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Abstract 

Plant nutrients are chemical elements essential for all higher plants to complete their 
vegetative and reproductive growth cycles. A plant nutrient cannot be replaced by 
any other element fully. An element required by some plants or only beneficial in 
enhancing the growth of some plants cannot be termed as a plant nutrient; however, 
may be called as a beneficial element. The development and use of diagnostic 
techniques for assessing nutrient status of plants and soils to manage soil fertility are 
of great importance. The most widely used technique for managing soil fertility and 
plant nutrition is soil testing; however visual deficiency symptoms and plant analysis 
are also useful for determining soil fertility and plant nutrient status for developing 
nutrient management strategies for attaining optimum crop growth and yield. 
Optimum and economic crop yields can be achieved only by improving nutrient use 
efficiency by crops and making site-specific balanced fertilizer use. Integrated use of 
chemical fertilizers, green manuring, composting, slowly decomposable organic 
amendments, such as biochar, and, crop residue recycling, not only contribute to 
profitable agricultural production but also contribute to soil fertility replenishment 
and reduced environmental consequences of high scale land cultivations. 
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7.1. Introduction 

The elements essentially required for human life are catered by plant and animal 
sources, which in turn are supplied by soil. Even sea foods acquire sediment-bound 
nutrients after their solubility. Most of the essential elements for human nutrition are 
also essential plant nutrient and plants accumulate these nutrient elements in their 
various parts. Most parts of crop plants are either used as animal feed or as human 
food. Along with plant nutrients, about 50 additional elements can also be taken up 
by plants; some of those are essential for animal and human nutrition while others 
may even be toxic for domesticated animals and humans. Since the life started on 
this Earth, humans and animals are obtaining their nutrition from the natural sources, 
especially soil; and the demand is increasing with increase in human and animal 
populations. Thus, ever increasing population growth is leading to mining of natural 
resources so hastily that sustainability of agriculture, the prime source of food for 
population, is at risk. Most of the projections indicate that the world population will 
be doubled in the next 3-4 decades; therefore, sustainability of natural resources for 
enhanced agricultural production is vital for human survival. The decline in soil 
fertility due to intensive cultivation and adoption of high yielding crop cultivars is 
among the major challenges faced by modern agriculture. Therefore, conservation 
and wise management of soil resources to restore their productivity to provide 
adequate nutrients to crop plants for sustainable food production merit great 
emphasis. Thus, an understanding of plant nutrients and their dynamics in soils and 
plants is necessary to develop and adopt best management practices for soil fertility 
restoration for sustainable agricultural production. 

7.1.1. Historical perspectives of plant nutrition 

The history of plant nutrition is thousand years old; however, the first theory of about 
plant nutrition was given by a Greek philosopher, Aristotle (384-322 before Christ). 
According to his philosophical opinion, plants take their food from decomposed 
plants and other living organisms. This theory was named as “Humus theory” and it 
remained valid for a duration of about two thousand years due to the great influence 
of Greek philosophy. This theory was firstly doubted by Jan Van Helmont in 1600, 
who after five years of his quantitative experiments, concluded that plants take water 
from the soil and produce substances from it. In 1780, John Priestely stated that the 
substances produced by plants are necessary for animal life (Fig. 7.1). Later on this 
substance was named as oxygen and discovery of photosynthesis came into being. 

French chemist Theodore de Saussure conducted first ever nutrient solution 
experiments and in 1800 he concluded that water and ions of chemical elements, 
taken up selectively by plants, are necessary for photosynthesis. Furthermore, he 
stated that plants can get carbon from atmosphere but not nitrogen. It provided a clear 
basis for the theory of mineral nutrition of plants, formulated by Carl Philip Sprengel 
in 1828. Later on, this theory was named as “Liebig’s law of minimum” after 
marketable arguments of Justus von Liebig (1803-1873; Fig. 7.2). According to the 
“Law of minimum”, plant growth is limited by the essential element which is 
deficient, even if all other nutrients are present in excess amount (Mengel 2001). 
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Fig. 7.1 The simple experiment set by Priestly (1775) indicating release of gas from 
plant required by animals. 

 

Fig. 7.2 Law of minimum, initially given by Sprengel and promoted by Justus von 
Liebig (1803-1873). 

Today, plant nutrition is based on mineral theory, which actually explains that plants’ 
food is also like animals and that plant nutrients are chemical elements and provision 
of these elements in any system have potential to grow plants. Dennis R. Hoagland 
(1884-1949) is the father of modern plant nutrition. Although some experiments had 
already been conducted in solution culture, Hoagland developed the complete recipe 
of nutrient solution, including micronutrients which were not discovered earlier, for 
optimum plant growth. All fields of consequent sophisticated plant research 
depended on the recipe formulated by Hoagland, with slight modifications. 

7.1.2. Chemical elements and soil fertility 

The organisms which can grow, reproduce, have their own metabolism and take 
energy are considered as living organisms. All living organisms need nutrients to 
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perform these functions. However, different living organisms take up nutrients in 
different forms, and may also have different nutrient requirements. In general, 
animals fulfill their energy requirements by taking carbohydrates, fats, proteins, etc., 
whereas plants obtain energy from light by using inorganic elements. Plants can take 
up a large number of chemical elements; however, only 17 elements are considered 
essential for plants and these are called “plant nutrients”. In some text books, the 
term “essential plant nutrients” is also used, which is technically not appropriate 
because an element is termed as “plant nutrient” only when it is essential for normal 
plant growth and reproduction and functions of this essential element cannot be 
performed by any other chemical element. This definition is based on the following 
three-point criteria given by Arnon and Stout (1939): 

• It is impossible for the plant to complete its life cycle without that element; 

• A deficiency of that element can be rectified only by supplying that element; 
and 

• The element is directly involved in nutrition of the plant. 

Later on, criteria were simplified by Epstein and Bloom (2005), according to which: 

• The element is a part of molecule that is an intrinsic component of the 
structure or metabolism of the plant; and 

• The plant can be so severely deprived of the element that exhibits 
abnormalities in its growth, development, or production in comparison with 
plants not so deprived. 

In case of inadequate supply of any one of 17 plant nutrients plants cannot perform 
normally; however, plant requirements of these essential elements are quite diverse. 
Some nutrients are required in greater amounts and others are required in minor 
amounts.  Even excessive availability of a plant nutrient may be harmful for plant 
growth and yield. At a certain concentration range of each nutrient in plant tissue, 
plant growth and yield are maximum; this range is called critical range. The terms 
deficient, sufficient and toxic levels of plant nutrients are explained in Fig. 7.3. 

Soil fertility is the branch of soil science which deals with the supply of essential 
elements (plant nutrients) to plants. In particular, it deals with the ability of soils to 
provide nutrients to plants for their growth and reproduction. All plant nutrients 
which are mineral in nature are provided from the soil. Presence of high 
concentration does not refer to soil fertility, because an element presence in higher 
concentration in soil may not be available to plants due to their forms, bindings to 
soil particles or other chemical compounds and other physicochemical properties of 
soil. The concentrations of plant-available essential elements refer to the soil fertility. 
Soil fertility is a dynamic domain of soils because it can be changed (managed) due 
to the influence of farming practices, climatic conditions and application of manures, 
green manures, fertilizers and biofertilizers. Other important factors which can 
influence soil fertility include soil texture, soil structure, soil pH, soil organic matter, 
soil moisture and soil organisms. 
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Fig. 7.3 Generalized relationship between concentration of nutrients and plant yield 
(Adapted after Havlin et al. 2014). 

7.2. Plant Nutrients 

Chemical elements which fulfill the criteria of essentiality, given by Arnon and Stout 
(1939), are called essential elements for plant growth or plant nutrients. However, 
the requirements of plants for various nutrients are not the same, because some are 
needed in higher amounts and the others are essentially required in a very less 
amounts. 

7.2.1. Classification of plant nutrients 

In general, plant nutrients are classified on the basis their average concentration in 
optimally grown plant tissues. The nutrients taken-up/required by plants in higher 
amounts (in g kg-1 or in % age of dry mass; i.e., > 0.5 g kg-1) are categorized as 
“macronutrients”, while the nutrients required in much lesser amounts (in mg kg-1 
dry mass; i.e., < 0.5 g kg-1) are considered as “micronutrients”. Nine macronutrients 
include carbon (C), hydrogen (H), oxygen (O), nitrogen (N), phosphorus (P), 
potassium (K), calcium (Ca), magnesium (Mg) and sulfur (S). Among 
macronutrients, three are non-mineral while all others are mineral in nature (Table 
7.1). Eight other nutrients, required by plants in much lesser amounts and categorized 
as “micronutrients”, are iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), 
molybdenum (Mo), boron (B), chloride (Cl) and nickel (Ni). 

