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Foreword

I am very happy that this comprehensive edited book on “Nutrient Use Efficiency: From
Basics to Advances™ has been prepared by Dr. Amitava Rakshit along with his colleagues,
Prof. H.B. Singh and Prof. A. Sen. Optimum use of nutrients by crops is essential for
sustainable agricultural production. With increasing world demands for food and energy, this
is set to become a priority agenda in times to come. Fertilisers are costly to produce and need
scientific application matching on environmental needs. There is an absolute requirement to
maximise efficiency using both agronomic and plant breeding approaches. Nutrient use
efficiency is one mode through which this issue can be addressed holistically. Improving
yield alone may be at the expense of energy intensive nutrient content and hence quality,
therefore yield improvements must be matched by appropriate increases in nutrient dynamics
in plant system. Improving nutrient efficiency is a worthy goal and fundamental challenge
facing the input industry, and agriculture in general. The opportunities are there and tools are
available to accomplish the task of improving the efficiency of applied nutrients. Multiple
complex processes contribute to the overall nutrient use efficiency as well as
multidisciplinary approaches involving agronomy, soil science; traditional breeding and

biotechnology will contribute to future improvements in this direction.

This book contains chapters with applied aspects of nutrient use efficiency authored by
leading experts in the field. This book is meant for academics, researcher and extension
workers who would like to learn more about the principles and practices of integrated
resource management. The book gives good discussions of topics on current interest in
increasing efficiency of nutrient use by plants in greater details. I congratulate the editors for

getting such a valuable book published.

-

Dated the 18th June, 2014 Varanasi
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FOREWORD

Global population growth is increasing demand for food, fiber, fuel and energy,
with limited land and water resources available for crop production and higher costs of
inorganic fertilizer, environmental concerns are relevant for the development of more
nutrient-efficient crops, which are likely to play a major role in maintaining or increasing
crop yields for sustainable agriculture production in the future, especially after changing
climate scenario. We have to accept the need for increased efficiency, sustainability and
resilience of our agricultural production, giving due importance on the responsibility of
feeding the world, justifying food versus fuel debate without impairing natural resource
base biodiversity and climate change. Fertilizer nutrients have helped spare millions of
acres of land while sustaining crop production increases to meet the demand, and its
management holds the key for quantitative and qualitative improvement of various crops.
Escalating fertilizer prices, environmental concerns and stagnant crop prices have
growers looking for ways to increase the nutrient use efficiency of their crops.

Addition of fertilizers and/or amendments are essential for a proper nutrient
supply and maximum yields. Estimates of overall efficiency of applied fertilizer have
been reported to be about or lower than 50% for N, less than 10% for P, about 40% for K
and about 2-5% for micronutrients. Plants that are efficient in absorption and utilization
of nutrients greatly enhance the efficiency of applied fertilizers, reducing cost of inputs,
and preventing losses of nutrients to ecosystems. Improvement of nutrient use efficiency
(NUE) is an essential pre-requisite for expansion of crop production into marginal lands
with low nutrient availability. Efficiency improvement is key, therefore, for cropping
systems as a whole, and for nutrient use within them and are known to be under genetic
and physiological control and are modified by plant interactions with environmental
modulations. Effective nutrient use coupled with best management practices and vibrant
breeding programs involving traits like nutrient absorption, transport, utilization, and
mobilization on developing cultivars with high NUE protect, improve and promote soil,
water and air quality.

| am very happy that this comprehensive edited book on “Nutrient Use
Efficiency: From Basics to Advances™ has been prepared by Dr. Amitava Rakshit along
with his colleagues, Prof. H.B. Singh and Prof. A. Sen. This book contains chapters
written by leading experts in the field. It provides a comprehensive, inter-disciplinary
description of the problems of nutrient use efficiency in the overall context of
biogeochemical cycle of nutrients, its environmental and health implications, as well as
various approaches to nutrient use efficiency. The topics vary from physiology and
adaptive mechanisms, molecular biology, and applied aspects in agronomy and soil
science. This book will be useful for all interested in strategies for rational and effective
nutrient use under peer biotic and abiotic stresses. 1 congratulate the editors for this
meaningful exercise.

—

( S. Ayyvappan)
Dated the 19"™ June, 2014
New Delhi



An edited book of this expanse does not become possible without the
contribution of several willing souls. Many who are engaged in resource
use efficiency in agriculture all over the world have contributed to this book.
It is impossible to refer to all the correspondents who have furnished
informations and have so freely reported their findings. We are indebted to
a number of Societies for permission to reproduce information and
illustrations which have already been published. We have been lucky that
several colleagues and students helped us in our endeavor to bring this book
to light. Special mention must be made of Prof. Norbert Claassen and
Dr. V. C. Baligar who saw value in this effort at the outset!

