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Abstract

Nutrient use efficiency (NUE) is a critically important concept in the evaluation of crop
production systems. It can be greatly impacted by fertilizer management as well as by
soil- and plant-water management. The objective of nutrient use is to increase the overall
performance of cropping systems by providing economically optimum nourishment
to the crop while minimizing nutrient losses from the field. NUE addresses some but
not all aspects of that performance. Therefore, system optimization goals necessarily
include overall productivity as well as NUE. The most appropriate expression of NUE
is determined by the question being asked and often by the spatial or temporal scale
of interest for which reliable data are available. In this chapter we suggest typical NUE
levels for cereal crops when recommended practices are employed; however, such
benchmarks are best set locally within the appropriate cropping system, soil, climate
and management context. Global temporal trends in NUE vary by region. For N, P
and K, partial nutrient balance (ratio of nutrients removed by crop harvest to fertilizer
nutrients applied) and partial factor productivity (crop production per unit of nutrient
applied) for Africa, North America, Europe, and the EU-15 are trending upwards, while
in Latin America, India, and China they are trending downwards. Though these global
regions can be divided into two groups based on temporal trends, great variability
exists in factors behind the trends within each group. Numerous management and
environmental factors, including plant water status, interact to influence NUE. In
similar fashion, plant nutrient status can markedly influence water use efficiency. These
relationships are covered in detail in other chapters of this book.
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The Concept and Importance of NUE

Meeting societal demand for food is a global challenge as recent estimates indicate
that global crop demand will increase by 100 to 110% from 2005 to 2050 (Tilman et
al., 2011). Others have estimated that the world will need 60% more cereal production
between 2000 and 2050 (FAQO, 2009), while others predict food demand will double
within 30 years (Glenn et al., 2008), equivalent to maintaining a proportional rate
of increase of more than 2.4% per year. Sustainably meeting such demand is a huge
challenge, especially when compared to historical cereal yield trends which have been
linear for nearly half a century with slopes equal to only 1.2 to 1.3% of 2007 yields (FAO,
2009). Improving NUE and improving water use efficiency (WUE) have been listed
among today’s most critical and daunting research issues (Thompson, 2012).

NUE is a critically important concept for evaluating crop production systems and
can be greatly impacted by fertilizer management as well as soil- and plant-water
relationships. NUE indicates the potential for nutrient losses to the environment from
cropping systems as managers strive to meet the increasing societal demand for food,
fiber and fuel. NUE measures are not measures of nutrient loss since nutrients can be
retained in soil, and systems with relatively low NUE may not necessarily be harmful
to the environment, while those with high NUE may not be harmless. We will provide
examples of these situations later in the chapter that illustrate why interpretation of
NUE measurements must be done within a known context.

Sustainable nutrient management must be both efficient and effective to deliver
anticipated economic, social, and environmental benefits. As the cost of nutrients
climb, profitable use puts increased emphasis on high efficiency, and the greater nutrient
amounts that higher yielding crops remove means that more nutrient inputs will likely
be needed and at risk of loss from the system. Providing society with a sufficient quantity
and quality of food at an affordable price requires that costs of production remain
relatively low while productivity increases to meet projected demand. Therefore, both
productivity and NUE must increase. These factors have spurred efforts by the fertilizer
industry to promote approaches to fertilizer best management practices such as 4R
Nutrient Stewardship, which is focused on application of the right nutrient source, at
the right rate, in the right place and at the right time (IPNI, 2012b) or the Fertilizer
Product Stewardship Program (Fertilizers Europe, 2011). These approaches consider
economic, social, and environmental dimensions essential to sustainable agricultural
systems and therefore provide an appropriate context for specific NUE indicators.

NUE appears on the surface to be a simple term. However, a meaningful and
operational definition has considerable complexity due to the number of potential
nutrient sources (soil, fertilizer, manure, atmosphere (aerial deposition), etc.), and the
multitude of factors influencing crop nutrient demand (crop management, genetics,
weather). The concept is further stressed by variation in intended use of NUE expressions
and because those expressions are limited to data available rather than the data most
appropriate to the interpretation.
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The Objective of Nutrient Use and Nutrient Use Efficiency
The objective of nutrient use is to increase the overall performance of cropping systems
by providing economically optimum nourishment to the crop while minimizing
nutrient losses from the field and supporting agricultural system sustainability through
contributions to soil fertility or other soil quality components. NUE addresses some
but not all aspects of that performance (Mikkelsen et al., 2012). The most valuable NUE
improvements are those contributing most to overall cropping system performance.
Therefore, management practices that improve NUE without reducing productivity
or the potential for future productivity increases are likely to be most valuable. If the
pursuit of improved NUE impairs current or future productivity, the need for cropping
fragile lands will likely increase. Fragile lands usually support systems with lower NUE
that also use water less efficiently. At the same time, as nutrient rates increase towards an
optimum, productivity continues to increase but at a decreasing rate, and NUE typically
declines (Barbieri et al., 2008). The extent of the decline will be determined by source,
time, and place factors, other cultural practices, as well as soil and climatic conditions.