In addition to 17 plant nutrients, some other elements have positive impact on growth 
of some plant species, but not of all plants. These are called as “beneficial elements”. 
Beneficial elements include sodium (Na), silicon (Si) and cobalt (Co). Beneficial 
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elements are not included in the list of plant nutrients as they do not fulfill the criteria 
established for plant nutrients.  

Table 7.1 Classification of plant nutrients and their plant available forms and 
average concentrations in optimally-grown plant tissues.  

Elements Abbreviation Average concentration in plant tissue 

Macronutrients     
Non-minerals   % DM 
Carbon C 44 
Hydrogen H 42 
Oxygen O 6 
Minerals    g per kg DM 
Nitrogen N 15 
Phosphorus P 2 
Potassium K 10 
Sulfur S 1 
Calcium Ca 5 
Magnesium Mg 2 
Micronutrients    mg per kg DM 
Iron Fe 2 
Manganese Mn 1 
Copper Cu 0.1 
Zinc Zn 0.3 
Molybdenum Mo 0.001 
Boron B 2 
Chloride Cl 3 
Nickel Ni 0.001 

Source: Havlin et al. (2014), Schubert (2006) 

7.2.2. Plant available forms of nutrients 

In soil, nutrients are present in organic and inorganic forms. Although some studies 
have indicated that N can be taken up by plants as amino acids as well, an organic 
form (Moran-Zuloaga et al. 2015), usually plants take up the plant nutrients in 
inorganic forms. Plant roots have selective permeable systems for absorption of 
specific plant nutrients, nevertheless root absorption is not restricted to plant 
nutrients as non-essential and even toxic elements can also be taken up by plant roots. 
The uptake efficiency is different for different elements. 

Commonly, plants take up plant nutrients in ionic forms which become available 
after the solublization of respective compounds. All plant nutrients are taken up by 
plant roots either in cationic or in anionic form, except for N which is taken up both 
as NH4

+ and NO3
-. The plant available forms of nutrients are given in Table 7.1. 

Carbon is absorbed by plants through leaf stomata, as CO2, and is used in 
photosynthesis, while H2O, taken up by plant roots, provides H and O. Oxygen is 
also taken up from the soil air by plant roots for performing respiratory functions. 
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7.2.3. Nutrient acquisition and uptake by plants 

Nutrient acquisition is the process of approaching the nutrients present in the 
rhizosphere soil, whereas nutrient uptake means the entry of nutrients into plant root 
tissue across the plasma membrane. There is another relevant term “assimilation” 
which means the immersion of nutrients into the plant metabolism and/or structure. 

Nutrients are acquired by plant roots from the rhizosphere by three modes of action, 
i.e., mass flow, diffusion and root interception. 

7.2.3.1. Mass flow 

The soluble fraction of nutrients present in soil solution, not held on the soil solids, 
flow to the root as water is taken up by plant roots. The amount of a nutrient thus 
taken up from the rhizosphere depends on the volume of soil water absorbed by plant 
roots and concentration of the nutrient in soil solution. 

7.2.3.2. Diffusion 

The nutrients present in soil solution move towards plant roots through diffusion 
because of concentration gradient, i.e., when concentration of a specific nutrient is 
decreased (or depleted) in soil solution in the vicinity of roots due to its strong 
absorption by plant roots. The movement of nutrient in soil in governed by Fick’s 
law of diffusion: 

 

Where J is diffusion, D is diffusion coefficient, a is for nutrient activity and x is 
distance from roots. 

7.2.3.3.  Root interception 

The plant roots grow and bump into nutrient ions present in the soil solution near the 
plant. Root interception is not an efficient mode of nutrient acquisition and only a 
small fraction of total nutrient taken up by the plant can be acquired through this 
mode.  Extensive root architecture is of great importance for effective root inception 
extension to the soil’s nutrient depletion zones. Root morphological characteristics 
have vital role in determining the extent of nutrient acquisition. Root hairs are more 
active parts of roots for nutrient uptake. The plants having mycorrhizal association 
have expanded depletion zone for nutrients like phosphorus. Root exudates also 
contribute towards increasing nutrient acquisition by mobilizing nutrients in the soil. 

When the nutrients are at the root surface, there are two ways of their uptake (or 
absorption) in to the root, i.e., either via symplast or through apoplast. Once inside 
the plant root, nutrients are transported through xylem to plant shoot to take part in 
important metabolic processes. When nutrients enter into plant-cell protoplast across 
the plasma-membrane of root epidermal cells and then move from cell to cell using 
plasmodesmata, it is called symplastic pathway of nutrient movement in root. 
Plasma-membrane is selectively permeable for different elements present on the root 
surface and halts the entry of toxic elements which hinder plant metabolism. In 
apolastic pathway, nutrients enter into apoplast of the root cells and move towards 
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xylem-vessel without entering into the plant cell protoplast. However, there is a 
barrier, known as the Casparian strip, surrounding the vascular cylinder of the root 
to prevent free apoplastic flow. Therefore, nutrients have to make transition from the 
apoplastic route to the symplastic pathway before entering xylem vessel or 
transpiration stream of the plants preventing or reducing the translocation of many 
harmful elements up to plant shoot. 

Like all living cells, plant root cells also have a membrane surrounding the root cells, 
called cell membrane or plasma-membrane. Plasma-membrane is made up of double 
layer of phospholipids having phosphate, which are hydrophilic in nature, at outer 
sides of the membrane and hydrophobic double-strand lipids are on inner side of the 
membrane (Fig. 7.4). 

 

Fig. 7.4 Model of a bio-membrane (adapted from Schubert 2006). 

The cell membrane is a highly firm and organized, dynamic in structure through 
which small charged molecules, like ions and water, cannot pass without special 
support. However, trans-membrane proteins are an integral part of these membranes, 
in great numbers, throughout the membranes for transport of ions. These transport 
proteins can be divided in to three major classes, i.e., channels, carriers, and pumps. 
Channels are transmembrane proteins that can open and allow free and fast passage 
of different ions depending upon the type of the element and configuration of 
proteins. The transport of ions through ion channels may allow passage of up to a 
million ions per second. Water-specific channels are called aquaporins and that allow 
movement of water as dictated by water potential inside and outside the cell 
membrane. Potassium-specific channels show high specificity for K+ transport and 
may permit few other cations (like Na+). The movement of ions through ion channels 
is in response to electrochemical gradient, i.e., electric as well as chemical gradient, 
across the membrane. The transport of ions along the electrochemical gradient is 
called passive transport. High concentration of K+ inside the cell, compared to the 
external environment, may allow passive transport of K+ into the cell if electrical 
gradient is present. 

Carriers are like channels as they also mediate passive transport through the 
membrane. But carriers have specific shapes and have high affinity to bind substrate 
molecules/ions and release them at other side of the membrane after undergoing a 
conformational change. Although selectivity of these proteins is higher but transport 
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rate is lower than channels. The rate of carriers for transport is up to 10,000 ions per 
second. 

The third class of trans-membrane transport proteins, i.e., pumps, has binding sites 
for high-energy molecules such as ATP (adenosine triphosphate) and separate sites 
for substrate molecules as well. Conversion of ATP to ADP by transferring the high-
energy third phosphate group provides energy to the pump which undergoes a 
conformational change and releases the substrate molecule across the membrane 
even against its electrochemical gradient. Transport against the electrochemical 
gradient, by using energy, is called active transport and the speed of active transport 
is only up to 500 ions per second. 

7.2.4. Functions of plant nutrients 

It is interesting to classify plant nutrients based on their physiological characteristics 
and functions in plants into four groups, i.e., assimilated nutrients, ester-forming 
nutrients, free and sorbed nutrients and nutrients in prosthetic groups. 

