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Introduction
This collection reviews current research on understanding nutrient cycles, the 
ways crops utilise nutrients, the environmental effects of fertilizer use and how 
this understanding can be used to improve nutrient use efficiency for a more 
resource-efficient and climate-smart agriculture. Parts 1-3 summarise research 
on the primary macronutrients: nitrogen, phosphorus and potassium. The 
fourth part of the book discusses secondary macronutrients and micronutrients 
including: calcium, iron, zinc, boron, manganese and molybdenum as well as 
soil organic matter. The final part of the book reviews research on optimising 
fertiliser use. Chapters cover topics such as assessing nutrient availability 
and advances in integrated plant nutrient management. Other chapters 
discuss enhanced efficiency fertilisers, the use of bio-effectors/bio-stimulants, 
fertigation techniques, foliar fertilizers and the use of treated wastes in crop 
nutrition.

Part 1 Primary macronutrients: nitrogen
Nitrogen is the element that is taken up from the soil by plants in the largest 
amounts, so understanding the nitrogen cycle is imperative in making agriculture 
more sustainable. Chapter 1 discusses what we know about the stages of the 
nitrogen cycle with a focus on using that understanding to maximise output per 
unit of fertilizer used. The chapter offers examples for conventional and organic 
farming, with particular reference to optimizing nitrogen availability for wheat 
crops. Finally, the chapter looks ahead to the effects of climate change and 
future research trends in this area.

Building on the foundation of Chapter 1, Chapter 2 reviews advances in 
understanding uptake and utilization of nitrogen (N) in wheat. The development 
of N-efficient cultivars will be of economic benefit to farmers and will help reduce 
environmental contamination associated with excessive inputs of N fertilizers. 
The chapter reviews what we know about the physiological, metabolic and 
physico-chemical processes that may contribute to high N-use efficiency while 
maintaining an acceptable yield. The chapter also assesses the development 
of breeding programs to improve nitrogen uptake, including promising traits 
for selection by breeders to increase NUE as well as the use of high-throughput 
phenotyping for nitrogen-use efficiency breeding.

Complementing the first two chapters, Chapter 3 assesses advances in 
optimising nitrogen-use efficiency in crop production. Globally, the quantity 
of nitrogen (N) fertilizer applied to crops is growing rapidly as it replaces 
the shrinking contribution of soil organic N and meets the demand by 
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higher-yielding crops. On average, crops only recover close to half the 
applied N. Low nitrogen-use efficiency leads to accumulation of mineral N 
in the soil and may result in pollution of groundwater, streams, oceans and 
atmosphere. Many management practices are known to increase nitrogen-
use efficiency, and their effectiveness is shown by increasing nitrogen-use 
efficiency in regions such as Western Europe and the US. This chapter reviews 
the role of genetics, ways of improving soil, the use of break crops, better 
synchronisation of N supply and demand, the use of enhanced efficiency 
fertilizers and variable rate N technology as well the role of manure in 
optimising N use.

Part 2 Primary macronutrients: phosphorus
Chapter 4 examines the essential role of phosphorus (P) in plants and how 
plants have evolved to make soil P available. The chapter discusses the concept 
of P-replete plants and what this means regarding both their physiological and 
genomic state and how this information can be used to manage crops more 
effectively. The chapter explores the inherent difference in P-replete status and 
response to P deficiency seen between crop species and genotypes of crop 
species and discusses trade-offs between responses within an individual. The 
chapter concludes with discussion of what a crop ideotype for efficient use of P 
might look like and how this information might impact our ability to design and 
implement sustainable agricultural systems in the future. Finally, the chapter 
provides detailed suggestions for further reading.

Chapter 5 discusses advances in understanding the environmental 
effects of phosphorus fertilization, particularly its impact on water quality. The 
chapter examines the cycling, fate, and transport of phosphorus in agricultural 
production. There is a particular focus on the range of remedial measures, 
from more targeted nutrient application to better transport management, 
including assessing runoff and subsurface drainage potential, use of 
vegetation and riparian/buffer areas. The chapter also discusses conservation 
practice at the watershed scale as well as recovery of phosphorus from waste 
streams.

Building on Chapter 5, Chapter 6 reviews ways of enhancing phosphorus-
use efficiency in crop production. The chapter discusses interactions between 
phosphorus management (phosphorus rate, source timing, and placement) 
and diverse cropping systems and climate, and how these interactions are 
essential to efficient utilization of phosphorus resources. The chapter reviews 
the role of soil factors, such as the buffering function of the rhizosphere and 
assessing residual soil phosphorus, as well as the role of plant genetics. It 
also summarises management factors involved in optimising phosphorus-use 
efficiency relating to fertiliser sources, timing, rate and placement.
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Part 3 Primary macronutrients: potassium
As Chapter 7 points out, soil reserves of potassium are generally large, but 
most of it is not available to plants. On crop farms, negative potassium balance 
is common due to greater removal of potassium in hay, straw and grain 
than fertilizer potassium applied. Consequently, soil potassium depletion is 
increasing the prevalence of crop potassium deficiency. The chapter discusses 
key aspects of the potassium cycle in crop production, including the use of 
potassium fertilizer in rain-fed and irrigated agriculture with the focus on soil 
potassium input and output, crop potassium residue and removal, soil potassium 
sorption and leaching. As the chapter makes clear, a good understanding of the 
potassium cycle in cropping systems improves decision making for optimal use 
of soil potassium reserves and for better management of potassium fertiliser, 
particularly on low-potassium soils.

Chapter 8 reviews what we know about the physiological roles of potassium 
in crop growth: in activating enzymes, as a cellular osmoticum, and as a counter 
cation for anion accumulation and electrogenic transport processes. It then 
discusses the molecular biology of potassium uptake and redistribution in 
plants. The chapter highlights the contrasting potassium requirements of 
different crops and describes substantial heritable variation within crops 
in the ability to acquire potassium from the soil and utilise it physiologically 
to produce a given yield. The chapter discusses symptoms of potassium 
deficiency in plants and the acclimating responses of plants to low potassium 
supply. The chapter concludes with (i) a summary of the traits that might be 
selected in breeding crop varieties that require less potassium fertiliser and (ii) 
future research trends in this area.

Chapter 9 concludes Part 3 by assessing advances in optimising potassium-
use efficiency in crop production. The chapter discusses the four metrics of 
potassium-use efficiency; partial nutrient balance, agronomic efficiency and 
recovery efficiency, regarding potassium dynamics in soils. The chapter also 
reviews management of K inputs, such as fertilizer form, fertilizer rate, fertilizer 
placement and application timing, all of which can affect K-use efficiency. 
Crop management also impacts K-use efficiency. As the chapter points out, 
both intra- and inter-species variations in K-use efficiency exist, and it may be 
possible to rotate crops in such a way that species with greater access to non-
exchangeable soil K may increase the exchangeable soil K supply and thereby 
benefit crops with less access to non-exchangeable K.

Part 4 Secondary macronutrients and micronutrients
Part 4 covers the contribution of a range of secondary macronutrients and 
micronutrients to crop growth. Chapter 10 reviews advances in understanding 
calcium cycling in soils, uptake/use by plants and ways of optimizing calcium-use 
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efficiency in crop production. As the chapter points out, the majority of chemical 
and some physical soil properties are heavily influenced by calcium content 
in soil profiles. The chapter reviews what we know about the calcium cycle in 
acidic and alkaline soils, as well as calcium uptake, transport and use by plants. 
Calcium is used for reclamation of sodic soils and for the improvement of 
physical properties of heavy soils. The chapter includes a detailed discussion of 
ways to optimise liming to improve acidic soils and crop yields.

Chapter 11 discusses the effect of soil organic matter on plant mineral 
nutrition. There is a particular focus on humic substances that have the capacity 
to increase the pool of plant-available nutrients in soil for root uptake. The 
improvement in plant growth and mineral nutrition is directly linked to the 
physicochemical features of humic substances, and more specifically, to their 
capacity to form stable chemical complexes with metals. This chapter reviews 
the main mechanisms behind the action of humic substances in improving 
plant mineral nutrition. It also discusses the main signalling pathways involved 
in the regulation of these humic substances and their beneficial effects on plant 
mineral nutrition.

Chapter 12 reviews advances in understanding iron cycling in soils, uptake/
use by plants and ways of optimising iron-use efficiency in crop production. In 
plants iron is involved in photosynthesis, respiration and activation of enzymes. 
The chapter reviews the forms of iron in soil that determine its availability. As 
the chapter points out, low iron availability exists in calcareous and aerobic 
soil because most iron is present in the fixed or oxidized form. It shows that 
solubility of iron is governed by various factors such as soil pH, redox potential 
and root exudates. Based on this understanding, the chapter explores ways 
to increase iron availability to plants and enhance uptake. These approaches 
include foliar application as well as longer-term strategies such as adding iron 
to the soil and intercropping of cereal crops with legumes.

As Chapter 13 points out, zinc deficiency is one of the critical abiotic 
stress factors that often limits crop production, yield and quality worldwide. 
It is estimated more than one third of the global arable lands is affected by 
zinc deficiency. The chapter first describes the symptoms and effects of zinc 
deficiency stress. It then reviews current understanding of zinc cycling in soil, 
root uptake traits to increase transport, zinc accumulation in seeds as well as 
natural variation in zinc uptake efficiency among crop genotypes. It also reviews 
research on the effects of zinc supplementation on crop yields as well as factors 
affecting biofortification to improve zinc content.