Intended Use and Available Data for NUE Expressions
The most appropriate NUE expression is determined by the question being asked and
often by the spatial or temporal scale of primary interest for which reliable data are
available. The scale of interest may be as small as an individual plant for a plant breeder
or geneticist or as large as a country or set of countries for policy purposes, educators
or marketers. Questions of interest may be focused on a singular practice or product
during a single growing season or on a cropping system over a period of decades.
Data available may be relatively complete, accounting for all major nutrient inputs and
specific nutrient losses in an intensive research project, or limited to those generally
available to nutrient managers.

A multitude of expressions and measurements have evolved to meet the needs of
this diverse set of circumstances and all are commonly referred to as “NUE”. To be
appropriately interpreted, the specific method used must be stated.

Common Measures of NUE and their Application

An excellent review of NUE measurements and calculations was written by Dobermann
(2007). Table 1 is a summary of common NUE terms, as defined by Dobermann, along
with their applications and limitations. The primary question addressed by each term
and the most typical use of the term are also listed.

Partial factor productivity (PFP) is a simple production efliciency expression,
calculated in units of crop yield per unit of nutrient applied. It is easily calculated
for any farm that keeps records of inputs and yields. It can also be calculated at the
regional and national level, provided reliable statistics on input use and crop yields are
available. However, partial factor productivity values vary among crops in different
cropping systems, because crops differ in their nutrient and water needs. A comparison



between crops and rotations is particularly difficult if it is based on fresh matter yields,
since these differ greatly depending on crop moisture contents (e.g. potato vs cereals).
Therefore, geographic regions with different cropping systems are difficult to compare
with this indicator.

Table 1. Common NUE terms and their application (after Dobermann, 2007).

Term Calculation®  Question addressed Typical use
Partial factor PFP = Y/F How productive is this crop-  As a long-term indicator of trends.
productivity ping system in comparison to
its nutrient input?
Agronomic AE = (Y-Y)/F  How much productivity As a short-term indicator of the
efficiency** improvement was gained by  impact of applied nutrients on
use of nutrient input? productivity. Also used as input

data for nutrient recommendations
based on omission plot yields.

Partial nutrient ~ PNB = U /F How much nutrient is being  As a long-term indicator of trends;

balance taken out of the system in most useful when combined with
relation to how much is soil fertility information.
applied?
Apparentreco-  RE=(U-U)/F  How much of the nutrient As an indicator of the potential
very efficiency by applied did the plant take up? for nutrient loss from the cropping
difference** system and to access the efficiency
of management practices.
Internal [E=Y/U What is the ability of the To evaluate genotypes in breeding
utilization effi- plant to transform nutrients  programs; values of 30-90 are
ciency acquired from all sources into  common for N in cereals and 55-65
economic yield (grain, etc.)?  considered optimal.
Physiological PE=(Y-Y)  Whatis the ability of the Research evaluating NUE among
efficiency** (U-u) plant to transform nutrients  cultivars and other cultural prac-
acquired from the source tices; values of 40-60 are common.

applied into economic yield?

*Y = yield of harvested portion of crop with nutrient applied; Y, = yield with not nutrient applied; F =
amount of nutrient applied; U, = nutrient content of harvested portion of the crop; U = total nutrient
uptake in aboveground crop biomass with nutrient applied; U, = nutrient uptake in aboveground crop
biomass with no nutrient applied; Units are not shown in the table since the expressions are ratios on a
mass basis and are therefore unitless in their standard form. P and K can either be expressed on an ele-
mental basis (most common in scientific literature) or on an oxide basis as P,0, or K,0 (most common
within industry).

** Short-term omission plots often lead to an underestimation of the long-term AE, RE, or PE due to
residual effects of nutrient application.
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Agronomic efficiency (AE) is calculated in units of yield increase per unit of nutrient
applied. It more closely reflects the direct production impact of an applied fertilizer
and relates directly to economic return. The calculation of AE requires knowledge of
yield without nutrient input, so is only known when research plots with zero nutrient
input have been implemented on the farm. If it is calculated using data from annual
trials rather than long-term trials, NUE of the applied fertilizer is often underestimated
because of residual effects of the application on future crops. Estimating long-term
contribution of fertilizer to crop yield requires long-term trials.

Partial nutrient balance (PNB) is the simplest form of nutrient recovery efficiency,
usually expressed as nutrient output per unit of nutrient input (a ratio of “removal to
use”). Less frequently it is reported as “output minus input” PNB can be measured
or estimated by crop producers as well as at the regional or national level. Often the
assumption is made that a PNB close to 1 suggests that soil fertility will be sustained at
a steady state. However, since the balance calculation is a partial balance and nutrient
removal by processes, such as erosion and leaching are usually not included, using a
PNB of 1 as an indicator of soil fertility sustainability can be misleading, particularly
in regions with very low indigenous soil fertility and low inputs and production, such
as Sub-Saharan Africa. Also, all nutrient inputs are rarely included in the balance
calculations, thus the modifier, partial, in the term. Biological N fixation, recoverable
manure nutrients, biosolids, irrigation water, and the atmosphere can all be nutrient
sources in addition to fertilizer. Values well below 1, where nutrient inputs far exceed
nutrient removal, might suggest avoidable nutrient losses and thus the need for
improved NUE (Snyder and Bruulsema, 2007); attainable values, however, are cropping
system and soil specific. A PNB greater than 1 means more nutrients are removed with
the harvested crop than applied by fertilizer and/or manure, a situation equivalent to
“soil mining” of nutrients. This situation may be desired if available nutrient contents
in the soil are known to be higher than recommended. However, in cases where soil
nutrient concentration is at or below recommended levels, a PNB >1 must be regarded
as unsustainable (Brentrup and Palliere, 2010). Over the short term and on individual
farms, PNB can show substantial fluctuations due to cash flow and market conditions,
especially for P and K. Longer term assessment of PNB over several years is therefore
more useful.