Finally, the production team members Surabhi, Raman, Kiruthika and
Pandian deserve special appreciation for guiding us through the process of
publishing a new work. Last but not least, we would thank our family,
immediate and extended, for their unconditional support, unflagging love in
putting everything together and inspiration.

Amitava Rakshit
Avijit Sen
Harikesh Bahadur Singh

I can no other answer make, but, thanks, and thanks (Shakespeare (Twelth N, Act iii,
Sc.3))
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V.C. Baligar and N.K. Fageria

Abstract

In modern agriculture use of essential plant nutrients in crop production is
very important to increase productivity and maintain sustainability of the
cropping system. Use of nutrients in crop production is influenced by cli-
matic, soil, plant, and social-economical condition of the farmers. Overall,
nutrient use efficiency by crop plants is lower than 50 % under all agro-
ecological conditions. Hence, large part of the applied nutrients is lost in the
soil-plant system. The lower nutrient use efficiency is related to loss and/or
unavailability due to many environmental factors. The low nutrient use
efficiency is not only increase cost of crop production but also responsible
for environmental pollution. Nutrient use efficiency in the literature is defined
in several ways. The most common nutrient use efficiency is designated as
nutrient efficiency ratio, agronomic efficiency, physiological efficiency,
agrophysiological efficiency, apparent recovery efficiency, and utilization
efficiency. Definition and methods of calculation of these deficiencies are
presented. Improving nutrient use efficiency is essential from economic and
environmental point of view. The most important strategies to improve
nutrient use efficiency are the use of adequate rate, effective source, timing,
and methods of application. In addition, decreasing abiotic and biotic stresses
and use of nutrient efficient crop species and genotypes within species are
also important in increasing nutrient use efficiency.

Keywords
Nutrient use efficiency ¢ Physiology ¢ Fertilizers ¢ Abiotic stress agron-
omy ¢ Management ¢ Soils
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V.C. Baligar and N.K. Fageria

Table 1 Potential element deficiencies and toxicities associated with major soil orders®

Soil order/US taxonomy

Alfisols/Ultisols (Albic) (poorly drained)
Alfisols/Aridisols/Mollisols (Natric) (high alkali)
Andisols (Andepts)

Aridisols

Aridisols/Arid Entisols

Aridisols (high salt)

Entisols (Psamments)

Entisols (Fluvents)

Histosols

Mollisols (Aqu), Inceptisols, Entisols, etc. (poorly
drained)

Mollisols (Borolls)

Mollisols (Ustolls)

Mollisols (Aridis) (Udolls)
Mollisols (Rendolls) (shallow)
Oxisols

Spodosols (Podsols)
Ultisols

Ultisols/Alfisols
Vertisols

Soil group, Element

FAO Deficiency Toxicity

Planosol Most nutrients Al

Solonetz K, N, P, Zn, Cu, Mn, Fe Na

Andosol P, Ca, Mg, B, Mo Al

Xerosol Mg, K, P, Fe, Zn Na

Yermosol Mg, K, P, Fe, Zn, Co, 1 Na, Se

Solonchak B, Na, Cl

Arenosol K, Zn, Fe, Cu, Mn

Fluvisol Al, Mn,
Fe

Histosol Si, Cu

Gleysol Mn Fe, Mo

Chernozem 7Zn, Mn, Fe

Kastanozem K, P, Mn, Cu, Zn Na

Phaeozem Mo

Rendzina P, Zn, Fe, Mn

Ferralsol P, Ca, Mg, Mo Al, Mn,
Fe

Podzol N, P, K, Ca, and Al

micronutrients

Acrisol N, P, Ca, and most other Al, Mn,
Fe

Nitosol P Mn

Vertisol N, P, Fe S

*Modified from Baligar et al. (2001), Clark (1982), Dudal (1976) and personal communications, Buol SW North
Carolina State University, Raleigh, NC and Eswaran H USDA, NRCS, Washington, DC

Such an increase in population growth will inten-
sify the pressure on world’s resource base (land,
water, air) to achieve higher food production.
Expanding the land under crops and by increas-
ing yield per unit area could help in increasing
food production. According to estimate of FAO
(2013), about 1.54 billion ha of worlds land is
arable and is under permanent crops. Most of the
land that could be brought under cropping has
been utilized with exception of some land areas
of sub-Saharan Africa and South America which
are very fragile to degradation to bring under any
forms of cultivation.