Chapter 14 reviews factors determining boron occurrence and availability 
in soils, including factors leading to low or phytotoxic concentrations, as well as 
functions of boron in plant metabolism. It also assesses mechanisms of boron 
uptake and transport as well as ways of assessing boron status in soils and 
plants. Finally, it reviews ways of optimising foliar and soil applications of boron.
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As Chapter 15 shows, photosynthesis is very sensitive to disturbances in 
plant availability of manganese, and both manganese deficiency and toxicity 
can disrupt photosystems, with significant impacts on crop yields. The chapter 
discusses manganese mobilization in the rhizosphere, root uptake and 
translocation to the developing shoot, distribution and utilization within the 
cell, together with the recent advances in manganese sensing and regulation 
of manganese homeostasis. Finally, the chapter describes the basic principles 
of diagnosing manganese deficiency and how efficient correction by soil and 
foliar fertilization can be performed in the field.

Chapter 16 reviews advances in understanding the role of molybdenum in 
crop production. Its biological importance resides in its role in nitrogen fixation. 
Most soils contain sufficient molybdenum, but its availability is pH dependent. 
Understanding the dynamics of molybdenum in plant nutrition and in the 
plant rhizosphere is key to determining efficient fertilization and optimized 
crop production. This chapter summarizes recent advances in understanding 
molybdenum cycling in soils and plants, including its movement into cells and 
biosynthesis of molybdenum cofactors. It also reviews ways to maximize its 
uptake and use efficiency.

Part 5 Optimising fertilizer use
The final group of chapters looks at ways of optimizing fertilizer use. As 
Chapter 17 points out, plants depend on sufficient and timely soil availability 
of a wide range of essential nutrients. In order to achieve sustainable and 
resource-efficient plant production with high yields and minimal environmental 
impact, soil analyses aimed at assessing nutrient availability are an important 
and integral part of plant production. Although some methods are promising, 
there is still an urgent need to evaluate the usefulness of methods for a number 
of nutrients while developing and validating alternative and novel approaches. 
The chapter reviews the range of current and emerging techniques such 
as diffusive gradients in thin films (used to predict the plant availability of 
phosphorus, copper and zinc) and the use of multi-nutrient extractants.

Chapter 18 examines recent research on integrated plant nutrient 
management (IPNM) in increasing crop yields and improvement/maintenance 
of soil health. IPNM adopts a holistic view of plant nutrient management based 
on three fundamental principles: maximizing the use of organic materials, 
ensuring access to mineral fertilisers, and achieving high nutrient-use efficiency 
along with minimal losses of nutrients from the soil-plant system. The chapter 
focuses particularly on the role of IPNM in Sub-Saharan Africa, where most soils 
are already degraded in terms of loss of nutrients and organic matter. It explores 
the development of integrated soil fertility management practices to manage 
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long-term soil fertility. Finally, the chapter looks ahead to future research trends 
in this area.

Chapter 19 summarises key developments in the more efficient use 
of fertilizers. It discusses the history, current status and future fertilizer 
development in light of the goal of global sustainability for agriculture. The 
chapter reviews developments in more efficient fertilizer use in optimizing rate, 
placement and timing to improve yields of modern crop cultivars. The chapter 
covers developments in nitrogen, phosphorus, potassium, sulfur, calcium, 
magnesium and micronutrient fertilizers. The chapter assesses approaches such 
as increasing nutrient uptake efficiency in plants. It also reviews developments 
in precision agriculture such as proximal sensing technologies to identify 
areas of nutrient deficiency and variable-rate application (VRA) techniques to 
provide more targeted delivery. The chapter also discusses the development 
of enhanced efficiency fertilizers designed to improve the efficiency of nutrient 
uptake by timing nutrient release more closely with plant demand, including 
coatings to release nutrients more slowly as well the use of stabilizers such as 
urease and nitrification inhibitors that extend the time that nutrients remain in 
a plant-available form.

As Chapter 20 explains, the generic term ‘bio-effector’ refers to the 
wide range of living organisms and natural compounds that can be used as 
active agents in biological approaches to crop production. They provide 
components in bio-stimulants and other products that improve the ability 
of crops to metabolize nutrients. The chapter reviews the wealth of research 
on the mechanisms of action, applications and efficacy of key bio-stimulants 
such as Bacillus, Pseudomonas and Trichoderma species as well as arbuscular 
mycorrhizal fungi (AMF). The chapter also reviews current research on achieving 
synergies between bio-effectors and improving bio-effector functionality.

Chapter 21 outlines the ‘4Rs’ of optimal fertilisation: the right fertilizers 
at the right rate, time and place. It then reviews the latest research on the 
ways fertigation can meet these objectives. Topics discussed include nutrient 
consumption curves and supply, optimizing irrigation efficiency as well 
as models and decision support systems to support fertigation systems. 
The chapter includes case studies looking at grapefruit and chives in both 
conventional and soilless cultivation.

Chapter 22 reviews advances in foliar fertilizers to optimize crop nutrition. 
Foliar fertilizer sprays are increasingly used in agriculture for improving crop 
yield and quality, and also for improving plant performance under potential 
abiotic and/or biotic stress threats. This chapter focuses on new findings related 
to the nature of plant surfaces as a barrier for the absorption of agrochemicals. 
The chapter describes current knowledge on mechanisms of absorption by 
plant organs as affected by the structure and chemical composition of plant 
surfaces. The chapter discusses key aspects related to the properties of foliar 
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spray formulations for improving and standardizing the performance of 
treatments under variable environmental conditions, with examples of recent 
foliar fertilization studies to optimise use.

The final chapter in the book, Chapter 23, discusses key issues in the 
optimum use of treated wastes in crop nutrition. The chapter discusses technical 
processes such as precipitation of salts, incineration and post-treatment of 
ashes, as well as production of carbonaceous materials. The chapter assesses 
the functionality of treated wastes in terms of plant availability and possible 
inorganic and organic contamination. Finally, the chapter looks ahead to future 
research objectives for the optimized use of treated wastes.
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Chapter 1
Advances in understanding the 
nitrogen cycle in crop production
David Pilbeam, University of Leeds, UK

 1 Introduction
 2 Inputs of nitrogen to agricultural ecosystems
 3 Uptake of nitrogen by plants
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 6 Case study: the nitrogen cycle in wheat crops
 7 Future trends and conclusion
 8 Where to look for further information
 9 References

1  Introduction
The discovery of nitrogen in 1772 is credited to Daniel Rutherford, although 
several scientists were carrying out similar experiments at that time (Galloway 
et al., 2013). In the following years, various nitrogenous compounds present in 
air were discovered, but the idea of a nitrogen cycle only started to become a 
reality in 1804 when de Saussure showed that nitrogen was taken up by plants 
(Hewitt, 1966). Later, in the nineteenth century, the German chemists Carl 
Sprengel and Justus von Liebig realised that nitrogen could be supplied to 
plants as ammonium, and this laid the foundations for the chemical fertiliser 
industry (van der Ploeg et al., 1999). The discovery that decaying organic 
matter releases nitrogen compounds was made in 1856, and the processes of 
nitrification and denitrification were described in 1877 and 1886, respectively 
(Galloway et al., 2013). The third major involvement of microorganisms – plant-
based nitrogen fixation – was described in 1880 when Hellriegel and Wilfarth 
showed that nodules of leguminous plants can convert atmospheric dinitrogen 
gas (N2) to ammonium (Galloway et al., 2013).

In most ecosystems, plant productivity is limited by availability of nitrogen, 
and in agricultural ecosystems productivity is increased by manipulating the 
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nitrogen cycle to increase the plant uptake of the element (Vitousek et al., 
1997). The nitrogen cycle as it affects agriculture is shown in Fig. 1.

Increasing the inputs of nitrogen in agriculture has not only resulted in 
increased crop growth but has also increased nitrogen losses from the soil. In 
order to achieve sustainable use of nitrogen by crops, we should aim to lower the 
losses on the right-hand side of Fig. 1, particularly the loss of nitrogen through 
leaching and denitrification in agricultural ecosystems and the loss through 
volatilisation of soil-applied organic or inorganic nitrogen. There are obvious 
ways to do this by minimising the conditions that cause these processes, but 
there are also positive ways in which we can modify the processes in Fig. 1 to 
increase the uptake of nitrogen by plants so that there is less nitrogen available 
to be lost from the agroecosystem.

2  Inputs of nitrogen to agricultural ecosystems
2.1  Manures, crop residues and fertilisers

Analysis of δ15N levels in preserved cereal grains indicates that Neolithic 
farmers in Europe used manure to increase soil fertility as long as 7000 years 
ago (Bogaard et al., 2013). Application of nitrogen in manure is still important 
in organic farming and in developing countries, although in conventional 
agriculture elsewhere the nitrogen cycle is enhanced by the application of 
inorganic nitrogen fertilisers. In fact, fertilisers are the major source of nitrogen 
in agriculture and account for a large part of total productivity. They also account 
for much of the environmental impact of farming. A life cycle assessment of the 
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Figure 1 The nitrogen cycle in agriculture. The width of arrows gives indication of sizes of 
flows in agriculture worldwide, although these flows vary considerably between different 
agricultural ecosystems.
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production of a loaf of bread showed that growing wheat accounted for a large 
proportion of the total environmental impact, with bread produced from wheat 
grown with ammonium nitrate having 43% of its global warming potential and 
34% of its eutrophication potential arising from the fertiliser use (Goucher et al., 
2017).