Apparent recovery efficiency (RE) is one of the more complex forms of NUE
expressions and is most commonly defined as the difference in nutrient uptake in
above-ground parts of the plant between the fertilized and unfertilized crop relative to
the quantity of nutrient applied. It is often the preferred NUE expression by scientists
studying the nutrient response of the crop. Like AE, it can only be measured when
a plot without nutrient has been implemented on the site, but in addition requires
measurement of nutrient concentrations in the crop. And, like AE, when calculated
from annual response data, it will often underestimate long-term NUE.



Internal utilization efficiency (IE) is defined as the yield in relation to total nutrient
uptake. It varies with genotype, environment and management. A very high IE suggests
deficiency of that nutrient. Low IE suggests poor internal nutrient conversion due
to other stresses (deficiencies of other nutrients, drought stress, heat stress, mineral
toxicities, pests, etc.).

Physiological efficiency (PE) is defined as the yield increase in relation to the increase
in crop uptake of the nutrient in above-ground parts of the plant. Like AE and RE, it
needs a plot without application of the nutrient of interest to be implemented on the
site. It also requires measurement of nutrient concentrations in the crop and is mainly
measured and used in research.

NUE Application and Benchmarks

In most cases it is helpful to use more than one NUE term when evaluating any
management practice, allowing for a better understanding and quantification of the crop
response to the applied nutrient. The different indicators should be used simultaneously.
Frequently, the highest AE is obtained at the lowest fertilizer rates being evaluated, rates
associated with high PNB. Genetic modifications, such as the recent discovery of the
Phosphorus Starvation Tolerance gene that helps rice access more soil P (IRRI, 2012),
will increase PFP and P removal in crop harvest. Such a development has great short
term value to farmers and may allow the system to operate at a lower level of soil P.
However, if P use is less than the enhanced removal level, soil P depletion does occur
(PNB is greater than 1). Therefore, even with such genetic changes, an appropriate PNB
must be attained for system sustainability. Although individual NUE terms can each be
used to describe the efficiency of fertilizer applications, a complete analysis of nutrient
management should include other NUE terms, grain yield, fertilizer rates, and native
soil fertility (Olk et al., 1999). For example, under low soil P availability, AE for P could
be very high with low P rates; however, PNB for P under this condition could be well
above 1, depleting the already low soil P reserves as shown in Figure 8. In this case, a low
P rate with high AE for P, though a better practice than no P application at all, would not
be considered a best management practice (BMP).

This chapter will illustrate the great variability existing in the major NUE measures
and trends and the primary factors affecting them. Improvement in nutrient stewardship
can be facilitated by identifying relevant measures of NUE for the scale of interest,
collecting data for those measures, then having benchmarks for evaluating the collected
data. Benchmarks are best set locally within the appropriate cropping system, soil,
climate and management context and with full knowledge of how NUE measures are
being calculated. However, the focus of this chapter is to provide general guidelines for
interpreting NUE measures. Table 2 provides such generalized guidelines for the most
common NUE measures for N, P and K for cereal crops. These benchmarks should be
replaced with levels based on local research and experience whenever possible.
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Table 2. Typical NUE levels for cereal crops (primarily maize, rice, and wheat) when recommended
management practices are employed and where soil available P and K levels are currently within a
recommended range.

Measure Typical level*** Interpretation
N P K
(P.0,) (K,0)

Partial factor produc- 40-90 100-250 75-200 Lower levels suggest less responsive

tivity (45-110) (60-165) soils or over application of nutrients

(kg grain/kg nutrient) while higher levels suggest that
nutrient supply is likely limiting
productivity.

Agronomic efficiency* 15-30 15-40 8-20 Lower levels suggest changes in

(kg grain/kg nutrient) (7-15) (7-15) management could increase crop
response or reduce input costs.

Recovery efficiency* 40-65 15-25 30-50 Lower levels suggest changes in ma-

(%) nagement could improve efficiency
or that nutrients are accumulating in
the soil.

Partial nutrient 0.7-0.9 0.7-0.9 0.7-0.9 Lower levels suggest changes in ma-

balance™* nagement could improve efficiency

(kg nutrient/kg or soil fertility could be increasing.

nutrient) Higher levels suggest soil fertility may
be declining.

* Based on first year response.

** Inputs include fertilizer, applied manure nutrients, and nutrients in irrigation water.

*** Ranges were selected by the authors based on reported values in the published literature and best
judgment on what typical levels are when practices recommended for the region are being followed.
These values should be replaced with levels based on local research and experience whenever possible.