7.2.4.1. Assimilated nutrients (C, H, O, N, S) 

Carbon is taken by plants as CO2 from atmosphere and is synthesized into different 
molecules with the help of enzymes. In an important cycle, CO2 is converted into 
sugar with the help of a well-known enzyme, ribulosebisphosphate-carboxylase 
(Rubisco). Also, CO2 is incorporated into phosphoenolpyruvate (PEP) by the 
reaction catalyzed by PEP-carboxylase. Carbonic-anhydrases produce bicarbonates 
from CO2 and H2O. Carbon is an integral part of carbohydrates, fats and proteins, the 
building blocks in plants. Hydrogen is released as proton after the hydrolysis of water 
molecule during photosynthesis, and often takes part in reduction reactions. Oxygen 
is assimilated with other chemical elements such as H (hydratase reaction), C 
(carboxylase reaction), P (phosphorylation reaction) or S (sulfurylase reaction). 
Reduction of oxygen occurs in respiratory chain where it acts as electron receptor 
(Schubert 2006). 

Nitrogen is a constituent of amino acids, amides nucleic acid, nucleotides, 
coenzymes, enzymes and other proteins. Sulfur is a constituent of three important 
amino acids, cysteine and methionine. Co-enzyme A, thiamine pyrophosphate, 
glutathione, biotin, 5´-adenylylsulfate, and 3´-phosphoadenosine also contain S as an 
integral part. Nitrogen and S are mostly taken up by the plants from soil and make 
covalent bonds via oxidation-reduction reactions to produce organic compounds. 
However, atmospheric N can also be used by leguminous plants in association with 
N-fixing microbes (Havlin et al. 2014). 

7.2.4.2. Nutrients for energy storage or structural integrity (P, B) 

This element-group is significant in energy storage reactions or maintenance of 
structural integrity of plant cell. In plant tissue, these elements are often present in 
the form of phosphate and borate esters in which the elemental group is bound to the 
hydroxyl group of an organic molecule (i.e., sugar phosphate). Therefore, these are 
also called ester-forming plant nutrients. Phosphorus is an integral part of sugar 
phosphates, phytic acid, coenzymes, nucleic acids, nucleotides and phospholipids 
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having key role in the reactions involving ATP. Boron develops complexes with 
polymannuronic acid, mannitol, mannan and other constituents of cell walls. Cell 
elongation and nucleic acid metabolism also involve contribution of B. Some role of 
B has been indicated in plasma membrane of plant cells; however, further studies are 
warranted to affirm this role. 

Silicon, though a beneficial element, is also known to play a significant role in energy 
storage reactions or in structural integrity. Like P and B, Si is also often present in 
the form of silicate esters. Silicon is deposited as amorphous silica, especially in cell 
walls and improves the mechanical properties of cell wall making it rigid and elastic. 

7.2.4.3. Free and sorbed nutrients (K, Cl, Ca, Mg) 

The nutrients of this group are present within plant tissues as free ions in the cell sap 
or are sorbed to the substances due electrostatic forces. The intensity of sorption is 
governed by the Coulomb law considering charge of the ions, ionic radius and free 
concentration (Schubert 2006). 

 

Where Q is quantity of charge, r is radius of ions and k is a constant. 

Potassium is, principally, involved in three types of important functions, i.e., enzyme 
activity, osmotic functions and charge balancing contributing to a number of 
metabolic functions in plants cells (Schubert 2006; Wakeel et al. 2011; Wakeel 
2013). Calcium is required as a cofactor by enzymes involved in hydrolysis of 
phospholipids and adenosine tri-phosphate (ATP). Furthermore, it is a constituent of 
cell walls and plays a significant role as second messenger in metabolic regulations. 

The enzymes involved in phosphate transfer require Mg. Also, Mg is an integral part 
of the chlorophyll molecule. Photosynthetic reactions involve Cl in O2 evolution, 
whereas Mg activates some dehydrogenases, decarboxylases, kinases, oxidases and 
peroxidases in plant metabolism. 

Although Na is not an essential nutrient for all plants, it is involved in regeneration 
of phosphoenolpyruvate in C4 and crassulacean acid metabolism (CAM) plants and 
also can substitute some functions of K (Taiz and Zeiger 2010). 

7.2.4.4. Nutrients in prosthetic groups (Fe, Mn, Cu, Zn, Mo, Ni) 

Nutrients of this group are all micronutrients. These are divalent or tetravalent 
elements and can chelate the molecules to build a ring structure, and have important 
roles in reactions involving electron transfer. Manganese has chelating properties to 
bind with chlorophyll to perform its functions. The elements of this group can also 
bind the molecules by sorption; however, their functions under this status are still 
unknown. 

Cytochromes and nonheme Fe proteins are involved in photosynthesis, N-fixation 
and respiration, which require Fe as an integral part (Noggle and Fritz 1986). In Fe-
S proteins, Fe has strong involvement in light-dependent reactions of photosynthesis 
(Barker and Pilbeam 2007). Zinc is a constituent of alcohol dehydrogenase, glutamic 
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dehydrogenase, carbonic anhydrase, etc., whereas Cu is a component of ascorbic acid 
oxidase, tyrosinase, cytochrome oxidase, uricase, monoamine oxidase, phenolase, 
plastocyanin and laccase. Molybdenum functions in plants as a metallic component 
of enzymes such as nitrogenase, nitrate reductase, and xanthine dehydrogenase. It is 
required for biological N fixation by microorganisms as a part of nitrogenase 
enzyme; Mo also catalyzes the reduction of nitrate to nitrite in the cytoplasm. Nickel 
is the lastest element established as nutrient for higher plants; it is a constituent of 
urease and its deficiency causes urea toxicity in plants. It is also a constituent of 
hydrogenases and N fixing bacteria. 

7.3. Cycling of Plant Nutrients 

All essential plant nutrients are permanent part of this ecosystem and always remain 
in this closed system; however, the forms of these elements constantly change in 
response to environmental and climatic conditions. Drylands occupy approximately 
40% of total land area around the globe, wherein nutrient cycling is even more critical 
due to low soil organic matter content, low precipitation and poor vegetation. 
Generally, low precipitation and high temperature accelerate decomposition of soil 
organic matter; still a number of factors such as soil mineralogy, soil physico-
chemical properties, crop-nutrient interactions and nutrient interactions significantly 
affect nutrient cycling. This section will focus on cycling of agriculturally important 
macro-nutrients like N, P and K. 

7.3.1. Nitrogen cycle 

Seventy eight percent of the Earth’s atmosphere is composed of N in the form of di-
nitrogen gas (N2). However, 98% of the Earth’s N is present in rocks and soils.  As 
compared to the atmosphere, rocks contain 50 times more N and the atmospheric N 
is nearly 5,000 times greater than that of the soil N (Stevenson 1982). 

7.3.1.1. Nitrogen fixation 

The production of nitrates from atmospheric N2 is called nitrogen fixation. This 
fixation may be through non-biological or biological means. 

i) Non-biological nitrogen fixation 

Thunderstorms and lightning are the natural photochemical and electrochemical 
reactions. Such lighting and thunder storms convert atmospheric gaseous nitrogen 
(N2) to oxides of nitrogen. These gases get dissolved in rainwater forming nitrous 
acid and nitric acid, which further combine with other salts to produce 'nitrates’. This 
natural phenomenon produces 7.6 x 106 metric tonnes of nitrogen per year of 
nitrogen. 
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Chemical reactions are represented as: 

 

In the industrial arena, Haber’s process is employed to produce ammonia (NH3) by 
combining nitrogen and hydrogen under high pressure of 200 atmospheres and 
extreme high temperature of 400oC (Smith et al. 2004). 

ii) Biological nitrogen fixation 

The process of transformation of gaseous nitrogen into nitrates by living organisms 
is called biological nitrogen fixation (BNF). Biological nitrogen fixation occurs by 
two different processes, i.e., symbiotic nitrogen fixation and non-symbiotic nitrogen 
fixation. 

Symbiotic nitrogen fixationis brought about by certain bacteria, such as Rhizobium 
species, present in root nodules of legumes, Nostoc and Anabaena (cyanobacetria) in 
the coralloid roots of cycas and Actinomycetes present in the root nodules of Alnus, 
Casuarina, etc. An average of approx. 54 × 106 metric tonnes / year of nitrates are 
fixed by this mode of BNF. 

Non-symbiotic or free living organisms are also is nitrogen fixers that function under 
poor aeration conditions. These include: i) Obligatory aerobes such as Azotobacter; 
ii) Facultative aerobes such as Escherichia, Bascillus, etc.; iii) Anaerobic bacteria 
like Clostridium; and iv) Photosynthetic bacteria like Rhodospirillum (purple 
bacteria), etc. (Fig. 7.5). 