Organic forms of nitrogen in the soil (mostly proteins and their constituent 
amino acids), whether originating from the decomposition of residues 
from previous crops or present in manure, are converted in the process of 
mineralisation to inorganic ammonium (NH4

+). This is then converted to nitrite 
(NO2

−) and nitrate (NO3
−) ions in the process of nitrification, carried out by 

ammonia-oxidising bacteria (mainly Nitrosomonas spp. and Nitrobacter spp.) 
and ammonia-oxidising archaea.

Steps of nitrate formation in soil (from Pilegaard, 2013):

 Organic N NH NH OH HNO NO NO NO→ → → → → →+ − −
4 2 2 3  (1)

The steps given here are not completely characterised, and although it has 
been believed previously that NH2OH (hydroxylamine) is converted to NO2

− by 
the enzyme hydroxylamine oxidoreductase with HNO (nitroxyl) and NO (nitric 
oxide) as intermediates, it may be the case that this enzyme directly oxidises 
NH2OH to NO, and an uncharacterised enzyme converts NO to NO2

− (Caranto 
and Lancaster, 2017).

Mineralisation is affected by moisture, temperature, pH and availability 
of oxygen. In general, low pH, drought and cold inhibit the growth and 
metabolism of the microorganisms involved, and mineralisation progresses at 
its optimum rate in a soil of neutral pH with water content at field capacity. 
Nitrification requires oxygen, so it occurs to a lesser extent in a flooded soil. 
Rates of nitrification of 1.75 and 5.17 mg N (kg soil)−1 day−1 were observed in 
an acid (pH 4.9) and an alkaline (pH 7.8) soil, respectively, at 60% water-holding 
capacity. However, when these soils were subjected to long-term flooding, the 
respective rates were only 0.55 and 0.45 mg N (kg soil)−1 day−1 (Wang et al., 
2017).

As mineralisation and nitrification are carried out by microorganisms, the 
reactions are temperature dependent, proceeding faster in warmer conditions. 
They can be represented by first-order reaction kinetics, with a rate constant 
that is higher at higher temperatures:

 log logN N N kt0 0−( ) = −t  

where N0 = mineralisable N, Nt = cumulative nitrogen mineralised by time t and 
k = mineralisation rate constant (Stanford and Smith, 1972).

Because mineralisation is a first-order reaction, it can be expected that 
where there are higher numbers of relevant microorganisms in a soil, the rate 
constant k is higher. This situation may occur in a soil to which organic matter is 



 Advances in understanding the nitrogen cycle in crop production6

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

regularly added. In agriculture, it may be the case that soils on organic farms, 
where manures and composts are used routinely, have higher values of k than 
soils from farms where organic matter is not used.

However, the principle of temperature dependency still holds. Values of k 
averaged across 11 US soils were 0.009 weeks−1 at 5°C, 0.014 weeks−1 at 15°C, 
0.029 weeks−1 at 25°C and 0.055 weeks−1 at 35°C (Stanford et al., 1973). This 
means that at 15°C, half of N0 is mineralised in 49.5 weeks, whereas at 5°C, the 
half-life of mineralisation is 76.7 weeks. At 35°C, the half-life is only 12.6 weeks. 
De Neve et al. (2003) calculated that in the upper 20 cm of a sandy loam soil from 
a fallow plot on an experimental farm in Ghent (Belgium), the rates of nitrate 
release from the soil organic matter were 0.164 mg N (kg soil)−1 day−1 at 5.5°C, 
0.197 mg N (kg soil)−1 day−1 at 6.5°C, 0.285 mg N (kg soil)−1 day−1 at 12.5°C, 
0.422 mg N (kg soil)−1 day−1 at 19°C, 0.584 mg N (kg soil)−1 day−1 at 25°C and 
0.865 mg N (kg soil)−1 day−1 at 30°C. At 12.5°C, the nitrate was being released 
nearly twice as quickly as at 5.5°C, showing how much faster mineralisation 
occurs in autumn and late spring in the temperate zone than in mid-winter.

In modelling mineralisation, the data used to show the first-order kinetics of 
organic matter breakdown have mostly been recorded across a limited range of 
temperatures in individual experiments. Modelling of the rate of mineralisation 
across a temperature range requires relationships between temperature and k 
to be described, and some authors have found reasonable fits for Arrhenius, 
Q10 or logistic functions (Dessureault-Rompré et al., 2010). If organic nitrogen 
breakdown is followed in a soil at a constant value of the temperature used to 
estimate k (T0), the rate constant is accurate at that temperature regardless of 
which relationship is fitted. However, the values of k with the different functions 
fitted start to deviate considerably as the temperature increases from T0 
(Dessureault-Rompré et al., 2010).

Bregliani et al. (2010) measured nitrogen mineralisation in five different soils 
and found a relationship between the rate of mineralisation and temperature 
and also between the former and dissolved organic nitrogen (DON) in the 
soil at the start of an 84-day incubation period. They were able to produce a 
mineralisation model based on initial extractable organic nitrogen (EONi), the 
fraction of soil nitrogen that is DON plus organic nitrogen that dissolves in 
weak chemical solutions, as a proxy for mineralisable N. Mineralisation of EON 
is independent of temperature as although the pool decreases faster at higher 
temperatures due to increased mineralisation, it concurrently increases as 
higher temperature also results in a faster rate of release of previously insoluble 
N. The model enables predictions of mineralisation to be made for soils in the 
field, where the constant temperatures used in laboratory experiments do not 
apply.

The model also highlights that the rate of mineralisation depends on 
the composition of the organic matter and how good a substrate it is for the 
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microorganisms. Therefore, the C:N ratio is important, with crop residues or 
manures with a high C:N ratio (i.e. a low N:C ratio, hence less EON) being 
a less suitable substrate for the mineralising microorganisms and breaking 
down more slowly than materials with lower C:N ratios. Poultry manure, which 
has a low C:N ratio, has its nitrogen content mineralised more quickly than 
farmyard manure (FYM). Mineralisation usually occurs after incorporation 
into a soil of organic matter with a C:N ratio of less than 15:1 (Berry et al., 
2002).

It is now realised that supplying inorganic fertilisers may prime the 
populations of many microbial species, and the breakdown of soil organic matter 
may occur quicker after supply of inorganic fertilisers than has traditionally been 
thought (e.g. Fernández et al., 2017). Another complicating factor in making 
nitrogen in organic matter available for plant uptake is the fact that much of 
the inorganic nitrogen formed becomes incorporated into the structures of the 
microbes and is immobilised in the soil (Fig. 2). If an organic nitrogen source is 
added to a soil, the population of mineralising microorganisms increases and 
the nitrogen is temporarily locked up and is not available for uptake by plants. 
In a fertile soil, the populations of microbes may remain relatively constant so 
that inorganic nitrogen is released from the decay of dead microbial cells as 
fast as new microbial cells form (Kuzyakov and Xu, 2013). However, in many 
cases, organic matter nitrogen (N) is immobilised after conversion to inorganic 
nitrogen. Similarly, incorporation into a soil of crop residues with a high C:N 
ratio may provide substrates for bacteria and fungi that use the organic carbon 
for their respiration and inorganic nitrogen supplied by fertilisers for protein 
synthesis, in effect immobilising the fertiliser nitrogen (Cheshire et al., 1999; He 
et al., 1988).

The constant conditions seen in laboratory incubation studies do not 
occur in the field, where researchers may typically follow production of NH4

+ 
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Figure 2 Flows of nitrogen through different pools in soil.
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and NO3
− ions in intact soil columns in tubes that are removed and sampled at 

regular intervals and which approximate to the vessels used in laboratory studies 
but which are subject to the environmental conditions of the field. For example, 
Wu et al. (2008) followed mineralisation of soil organic nitrogen in a Canadian 
maize crop by this method and found that less nitrogen was mineralised in 
the driest year of the 4 years of the study than in the other three. There was 
a relationship between total soil nitrogen and the rate of mineralisation, and 
they were able to demonstrate that the relationships between total mineralised 
nitrogen and accumulated growing degree-days followed first-order kinetics.