NUE AT DIFFERENT SCALES

The NUE terms in Table 1 could be estimated at scales ranging from global to small areas
within individual fields. Scalability is a desired attribute for performance indicators,
because it makes linkages more clear between local management practices and larger-
scale impacts. However, the certainty and reliability of the estimation for specific sites
decreases as the scale increases. In any case, these estimates depend on the quality of
the data used in calculations. Simpler indicators such as PFP scale more easily than
complex forms such as RE and PE. Several examples of NUE terms applied at different
scales follow.

Regional-scale
Table 3 shows estimations of PFP and PNB for N for cereal crops of regions of the world
sorted from lowest to highest average N rate. Regions differ considerably in these two



measures of efficiency, with the two highest values occurring for the regions with the
lowest N rates, Africa and Eastern Europe/Central Asia. These regions also have the
lowest average yields and PNB values much greater than one, indicative of systems that
are possibly mining N from soil organic matter and may not be sustainable (unless there
are substantial contributions of N from rotational legumes, not taken into account in
these PNB or PFP values).

Table 3. Partial factor productivity and partial nutrient balance for N applied to cereals for world
regions and associated average fertilizer N rates and crop yields.

Region N rate Cereal yield Grain N* PFP PNB
kg/ha t’ha kg/ha kg grain/kg N kg grain N/kg N
Sub-Saharan Africa 9 1.1 17 122 1.8
Eastern Europe, Central 25 2.1 32 84 13
Asia
Oceania 48 1.9 29 40 0.59
Latin America 55 29 44 53 0.79
South Asia 58 24 36 41 0.62
Southeast Asia 65 3.2 43 49 0.74
West Asia, North Africa 68 2.3 35 34 0.51
Northeast Asia 89 6.1 92 69 1.03
(Japan, S. Korea)
North America 112 5.1 77 46 0.68
Western Europe 113 5.5 83 49 0.73
East Asia (China, Viet- 155 4.8 72 31 0.46
nam, Korea DPR)
World 70 3.1 47 44 0.66

*Assuming 15 kg N/t of cereal grain.
Fertilizer N rate and cereal yield for years 1999-2002/03 reported by Dobermann and Cassman, 2005.

The values in Table 3 represent very large regions and are averages across great
variability. Sub-Saharan Africa (SSA), even with the extremely high average PNB, has
great inter-country variability with generally higher values in the east and lower values
in the central and western part of the continent (Smaling et al., 1997). We also must
recognize the high variability in PNB among farms within countries in SSA. Farms
having good access to resources will have PNB values often less than 1 (nutrient input
exceeds removal) while those with fewer resources will be greater than 1 as the aggregate
data of Table 3 reflects (Zingore et al., 2007). Farms with lower access to resources often
rely more on N from legumes, an effect that is not captured in Table 3. East Asia shows
the lowest PNB (0.46) at the highest average N input rate. This suggests the potential for
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improving NUE while maintaining productivity. At this very coarse scale, differences
among other regions in Table 3 can be due to a complex set of factors including crop
rotation, soil properties, climate, government policy, and management intensity.

The regional differences in PNB within a single country illustrate the impact of
this complex set of factors on NUE. For example, PNB for watershed regions of the
U.S. vary in a somewhat predictable fashion (Figure 1). The PNB values in Figure 1
are less “partial” than those in Table 3 since they include both N fixation and applied
manure nutrients. PNB levels for N, P and K are generally low in the southeast US
(Region 3), dominated by coarse-textured, low organic matter soils, which have very
low water-holding and cation exchange capacities. Much of this region also produces
high value crops, many of them inefficient nutrient users. At the other extreme is K in
the western half of the country where PNB levels are extremely high due to generally
high indigenous soil K levels resulting in infrequent response to K fertilization. Such
factors need to be considered when interpreting NUE data at regional scales.

Wo20-050
051-090
091-1.09
1.10-200

M201-500

W-s00

Partial nutrient balance, 2007 (mean nutrient
content of harvested crops for 2006-2008 divided
by the sum of farm fertilizer applied, recoverable
manure nutrients, and biological N fixation for
2007)

NuGISs, 1/12/2012

Figure 1. Partial nutrient balance for watershed regions of the U.S. (IPNI, 2012a).

Farm or field-scale

The PFP and PNB provide useful information for growers and can also be calculated for
any farm that keeps records of inputs and outputs. Figure 2 shows trends in fertilizer
use per ha and per ton of grain for a farm in Brazil and illustrates the kind of data
often available at a farm scale. In this case, though fertilizer use per ha increased,
PFP also increased (plotted as its inverse, kg of NPK per ton of crop yield) due to
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the accompanying increase in crop yields. Improvements in agronomic practices of a
cropping system can markedly influence NUE and when implemented concurrently
with increased nutrient rates can result in simultaneous increases in fertilizer rates, crop
yields and NUE (“sustainable intensification”).

Neither PFP nor PNB indicators consider inherent soil nutrient supplies; thus they
do not fully reflect the true efficiency of fertilizer-derived nutrients. The short-term
NUE of applied nutrients is better estimated using AE, RE and PE, but these indices
require data that are not often available at a farm scale.
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Figure 2. Evolution of fertilizer use per ha and per ton of crop yield in a farm near Itiquira, MT,
Brazil (L. Prochnow, personal communication, 2012).