7.3.1.2. Nitrification and denitrification 

Bacteria, such as Bascillus ramosus, Bascillus vulgaris and Bascillus mycoides, are 
involved in the decomposition of proteins of dead plants and animals, and 
nitrogenous compounds such as urea, uric acid, etc. to ammonia. These bacteria are 
referred to as ammonifying bacteria and this process is called ammonification. 

Animals consume plant proteins which, after digestion, are broken down to 
nitrogenous wastes, like urea, uric acid and ammonia. This nitrogenous waste 
produced in the animal’s body is excreted which is then further decomposed by 
microorganisms such as actinomycetes and fungi. 

Proteins → Amino acids → Urea → Ammonia 

Oxidation of ammonia to nitrites and finally to nitrates in the presence of nitrifying 
bacteria (chaemosynthetic autotrophs) is called nitrification (Smil 2000). 

First, ammonia is converted into nitrites by Nitrosomonas and Nitrococcus bacteria 
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The nitrites are then converted into nitrates by Nitrobacter and Nitrocystis these 
forms of nitrogen in soil are taken up by plant roots. 

 

The biological process in which nitrates and nitrites are reduced to molecular 
nitrogen (N2) in the presence of denitrifying bacteria, including Bascillus subtilis, 
Micrococcus denitrificans, Pseudomonas stutzeri, Pseudomonas aeruginosa, is 
called denitrification. It results in reduced soil fertility and is stimulated by water 
logging conditions which cause poor drainage, lack of aeration and accumulation of 
(undecomposed) organic matter in the soil. 

 

Fig. 7.5  The nitrogen cycle. 

7.3.2. Phosphorus cycle 

Phosphorus (P) exists in different forms in soil; these forms can be grouped into four 
types. These include plant available inorganic P and three forms which are not plant 
available, viz., organic P, adsorbed P and primary mineral P. The processes that bring 
about P transformation are weathering and precipitation, mineralization and 
immobilization, and adsorption and desorption (Fig. 7.6). Plant available P is 
increased by weathering, desorption and mineralization, while immobilization, 
precipitation and adsorption decrease plant available P. 
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Fig. 7.6 The phosphorus cycle. 

Immobilization occurs when plant available P forms are taken up by microbes, 
turning inorganic P into organic P forms, which is not available to plants. However, 
over time, the microbial P may become available to plants when microbes die.  An 
important strategy for improve P fertility in soils is to maintain an adequate level of 
organic matter in soil. Mineralization is opposite to immobilization and results in the 
slow release of P in the soil solution during the crop growing season, making P 
available for plant uptake and thus reducing the need for P fertilizer applications. 
Phosphorus mineralization is favored by a soil temperature range of 65 to 105oF 
(Filippelli 2002). 

Adsorption is chemical binding of plant available P to soil particles, which makes it 
unavailable to plants. The release of adsorbed P from bound state into soil solution 
is termed as desorption. Adsorption is a quick process while desorption usually 
occurs slowly. Adsorption is different from precipitation: adsorption is a reversible 
process involving chemical binding of P to soil particles whereas precipitation 
involves a permanent change in chemical properties of P as it (P) is removed from 
the soil solution.  Availability of soil P to plants is maximum in between pH 6 and 7. 
At higher pH in alkaline and calcareous soils, P can precipitate with Ca making it 
less available for plant uptake. At lower pH (in acid soils), P tends to get fixed by Fe 
and Al oxides (i.e., sesquioxides). 

In soils, P is generally present in the following three forms: solution P, labile P and 
fixed P. Usually, solution P comprises only a fraction of the total soil P. Most of the 
solution P prevails in orthophosphate form, but small amounts of organic P may exist 
as well. The solution P fraction is of great significance for crop growth as it is the P 
pool which is immediately available for plant uptake. Labile P is the solid phase P, 
which, on depletion of soil solution P, is readily released into soil solution.  The 
concentration of phosphate in soil solution decreases because of P uptake by plants. 
This lowers the level of P in soil solution; consequently, some of the labile pool P 
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becomes soluble and replenishes soil solution P. Fixed soil P comprises of highly 
insoluble inorganic phosphate and organic compounds which are resistant to 
mineralization by microorganisms. Phosphate in this pool may remain in unavailable 
form to plants for years and, hence, is insignificant regarding soil fertility and plant 
growth. 

7.3.3. Potassium cycle 

Generally, soil potassium (K) exists in four forms (also referred to as K fractions) 
and their availability to crop roots is not similar. These forms include soil solution K 
(K+ ions), exchangeable K (easily exchangeable and slowly exchangeable K), non-
exchangeable K (reserves of K) and structural K in soil minerals (Krauss 2003). 

These forms of K are actively transformed (as depicted in K cycle) and quickly 
equilibrate when a certain quantity of exchangeable and soil solution K is taken up 
by plants (Fig. 7.7). However, transformation of K from the structural fraction to any 
other form is extremely slow and is considered on the long-term scale only.  
Potassium transformation is significantly affected by both physical and chemical 
processes. Clay mineralogy strongly influences the soils capacity for fixing or 
releasing potassium. A soil’s ability to fix or release K is strongly affected by its clay 
mineralogy. Clay minerals, especially illites, vermiculites, montmorillonites and 
smectites, play an important role in soil K dynamics. A major part of total K in soils 
is bound to clay minerals and, thus, is not available to plants.  The soils containing 
illite and vermiculite minerals have ability to fix the applied K fertilizer, making it 
less available to plants (Wakeel et al. 2013). Therefore, while making K fertilizer use 
recommendations, it is crucial to consider clay mineralogy and K dynamics in the 
soil. Although K leaching is not considered in agricultural lands, however, its 
leaching in sandy soils cannot be ignored. 

As K is a macronutrient, it is required by plants in large amounts; therefore, its 
removal by crop plants may lead to its deficiency in soils if K fertilizers are not 
applied. 

 

Fig. 7.7.  The potassium cycle. 
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7.3.4. Factors affecting nutrient availability 

Soil characteristics, including pH, structure, composition and content of organic 
matter, and climatic factors, mainly temperature and moisture, affect nutrient 
availability to plants. The mobility of a nutrient in soil and within plant has also great 
bearing its availability to plants. Information regarding mobility of nutrients in soil 
and plants is given in Table 7.2. 

7.3.4.1. Temperature 

Temperature range of 15oC to 40oC is favorable for most agricultural crop. Each crop 
requires a specific temperature range for different growth processes. Temperature 
also affects absorption and uptake of nutrients by plants. Temperature is important 
in regulating rate of soil chemical reactions which make nutrients available for plant 
uptake. Under cool soil temperatures, chemical reactions and root activity decrease, 
resulting in reduced nutrient availability to crop plants. 

Table 7.2 Mobility of plant nutrients in soil and plant.  

Mobility of nutrients In soil In plants 

Mobile  Nitrogen, Sulfur, Boron Nitrogen, Phosphorus 
Potassium, Magnesium 

Somewhat immobile  Potassium, Calcium, 
Magnesium 

Sulfur, Iron, Manganese, 
Copper, Zinc 

Very immobile  Phosphorus, Iron, 
Manganese, 
Copper, Zinc 

Boron, Calcium 

Source: Jones and Jacobsen (2001), Bray (1954), Aziz et al. (2011), Goldy (2013) 

7.3.4.2. Moisture 

Majority of the soil nutrients are water soluble. Reduction in soil moisture results in 
reduced movement of nutrients to plant roots and thus nutrient uptake by plant roots 
is hampered. Excess water (soil moisture) can result in nutrient loss by leaching 
beyond the root zone. Soil moisture levels also affect microbial activity in soils. 
Excessive water in the soil for extended periods of time may lead to oxygen (O2) 
depletion and buildup of carbon dioxide (CO2) levels.  Thus, too high or too low 
moisture results in decreased nutrient transformations and processes which transform 
nutrients into plant-available forms. 