2.2  Other sources of nitrogen in agricultural ecosystems

Nitrogen in inorganic forms gets into terrestrial ecosystems from sources other 
than decomposing organic matter or fertilisers. Some atmospheric dinitrogen 
(N2) is converted into NO by the action of lightning, and further reaction with 
atmospheric oxygen produces nitrogen dioxide (NO2). These NOx gases 
give rise to NO3

− when they dissolve in water, a potential source of nitrogen 
for plant uptake. NOx gases are also industrial pollutants, arising largely from 
burning fossil fuels, and the deposition of NO3

− in the annual rainfall can be 
high in some areas. Deposition of NO3

− over farmland in Europe can reach 
30 kg N ha−1 year−1 (Pilegaard, 2013). This is particularly the case in locations 
downwind from big industrial centres or major transport hubs. A further source 
of N inputs to agricultural ecosystems is ammonia (NH3) gas, often present in 
the atmosphere as a result of agricultural activities such as intensive livestock 
rearing. This dissociates in water to form NH4

+ ions, a nitrogen source for crops.
Some free-living bacteria and cyanobacteria fix atmospheric N2 into 

forms that can be utilised by crop plants (biological nitrogen fixation, BNF), 
but more significantly for agricultural productivity, symbiotic N2-fixing bacteria 
carry out BNF in association with some plant species. These are mainly plants 
in the family Fabaceae (Leguminosae), and the microorganisms are gram-
negative members of the alpha sub-group of Proteobacteria (rhizobia) that 
receive energy in the form of carbohydrates from the plant whilst providing 
NH4

+ in exchange. Other associations occur, and some sugar cane varieties can 
acquire 60–80% of their nitrogen from bacteria that live in the roots and stems 
(Boddey et al., 1991). Nitrogen fixation by symbiotic legumes can contribute 
up to 200 kg N ha−1 year−1; in contrast, N fixation by soil-living microorganisms 
accounts for 1–5 kg N ha−1 year−1 (Pilegaard, 2013).

There is considerable interest in BNF as the ability to form active symbioses 
that fix N2 may theoretically be bred into cereals, paving the way for major 
crops that fix their own nitrogen. Loose associations of N2-fixing bacteria 
and crop plants have been produced already, and the Trenton cv. of wheat 
inoculated with a strain of Klebsiella pneumoniae has been shown to receive 
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nitrogen from the bacteria in experiments in which knocking out the nifH gene 
of the bacteria removed growth-promoting effects that were observed when 
the gene was present (Iniguez et al., 2004). However, there are many stages in 
the production by leguminous plants of active root nodules, so the challenges 
in breeding N2-fixing cereals are considerable. Moreover, the energy costs of 
symbiotic nitrogen fixation to a plant are such that this development may give 
lower yields of crops than desired.

Of more immediate practical importance, leguminous crops are important 
in organic and low-input agriculture and represent the major stage in the 
farming cycle at which nitrogen is introduced. This can be through growing 
legumes in a crop rotation, as a cover crop that is ploughed in, or through 
intercropping with non-fixing species. Intercropping is easy to achieve in a ley 
or pasture, where livestock graze both the leguminous species and the grass it 
is associated with. Intercropping a legume with a non-leguminous species may 
be possible in arable agriculture, with nitrogen fixed by the leguminous plants, 
lowering competition for uptake of other nitrogen forms between individual 
cereal plants and their neighbours. For example, in an experiment on durum 
wheat intercropped with pea, the Land Equivalent Ratio expressed per unit of 
nitrogen (the total nitrogen in the shoots of the two species at harvest in one unit 
of land area relative to the amount of nitrogen in the species grown separately 
in the same land area) was greater than 1 at low rates of nitrogen fertiliser 
supply (Bedoussac and Justes, 2010). However, although such intercropping is 
used to improve the efficiency of the nitrogen cycle in some countries, there are 
technical problems with harvesting two or more species in one parcel of land 
that have slowed its adoption worldwide.

Nitrogen fixed in the nodules of leguminous species in pastures may be 
passed to the grass species by mycorrhizal connections, although it is also 
possible that nitrogen may flow from grass to legume (Pirhofer-Walzl et al., 
2012). There are a few studies showing possible transfer of nitrogen from 
leguminous species to arable crop species by arbuscular mycorrhizas, with a 
flow of nitrogen from soybean to sorghum of 22.5% of the total nitrogen in the 
combined biomass being reported (He et al., 2009). However, in that study, the 
reverse flow – from sorghum to soybean – accounted for 28.5% of the total N. 
Studies on other combinations of leguminous species with arable crop species 
showed lower proportions of nitrogen transferred, although the flow from 
legume to arable crop species was usually greater than that from the crop to 
legume (He et al., 2009). In low-input agriculture, there is a likelihood that flows 
of fixed nitrogen occur from leguminous species to weeds through mycorrhizas, 
allowing these weeds to grow vigorously (Moyer-Henry et al., 2006).

The aquatic fern Azolla spp. forms extracellular symbiotic associations with 
N2-fixing cyanobacteria, and it has been inoculated into paddy rice crops as a 
potential nitrogen source. It can release 20–30 kg N ha−1 for uptake by the rice, 
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with at least 70% of this coming from the atmosphere rather than from the soil 
(Ladha and Reddy, 2003).

3  Uptake of nitrogen by plants
Plants take up nitrogen predominantly as NO3

− or NH4
+ ions, and the extent 

to which this occurs depends on the plant species. However, for most crop 
species exposed to equal concentrations of the two ions in experiments, NO3

− 
is the form that is taken up the most. It is the more abundant of the two ions in 
most agricultural soils except for paddy soils, and it accounts for 95% of total 
nitrogen uptake by crop plants (Subbarao et al., 2013). In many crop species, 
growth is inhibited at concentrations of NH4–N that would not inhibit growth 
with NO3–N, the so-called ammonium toxicity, although different species show 
different levels of susceptibility to this. Tomato, potato, barley and sugar beet 
are particularly sensitive to ammonium nutrition, whereas rice is amongst the 
crop species most highly adapted for NH4

+ as a nitrogen source (Britto and 
Kronzucker, 2002). Supply of NO3–N together with NH4–N makes plants less 
susceptible to ammonium toxicity (e.g. Babourina et al., 2007).

Mechanisms of uptake of these two ions have been extensively studied 
in recent years and are now well understood. In effect, plants have a series 
of transporter proteins that are specific for either NH4

+ or NO3
− that actively 

pump the ions into their roots against the concentration gradient (i.e. from low 
concentration in the soil solution). They also contain proteinaceous channels 
that allow NO3

− or NH4
+ ions into the roots down the concentration gradient 

(i.e. from high concentration in the soil solution). Genes for synthesis of some 
of these transporters and channels are expressed very quickly after increase 
in concentrations of NO3

− or NH4
+ in soils (Nacry et al., 2013). Moreover, root 

structure is also influenced by soil nitrogen concentration with the effect of 
maximising uptake of the ions (Zhang et al., 2007).

Research has shown that plants can also take up other nitrogen sources, 
including urea, amino acids and amino sugars. Urea is taken up through roots, 
apparently as an intact molecule, by a transporter that has been characterised 
(Kojima et al., 2007). However, uptake of urea from the soil is probably not 
important to crops as it is rapidly hydrolysed to ammonium by free and microbial 
ureases upon contact with soil. Indeed, the transporter characterised was only 
efficient for uptake of low concentrations of urea. Uptake of NH4

+ ions from urea 
hydrolysis is likely to be more important than uptake of the urea itself. Amino 
acids can enter plant roots through specific transporters, but work in which 
nanoscale superconductors (quantum dots) have been conjugated with the 
amino group of glycine and arginine has enabled the visualisation of movement 
of the amino acids through arbuscular mycorrhizal fungi into roots of the grass 
Poa annua (Whiteside et al., 2009). However, it seems that acquisition of these 
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organic N sources is more significant to productivity of natural ecosystems than 
agricultural ecosystems, where uptake of NO3

− and NH4
+ dominate.

In looking at nitrogen cycles in whole agricultural ecosystems, it is easy 
to forget the role of plant uptake. Measurements of soil concentrations of 
NH4

+ and NO3
− at any one moment of time do not take into account the 

fact that rapid plant uptake may keep the concentrations of these ions low 
even under conditions where mineralisation and nitrification are continually 
replacing them. A study measuring cycling of 15N from supply of NH4NO3 to 
a N-limited organic tomato field and examining gene expression in the roots 
showed that genes for some ammonium and nitrate transporters and some 
enzymes important in N metabolism were upregulated within 48 h of supply 
of the pulse of nitrogen (Bowles et al., 2015). Roots in the patch to which N 
was supplied and the shoots of the plants together contained nearly 30% of 
15N tracer supplied as 15NH4

+ and nearly 35% of the 15N supplied as 15NO3
− 

after 24 h, whereas microbial biomass only contained 8% of the 15N supplied. 
Approximately 35% of the 15N originally supplied as 15NH4

+ was present in the 
soil as 15NO3

−; thus, nitrification had provided a source of nitrogen that was 
labile. The plants were responding to maximise the uptake of the nitrogen 
before it was lost from the system.

4  Losses of nitrogen from agricultural ecosystems
4.1  Leaching

Nitrate is freely water soluble, and at a typical NO3
− concentration in the soil 

solution of a well-watered arable crop, the plants receive a high proportion 
of their N in the bulk flow of water towards the roots. However, this water 
solubility means that with an abundance of NO3

− in the soil solution and excess 
rainfall relative to evapotranspiration, NO3

− is leached down the soil profile, 
and ultimately into ditches, streams, rivers and the sea. It is specifically the NO3

− 
form of nitrogen that is involved here, as NO2

− formed by nitrification of NH4
+ 

is rapidly transformed into NO3
− and does not accumulate in the soil solution. 

Further, NH4
+ ions are held in the soil by electrical attraction to negative charges 

on soil organic matter and on the surfaces of clay minerals.
The amount of NO3

− lost by leaching is affected by (1) the amount of 
rainfall, as low rainfall does not result in water percolation through the soil to 
take away the dissolved nitrate, (2) the amount of nitrogen supplied, (3) the 
rate of mineralisation of organic matter in the soil, and nitrification of NH4

+ 
ions arising from mineralisation or supplied in fertilisers and (4) the extent of 
immobilisation of nitrogen in the soil.