The use of a check plot or omission plot has traditionally been limited to research
settings, but could be established on the farm if a grower has interest. There is merit
to establishing both perennial check plots, where the same area remains unfertilized
across years and that will reflect the long-term contribution of applied nutrients to
productivity and soil quality, as well as annual check plots, where the response of a single
crop to a nutrient application can be assessed. Such on-farm research is best done in
cooperative groups, since inclusion of check plots can be costly to the grower in terms of
lost yield and the loss of uniformity in quality of harvested product. This is an especially
important limitation for check plot establishment where severe deficiencies exist such
as in SSA. Also, shared results of on-farm research conducted across a production area
are more meaningful than single observations.

Research plot-scale

Research plots typically offer a full complement of data on nutrient uptake and removal
in crop harvest for fertilized and unfertilized plots, enabling calculation of all the
common NUE forms (Table 1). Because each term addresses different questions and
has different interpretation, research reports often include measurements of more
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than one NUE expression (Dobermann, 2007). A summary of NUE measurements
from numerous field trials on rice, wheat, and maize in China is shown in Table 4 and
from wheat field trials in three regions of China in Table 5. The regional wheat data
illustrate the great differences that exist in NUE among regions within countries due to
differences in climate, soil properties and cropping systems.

Estimates of NUE calculated from research plots on experiment stations are
generally greater than those for the same practices applied by farmers in production
fields (Cassman et al., 2002; Dobermann, 2007). Differences in scale between research
plots and whole fields for management of fertilizer practices, tillage, seeding, pest
management, irrigation and harvest contribute to these differences.

Determination of RE in research plots is usually done by the difference calculations
described in Table 1. An alternative method for N involves using the N isotope as a
tracer in the fertilizer to determine the proportion of fertilizer applied that was taken
up by the crop. The two methods are usually related; however, RE determined by the
N method will usually be lower than the difference estimates due to cycling of the *N
through microbially-mediated soil processes (Cassman et al., 2002). Tracers are more
useful when recovery is measured in the soil as well as in the plant, particularly in the
longer term. Ladha et al. (2005) summarized results from several studies where "N was
used to estimate N recovery by five subsequent crops, reporting a range of 5.7 to 7.1%,
excluding the first growing season. With the first growing season, total RE ranged from
35 to 60%.

Table 4. Average yield response and NUE for field trials in China from 2002-2006 (Jin, 2012).

Crop Nutrient Number of Avg fer- Yield AE RE
trials tilizer rate increase

kg/ha % kg/kg %
Rice N 51 187 40 12 25
Wheat N 30 181 43 1" 36
Maize N 70 219 38 12 31
Rice P 62 41 13 26 10
Wheat P 39 52 24 21 16
Maize P Al 49 15 26 15
Rice K 67 122 21 1" 25
Wheat K 51 100 18 8 26
Maize K 84 118 17 13 32
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Table 5. A comparison of NUE expressions based on the optimal treatment from wheat field
trials in three regions of China between 2000 and 2008 (Liu et al, 2011).

Region* Nutrient  Number of Avg. PFp*** AE RE PNB****

observa- fertilizer

tions** rate

kg/ha ka/kg kalkg % ka/kg

NC N 122-210 199 38(518) 9.5 35.2 1.10
LY N 60-155 220 34(234) 1.3 48.1 0.81
NW N 13-34 169 37(108) 6.5 17.0 0.70
Avg. N 195-363 36(860) 9.8 37.9  0.95(0.73)
NC P 46-137 56 142(506) 23.0 17.8 1.07
LY P 26-51 47 146(220) 18.4 25.9 0.91
NW P 11-40 47 142(108) 7.0 7.4 0.43
Avg. P 83-223 143(834) 19.2 19.0  0.96(0.81)
NC K 70-374 1M1 71(481) 1.6 23.7 1.67
LY K 26-69 96 76(234) 83 34.2 1.73
NW K 14-77 70 66(102) 4.2 30.0 2.73
Avg. K 110-517 72(817) 1.2 27.0 1.82(0.60)

*NC: North central with temperate climate and winter wheat-maize annual rotation; LY: Lower Yangtze
River with temperate to subtropical humid climate and predominant rice-wheat rotation; NW: Nor-
thwest with continental climate and continuous spring wheat cropping system;

**range in obs for AE, RE and PNB;

***Number of observations for PFP in parentheses;

****Calculated as removal in grain and straw divided by applied fertilizer except values in parentheses
where only grain removal is included. An average of 44% of wheat straw nutrient is returned to the
field in China.