Soil degradation due to inappropriate manage-
ment and intensive cultivations and increased
abiotic and biotic stresses have posed serious
challenges to achieve reasonable good yields of
annual and perennial crops worldwide. Adequate
water and soil nutrients (fertilizers) along with

superior genetic materials (cultivars, genotypes)
are vital to achieve higher yields and high-quality
food materials. Many of the world soils are
deficient in many of the essential nutrients and
contain often toxic elements to achieve higher
crop yields (Table 1) (Dudal 1976; Clark 1982;
Baligar et al. 2001). Salinity, alkalinity, acidity,
anthropogenic processes, nature of farming, and
erosion can lead to soil degradation and lowering
of soil fertility. In the world, close to four billion
ha of the ice-free land area is considered having
soil acidity and about 950 million ha of land
area is salt affected and to bring some of these
large areas of land under cultivation require
enormous costly inputs such as irrigations, soil
amendments, and fertilizers. On degraded and
infertile soils addition of fertilizers and/or
amendments are essential for proper nutrient sup-
ply and to achieve higher yields.
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Currently, world uses about 105 million tons
of N, 20 million tons of P, and 23 million tons of
K for crop production (FAO 2013). Recovery of
applied fertilizer efficiency is low, and overall
efficiency of applied fertilizer have been about
or lower than 50 % for N, less than 10 % for P,
and about 40 % for K (Baligar and Bennett
1986a, b). Lower efficiency of applied fertilizer
is attributed to leaching and run-off, gaseous
losses, fixation by soil, and use of inefficient
nutrient absorbing/utilizing plant species or
cultivars. Nutrient losses can potentially contrib-
ute to degradation of soil and water and degrada-
tion of environment.

In this overview, the plant, soil, fertilizer,
agronomic, abiotic, and biotic factors how they
affect nutrient use efficiency (NUE) and remedial
measures adaptable to improve NUE in plant
is being presented. No attempt has been made
to cover the extensive literature published in
these areas and readers can refer or consult to
some of the excellent publications (Alam 1999;
Baligar and Duncan 1990; Baligar and Fageria
1997; Baligar et al. 2001; Blair 1993; Fageria
and Baligar 2005; Fageria et al. 2002, 2008;
Gerloff and Gabelman 1983; Marshner 1995;
Mengel and Kirkby 2001; Vose 1987). Fageria
et al. (2006) have covered extensively on the
physiological basis of macro-micro nutrient
nutrition in crop plants. In this review we only
present the overview of the issue.

2 Estimation of NUE in Plants

The NUE in plants is profoundly influenced by
genetic and physiological components and their
influence on plants ability to absorb and utilize
nutrients under various environmental and eco-
logical conditions. Determination of NUE is use-
ful to differentiate plant species genotypes and
cultivars for their ability to absorb (uptake) and
utilize (assimilation) nutrients for maximum pro-
duction of dry mater/yields. The NUE is based on
(a) uptake efficiency (acquire from soil, influx
rate into roots, influx kinetics, radial transport in
roots are based on root parameters per weight or
length and uptake is also related to the amounts

of the particular nutrient applied or present in
soil), (b) incorporation efficiency (transports to
shoot and leaves are based on shoot parameters),
and (c) utilization efficiency (based on remobili-
zation, whole plant, i.e., root and shoot
parameters). Generally, NUE in plant can be
defined as the maximum economic yield or dry
matter produced per unit of any nutrient that is
applied or unit of that particular nutrient taken
up. Graham (1984) defined nutrient use effi-
ciency of a genotype (for each element sepa-
rately) as the ability to produce a high yield in a
soil that is limited in that element for a standard
genotype. Clark (1990) defined nutrient efficient
crop species or genotypes within species as those
that produce more dry matter or have a greater
increase in harvested portion per unit time, area,
or applied nutrient, have fewer deficiency
symptoms, or have greater incremental increases
and higher concentrations of mineral nutrients
than other plants grown under similar conditions
or compared to a slandered genotype. Blair
(1993) defined nutrient efficiency as the ability
of a genotype/cultivar to acquire nutrients from
growth medium and/or to incorporate or utilize
them in the production of shoot and root biomass
or utilizable plant material (seed, grain, forage).
Gourley et al. (1994) defined nutrient efficient
plants as germplasm that requires fewer nutrients
than an insufficient one for normal metabolic
process. Fageria et al. (2008) defined efficient
plant as that produces higher economic yield
with a determined quantity of applied or
absorbed nutrient compared to other or a stan-
dard plant under similar growing conditions.

Commonly used NUE definitions are given
below, and for extensive coverage of this area,
readers are referred to Baligar and Duncan
(1990); Baligar et al. (2001); Blair (1993);
Fageria et al. (2008); and Gerloff and
Gabelman (1983).