Attempts to minimise nitrate leaching mostly involve ensuring that soil 
NO3

− concentrations are not high at times when rainfall is likely to be high, such 
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as by avoiding supply of inorganic fertilisers or manure in autumn or winter in 
temperate agriculture. In organic agriculture, it may involve ensuring that there 
are no bare fallows in the rainy season, so that there is either a commercial 
crop growing or a catch crop is present and is then ploughed in after the 
rainy season and before sowing of the crop to be harvested. In all forms of 
agriculture, the ploughing in of green crops or crop residues at the start of 
the rainy season should be avoided, as breakdown and nitrification reactions 
carried out by microorganisms make NO3

− available in the soil solution. It 
has been suggested that all ploughing should be avoided, although a meta-
analysis of studies on production of maize, soybean and wheat has indicated 
that no-till may actually increase the load of NO3

− lost by leaching compared 
with normal tillage (Daryanto et al., 2017). This could be because tillage 
disrupts macropores arising from dead roots and earthworm burrows, thus 
decreasing water flux. Nitrate leaching would appear to be better minimised 
by more suitable timing of N fertiliser application and better use of crop 
residues and cover crops than the lack of tillage often associated with these 
practices (Daryanto et al., 2017).

The extent of nitrate leaching is considerable, particularly in locations 
where excessive fertiliser use occurs. In a 4-year study of wheat–maize double-
cropping on the North China Plain with application of 300 kg N ha−1 fertilisers 
each year to each of the two crops, 1529 kg N ha−1 of the total 2400 kg N ha−1 
applied was lost, with most of this loss seeming to occur through leaching 
of NO3

− (Zhao et al., 2006). The North China Plain has low rainfall relative to 
evapotranspiration, but extreme rainfall events seemed to wash the nitrate 
down the soil profile.

Models of nitrate leaching over multiyear timescales have been developed. 
For example, the ENVIRO-GRO model has been used to estimate nitrate 
leaching and growth of maize and wheat crops supplied with organic nitrogen 
sources (Pang and Letey, 2000). The Leaching Estimation And CHemistry Model 
(LEACHM) has been adapted to follow nitrate leaching from vegetable crops 
grown on Andosols, which comprise 31% of the land area of Japan, and the 
model is of potential use in Pacific Rim countries (Asada et al., 2018).

4.2  Denitrification

The other main process by which nitrogen is lost from an agroecosystem 
is denitrification. This is the breakdown of nitrate by soil microorganisms, 
which effectively use the oxygen present in NO3

− as the oxygen source for 
their respiration and produce nitrous oxide (N2O) and N2 in the process. 
Denitrification is also a source of NO emitted from agricultural ecosystems, 
although this gas has been less studied (Pilegaard, 2013). In recent years, 
extensive research has been conducted into the different reactions of 
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denitrification, driven in part by the fact that N2O is a powerful greenhouse 
gas.

Steps in denitrification (from Pilegaard, 2013):

 NO NO NO N O N3 2 2 2
− −→ → → →  (2)

Denitrification reactions are particularly favoured in anaerobic conditions where 
O2 concentrations are low and where only microorganisms capable of utilising 
alternative sources of oxygen can flourish; therefore, denitrification reactions 
are particularly common in waterlogged soils. Denitrification is also the means 
by which nitrogen cycles to N2 in the atmosphere from NO3

− present in non-
agricultural terrestrial ecosystems, as well as from lakes and oceans.

Studies in which 15N–NH4
+ and 15N–NO3

− were supplied to black earth soils 
showed that denitrification of the added nitrate contributed 54% of the total 
N2O production in the case of soil with low organic matter content and 76% of 
the total N2O production in soil with high organic matter content. By contrast, 
nitrification of ammonium was the main process producing NO (Russow et al., 
2008) (Eq. 1). Large pulses of N2O were emitted after waterlogging of a Fluvisol 
in experiments by Uchida et al. (2014) but more so in intact cores than in sieved 
soil, indicating that soil properties are important in denitrification reactions. 
The most important factor affecting the magnitude of these pulses was soil 
moisture content before waterlogging. The major pathway for N2O production 
was shown to be denitrification, and this was linked to expression of microbial 
genes involved in denitrification reactions.

The microorganisms involved in denitrification were identified in 
increasing numbers in the 2000s and early 2010s through the adoption of 
terminal restriction fragment length polymorphism analysis or denaturing 
gradient gel electrophoresis of PCR-amplified functional genes such as nirS, 
nirK (which code for different forms of nitrite reductase that form NO from 
NO2

−) and less frequently nosZ (which codes for nitrous oxide reductase that 
forms N2 from N2O) (Butterbach-Bahl et al., 2013). More recently, the adoption 
of high-throughput sequencing has made the sequencing of entire microbial 
genomes feasible (e.g. Kostka et al., 2012). Future studies will look not only 
at metagenomics, the genome of all members of a soil microbial community, 
but metaphenomics, the product of the combined genetic potential of the 
microbiome and available resources (Jansson and Hofmockel, 2018). The 
distribution of denitrifying microbes is very heterogeneous even within short 
depths in a soil, and Uchida et  al. (2014) found much higher expression of 
denitrification genes in the top 0–1 cm of an intact soil core than from samples 
taken at a depth of 1–3 cm. The strategy for sampling soils for metaphenomics 
studies will have to be considered carefully.

An extreme example of anaerobic conditions in the root zone, which could 
potentially give rise to denitrification, occurs with rice, a major world food crop 
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that is mostly grown in paddy soils (continually waterlogged). However, the 
anaerobic conditions mean that nitrification reactions do not occur in the first 
place, and rice is a species that is adapted to flourish on supply of NH4

+.
Traditionally, nitrogen losses from denitrification in agriculture have been 

lowered by reducing the risk of anaerobic conditions through soil drainage, 
but allowing the percolation of water through the soil increases the risk of loss 
of NO3

− by leaching. If the nitrogen cycle in agriculture did not give rise to 
so much nitrate, these losses would be considerably lower. Tropical grasses 
in the genus Brachiaria exude compounds from their roots that suppress the 
nitrification steps of nitrogen mineralisation (biological nitrification inhibitors, 
BNIs) (Subbarao et al., 2009; 2013). By keeping the nitrogen in the NH4

+ form, 
leaching is minimised, so more nitrogen is available for plant uptake. Efforts 
are being made to breed cereal species that exude BNIs, lowering the risk of 
nitrate leaching from cereal crops.

Modelling of losses of nitrogen from soil as NO and N2O has long 
been done using the ‘hole in the pipe’ model of Firestone and Davidson, 
where nitrogen flows through two leaky pipes representing nitrification and 
denitrification, and NO and N2O leak out of the pipes at rates influenced by 
soil moisture (Pilegaard, 2013). The moisture content affects not only whether 
the soil microorganisms involved have aerobic or anaerobic metabolism but 
also the rate at which NO and N2O percolate through the soil before being 
absorbed or converted to another nitrogen form. In a dry soil, nitrification is 
important, so NO3

− ions are formed but some NO is emitted as a gas, whereas 
in a wet soil, denitrification predominates but the NO formed here is consumed 
before it is emitted and emission of N2O predominates. In an even more wet 
soil, the mostly anaerobic conditions mean that N2O is converted to N2, which is 
the major gas emitted (Pilegaard, 2013). Schlesinger (2009) suggested that the 
ratio of N2O–N:(N2O + N2)–N emitted from agricultural soils is 0.375.

4.3  Erosion and runoff

A small amount of nitrogen is lost from agriculture through soil erosion and 
runoff. Graves et al. (2015) calculated the losses of soil from the land area of 
England and Wales. Based on reported values of soil organic carbon in the 
soils present – an assumption that there is a ratio of 11:1 of organic carbon to 
N in the soils and an assumption that erosion removes a N-enriched fraction 
of soil with an enrichment ratio of 1.37:1 – they indicated that annual nitrogen 
losses are 18 026 t year−1. Most of the erosion was of silts and sands, especially 
on arable and horticultural land (Graves et al., 2015), so a large proportion of 
the nitrogen lost came from agriculture. In 2014, the total amount of fertiliser 
nitrogen used in England and Wales was 838 000  t (The British Survey of 
Fertiliser Practice, 2014), so it can be seen that the loss of nitrogen due to soil 
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erosion accounts for only a small proportion of the total nitrogen in agricultural 
ecosystems.

However, although nitrogen losses by this route are small in England and 
Wales, it is possible that they may be higher in some regions of the world. Loess 
soils are prone to erosion, and the Loess Plateau in China is the largest region in 
the world at a serious risk of soil erosion (Zhao et al., 2013). Here, attempts have 
been made to slow the loss of soil by re-vegetation of hillsides, planting trees 
and terracing of agricultural land and the sediment load in the Yellow River 
is currently decreasing (Zhao et al., 2013). However, data for nitrogen losses 
from agriculture do not appear to be available for this region. There is some 
evidence of the scale of possible losses from work on loess soils in agricultural 
regions of Iowa, USA, where the 5-year average of nitrogen losses in sediment 
eroded from corn (maize) fields was 20 kg N ha−1, and the nitrogen loss in run-
off was 1.04 kg N ha−1 (Burwell et al., 1977). This erosion loss accounted for 12% 
of the total nitrogen applied to the fields.