CURRENT STATUS AND TRENDS IN NUE FOR N

Current status of NUE for N

Ladha et al. (2005) conducted an extensive review of 93 published studies where NUE
was measured in research plots (Table 6). This review provides estimates of the central
tendency for NUE expressions for maize, wheat, and rice. Values for PFP and AE were
generally higher for maize and rice than for wheat, at least in part due to the higher
N content of wheat grain. Values for RE varied widely across regions and crops with
a 10th percentile value of 0.2 and a 90th percentile value of 0.9 (grain plus straw).
Much of the range in values was attributed to variations among studies in soil, climate,
and management conditions. The overall average RE of 55% compares well to other
published global estimates of 50% by Smil (1999) and 57% by Sheldrick et al. (2002) and
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to estimates for the US and Canada of 56% (Howarth et al., 2002) and 52% (Janzen et
al., 2003) as summarized in Ladha et al. (2005).

As mentioned earlier, measured NUE in production fields is often less than from
research plots such as those summarized in Table 6. An example offered by Cassman et
al. (2002) was that average RE for N fertilizer applied by rice farmers in the major rice
producing regions of four Asian countries was 0.31 (179 farms) compared to 0.40 for
field-specific management (112 farms) and 0.50-0.80 in well-managed field experiments.
Balasubramanian et al. (2004) reported RE for N in cereals of 0.17-0.33 under current
farming practices, 0.25-0.49 in research plots, and 0.55-0.96 as a maximum of research
plots. In India, RE averaged 0.18 across 23 farms for wheat grown under poor weather
conditions, but 0.49 across 21 farms when grown under good weather conditions
(Cassman et al., 2002).

Whether trials are in farmer fields or on experiment stations, high yield cereal
systems tend to have higher AE than systems at lower yield levels. This should not be
surprising since the higher nutrient requirements of crops at high yield levels is likely
to exceed the nutrient supplying ability of unfertilized soils to a greater extent than
at lower yield levels. This increases the difference between the yield of the fertilized
crop and the yield of the unfertilized crop. Additionally, a crop with a faster nutrient
accumulation rate may reduce the potential for nutrient losses from the production
field. In the dataset shown in Figure 3, which is composed of diverse summaries of
cereal NUE from around the world, approximately one third of the variability in AE for
N could be explained simply by average grain yield. Yield variation in the dataset was
due to a multitude of factors including climate, cropping system, soil properties and
system management.

Table 6. Common NUE values for N for maize, wheat, and rice and for various world regions in
93 published studies conducted in research plots compiled by Ladha et al (2005).

Crop or Number of Avg PFP** AE** RE** PE**
region observa- fertilizer
tions* rate

kg/ha ka/kg ka/kg % ka/kg
Maize 35-62 123 72(6) 24(7) 65(5) 37(5)
Wheat 145-444 112 45(3) 18(4) 57(4) 29(4)
Rice 117-187 115 62(3) 22(3) 46(2) 53(3)
Africa 2-24 139 39(11) 14(6) 63(5) 23(6)
Europe 12-69 100 50(6) 21(9) 68(6) 28(6)
America 119-231 1M1 50(5) 20(7) 52(6) 28(8)
Asia 161-283 115 54(3) 22(2) 50(2) 47(3)
Avg/totals 411 52(2) 20(2) 55(2) 41(3)

*Range in number of observations across NUE indices.
**See Table 1 for definitions of each term; Value in parentheses is relative standard error of the mean
(SEM/mean*100).
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Figure 3. Influence of yield level of the fertilized treatment on typical AE for N reported in NUE
summaries of farm and experiment station trials (n=37; data sources: Dobermann, 2007; Ladha
et al, 2005; Lester et al, 2010; Liu et al, 2011; lowa State U. Agronomy Extension, 2011; Norton,
R.M., Based on data from Long term NxP experiment in Australia — Dahlen, personal communi-
cation. 2011.; Singh et al, 2007).

Trends in NUE for N

The considerable variability existing in NUE across regions and cropping systems
manifests itself in temporal trends as well. Countries with intensive agriculture—such
as US, Germany, UK, and Japan—generally show increasing NUE as a result of stagnant
or even decreasing N use and increasing crop yields (Dobermann and Cassman, 2004).
However, cropping systems within these countries can vary greatly in temporal trends.
Understanding the whole-system context of NUE trends is critical to proper
interpretation of those trends. Comparing PFP trends for N for maize and wheat in
the US illustrates this point (Figure 4). Maize PFP increased approximately 50% from
1975 to 2005 while wheat PFP decreased 30% during this same time period, but then
increased 30% from 2005 to 2010. The increase in maize PFP resulted mostly from
improved genetics and crop, soil and nutrient management, which boosted yields by
over 80% during this 30-year period. The net effect has been a linear increase in PFP for
the last 25 years at a rate of 0.9 kg grain/kg N.

So, in the same country where growers had the same access to technology and
innovation, why did wheat production not show a similar trend? The answer likely lies
in differences between the dominant maize and wheat regions in cropping, tillage and
fertilizing histories. The dominant wheat region has been undergoing a transition from
management systems where the dominant N source was the tillage and fallow-induced
mineralization of soil organic matter to a less tilled, more intensively cropped system
that conserves or builds soil organic matter (Clay et al., 2012). During this transition,
wheat production became more dependent on fertilizer as an N source because of the
reduction in mining of soil organic N, reducing apparent PFP and PNB (closer to 1).
Comparison of PNB between Illinois (a maize-dominant state) and Montana (a wheat
dominant state) shows unsustainably high N balances in the past for Montana which
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have been declining for the past 20 years, while Illinois had potential for closing the
gap in the N balance (Table 7). More recently, the PFP trend for wheat has reversed due
likely to the same factors that have been increasing PFP for maize systems (Figure 4).