7.3.4.3. Soil structure and composition 

The structure and texture of soil influences the soil’s capacity for nutrient retention 
by altering compaction, cation exchange capacity (CEC) and porosity. In comparison 
to fine textured soils, coarse, sandy soils have less capacity to hold nutrients. Fine 
textured soils tend to bind nutrients in forms less available to plants. In general, loam, 
clay loam and clay soils have least nutrient deficiencies. Highly compacted soils can 
limit the amounts of water and air in these types of soils, which are important for 
nutrient breakdown into plant available forms of nutrients. Root penetration can be 
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hindered or completely restricted by soil compaction; thus, reducing the amount of 
nutrients and water uptake by plants. 

7.3.4.4. Soil pH 

 Soil pH significantly affects the solubility of nutrient compounds and biological 
activity responsible for release of nutrients into soil solution. Plant nutrients 
availability is maximum between soil pH 6.2 to 7.0. In acidic soils below pH 5.5, and 
in alkaline soils above pH 8.0, many nutrients change their form and their availability 
to plants is affected adversely. Aluminum toxicity is known to occur in acidic tropical 
soils because of high Al solubility at pH below 5.8. Basic cations such as calcium, 
magnesium and sodium are increased in alkaline soils having pH above 8.0, while P 
deficiency in plant may be induces because of precipitation of P with free lime / Ca. 

7.3.4.5. Organic matter 

Nutrient availability for plants may be limited when organic matter forms a complex 
with nutrients. In addition to increasing CEC and nutrient storage and release, 
organic matter causes aggregation of soil particles. Aggregation of soil particles 
facilitates water infiltration, root penetration, gas movement and restriction of soil 
erosion by developing large soil pores.  Organic matter improves soil tilth, and the 
water holding capacity of soils. Approximately 0.03% of the total soil weight consists 
of living biomass, which plays important roles in plant growth by decomposing 
organic materials, recycling of plant nutrients and CO2, and transforming molecular 
forms of nutrients. 

7.4. Soil Fertility Evaluation 

Soil is a medium of growth for higher plants which provides essential nutrients, 
water, and anchorage to plants. Capacity of a soil to provide essential elements to 
plants is termed as soil fertility (Havlin et al. 2014). High amount of a total nutrient 
concentration in a soil does not always mean that that particulate soil is productive 
(or even fertile in that nutrient) as a number of other growth factors significantly 
influence nutrient availability within soil and the plant’s capacity for nutrient uptake. 
Continuous availability of essential nutrients throughout the plant growth period is 
necessary for normal growth and yield; hence soil fertility is one of the most 
important factors determining productivity (Mengel et al. 2001). 

Fortunately, farmers can control fertility by managing the fertilizer application. 
However, site-specific estimates of the nutrient fertility status of the soils are very 
important to rationalize the fertilizer use (Black 1993) for economic agriculture. One 
and the most important aspect of fertilizer management is the evaluation of soil 
fertility as both low and over dose of fertilizer application may cause serious 
problems for crop production and environment, respectively. Reliable information 
can only be accomplished through a well-defined and managed program of soil 
fertility evaluation (Black 1993). Soil fertility evaluation is the process of estimating 
the amount of native and residual nutrient elements which could be available for use 
by growing crops in a particular soil and the amount and type of fertilizers to be 
supplemented and the appropriate application method for profitable crop production 
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(Fageria 2009). Soil fertility is generally evaluated by visual observations, soil 
analysis, plant analysis and greenhouse and/or field trials. 

7.4.1. Visual symptoms 

Plants, being living entities, respond to biotic and abiotic stresses and exhibit various 
symptoms if there is any change in their environment (Bould et al. 1983). These 
symptoms vary with change in type of stress. In a similar fashion, plants respond to 
any change in nutrient concentration within soil and ultimately within plant tissues. 
These responses include reduced or stunted growth, changes in leaf color, chlorosis, 
necrosis, dead tissues, de-shaping of growing buds, delayed maturity, etc. These 
symptoms are generally known as deficiency symptoms and can be a very effective 
tool in diagnosing the plant’s nutrient status (Fageria et al. 2010). However, visual 
symptoms only are not sufficient to make a definitive diagnosis of any deficiency or 
toxicity, and in field situations only an experienced professional (plant nutritionist) 
may avail the plant deficiency symptoms for diagnosing nutrient deficiencies 
correctly. 

The interaction between nutrient mobility in the plant and plant growth rate can be a 
major factor influencing the type and location of deficiency symptoms that develop 
(Mengel et al. 2001). For very mobile nutrients such as nitrogen and potassium, 
deficiency symptoms develop predominantly in the older and mature leaves. This is 
a result of these nutrients being preferentially mobilized during times of nutrient 
stress, from the older leaves to the newer leaves near the growing regions of the plant. 
Additionally, mobile nutrients newly acquired by the roots are also preferentially 
translocated to new leaves and the growing regions. Thus, old and mature leaves are 
depleted of mobile nutrients during times of stress while the new leaves are 
maintained at a more favorable nutrient status (Marschner 1995). Many of the classic 
deficiency symptoms such as tip burn, chlorosis and necrosis are characteristically 
associated with more than one mineral deficiency and also with other stresses that by 
themselves are not diagnostic for any specific nutrient stress (Fageria et al. 2010). 
Stresses such as salinity, pathogens, and air pollution induce their own characteristic 
set of visual symptoms. Often, these symptoms closely resemble those of nutrient 
deficiency. Pathogens often produce an interveinal chlorosis, and air pollution and 
salinity stress can also cause tip burn (Marschner 1995). Although at first these 
symptoms might seem similar in their general appearance to nutrient deficiency 
symptoms, they do differ in detail and/or in their overall developmental pattern. 
Pathological symptoms can often be separated from nutritional symptoms by their 
distribution in a population of affected plants. If the plants are under a nutrient stress, 
all plants of a given type and age in the same environment tend to develop similar 
symptoms at the same time (Epstein and Bloom 2005). However if the stress is the 
result of pathology, the development of symptoms will have a tendency to vary 
between plants until a relatively advanced stage of the pathology is reached. 

In the vast majority of cases, nutrient deficiencies can substantially reduce 
production without showing any clear symptoms. This problem is referred to as 
“hidden hunger” whereby a deficiency is having a negative effect without being 
recognized, though if an early diagnosis is made, effective action can usually be taken 
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(Havlin et al. 2013, 2014). Most common nutrient deficiencies in our soils are of 
nitrogen, phosphors, potassium, zinc, boron, and iron. However, deficiencies of other 
nutrients may occur because of specific soil and environmental conditions. Specific 
nutrient deficiency symptoms of various crops are described briefly in Table 7.3. 

Table 7.3 Specific nutrient deficiency symptoms of various crops 

Nutrient Deficiency Symptoms Pictures 

Nitrogen 

 

Plants often have stunted growth with 
yellow to pale lower leaves, which is a 
condition known as chlorosis. Since 
nitrogen is a mobile nutrient within the 
plant, its deficiency first appears in 
older leaves. When nitrogen is severely 
deficient, chlorotic leaves may die and 
fall off the plant (Epstein and Bloom 
2005). 

 
Phosphorus Plants often have overall stunting, 

particularly during the early stages of 
growth. When deficient, older leaves 
develop a dark green to blue green color. 
In corn and certain grass species, older 
leaves may develop a purple coloration. 
(Photo Source Tariq Aziz, 2011; P 
deficiency in Ptilotus polystachyus; 

Unplublished). 
  

Potassium Plants often experience stunted growth. 
Like nitrogen and phosphorus, 
potassium is a mobile nutrient. Older 
leaves may develop chlorosis along the 
margin, or edge, of leaves (V-shaped) 
(Photo source: Epstein and Bloom 
2005). 
 