Nutrient Efficiency Ratio (NER) The NER was
suggested by Gerloff and Gabelman (1983) to
differentiate genotypes into efficient and ineffi-
cient nutrient utilizers. It can be defined as the
yield in kg per unit of nutrient in kg. The equa-
tion for calculating NER is:



NER (kg kg™') = —— Yieldinkg
Nutrient in plant tissue in kg

Agronomic Efficiency (AE) Is defined as the
economic production obtained per unit of nutri-
ent applied. It can be calculated by using the
following equation:
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where NU; = nutrient uptake in grain plus straw
of fertilized plot and NU,; = nutrient uptake in
grain plus straw of unfertilized plot.

Utilization Efficiency (EU) Is product of physi-
ological efficiency and apparent recovery
efficiency.

_Yield of fertilized plot in kg — Yield of unfertilized plot in kg

AE (kgkg™') =

Quantity of nutrient applied in kg

Physiological Efficiency (PE) Is defined as the
biological yield obtained per unit of nutrient
uptake. It can be calculated by using the follow-
ing equation:

_ BY: in kg — BYy¢ in kg
~ NU; in kg — NUy in kg

PE (kg kg’l)

where BY; = biological yield (grain plus straw)
of fertilized plot, BY,s = biological yield
of unfertilized plot, NU; = nutrient uptake
in grain and straw of fertilized plot, and
NU,¢ = nutrient uptake in grain and straw of
unfertilized plot.

Agrophysiological Efficiency (APE) 1Is defined
as the economic production obtained per unit of
nutrient uptake. It can be calculated by using the
following equation:

GY; in kg — GYy in kg
NUs in kg — NUyy in kg

APE (kgkg') =

where GYy = grain yield of fertilized plot,
GY s = grain yield of unfertilized plot, NU; =
nutrient uptake in grain plus straw of fertilized
plot, and NU,s = nutrient uptake in grain plus
straw of unfertilized plot.

Apparent Recovery Efficiency (ARE) 1Is defined
as the quantity of nutrient uptake per unit of
nutrient applied. It can be calculated by using
the following equation:

ARE (%) = MU —NUw
Quantity of nutrient applied

UE (kg kg™') =PE x ARE

where PE = physiological efficiency and ARE is
apparent recovery efficiency as defined above.

3 Factors That Influence the NUE
and Ways to Manipulate Them
to Improve NUE

The efficiency of nutrient acquisition, transport,
and utilization by plants grown in soil is con-
trolled by (a) the capacity of the soil to supply
the nutrients and (b) the ability of the plants to
absorb, utilize, and remobilize the nutrients and
this is referred to as NUE in plants. The NUE is
partitioned into uptake efficiency (nutrient
uptake/capture by roots, transport through roots,
and shoot) and utilization efficiency (nutrient
conversion to dry matter and grain).

3.1 Plant Factors

Selection of improved genotypes/cultivars adapt-
able to wide range of soils and climatic changes
has been a major contributor to the overall gain in
crop productivity. Crop genetic improvement
through breeding and with improved manage-
ment practices are the major contributors for
achieving higher yields of crops during second
half of the twentieth century. However average
yields of many important crops at farm level are
still two to four times lower than the recorded
maximum yield potentials (Baligar et al. 2001).
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Table 2 Total population, NPK use, total arable, and cropped land and fertilizer use/ha in 2010*
Population N-P-K use Arable and cropped Fertilizer
Region (10% (10° Mg) land (10° ha) use (kg/ha)
Africa 1,022 3.83 256.4 14.93
Eastern 324 0.80 69.4 11.51
Middle 127 0.03 27.3 1.04
Northern 209 2.01 47.4 42.31
Southern 58 0.55 14.5 38.02
Western 304 0.43 97.8 4.39
America 935 33.03 395.4 83.54
Northern 344 19.24 210.8 91.26
Central 156 1.95 36.2 53.93
Southern 392 11.60 141.2 82.13
Caribbean 42 0.24 6.9 34.07
Asia 4,164 90.54 553.4 163.60
Central 61 0.91 32.6 27.97
Eastern 1,574 48.19 135.4 335.88
Southern 1,704 28.81 231.5 124.47
Western 232 2.44 43.7 55.79
South Eastern 593 10.19 110.2 92.50
Europe 738 18.55 290.7 63.83
Northern 99 297 19.3 153.64
Southern 155 3.06 39.6 77.31
Eastern 295 7.20 196.4 36.67
Western 189 5.31 353 150.35
Oceania 37 2.29 452 50.67
World 6,896 148.25 1,541.1 96.20

