. Other factors that seem to influence crop yield and profit responses have
been highlighted. These include soil moisture, the micro-dose rate, cropping system and
general farm management practices. In addition, interventions that can be undertaken by
the government and other players for improving the efficiency of the fertilizer supply chain
have been highlighted.

This chapter has important policy and practice implications. The findings suggest that in a
country such as Tanzania, where investment in physical infrastructures are limited, more is
supposed to be done in terms of investing in functional seed and fertilizer markets, road
networks, storage facilities and market information systems. Thus, a rational policy choice
for a country should promote fertilizer use through embracing farm-level technologies
such as fertilizer microdosing by considering the entire fertilizer supply chain. More
resources can then be allocated in order to improve the welfare and living conditions of
key players, particularly in rural areas. At this juncture, it could be concluded that fertilizer
microdosing technology is worth adopting as it enhances agricultural growth and reduces
poverty.
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