5  Overall consideration of nitrogen supply and loss
Recent research has looked at the conflicting processes of mineralisation, 
nitrification, denitrification and leaching with an aim to understand the extent 
to which nitrogen in crop residues, manures and inorganic fertilisers is available 
for plant uptake.

It is likely that lightning has contributed less than 10 Tg of fixed nitrogen 
per year worldwide over geological time scales (Vitousek et al., 1997). Possibly 
58 Tg N year−1 would have arisen from BNF in terrestrial ecosystems before 
agriculture commenced (Vitousek et al., 2013), much lower than previous 
estimates of this value, and these authors highlighted data from the literature 
that indicated that 40–55  Tg  N  year−1 currently arise from BNF in cropping 
systems. With the BNF from non-agricultural terrestrial ecosystems added to 
this value, the total current BNF in terrestrial ecosystems is higher than this, 
although given the lower value for pre-industrial BNF than previously estimated, 
it is probably not as high as the 140  Tg  N  year−1 calculated by Schlesinger 
(2009). Manipulation of the cycle by growing N-fixing crops and from supply 
of nitrogen both as fertilisers and from atmospheric deposition has increased 
inputs to agricultural ecosystems considerably. In the 1990s, inputs of nitrogen 
in fertilisers equalled approximately 80 Tg year−1, and more than 20 Tg N was 
deposited from the burning of fossil fuels each year (Vitousek et al., 1997). 
Nitrogen supply in fertilisers used in agriculture worldwide increased to 110 Tg 
in 2016 (FAO, 2018), and estimates of global nitrogen deposition from the 
burning of fossil fuels were as high as 25 Tg year−1 in 2009 (Schlesinger, 2009).

Losses of nitrogen from agricultural ecosystems resulting from leaching 
of nitrate and denitrification reactions account for nearly 70% of fertiliser 



© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

Index

ABC. see ATP-binding cassette (ABC)
AE. see Agronomic efficiency (AE)
Agronomic efficiency (AE) 59, 155
Agronomic practices 323
AI-2. see Auto-inducer 2 (AI-2)
AL. see Ammonium lactate (AL) method
Aldehyde:ferredoxin oxidoreductase 456
Aldehyde oxidase 456
AMF. see Arbuscular mycorrhizal fungi  

(AMF)
Ammonium lactate (AL) method 491
Ammonium molybdate 465
Ammonium oxalate 501
Ammonium sulfate 576
Apparent Fertilizer-N Efficiency (eF) 59
Apparent recovery (AR) 155
APSIM crop simulation model 199
AR. see Apparent recovery (AR)
Arabidopsis 220–222, 225
Arbuscular mycorrhizal fungi (AMF)  

610–615, 618–624, 636
ATP-binding cassette (ABC) 460
Auto-inducer 2 (AI-2) 356
Azospirillum brasilense 468

Bacillus edaphicus 190
Bacillus subtilis 596, 597
Banana 198
Beneficial Pseudomonas spp. 599
B frits 385
Bio-effectors xxv

AMF
agricultural application 620–622
biocontrol effects 615–616
biocontrol mechanisms 618–619
bio-fertilization effects 612–615
description 610–612
nutrition-mediated effects 616
resistance 616–617

soil microbial populations 618
soil structure effect 619

Bacillus species
biocontrol effects 597
growth promotion and bio-fertilization 

effects 596–597
taxonomy and description 596

bio-stimulants 592
category 593
definition 592, 593
plant nutrition processes 593

case study 630–636
definition 591
overview 589–591
Pseudomonas species

biocontrol effects 600–602, 607–610
growth promotion and bio-fertilization 

effects 599–600
taxonomy and description 598–599

synergies 622–624
Trichoderma species

biocontrol effects 607–610
growth promotion and bio-fertilization 

effects 604–607
taxonomy and description 602–604

BioFector project
AMF 636–637
bacterial bio-effectors 637
bio-effector and fertilizer placement 

strategy 632–633
bio-effector with organic fertilizers  

633–636
components 631–632
description 630
soil conditioners 636–637

Bio-fertilizers 591, 592
Biofortification 344, 347
Biological nitrogen fixation (BNF) 375, 379
BioStimulant Coalition 593



Index796

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

BNF. see Biological nitrogen fixation (BNF)
Borate 357–359, 361, 380
Boromycin 357
Boron (B) 499–500
Boron cycling, crop production

fertilization
soil vs. foliar application 386–387
sources 385

functions
deficiency and toxicity 

symptoms 364–367
membrane functions 373–378
structural element 368–373

future trends 387
occurrence in soils and availability

high (toxic) boron availability soils 363
low boron availability soils 362–363
physico-chemical properties 360–362
primary sources 359–360

overview 355–357
status assessing, soils and plants

plant analysis 383–385
soil testing, boron availability 382–383

toxicity
combating boron toxicity, breeding 

crops for tolerance 378–379
crop sensitivity, genetic variation 378

unique chemical properties 357–359
uptake and transport 379–382

Bradyrhizobia 468
Brassica napus. see Canola
Bread wheat (Triticum aestivum L.) 29
Buffer capacity (BC) 157, 159

Calcium (Ca) 494–495
Calcium cycle, crop production

efficient use, agriculture 281–284
overview 273–274
in plants

ecological point of view 277–278
forms 278–279
roles 280–281
uptake and transport 279–280

in soils
acidic soils 276–277
alkaline soils 277
the calcium cycle 274–276

Canola 196
Canopy closure dates 578
Canopy photosynthesis 37–38
Cation exchange capacity (CEC) 274, 

482–486, 502, 503, 570, 575–576

CBR1. see Cytochrome b5 reductase 1 
(CBR1)

CCCI. see Chlorophyll content index (CCCI)
CDL. see Critical deficiency level (CDL)
CEC. see Cation exchange capacity (CEC)
Chelated Fe fertilizers 321
Chlorine (Cl) 500–501, 501
Chlorophyll content index (CCCI) 42
Chlorophyll fluorescence 42, 43
C:N ratio 7, 20
Colwell P method 491
COMPRO project 627
Control-release fertilizers 570
Copper (Cu) 495, 497
Cotton 197
cPMP. see Cyclic pyranopterin 

monophosphate (cPMP)
Critical deficiency level (CDL) 314
Crop physiology, potassium

acclimatory responses, low potassium 
supply 225–226

breeding crops, potassium use 
efficiency 225–227

crops requirements 222–224
future trends 227–228
molecular biology

potassium uptake and redistribution in 
plants 219–222

potassium deficiency symptoms  
224–225

potassium role, vital functions 213–218
in charge balance and as an 

osmoticum 216–218
in plant biochemistry 213, 216

soil potassium phytoavailability and 
supply 218–219

Cyclic pyranopterin monophosphate 
(cPMP) 462–463

Cytochrome b5 reductase 1 (CBR1) 317

DGT. see Diffusive gradients in thin films 
(DGT)

Diethylenetriaminepentaacetic acid 
(DTPA) 495, 497, 498

Diffusive gradients in thin films (DGT) 492, 
493, 495, 497, 498

Dimethylsulfoxide reductase 456
Direct trade-off 97
Dissolved organic matter (DOM) 295
Dissolved organic nitrogen (DON) 6
DOM. see Dissolved organic matter (DOM)
DON. see Dissolved organic nitrogen (DON)



© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

Index 797

DTPA. see Diethylenetriaminepentaacetic 
acid (DTPA)

DTPA-sorbitol 383, 499
DüMV. see German Fertilizer Ordinance 

(DüMV)

EDDHA. see Ethyl enedi amine -N,N’ -bis( 2-hyd 
roxyp henyl aceti c acid) (EDDHA)

EDTA. see Ethylenediaminetetraacetic acid 
(EDTA)

EEFs. see Enhanced-efficiency fertilizers 
(EEFs)

EENF. see Enhanced efficiency nitrogen 
fertilizers (EENF)

Enhanced-efficiency fertilizers (EEFs) 567, 
569, 571, 573–574

Enhanced efficiency nitrogen fertilizers 
(EENF) 69–70

Environmental Kuznets Curve 74
EONi. see Extractable organic nitrogen 

(EONi)
Epidermis 720
Ethyl enedi amine -N,N’ -bis( 2-hyd roxyp henyl 

aceti c acid) (EDDHA) 577
Ethylenediaminetetraacetic acid 

(EDTA) 495, 497, 577
European Sewage Sludge Directive 774
Extractable organic nitrogen (EONi) 6

FA. see Fulvic acids (FA)
FACE. see Free-air carbon dioxide 

enrichment (FACE)
FAO. see Food and Agriculture Organization 

(FAO)
Farmyard manure (FYM) 20, 519, 522, 525, 

527, 529
Fe chlorosis 278, 308, 323
Feedstock 766
Fertigation model 704
Fertigation techniques

advantages 710
case studies

grapefruit orchard 705–707
recycled irrigation system, 

chives 707–709
soilless culture, chives 707

future trends 710–711
irrigation frequency 694–696
models and decision support tools  