#Source: FAO FAOSTAT, 2013. Available at http://faostat.fao.org/Rome

Borlaug and Doswell (1994) stated that soil fer-
tility is the single most important factor that
limits crop yields and as much as 50 % of the
increase in crop yields worldwide during the
twentieth century is due to the use of chemical
fertilizers. High or low crop yield in different
parts of the world could be correlated to level
of fertilizer use per unit of land (Table 2).
Genetic variability within plant species and
cultivar within species is responsible for the
differences in NUE and such differences in
NUE in plants could be related to differences in
absorption, translocation, shoot demand, dry
matter production per unit nutrient absorbed,
and plant environmental interactions. Genotypic
differences for uptake and utilization efficiency
of nutrients are governed by different soil and
plant mechanisms and processes (Table 3)
(Baligar et al. 2001). Adkinson (1990) and
Fageria et al. (2002) state that plant factors such

as root and root hair morphology (length,
density, surface area); root-induced changes
(secretion of H*, OH~, HCO;"); root exudation
of organic acids (citric, malic, tartaric, oxalic,
phenolic), sugars, and non-proteinogenic amino
acids (phytosiderophores); secretion of enzymes
(phosphatases); plant demand; plant species/
cultivars; and microbial associations (enhanced
CO, production, rhizobia, mycorrhizae,
rhizobacteria) have profound influences on
plant’s ability to absorb and utilize nutrients
from soil.

Fageria et al. (2008) states that capacity of some
plant species or cultivar/genotypes within species
to absorb nutrients at higher rate at low nutrient
concentration of the growth medium is one of the
mechanisms responsible for efficient nutrient use
by plants. Plant induces several changes in rhizo-
sphere as follows: (a) modification of rhizosphere
pH; (b) oxidation potentials; (c) exudation of
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Table 3 Components of NUE and processes that influence genotypic differences in NUE in plants®

A. Nutrient acquisition

1. Diffusion and mass flow in soil: buffer capacity, ionic concentration, ionic properties, tortuosity, soil moisture, bulk

density, temperature

2. Root morphological factors: number, length, root hair density, root extension, root density

3. Rhizosphere modification

4. Physiological: root: shoot ratio, root microorganisms (rhizobia, azotobacter, mycorrhizal fungi), nutrient status, water
uptake, nutrient influx and efflux, nutrient transport in roots and shoots, affinity to uptake (Km), threshold concentration

(Cmin)

5. Biochemical: enzyme secretion (phosphatase), chelating compounds, phytosiderophores, proton exudates, organic

acid exudates (citric, trans-aconitic, malic acid)

B. Nutrient movement in root

1. Transfer across endodermis and transport within root
2. Compartmentalization/binding within roots

3. Rate of nutrient release to xylem

C. Nutrient accumulation and remobilization in shoot
1. Demand at cellular level and storage in vacuoles

2. Retransport from older to younger leaves and from vegetative to reproductive tissues

3. Rate of chelates in xylem transport
D. Nutrient utilization and growth
1. Nutrient metabolism at reduced tissue concentration

2. Lower element concentration in supporting structure, particularly stem
3. Elemental substitution (Na for K, Fe for Mn, Mo for P, Co for Ni)

4. Biochemical (nitrate reductase for N-use efficiency, glutamate dehydrogenase for N metabolism, peroxidase for Fe
efficiency, pyruvate kinase for K deficiency, metallothionein for metal toxicities, ascorbic acid oxidase for Cu, carnonic

anhydrase for Zn)

*Modified from Baligar et al. (2001), Duncan and Baligar (1990), Fageria and Baligar (2005)

organic acids, chelators, reductants, and oxidants;
(d) extracellular enzymes to turn over organically
bound nutrients; and (e) providing substrate for
microbial biomass (Fageria et al. 2008; Sauerbeck
and Helal 1990).

Breeding programs should consider plant
characteristics such as the ability to produce
near maximum yields at low nutrient levels, and
extensive root systems efficient in exploring
large soil volumes to develop cultivars with
high NUE. Breeding cultivars for high tolerance
to low levels of nutrient supply and abiotic and
biotic constraints will have a better chance of
improving NUE (Baligar et al. 2001). Breeding
plant cultivars with superior NUE depends upon:
(a) the genetic variability present for particular
trait (s) that governs NUE and (b) development
of methodology to accurately quantify the physi-
ological parameters that reflect the efficient NUE
(Baligar et al. 2001; Fageria et al. 2008; Duncan
and Baligar 1990; Duncan and Carrow 1999;

Fageria and Baligar 1994; Gerloff 1987; Gerloff
and Gabelman 1983; Vose 1984, 1987).