  
Sulfur Uniform chlorosis of leaves, may 

resemble nitrogen deficiency 
symptoms, except that the symptoms 
first appear on new growth of most 
crops, since sulfur is mostly immobile 
within the plant. Growth may be 
stunted, with spindly and thin stems. 
(Photo source: Bergmann 1992) 
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Nutrient Deficiency Symptoms Pictures 

Calcium New leaves, buds, and root tips, fail to 
develop, and eventually turn brown and 
die. Leaf tips are often chlorotic or 
colorless and young leaves may bent 
down. Young leaves of certain crops 
may develop a cupped or crinkled 
appearance. Blossom end rot in fruits. 
(Photo source: Bergmann 1992) 
 

 

 
Magnesium Commonly, plants develop interveinal 

chlorosis on older leaves. If case of 
severe deficiency, the entire leaf may 
become chlorotic and eventually die. 
Younger leaves affected with continued 
stress. Chlorotic areas may become 
necrotic, brittle, and curl upward. 
(Photo source: Bergmann 1992) 

 
Boron New leaves may be thickened, curled, 

and brittle. Boron deficiency also 
induces premature flower and fruit 
shedding. Stems may also become 
cracked. Other symptoms include 
rotting and discoloration of fruits and 
roots. 
(Photo source: Bergmann 1992) 

 
Copper Plants may have chlorosis, stunted 

growth, and curling of young leaves. 
Leaf tips and leaf edges may begin to die 
back. Leaves may develop a dark 
bluish-green cast. In case of severe 
deficiency, wheat ears look normal but 
are devoid of grains. 
(Photo source: Epstein and Bloom 
2005)  
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Nutrient Deficiency Symptoms Pictures 

Iron Deficiency symptoms include 
interveinal chlorosis, which first 
appears on young growth. In severe 
cases, entire leaf may turn chlorotic and 
die. 
(Photo source: Epstein and Bloom 
2005) 

 
Manganese Like iron, interveinal chlorosis may 

develop on young leaves, except the 
chlorosis appears as yellow dots. 
Chlorosis is less marked near veins 
Some mottling occurs in interveinal 
areas In monocot plants, black spots 
also appear on the base of young leaves. 
Photo source: (Bergmann 1992) 

 
Molybdenum Older leaves may become chlorotic. Its 

deficiency symptoms may be similar to 
the symptoms of N deficiency, as  
molybdenum is involved in major 
nitrogen processes in plants. Spots of 
dead leaf tissue may appear on the 
margins of leaves. Classic molybdenum 
deficiency in poinsettia is shown as a 
thin, leaf margin chlorosis.” as overall 
yellowing, leaf margin necrosis and 
some interveinal chlorosis. (Photo 
source: Bergmann 1992) 

 

Zinc Interveinal chlorosis may appear 
on younger leaves as appear in the case 
of iron deficiency. Unlikely to iron 
deficiency, distinctive chlorotic bands 
appear between midrib and edges of 
leaves, especially in maize. In some 
crops, interveinal chlorosis develops 
on older leaves, leading to eventual 
death of the leaves (Irshad et al. 2004).  
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7.4.2. Soil analysis 

Soil analysis is a very valuable and practically feasible tool in effective nutrient 
management (Jones and Beaton 2001). It is a very rapid chemical analysis to 
assess/monitor available nutrient status of the soil. Soil testing also includes 
interpretation, evaluation and recommendation. Above all, it helps us in prediction 
and determination of the proper amount of nutrients for a particular soil based upon 
its fertility requirements (Jones and Beaton 2003). Accurate soil analysis can lead to 
precise application of nutrients and thus can reduce wastage of valuable resources. 
When fertilizers are applied based on soil test results, we can predict the probability 
of getting the profitable response to the fertilizers. 

7.4.3.  Plant tissue analysis 

The principal advantage of visual diagnostic symptoms is that they provide an 
immediate evaluation of nutrient status of plants. However, their main drawback is 
that visual symptoms do not develop until after there has been a major adverse effect 
on plant growth, development and yield. 

Tissue sampling allows us to determine whether plants are receiving proper nutrition. 
Plant analysis is a laboratory determination of nutrient concentration in plants or 
certain diagnostic plant parts. Plant analysis is used to monitor nutrient status of 
crops, troubleshooting of the problem, making nutrient management 
recommendations for perennial fruit crops. Plant analysis is the only way to know 
whether or not crop plants are adequately nourished during the growing season. Plant 
analysis can detect unseen nutrient deficiencies, confirm visual symptoms of 
deficiencies and detect toxic levels of nutrients in plant tissues (Epstein and Bloom 
2005). In case of field crops, plant analysis is usually used as a diagnostic tool for 
correcting nutrient problems in the future crop analysis of young plants can allow a 
corrective fertilizer application to the same crop. 

Plant tissue sampling is the most critical step for success of any plant analysis 
program. Like soil sampling, a representative tissue sample must be collected, which 
characterizes the entire plant population. Thus, plant analysis is a tool which must be 
used with great caution. The sampling procedure (i.e., the diagnostic plant part and 
appropriate plant growth stage for sampling) is unique to each crop or a group of 
similar crops. The sample must be of a specific plant tissue taken at a specific growth 
stage (Jones and Beaton 2001). Representative sampling can be achieved by 
sampling a multitude of plants. Getting truly representative s`ample from a crop in 
the field is a real challenge. Sample collected from plant may not be representative 
of all the plants in a field or a yard. To get a true sample, highly damaged plants due 
to insects or disease attack must not be sampled. Sample must be taken, if possible, 
from different plants in the field and healthy and damaged plants must be sampled 
separately and send to the laboratory for comparison.  For plant sampling, some 
important points to be kept in mind are: identify which plant part is recommended 
for sampling; sample healthy plant parts, and not the damaged, diseased or dead 
plants; remove any soil or dust from the sampled plant parts; place plant samples in 
clean paper bags; protect the sample bags from dirt and contamination; and wash, 
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dry, grind and homogenize the plant tissue samples very carefully, avoiding any 
chances of contamination. 

Plant tissue analysis is nutrient-specific but relatively a slow process. The diagnostic 
plant part must be sampled at the recommended growth stage, processed (i.e., 
washed, dried, and ground) carefully, and analyzed accurately. A nutrient 
concentration in the selected plant part, when compared against the relevant critical 
level values (which are available in the literature for most crop plants) can help in 
evaluating the plant nutrient status at the time of sampling with a relatively high 
degree of confidence and can be extrapolated to project nutrient status till harvest 
(Jones and Beaton 2011). 

Improper sampling methods for sampling particular crop will lead to misleading 
results. The data obtained from the analysis of samples collected from the field 
infested with insects, diseases and weeds, drought or moisture stressed may have no 
or little importance. For any type of sampling, certain principles must be followed to 
get correct information from the plant analysis program. 

Plant nutrient concentration will vary depending on the type of plant sampled, 
specific plant part sampled and the crop growth stage when sampled. For example, 
young, immature leaves will have a different nutrient concentration than older, 
mature leaves. Effective diagnosis of nutrient deficiencies by plant tissue analysis 
can be achieved only if relevant plant analysis criteria are used to interpret the 
laboratory results. A salient example of erroneous critical levels of B in cotton leaves 
was observed by Rashid et al (2002) who determined that actual critical level of B in 
cotton leaves was multiple times higher, i.e., 53 mg kg-1, compared with much lower 
values of 15–20 mg kg-1 published in the literature (Jones 1991; Reuter et al. 1997). 

7.5. Plant Nutrients and Soil Fertility Management 

Catering of an ever-increasing food supply for a fast increasing population in a 
sustainable way is a daunting challenge for agriculturists. Continuous decline of soil 
fertility because of intensive cropping and inadequate and imbalanced application of 
fertilizers has made this task quite difficult. Many countries have main focus on soil 
resources management maintaining the adequate fertility level to increase crop yields 
to fulfill the needs of projected population (Ahmad 2011). This indeed is more 
needed in Pakistan where soil fertility is declining rapidly with relatively rapid 
increase in population. 

Agriculturists must set priorities to restore, maintain and build up soil fertility 
particularly in areas where soils are developed from parent materials inadequate in 
essential plant nutrients or where population pressure has posed rapid increase in 
demand for food and raw materials. In such situations, enhanced crop productivity 
per unit land area is a prerequisite to meet the growing demand for food, which is 
probably achievable by crop production intensification. A fertile soil allows growing 
of a wide range of crops by fulfilling their nutrient needs, to address food security 
issues for an ever-increasing population in the face of climate change challenges. 
Therefore, maintaining adequate soil fertility is imperative to attain sustainable crop 
production. Nutrient management strategies provide guideline to farmers for 
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managing soil fertility by applying appropriate amount, source, placement and time 
of the deficient plant nutrients (as chemical fertilizers and/or manures, in appropriate 
proportions). The overall objective of this management system is to supply plant 
nutrients in adequate and balanced amounts for optimum plant 
growth and crop yields with least environmental pollution and contamination 
of groundwater and maintaining and/or improving soil conditions for sustainable 
crop production. 