Table 7. Partial nutrient balance for N in lllinois and Montana from 1987 to 2007 (IPNI, 2012a).

State Dominant crop- Partial nutrient balance by year*
ping system
1987 1992 1997 2002 2007
Illinois Maize-soybean 0.71 0.76 0.76 0.86 0.87
Montana Wheat 1.35 1.33 1.00 1.04 1.01

*(Removal by harvest)/ (Fertilizer N + Recovered manure N + biological N fixation)

In countries where agriculture is in general undergoing intensification, PFP often shows
decreasing trends because N fertilizer use increases at a faster rate than crop yields,
though yields are also increasing (diminishing returns). Such is the case for wheat and
maize in Argentina (Figure 5). As in the above case for wheat in the US, such declines in
PFP are often accompanied with more sustainable PNB relationships where less mining
of soil nutrients is occurring. If biological N fixation is not included in the N balances,
such shifts can be misleading if the frequency of legumes in the rotation changes over
time.
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Figure 4. Partial factor productivity in the U.S. for fertilizer N used on maize and wheat from
1965 to 2010 (Adapted from USDA-ERS and USDA-NASS, 2011).
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Figure 5. Partial factor productivity in Argentina for fertilizer N used on maize and wheat from
1993 to 2011 (Adapted from Garcia and Salvagiotti, 2009).

Developing a picture of regional trends in NUE around the world requires a systematic
approach where all regions are estimated using a consistent protocol over time. We
used that approach in developing Figures 6-7 for N and Figures 11-14 for P and K. The
figures show NUE trends from 1983 to 2007 with each point representing the average
of a 5-year period. Data availability (FAO, 2012; IFA, 2012) limited the indicators
estimated to PFP and PNB. For nutrient inputs, only mineral fertilizer consumption
was considered, excluding nutrients in livestock manure, atmospheric deposition,
biological N fixation, and municipal wastes. The crops included from the FAO database
were 38 fruits and vegetables, 9 cereals, 9 oil crops, 6 pulse crops, 5 root or tuber crops,
and 5 other crops. The major category not included was forage crops that included
crops such as silage maize, alfalfa and other hay. This category can be a large source of
productivity and nutrient removal in regions where significant confinement livestock
operations exist. For example, in the U.S. alfalfa and “other hay” account for over 15%
of the total national P removal and over 40% of the K removal (PPI/PPIC/FAR, 2002).
However, a proportion of the nutrients contained in forage crops will be returned to the
fields as animal manure, but since both forage crops as output and manure as input are
excluded from these NUE estimates, the error introduced should in most cases not be
large at this broad regional scale. Since biological N fixation was not included for the
input estimate, N removal by legumes was also not included for calculating PNB. This
may skew regions with more legumes in the rotation towards higher PNB estimates.
The nutrient concentration of harvested crops was based on literature values or research
trial data (J. Kuesters (Yara), personal communication, 2012).

World PFP and PNB levels have shown a very slight increase over this 25-year period.
Regional temporal trends in PFP for N are in most cases similar to PNB but trends
among global regions clearly differ (Figures 6 and 7). Africa and Latin America in
1985 had by far the highest PFP and PNB values but with trends in opposite directions.
The PFP data show that both these regions have extremely high productivity per unit
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of fertilizer N applied. However, the excessive PNB values for Africa show that it is
becoming more dependent on non-fertilizer sources to balance crop removal of N, a
precarious and unsustainable situation. In contrast, Latin America has maintained very
high productivity per unit of N but has also moved towards a more sustainable nutrient
balance.

In general, PNB and PFP for Africa, North America, Europe, and the EU-15 are
trending upwards, while Latin America, India, and China are trending downwards. It is
interesting to note that PNB for Europe during the last decade appears to have leveled
off at around 70%, and that PNB for Latin America, India, and China has been declining
at about the same rate for the 25-year period.
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Figure 6. Partial factor productivity for N in global regions, 1983-2007.
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Figure 7. Partial nutrient balance for N in global regions, 1983-2007.
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TRENDS IN NUE FOR P AND K

The major effects of soil properties and typically large legacy effects of previous
management dominate NUE relationships for P and K. While most of the benefit and
recovery of N addition occurs during the year of application, much of the benefit of P
and K application on many soils occurs in subsequent years due to effects on soil fertility
(Syers et al., 2008). Appropriate evaluation of the current status and long-term trends
of NUE for P and K needs to consider these residual effects. Short-term AE, RE and
PFP for P and K are usually best interpreted within the context of current soil fertility
status and associated PNB which indicates future soil fertility status if the current PNB
remains unchanged.

Efficiency measures are greatly influenced by nutrient rate applied and by soil fertility.
The P data summarized in Figure 8 are from research conducted in farmer fields in the
Southern Cone of South America. Available P in all fields tested was lower than critical
values, so a profitable response to P was expected. Agronomic efficiency was highest at
low rates of P with the lowest rate (10 kg/ha) being common for soybean-based cropping
systems of the region. This rate resulted in an average PNB of 1.85 where soil P levels
would be depleted over time - a non-sustainable situation, but better than no fertilizer
P at all. The higher rates generated somewhat lower AE values but had PNB values less
than one where soil P would be maintained or increased with time. These data illustrate
the value in considering multiple NUE indicators when assessing P management.