Recent reviews have summarized broader
aspects of identified genes responsible for NUE
and plant environment on the expression of these
genes (Agrama 2006; Masclaux-Daubresse
et al. 2010; Pathak et al. 2011; Xu et al. 2012).
Vinod and Heuer (2012) state that molecular
breeding now provides a real opportunity to
develop varieties with multiple tolerance traits—
provided that large-effect QTLs/genes are avail-
able. Extensive discussion on molecular aspects
of NUE is beyond the scope of this review.

It has been well documented the presence of
most efficient (E) and most in efficient (I) NUE
plants in different species and cultivars/
genotypes within species (Baligar and Duncan
1990; Clark and Duncan 1991; Baligar
et al. 2001; Fageria and Baligar 2005; Fageria
et al. 2008; Gerloff and Gabelman 1983). Table 4
lists the E and I for nutrient efficiency ratio
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Table 4 Variations in Nutrient Efficiency Ratio (NER)
values for P, K, Ca, and Mg of most efficient (E) and
inefficient (I) entries of selected crop species®

NER (kg kg™ "

Species Efficiency P K Ca Mg
Rice E 1,125 - - -

| 563 - - -
Maize E 625 46 256 476

I 171 18 115 333
Wheat E 188 - - -

1 125 - - -
Sorghum E 1,000 44 208 417

| 476 23 123 278
Bean E 671 294 - -

1 562 154 - -
Red clover E 1,012 104 91 670

1 470 61 53 476
Alfalfa E 1,369 113 57 689

| 25 16 37 428
Tomato E - 357 434 -

1 - 173 381 -

*Modified from Baligar et al. (2001)

(NER) in different crop species for P, K, Ca, and
Mg. In all these species efficient entries for N, P,
and N for NUE were far superior in utilization of
absorbed nutrients than the inefficient entries.
NUE parameters are influenced by levels of
soil applied nutrients (Baligar and Fageria 1997;
Fageria and Baligar 2005; Fageria et al. 2008)
and genotypes and level of soil fertility for N, P,
and K (Table 5). Based on plant response to
nutrient levels, Gerloff (1987) and Blair (1993)
grouped genotype/cultivars as follows (Fig. 1):
(a) efficient responders, plants that produce
high yields at low levels of nutrients and that
respond to higher levels of nutrient additions;
(b) inefficient responders, plants with low yields
at low levels of nutrition and that have a high
response to high levels of added nutrients;
(c) efficient nonresponders, plants that produce
high yields at low levels nutrition but do not
respond to nutrient additions; and (d) inefficient
nonresponders, plants that produce low yields at
low levels of nutrition and do not respond to
nutrient addition. Such type of classifications
will help in identification of genotypes/cultivars
that are efficient in nutrient use under stresses or
non-stressed systems. Superior genotypes with

Table 5 Various nutrient use efficiency parameters
for N, P, and K of irrigated rice genotypes at medium
soil fertility (MFL) and high soil fertility (HFL) levels in a
low land acid soil of central Brazil®

N P K
Genotypes MFL HFL MFL HFL MFL
Nutrient efficiency ratio (NER) (kg kg™')
Alianca 104 77 183 167 72 85
Metica I 81 108 140 236 56 120
Physiological efficiency (PE) (kg kgfl)

HFL

Alianca 158 121 360 324 &9 97
Metica I 130 113 491 458 &9 121
Agronomic efficiency (AE) (kg kg™')

Alianca 48 43 93 99 76 87

Metica I 50 51 95 117 78
Agrophysiological efficiency (APE) (kg kgfl )
Alianca 69 61 158 162 39 49
Metica I 73 51 252 207 37 54
Apparent nutrient recovery efficiency (ANR) (%)
Alianca 71 63 51 52 81 92
Metica I 61 99 30 52 61 99

*Modified from Baligar and Fageria (1997)
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Fig. 1 Classes of plant relative to yield responses to
nutrient level in the growth medium (Gerloff 1987; Blair
1993)

high NUE are useful in breeding of nutrient use
efficient cultivars that are adaptable to stress
ecosystems and to produce reasonable higher
crop yields.

3.2 Soil Factors

Production potentials of many soils in the world
are decreased by low supplies of essential
nutrients from adverse soil physical (bulk
density, hardpan layers, structure and texture,



surface sealing and crusting, water holding
capacity, water-logging, drying, aeration,
temperature) and chemical (salinity, acidity, ele-
mental  deficiencies/toxicities, low SOM)
constraints. These soil constraints affect transfor-
mation (mineralization, immobilization), fixation
(adsorption, precipitation), and leaching or sur-
face runoff of indigenous and added nutrients
(Barber 1995; Baligar and Fageria 1997; Fageria
et al. 2002, 2008; Dudal 1976) and reduce nutri-
ent bioavailability.