Plant nutrients and soil management go hand in hand to maintain fertility and 
productivity of soil to: 1) optimize plant production (with maximum yield and 
quality, and profit); 2) conserve resources; and 3) enhance soil quality and 
productivity. Plant nutrients essential for crop growth and production come primarily 
from soil, chemical fertilizers and manures. Application of nutrients, especially 
nitrogen, phosphorus, and potassium, in proper quantities and at appropriate times 
help to obtain maximum economic crop yields. Improper application of nutrients can 
cause significant decline in crop yield along with polluting the soil environment. 
Nutrient management must aim at wise use of fertilizers and/or manures to get 
optimum economic benefit with minimum impact on the environment. 

For efficient use of available nutrients, soils must have good structure, adequate 
drainage and good moisture holding capacity. In the broader perspective, all soil 
properties, i.e., physical, chemical and biological, have definite roles in maintenance 
of soil fertility. Profitable and sustainable crop production depends on proper nutrient 
management. Therefore, a sustainable nutrient management program must meet the 
following goals: 

• Fulfil the crop nutrient requirements 

• Ensure profitability and yield quality 

• Generate least pollutants to degrade soil environment 

• Minimize the cost of supplying nutrients 

• Utilize local nutrient sources, like manure and organic farm materials, to get 
the best advantage 

• Must be applicable and feasible for most of the farmers 

These goals are compatible to maintain soil fertility by one way or the other. For 
example, efficient use of nutrients available on the farm according to crop needs can 
reduce the risk of damage to the soil environment and water quality. 

Plant biomass largely builds up because of interaction of water and CO2 (present in 
air), light and energy of the sun and nutrients from soil and water. To achieve 
optimum plant growth, adequate nutrients must be present in available forms in soil 
solution which is accessible to the root system as per need of crops particularly at 
vegetative and reproductive growth stages. A fertile soil has inherent ability to supply 
nutrients essential for growing crop plants on the one hand and activate a diverse 
microbial soil community on the other hand. To build up soil fertility, some 
traditionally practiced strategies are crop rotations including leguminous crops, use 
organic manures and cover crops. Animal manure use has been a common practice 
to replenish soil nutrients around the globe since time immemorial. Manures are 
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generally applied to field in either fresh or processed form. Composted manure has 
many advantages including supply of nutrients, addition of organic matter, and 
promoting biological processes in the soil. However, it is rather more important to 
know about the contribution of manure to the soil, because manures vary in 
composition particularly nutrients and contaminants depending upon the type of 
animal, method of bedding and storage. It is better to compost the manure as heat 
produced during the process of composting may break down contaminants, kill weed 
seeds and some pathogens. Generally, fresh manure contains high amount of 
available N and its long-term overuse can lead to salt build up. Therefore, soil testing 
is considered a prerequisite to monitor soil fertility status and, thus, is recommended, 
to enable farmers apply appropriate quantity of fresh/raw or processed manure to 
avoid imbalances of nutrients in the soil. 

7.5.1. Chemical fertilizers 

Fertilizers are indispensable component of crop production system because these 
play vital role in increasing crop productivity per unit field area, particularly under 
shrinking land and water resources. Because of their alkaline and calcareous nature, 
our soils are prone to nutrient deficiencies, particularly of N, P, and certain 
micronutrients (like Zn, B and Fe), and their fertility is further declining with the 
passage of time due to continuous nutrient mining because almost all the crop 
biomass is removed out of the fields and fertilizer use is imbalanced. It is evident 
from the data of soil testing and field trials conducted by public and private research 
organizations that soils are deficient in N due to low organic matter content. In case 
of P, nearly 90% of soils have inadequate available soil P or deficient levels of P. For 
K, the picture is not so clear. Some research reports state that deficiency of K prevails 
in up to 40% of soils (land area), but crop responses to K are erratic and, 
consequently, use of K fertilizer is negligible. Field-scale deficiencies of economic 
significance of the micronutrients exist in the case of Zn, B and Fe. The first ever 
identified and established field scale deficiency of a micronutrient in Pakistan was of 
Zn in rice (Kausar et al. 1976). Now the extent of Zn and B deficiency in the country 
is observed in about 50% cultivated areas (Rashid, 2005, 2006; Ahmad 2011; Yaseen 
et al. 2013; Yaseen 2014). This situation is a consequence of inadequate and 
imbalanced use of fertilizers in the country. Moreover, organic matter content in 
majority of cultivated land averages around 0.5%, which is considered inadequate 
for obtaining high crop yields. 

Intensive cropping with yielding crop varieties combined with inadequate and 
imbalanced nutrient management is causing continual mining of soil nutrients. This 
unscientific use of fertilizers is limiting productivity in many Asia-Pacific 
developing countries, including Pakistan (FAO 2011). Research data estimates 
indicate that more than 2 million tonnes of nutrients are removed from the soil per 
year in South Asia, seriously threatening sustainable agricultural production in the 
region. The challenges to sustainable soil fertility management in the region include: 
(i) declining trends in soil fertility and mining of soil nutrients; (ii) decline in soil 
organic matter levels, and; (iii) overuse and inefficient utilization of mineral 
fertilizers in certain locations and the resulting deterioration of environmental 
quality. 
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Mostly used mineral fertilizers are of N, P and K. No doubt, these play important 
role in boosting crop production, however, in spite of their increased use over the 
years, per hectare yield of crops are stagnant or even have declined in Pakistan 
(NFDC 2007; GoP 2008). A recent field survey (Ahmad 2011) indicates that farmers 
use 43 % less nitrogen, 74 % less P2O5 and 99 % less K2O than their recommended 
doses on five major crops, i.e., wheat, cotton, rice, sugarcane and maize. These crops 
consume more than 80 % of the total fertilizers used in Pakistan (Din and Jafery 
2007; Ahmad 2011). Therefore, yield gap of 35-50 % between potential and farmers’ 
yield can only be filled if proper balance between N and P use is achieved (Ahmad 
and Tila 1998). Farmer’s failure in applying fertilizer in recommended dosage and 
in balanced proportions has been attributed to some socio-economic constraints such 
as inadequate supply or inadequate availability of fertilizers at proper time, greater 
market distances and lack of credit facilities and high prices. 

Fertilizer needs of a crop will depend upon the characteristics of the preceding crop 
in the rotation as fertilizers applied to one crop can benefit the succeeding crop(s) 
due to their residual effects. For efficient fertilizer management, it is obligatory to 
evaluate precisely the role of preceding crops and also the residual effect of applied 
nutrients in sustaining the productivity of soils. Therefore, the role of systematic an 
approach of nutrient management on cropping system basis in improving fertilizer 
use efficiency and economizing their use cannot be over emphasized. This can be 
attained by accounting for the residual effect of applied fertilizers to the preceding 
crops. Therefore, a technology package has to be developed depending upon soil test 
results, the cropping system (crop rotation), soil type, ecological situation and socio-
economic conditions of the farmer. 

Statistics on fertilizer use in the country indicate the over use of N over the years. It 
has resulted in serious imbalanced use among N, P, and K. For example, the year 
2010-11 c usage ratio of N: P2O5: K2O was 1:0.25:0.01 against the recommended use 
ratio of 2:1:1 (NFDC 2011), which has further widened in favor of N. The use of 
micronutrient fertilizers is very limited and inadequate. Consequently, not only crop 
yields in the country are low, but in many cases, quality of the crop produce is 
deteriorated. Salient examples of micronutrient deficiency induced crop produce 
impairment in Pakistan are impairment of rice grain quality with B deficiency 
(Rashid et al. 2007; Rashid and Ryan 2008) and low-Zn wheat grains with Zn 
deficiency (Zou et at. 2012). Organic sources of nutrients has been discussed in 
chapter 8. 

7.5.2. Integrated nutrient management 

The role of fertilizers in boosting crop production is inevitable and this fact is well 
acknowledged in Pakistan. However, in spite of increased fertilizer input over the 
years, per hectare yield of crops has remained low compared to many other countries. 
As mentioned above, farmers use 43 % less N, 74 % less P2O5 and 99 % less K2O. 
About 35-50 % gap between potential and farmers’ yield could be filled, if proper 
balance between N and P fertilizer use is maintained. Farmers’ failure to apply 
fertilizer in recommended amounts and in balanced proportions has been attributed 
to some socio-economic constraints such as inadequate supply, inadequate 
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availability at proper time, greater market distances, lack of credit facilities and high 
prices (NFDC 2008). 