703–705
nitrogen sources 702–703
overview 691–692

right place, irrigation 696–700
right rate and time, fertilization  

692–694
right source, fertilizer type and 

source 700–703
salt distribution 698
soil moisture 699

Fertilizer rate 64–66
Fertilizer source 63–64
Fertilizers use 581

calcium, magnesium, and 
micronutrient 576–577

case study 578, 580
nitrogen 567–571
nutrient pollution and resource 

depletion 563–565
overview 555–556, 558, 561, 563
phosphorus 571–574
potassium 574–576
sulfur 576
sustainable use of fertilizers 565–567

Fluorescent Pseudomonas spp. 598, 600
Flush and forget systems 777
Foliar application 197, 252, 253, 321, 325, 

386, 387, 438
Foliar fertilization 253
Foliar fertilizers

application
environmental conditions 728–729
formulation properties 733–735
future trends 735–736
plant-related aspects 729–733

chemical and structural variability
cellulose micro-fibrils 723
epicuticular waxes 724
epidermis 722
intracuticular waxes 724

drop deposition 724–725
epidermis 720
evolution course 720
foliar penetration 721
liquid-solid interactions 722
penetration mechanisms

cell-wall network 726
permeability 725
pore 726
stomatal pathway 727
water and solutes diffusion 725
water sorption 725

plant surfaces penetration 722
Food and Agriculture Organization 

(FAO) 469, 484



Index798

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

4R Nutrient Stewardship principles 248
Free-air carbon dioxide enrichment 

(FACE) 22
Fulvic acids (FA) 291
Functional stay green 41
FYM. see Farmyard manure (FYM)

Gaeumannomyces graminis 413, 414
GAI. see Green area index (GAI)
German Fertilization Law 592
German Fertilizer Ordinance (DüMV) 771
GIPCs. see Glycosylinositol phosphorylcera-

mides (GIPCs)
Gliocladium virens 602
Glutamine synthetase 39
Glycosylinositol phosphorylceramides 

(GIPCs) 370
GM. see Green manure (GM)
GNC. see Grain nitrogen concentration (GNC)
Gossypium hirsutum. see Cotton
Grain nitrogen concentration (GNC) 18
Green area index (GAI) 37
Green manure (GM) 516
Green Revolution 561, 568, 589
Green rusts 309
GS1 enzyme 39
GS2 enzyme 39
GS enzyme 39
5’guanosine triphosphate 462
Gypsum 576, 577

HA. see Humic acids (HA)
Haber-Bosch process 561
Harvest index 29
High-affinity K+ transporter 1 (HKT1) 299
High-frequency irrigation 694
HKT1. see High-affinity K+ transporter 1 

(HKT1)
Home Grown Cereals Authority 19
Hot water extraction 382
HS. see Humic substances (HS)
Humic acids (HA) 291, 292, 297, 298
Humic substances (HS) 291, 293, 295,  

296, 298
Hydrogen fertilization 67
HYDRUS-2D model 703, 704
Hypokalemia 238

ICP-mass spectrometry 487
ICP-OES. see Inductively coupled plasma 

optical emission spectroscopy 
(ICP-OES)

IFA. see International Fertilizer Industry 
Association (IFA)

IMOA. see International Molybdenum 
association (IMOA)

Indirect trade-off 97
Inductively coupled plasma optical emission 

spectroscopy (ICP-OES) 486–487
Infrared spectroscopy 501
Inositol phosphate (phytate) 166
Integrated plant nutrient management 

(IPNM) xxiv, 535–537
and global warming potential 529–532
for improving/maintaining soil 

health 523–529
improving sustainability 519, 521–523
increasing crop productivity 516–519
ISFM in sub-Saharan Africa (SSA)  

532–534
overview 515–516

Integrated soil fertility management 
(ISFM) 516, 532–534

Intercropping 322–323
International Fertilizer Industry Association 

(IFA) 591
International Molybdenum association 

(IMOA) 469
International Organization of Standardization 

(ISO) 483
International Plant Research Institute  

469–470
IPNM. see Integrated plant nutrient 

management (IPNM)
Iron (Fe) 498
Iron cycling, crop production

factors affecting availability
carbonates 312
crops and cropping systems 312
soil aeration/moisture 311
soil nutrient content 311
soil organic matter 312
soil pH and oxidation state 311
soil submergence 312
soil texture 312

future trends 325
iron content estimating, soils and plants

plant concentration 315–316
soil content 315

iron-use efficiency optimization  
strategies

agronomic approach 319–323
breeding approach 323–324
transgenic approach 324–325



© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

Index 799

overview 307–308
roles of iron, plants 313
soil availability and deficiency 313–314
solubility in soil 310–311
status and forms 308–309
toxicity 314–315
uptake strategies, crops

chelation strategy 318–319
reduction strategy 316–318

ISFM. see Integrated soil fertility 
management (ISFM)

ISO. see International Organization of 
Standardization (ISO)

K buffer capacity 190
Kentucky Agricultural Experiment 

Station 408
K leaching 194
K mining 186
KUE. see Potassium-use efficiency (KUE) 

optimization
KUpE. see Potassium uptake efficiency (KUpE)
KUtE. see Potassium utilisation efficiency 

(KUtE)

Large mass-to-area ratio (LMA) 89
Laser-induced breakdown spectroscopy 

(LIBS) 502–503
Leaching Estimation And CHemistry 

Model 12
Leaf photosynthesis 37–38
LIBS. see Laser-induced breakdown 

spectroscopy (LIBS)
LMA. see Large mass-to-area ratio (LMA)
Low-frequency irrigation 695

Magnesium (Mg) 494–495
Manganese (Mn) 498–499

efficiency
complex trait 435–436
PSII translocation and delivery 434–

435
soil properties and root trait 433–434
toxicity 430–431

functions
lignin biosynthesis 425–426
PSII 421–424
Rubisco 424–425

overview 407–408
oxidative stress

deficiency 426–427
toxicity 427–428

remediation
deficiency diagnosis 436–437
foliar fertilization 438–440
soil fertilization 438

soil and rhizosphere
availability 408–410
mobilization, root exudates 411–412
root-microbiome interactions  

412–414
symptoms

deficiency 429–430
toxicity 430–431

uptake and translocation
root transporters 414–419
shoot 419–420

Metalloenzymes 456
Mid-infrared (MIR) reflectance 

spectroscopy 501, 502
Mineral fertilisers 516–518, 527
Minolta SPAD 502 CM 42
MIR reflectance spectroscopy. see 

Mid-infrared (MIR) reflectance 
spectroscopy

Moco. see Mo cofactor (Moco)
Mo cofactor (Moco) 461–462

biosynthesis 462–463
5’GTP conversion 462
Mo insertion into MPT 463
MPT 463

structure 461–462
Molybdate-specific transporter (MOT)  

460–461
Molybdenum (Mo) in crop production 470, 

500–501
biological importance 457–458
cofactor (Moco) 461–462

biosynthesis 462–463
cycling in soils and plants 458–460
methods of application

foliar application 466–467
genotype effects 468–469
microbial associations 468
seed treatment 467–468
soil testing 468

nitrogenase 463–464
optimizing use efficiency

fertilizers 465
liming 464–465
nutrient interactions 465–466

overview 455–456
requirements 466
uptake 460–461



Index800

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

Molybdopterin (MPT) 462, 463
Mono-calcium phosphate 493
MOT. see Molybdate-specific transporter 

(MOT)
Mo trioxide 465
MPT. see Molybdopterin (MPT)
Musa acuminata. see Banana
Mycorrhizal fungi 98

N2Africa project 628, 629
N2 fixation 460, 515
Nano-Fe fertilizers 322
Nanotechnology 581
Natural Resources Conservation 

Service 484
N-butyl-thiophosphoric triamide 570
NDVI. see Normalized difference vegetation 

index (NDVI)
Near-infrared (NIR) reflectance 

spectroscopy 501, 502
Near-infrared spectroscopy (NIRS) 42
Nickel (Ni) 500
NIP. see Nodulin 26-like intrinsic protein (NIP)
NIR reflectance spectroscopy. see 

Near-infrared (NIR) reflectance 
spectroscopy

NIRS. see Near-infrared spectroscopy (NIRS)
Nitrate assimilation 38–39
Nitrate-N leaching 194
Nitrification inhibitors 570–571
Nitrogen (N) 488, 491, 564–565
Nitrogen cycle, crop production

erosion and runoff 14–15
future trends 21–22
nitrogen inputs, agricultural ecosystems

manures, crop residues and 
fertilisers 4–8

nitrogen losses, agricultural ecosystems
denitrification 12–14
leaching 11–12

nitrogen sources, agricultural 
ecosystems 8–10

overview 3–4
in wheat crops

atmospheric nitrogen deposition 18
fertiliser N 18
harvested crop, harvested crop 19
nitrogen, in wheat seed 17
nitrogen losses 19–21
organic matter mineralisation 17–18
plant uptake 18–19
theoretical maximum yield 21

Nitrogen fertilizer (NF) 30, 33, 57, 59, 68, 
73, 75

time and placement of 66–67
Nitrogen uptake and utilization, wheat

nitrogen-use efficiency 29, 30
agronomic improvement 32–34
definition and components 31–32
genetic trends 34–35
high-throughput phenotyping 

techniques 41–44
traits to increase NUpE 35–36
traits to increase NUtE 36–41

overview 29–30
plant-available nitrogen forms  

30–31
Nitrogen-use efficiency optimisation

definitions 58–59
genetics 72–73
and grain protein 59–62
manure 71–72
nitrogen demand and supply 62–67

break crops 67–68
correcting or avoiding soil 

constraints 68
crop N demand 62–63
fertilizer N supply 63–67
nitrogen supply and demand 

synchronisation 68–69
non-fertilizer N supply 63

nitrogen overuse 73–74
other nutrients adequacy 72
overview 57–58

Nitrous oxide (N2O) 529, 531–532, 536
Nodulin 26-like intrinsic protein (NIP)  