Mineral nutrient deficiencies and toxicities
due to extreme soil pH affect growth (dry mass,
root: shoot ratio) and morphology (length, thick-
ness, surface area, density) of roots and root hairs
(Baligar et al. 1998). Such changes in root
growth and morphology affect plant ability to
absorb and translocate minerals from soil to
meet plant demands (Fageria 2013).

Acid soil occupy close to 3.95 billion ha of
area world’s ice-free land area (von Uexkull and
Mutert 1995). Poor plant productivity on acid
soils i1s due to combination of toxicities of Al,
Mn, and H and deficiencies of N, P, K, Ca, Mg,
and some micronutrients (e.g., Fe, Zn). Additions
of lime and fertilizers are an effective way to
correct soil acidity constraints. Plant species
and genotypes/cultivars within species differ
widely in tolerance to soil acidity constraints
(Foy 1983, 1984; Baligar and Fageria 1997,
1999). Baligar and Fageria (1997) reported that
Al-tolerant genotypes had lower NER for essen-
tial nutrients in sorghum (except Ca) and red
clover (except P) and had higher NER in maize
(except K) and alfalfa (except Ca and MG) than
Al-sensitive genotypes. However efforts in selec-
tion of acid soil-tolerant plant cultivars with high
dry matter accumulations and NUE is very much
unknown.

The total area of salt-affected soil has been
estimated at about 952 million ha (Szabolcs
1979). Saline soils contain predominantly
chlorides and sulfates of Na, Ca, and Mg, and
alkaline soils contain excess of NaHCO; and
exchangeable Na and these ions are commonly
occurring in toxic concentrations and are very
toxic to plants (Gupta and Abrol 1990). In saline
soils, plants are affected by water deficit, ion
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toxicity (CI, Na), and nutrient imbalances due
to depression in uptake and transport. In alkaline
soils, Fe deficiency, B toxicity, and salinity are
the most obvious problems for successful crop
production. Large differences in salt tolerance
have been reported for plant species and cultivars
within species (Maas 1986; Marshner 1995).
During growth cycle in both acidic and salt-
affected soils short- or long-duration drought
adversely affects physiological processes, shoot
and root morphology, and NUE. Use of salt-
tolerant species and cultivars could help in
overcoming moderate soil salt toxicity and
improving crop yields and NUE.

Soils in many areas of the world have toxic
levels of heavy metals (Cd, Cr, Ni, Hg, Pb, Cu,
Zn). Heavy metals that alter root growth, mor-
phology, and roots’ ability to absorb nutrients
from soil and interfere in these changes have
significant effects on nutrition and NUE in plants
(Baligar et al. 1998; Mengel and Kirkby 2001;
Marshner 1995). By adapting soil amendments
addition (lime, organic matter, fertilizers) and
use of hyper metal accumulator by adapting
phytoremediation techniques, toxic levels of
heavy metals in agricultural soils could be
remediated (Fageria et al. 2011).

Use of improved and high-yielding crop spe-
cies and genotypes/cultivars within species, in
combination with improved best management
practices for acid soils (lime, fertilizers, organic
matter) and saline/alkali soils (irrigation, organic
matter, macro-micronutrient fertilizers), is an
important strategy to reduce cost of production
and improve crop yields and NUE in various
types of soils. Detail discussions of and reviews
of plant and soil factors that affect nutrient
uptake and NUE are available (Baligar
et al. 2001; Barber 1995; Clark and Baligar
2000; Fageria et al. 2002; Marshner 1995;
Mengel and Kirkby 2001).

3.3 Fertilizer Factors

Barber (1976) defined fertilizer efficiency as the
amount of increase in yield of the harvested
portion of the crop per unit of fertilizer nutrient
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applied where high yields are obtained. Fertilizer
recovery efficiency could be improved by
selecting right type of fertilizer formulation,
correcting soil adverse chemical constraints by
applications of soil amendments, and adjusting
the method, dose, and time of application based
on soil, plant, and climatic factors to reduce
losses (leaching and runoff, denitrification,
ammonia volatilization, fixation). Single- or
multi-nutrient slow release fertilizers (SRF) and
controlled release fertilizers (CRF) have added
advantages in improving the recovery efficiency
by plants, by lowering rate of release, thereby
limiting emissions/volatilization (N,O, NH3) and
leaching losses (NO3-N, K), reducing P fixation,
and providing constant availability of nutrients
during the entire plant growing season. CRF are
designed to synchronize nutrient availability
(rate of release) to the plant nutrient uptake.
However there is a need for research to
understand the efficiency of these fertilizer
formulations and their interaction.