In Pakistan, fertilizer use efficiency is very low in almost all cropping zones and is 
direly needed to be improved. Nitrogen use efficiency seldom exceeds 50%, whereas 
remaining is lost through different means like leaching, volatilization, denitrification 
etc. (Abbasi et al. 2003). Similarly, P use efficiency is 10-25 % and K is up to 50 % 
while micronutrient use efficiency is 5-10 %. Lift over nutrient remains in soil in 
unavailable forms to plant. This situation compels to pay attention to develop 
“Integrated Nutrition Management (INM) - using organic manures with mineral 
fertilizers”. This will not only maintain but also enhance soil productivity by the 
balance use of mineral fertilizers in combination with different organic sources of 
plant nutrients. The INM sustains crop productivity in a manner suitable to the 
cropping systems relevant to their ecological, social and economic situations. It 
considers nutrients from various sources, e.g. organic wastes, residual nutrients, 
nutrients transformations, nutrients interactions, and nutrients availability in space 
and time. INM is ecologically, socially and economically viable system to increase 
both soil fertility and crop yields because it takes into account: 1) seasonal and annual 
cropping systems rather than an individual crop; 2) management of plant nutrients in 
the whole farming system; and 3) the concept of consideration whole fields rather 
than individual field. 

Prior to green revolution in Pakistan, organic manures were the only source of plant 
nutrients for crop production. Animal wastes contributed the major proportion. Green 
manuring was another source. Around the 1950s, rhizobium inoculation of barseem 
was introduced by the Agriculture Research Department. With the introduction of 
mineral fertilizers on a commercial scale in the early 1960s, emphasis on the use of 
farmyard and green manure started decreasing. The miraculous crop responses to N 
fertilizers and later to P fertilizers diverted farmers’ attention to the use of inorganic 
fertilizers. With the passage of time, inorganic fertilizer use increased but the farmers 
continued using the FYM available at their farms. In a survey conducted by NFDC 
(2000), it was found that 49% of farmers use FYM. The work on INM in Pakistan 
can be summarized as follows: 

• Organic and biosources cannot completely substitute for chemical fertilizer 
in the scenario of intensification of agriculture and need for national food 
security. However, these are very important to maintain soil fertility and 
crop productivity. 

• Chemical fertilizers particularly nitrogenous fertilizers can be replaced by 
composted manure, green manure or FYM upto 50% depending upon soil 
type and amount of fertilizer applied. 

• Organic sources like crop residues, animal droppings, filter cake from 
sugarcane industry etc., can potentially supplement nutrients supplied by 
chemical fertilizers provided the former are properly managed. However, 
fresh (undecomposed) FYM much less beneficial than well composted 
FYM. 
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• It is well proven that green manuring well before the transplantation of rice 
is more beneficial than the green manuring immediately before 
transplanting. 

Biological fertilization research is showing promising results in Pakistan. National 
Institute for Biotechnology & Genetic Engineering (NIBGE), Pakistan Agricultural 
Research Council (PARC) and the provincial agricultural institutes sell packets of 
microbial fertilizers/ biofertilizers to farmers for application to the soil before sowing 
of a legume crop and rice. Nevertheless, biological fertilization on a large scale 
appears to be the only a long-term prospect.  

At this stage recommendations on INM based on soil analysis are not formulated and 
disseminated to farmers. It is important that researchers and extension workers 
translate research results and transfer INM technology information to farmers. The 
message could be conveyed even through electronic and print media that farmers 
must use organic and biological resources to supplement inorganic fertilizers and 
improve use efficiency of fertilizers. 

Most chemical fertilizers supply one or two essential plant nutrients for the plant 
growth. Organic amendments improve the soil physical conditions and chemical 
functions of soils, like their sorption capacity, mobilization of nutrients by 
mineralization, short term immobilization into soil organisms, long term fixation into 
stable humic substances and supply of organic substances. Keeping in view the useful 
specific benefits of chemical fertilizers and organic matter for crop and soil, the idea 
of integrated use of plant nutrients from various sources is being promoted in various 
farming systems. This system maintains soil fertility and plant nutrient supply from 
various sources through an integrated approach. Integrated use of organic, and/or 
biofertilizer with small quantity of chemical fertilizers results into higher crop yield 
than chemical fertilizers alone (Ahmad et al. 2006). Combined use of organic and 
chemical fertilizers increases each other’s efficiency. Interaction of chemical, 
organic and biological sources and their effective management not only in sustain 
crop productivity and soil health but they also optimize the use of chemical fertilizers 
for different crops in different cropping systems. 

7.5.3. Environmental perspectives of soil fertility management 

Plant nutrition management primarily enhances the quality of land resources for 
sustainable crop production to meet demands for food and raw materials. 
Degradation of environment due to imbalance use of fertilizers should be reduced by 
applying plant nutrients as per the crop requirements as well as by observing the soil 
and water conservation methods. Agricultural crops inevitably remove plant 
nutrients from the soil and this removal must match with the replenishment of these 
nutrients to the soil. Therefore, to make a sustainable farming system, the removed 
nutrients must be returned to the soil by whatever sources and means available to 
farmers. In Pakistan, major losses of N are through volatilization and leaching. 
Therefore, timely application of N fertilizer by efficient methods is recommended to 
minimize the losses. Nitrate pollution in drinking water has not been reported where 
N is applied. However, in areas where organic manures are dumped over time may 
have chances of nitrate pollution in underground drinking-water. There is no 
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regulatory measure or mechanism to check these N losses. However, with increased 
awareness concern about environmental issues is growing. 

No doubt, nutrient losses are wastage of money for the farmer because loss of soil 
fertility due to continual nutrient mining by crop removal without adequate 
replenishment in combination with imbalanced plant nutrition practices poses a 
serious threat to soil productivity in narrow sense and agricultural production in the 
broader. Nutrient depletion has already caused greater yield decreases. Therefore, 
recycling and transfer of nutrients from crop residues and animal manures can 
particularly make up a pool of nutrients after harvested products. Therefore, use of 
external sources such as mineral fertilizers in combination with recycled nutrients is 
essential to meet crop requirements and to increase crop production. Environmental 
hazards and economic constraints limit increasing the use of plant nutrients which is 
necessary for the intensification of agriculture. In industrialized countries, 
environmental issues and international trade agreements restrict production of 
surplus food and restrictions on further intensification. However, in developing 
countries, the high cost of external sources of nutrients and their inadequate 
availability limit intensification. Therefore, the importance of plant nutrients in 
agricultural production necessitates establishing relationships between yield, use of 
plant nutrients, economic feasibility and environmental quality. Here some questions 
arise that farmers need to know how much and which plant nutrients should be 
supplied to obtain the optimum economic increase in yield without or minimum 
damaging the environment. 

7.5.4. Soil fertility management for biofortification 

Micronutrient deficiencies in soils not only limit crop growth and yields, but also 
decrease the nutritional quality of agricultural produce causing diseases in human. 
The people of developing countries and/or poor countries whose populations are 
mostly fed on staple crops are more prone to such diseases. Most of the micronutrient 
required by plants are also essential for humans and plants are the only source of 
these minerals for animals and humans, otherwise food supplements are required 
which are out of approach of poor populations of in developing world. Multiple 
micronutrient deficiencies in humans have been reported in african countries which 
are due to their deficiencies in soils. Application of micronutrients to soil or plant 
leaves to get it accumulated in edible parts for human and animal nutrition is called 
biofortification. Application of Zn has given very successful results in Turkey to 
eliminate the malnutrition due to Zn deficiency. Mining of the micronutrients need 
to be replenished micronutrients to fulfill the crop as well as human requirements. 
Application of organic sources is also providing diversity of nutrients to soils 
including micronutrients. 

7.6. Conclusion 

Provision of the soil test based diagnosed deficient plant nutrients in adequate and 
balanced dosage to plants is vital for their optimum growth and productivity. 
However, calculation of optimal dose of fertilizer nutrients for maximum growth is 
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quite complex. There are several factors which affect availability of nutrients for 
plants even if they are present in soil in higher concentrations. Movement of nutrients 
within the plants also involves a number of physiological and biochemical processes. 
Therefore, best management of fertility to provide optimum nutrition is integrated to 
many processes. Use of chemical fertilizers has contributed a lot to increase crop 
yield and food production, however keeping in view environmental factors and 
agricultural sustainability it is the time use integrate nutrient management using 
green manuring, composting, biochar, etc. along with chemical fertilizers. 
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