372
Non-functional stay green 41
Normalized difference vegetation index 

(NDVI) 34, 578
N partitioning 39–40
N remobilization 39–40
NUE. see Nutrient-use efficiency (NUE)
N-uptake efficiency 32, 34, 35–36
N-utilization efficiency 32, 34, 36
Nutrient availability assessment 504

factors 482
soil properties 483–484, 486

methods 486–487
macronutrient 488–495
micronutrient 495–501

overview 481–492
soil analyses 501–503

Nutrient-use efficiency (NUE) 29, 238, 242



© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

Index 801

Olsen P method 491, 492
OM. see Organic matter (OM)
Optimising fertilizer xxiv–xxvi
Optimization theory 38
Organic compounds 758–761
Organic farming 567, 590
Organic fertilizers 198
Organic manures 516, 519, 527
Organic matter (OM) 158, 159
Oryza sativa. see Rice
OsNIP3, 380

Paddock-scale information 200
PAE. see Phosphorus acquisition efficiency 

(PAE)
PBM. see Peribacteroid membrane (PBM)
PE. see Physiological efficiency (PE)
Peribacteroid membrane (PBM) 375, 376
PGPR. see Plant growth-promoting 

rhizobacteria (PGPR)
Phosphohydrolase enzymes 166
Phosphorus (P) 459–460, 491–492, 564, 565
Phosphorus, crop use

future trends 100–102
overview 83–84
P availability limitations, soil root 

interface 92
P-replete plant 84–89
P-use efficiency improvement 89–92
response, lack of P 93–97
trade-offs between traits 97–98

Phosphorus acquisition efficiency (PAE)  
87–90

Phosphorus deficiency 84
Phosphorus efficiency traits 99
Phosphorus (P) fertiliser 83
Phosphorus-use efficiency, crop production

future trends 172–173
management factors

phosphorus placement 169–172
phosphorus rate 167
phosphorus sources 167–169
phosphorus timing 169

overview 153–154
phosphorus-use efficiency 154–157
plant factors

plant genetics opportunities 165–166
soil factors

buffering rhizosphere/solution 
phosphorus 157–161

quantifying residual soil 
phosphorus 161–164

Photosynthesis xxiv
Physiological efficiency (PE) 155
Phytase enzyme 166
Plant growth-promoting rhizobacteria 

(PGPR) 594, 595, 601, 636
Poa annua 10
Potassium (K) 492–493
Potassium chloride (KCl) 574
Potassium cycle, crop production

in farming systems 195–198
dryland farming 195–197
irrigated and wetland cropping  

197–198
fertilizers 198–199
modelling 199
overview 185–186
in plants 186–187
sodium substitution 200–201
soil potassium balance 200
soil potassium cycle

crop residue potassium 191–192
leaching 194–195
release 189–190
removal 192–193
sorption 190–191

in soils 188–189
subsoil potassium 200

Potassium salts, application 323
Potassium sulfate 575, 576
Potassium uptake efficiency (KUpE)  

222, 226
Potassium-use efficiency (KUE)  

optimization
assessing KUE 241–246

agronomic efficiency 244–245
partial factor productivity 242
partial nutrient balance 242–244
partial nutrient balance 242–244
recovery efficiency 245
trends 245–246

crop management strategies
crop utilization, non-exchangeable 

potassium 255–257
green manures and agroforestry  

259–260
residue return 259
rhizosphere acidification 255
rhizosphere potassium 

concentrations 254–255
topsoil vs. subsoil potassium 

access 257–259
dynamics in soils 239–241



Index802

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

fertilizer management 248–254
balanced nutrition 254
form 248–249
place 252–253
rate 249–250
time 250–252

fertilizer use 241
improvement through breeding  

246–247
overview 237–239
reproductive plant organs, 

partitioning 247–248
Potassium utilisation efficiency (KUtE)  

222, 226
Potato 196–197
Proton transport 297
P utilisation efficiency 87–88
Pyranopterin 462

Quantitative trait loci (QTLs) 39, 41, 99, 
226, 227, 346

Reactive oxygen species (ROS) 314, 372, 
426, 427

Rhamnogalacturonan-II (RG-II) 368, 369, 
372

Rhizobia 67
Rhizobium 468
Rhizosphere-colonizing Pseudomonas 

spp. 601
Ribulose-1,5-bisphosphate carboxylase/

oxygenase (RuBisCo) 31, 38, 216, 
424

Rice 197
Richards’ equation 697
Root length density 36
Root system architecture (RSA) traits 35, 36
ROS. see Reactive oxygen species (ROS)
Rothamsted Experimental Station 407
Rotten Ear 381
RSA. see Root system architecture (RSA) traits
RuBisCo. see Ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCo)

Screening 343, 347
Secondary macronutrients xxii–xxiv
Secondary micronutrients xxii–xxiv
Sewage sludge ashes (SSA)

acid digestion/leaching 764
AshDec® 765
Mephrec® process 765
phosphoric acid 764

Site-specific nutrient management 
(SSNM) 536, 566

Slow-release fertilizers 569, 576
SO. see Sulfite oxidase (SO)
SOC. see Soil organic carbon (SOC)
Sodium molybdate 465
Soil acidification 276
Soil inorganic carbon 484
Soil organic carbon (SOC) 484, 500,  

525, 535
Soil organic matter (SOM) 291–301, 

482–484, 486, 502, 503, 523–525, 
527, 528, 535, 568, 747

biochemical and complexing pathways, 
signalling crosstalk 300–301

direct effects, humic substances  
297–300

enzymes activity, nutrient 
utilization 299–300

root nutrient transporters 298–299
root PM-ATPase, transcriptional and 

enzyme-activity levels 297–298
indirect effects, humic substances 293–

296
metal complexation affecting 

macronutrient availability 295–296
metal complexation affecting 

micronutrient availability 293, 295
overview 291–293

Soil pH 458, 482, 484
SolACE. see Solutions for improving 

Agroecosystem and Crop Efficiency 
(SolACE)

Solanum tuberosum. see Potato
Solutions for improving Agroecosystem 

and Crop Efficiency (SolACE) 
project 636, 639

SOM. see Soil organic matter (SOM)
Specific leaf N (SLN) 37, 38
SSA. see Sewage sludge ashes (SSA);  

Sub-Saharan Africa (SSA)
SSNM. see Site-specific nutrient 

management (SSNM)
Stay-green trait 40–41
Sub-Saharan Africa (SSA) 532–534
Sulfate of potash (SOP). see Potassium 

sulfate
Sulfate transport system 459
Sulfite oxidase (SO) 456
Sulfur coatings 570
Sulphur (S) 493–494
Sustainable-yield index 521, 535



© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

Index 803

TOMGRO model 704
Tourmaline 359
Treated wastes

direct land application, sewage 
sludge 748–750

inorganic contaminants 755–756
organic contaminants 756–762
plant availability, nutrients 750–755

European perspective 779
future trends 776–778
issues 747
overview 745–747
posttreatment processing

mono-incineration 764–765
precipitation, N and P salts 762–764
pyrolysis and gasification 765–767
technical processes 762

processed products
inorganic contaminants 771–774
organic contaminants 774–776
plant availability 767–771

Triticum aestivum. see Wheat
Triticum species 38

UAN. see Urea ammonium nitrate (UAN)
UAVs. see Unmanned aerial vehicles (UAVs)
UE. see Utilization efficiency (UE)
United States Department of 

Agriculture 484
Unmanned aerial vehicles (UAVs) 41
Urea ammonium nitrate (UAN) 64, 571
Ureide biosynthesis 456
USEPA Biosolids Rule 749
Utilization efficiency (UE) 155

Valence shell electron pair repulsion (VSEPR) 
theory 357

Variable-rate application (VRA) 33, 566
Variable rate nitrogen technology 

(VRNT) 70–71

Visible-near-infrared reflectance 
spectroscopy 501, 502

Volatile organic compounds 775
VRA. see Variable-rate application  

(VRA)
VRNT. see Variable rate nitrogen technology 

(VRNT)
VSEPR. see Valence shell electron pair 

repulsion (VSEPR) theory

Waste water treatment plants (WWTP) 748, 
752, 753, 756, 758, 762–764

Water management 323
Weathering 189, 274, 308, 309
Wheat 195–196
WWTP. see Waste water treatment plants 

(WWTP)

Xanthine dehydrogenase (XDH) 456
Xanthine oxidase 456
XDH. see Xanthine dehydrogenase (XDH)
X-ray crystallographic analyses 462

Youngest open leaf 384

Zinc (Zn) 497–498
Zinc accumulation 337
Zinc efficiency and biofortification studies

crop production and biofortifica-
tion 344–346

cycling in soil and root uptake  
340–342

future trends 346–348
natural variation, crop genotypes  

342–344
nutrition and deficiency stress, global 

importance 339–340
overview 337–338

ZmPIP1-1 activity 371, 375
Zn deficiency 339, 340, 344, 346