Over the year several nitrification inhibitors
have been developed and widely used: N-serve/
nitropyrin [2-chloro-6 (trichloromethyl) pyri-
dine], AM [2-amino-4-chloro 6 methyl pyrimi-
dine], DCD [dicyandiamide cyanoguanidine],
and DMPP (3,4-dimethylpyrazole phosphate)
(Hauck 1985; Peoples et al. 1995; Prasad and
Power 1995; Subbarao et al. 2006; Trenkel
2010) to reduce N loss. Nitrification inhibitors
delay bacterial oxidation of ammonia ion thereby
control the loss of nitrate by leaching or the
production of nitrous oxides by denitrification
(Trenkel 2010). Urease inhibitors such as
NBPT [N-(n-Butyl) thiophosphoric triamide],
PPD/PPDA [phenylphosphorodiamidate], and
hydroquinone have been widely used
(Hendrickson 1991, 1992; Kiss and Simihaian
2002; Trenkel 2010) and have improve applied
urea efficiency by preventing or suppressing the
transformation of amide-N in urea to ammonium
hydroxide and ammonium through the hydrolytic
action of the enzyme urease (Trenkel 2010).
Application of NBPT with urea is successful in
reducing the rate of urea hydrolysis and improves
its efficiency (Hendrickson 1991, 1992). Site-

specific (precision) technology along with
sound management systems could lead to
reduced fertilizer inputs, thereby improving
costs of fertilizer input and the degradation of
the environment.

Under certain circumstances of adverse soil
(extreme pH, low SOM) and climatic (extreme
rainfall and temperatures) conditions, plants
develop nutrient disorders (deficiencies) that
can affect plants’ growth, development, and
NUE. Timely application of nutrients through
foliar is the most effective methods to correct
specific nutrient disorder and to improve plant
growth and NUE. Extensive discussions on foliar
fertilization and their impact on NUE are given
by Fageria et al. (2009) and Kannan (1990).

3.4 Agronomic/Management

Soil quality parameters (physical, chemical,
biological), SOM, and nutrient distribution
throughout different soil horizons are influenced
by nature of tillage operations such as traditional
tillage, no tillage, minimum tillage, and conser-
vation tillage. Tillage methods have impact on
rooting pattern, water holding capacity, water
penetration, aeration, soil compaction, soil tem-
perature, and soil microbial activities. Such
changes greatly affect nutrient bioavailability
and subsequently affect NUE in plants. Inclusion
of cover crops either in crop rotation or along with
main crops could reduce soil erosion, improve
soil fertility and SOM, and suppress weeds. Ben-
eficial effects of cover crops include increased
soil organic matter content, improved soil quality
parameters and availability nutrients, increased
concentration of nutrients at surface layers,
reduced leaching losses of nutrients, better ero-
sion control, improved soil structure and texture,
decreased soil acidity and compaction, cut fertil-
izer input costs, improved water holding capacity,
increased biological activities, weed suppression,
decreased disease, and reduced pest problems
(Fageria et al. 2011). Improved nutrient cycling
and soil quality parameters by the use of cover
crops will improve crop growth and NUE.
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3.5  Abiotic Stresses

Invariably plants are subjected to various degrees
of abiotic (soil acidity, mineral deficiencies
and/or toxicities, drought/floods, light quality/
shade, temperatures extremes) and biotic stresses
(pest, diseases, weeds). These stresses have tre-
mendous effect on plant growth and development
resulting in lower absorption and utilization of
absorbed nutrients and consequently to reduced
NUE (Fageria et al. 2008; Lyda 1981). Cultivars/
genotypes of plants that have high macro-micro-
nutrient use efficiency ratio under abiotic and
biotic stresses may have advantage in adapting
mineral stress ecosystems and in overcoming the
prevailing abiotic and biotic stresses.

Cultivar selection, crop improvement, and
management practices must be tailored to
prevailing climatic conditions. In crop improve-
ment programs (selection and breeding), it is
vital to incorporate physiological traits that
improve the plants’ ability to tolerate multiple
climatic variables and their extremes. Precipita-
tion, solar radiation, and temperature have major
impact on nutrient transformation and availabil-
ity in soil and plants’ ability to take up and utilize
the nutrients (Baligar and Fageria 1997; Baligar
et al. 2001; Barber 1995; Fageria et al. 2006,
2011; Marshner 1995). Drought stress is a
major constraint to crop production and yield
stability. Impact of water stress is a function of
duration crop growth stage, type of crop species
or cultivar, soil type, and management practices.
Water deficit has adverse effects on plant growth
(dry matter accumulation), morphology (reduc-
tion of cell growth and enlargement, leaf expan-
sion, increased leaf thickness, root growth,
epicuticular wax), physiology (photosynthesis,
stomatal regulation, protein metabolism, synth