30 2.0
1.85 =
= ;
o +
w0 20 7 *
i~ 1.2
< 8 o
32 0.94 = . g
m]
i: 10 -| ® NCPampas 15 067 = 0-
o O NSF Pan:u?as 28 050 = 0.4
< 5 -+ aNSCBolivia 4 :
= Avg PNB
0 T T T T 0.0
0 10 20 30 40

P rate, kg/ha

Figure 8. Influence of P rate on agronomic efficiency and partial nutrient balance of soybean in
the Southern Cone of S. America (adapted from Ferrari et al, 2005; H. Fontanetto, pers. comm.;
and Terrazas et al, 2011). Numbers for each group in the legend indicate the number of field
trials (n).
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The effect of soil P fertility on AE and RE is illustrated by wheat experiments from
Argentina (Figure 9). Very high AE and RE are measured when soil fertility is well
below critical levels and rapidly decline as soil fertility increases. Sustainability is
associated with the intermediate AE and RE values observed when rates applied are
close to removal, and soil fertility levels are maintained near the critical level.
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Figure 9. Influence of soil fertility on agronomic efficiency of P fertilizer in wheat experiments
in Argentina (Garcia, 2004).

First year RE in field trials across Asia indicates P recoveries near 25% are typical in
that region when fertilizer P is applied at recommended rates (Table 8). These studies
were mostly on soils with low P fixation potential and were under favorable climate and
management. Dobermann (2007) pointed out that though the average RE values were
similar across studies, within-studies RE varied widely from zero to nearly 100%, but
that 50% of all data fell in the 10 to 35% RE range. Such variability is to be expected due
to the soil fertility and fertilizer rate effects discussed above.

Regional aggregate data can be used to evaluate the current status of P use and its
impact on soil fertility temporal trends and to test the assumption that P balance impacts
soil fertility. Soil tests conducted for the 2005 and 2010 crops in North America by private
and public soil testing laboratories were summarized by IPNI. The change in median
soil P levels for the 12 Corn Belt states over this 5-year period is plotted against the PNB
for this same time period in Figure 10. Values of PNB above 0.94 resulted in declining
soil P levels with substantial declines measured for the states with the most negative P
balance. These data suggest that long-term PNB is a reasonably good indicator of the
tuture direction of soil P fertility on non-P fixing soils. These relationships would likely
differ for low P Oxisols and Andisols that typically have a high capacity to sorb or “fix”
applied P; in these soils, a considerably lower PNB would be needed initially to build



Table 8. Average RE of P and K from mineral fertilizers in field trials with rice, wheat and maize
in Asia. Values shown refer to recommended fertilizer rates or in the case of rice, those that were
currently being applied by farmers (Dobermann, 2007; Liu et al,, 2006).

Crop, region Number of field Time period P RE K RE
or management trials

% %
*Rice in Asia; farmer's 179 1997-1998 24 38
practice
*Rice in Asia; site-specific 179 1997-1998 25 44
management
Wheat in India 22 1970-1998 27 51
Wheat in China 744 1985-1995 22 47
Maize in China 592 1985-1995 24 44

*China, India, Indonesia, Philippines, Thailand, and Vietnam.

soil P fertility until high affinity sorption sites are satisfied. Soils with large amounts
of free calcium carbonate where precipitation reactions control P in solution, such as
those in southern Australia, would also be exceptions where fertilizer P effectiveness in
building soil fertility would remain low (McLaughlin, 2012).
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Figure 10. Change in median soil P level for 12 U.S. Corn Belt states as related to state PNB,
2005-2009 (updated from Fixen et al, 2010).
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The same approach used for N in developing a picture of regional trends in NUE
around the world was used for P (Figures 11-12). As with N, world PFP and PNB for P
have increased over this 25-year period with PFP in the last 5-year period (2003-2007)
approaching 195 kg production per kg P and PNB approaching 70%. Regionally, Africa
has markedly separated itself from all other regions in terms of both PFP and PNB. In
the 1983-1987 period, Africa, India and China had nearly identical PNB levels for P
of around 90%, but moved in opposite directions over the 25-year period with PNB in
Africa doubling to over 180% while China and India dropped to approximately 50%.
The PNB value for Africa indicates extreme mining of soil P while the values in China
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Figure 11. Partial factor productivity for P in global regions, 1983-2007.
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Figure 12. Partial nutrient balance for P in global regions, 1983-2007.
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and India indicate that soil P levels should be increasing. These figures do not take into
account changes in use of local rock phosphate but there is no evidence that this was
significant. There is a paucity of reliable information on the use of rock phosphate as
a direct application fertilizer in Africa, but various sources indicate that amounts used
have remained very low. Average application rates at the country level are less than 0.5
kg/ha, even for countries with the highest application rates, indicating insignificant P
contribution from rock phosphate sources.

In general, PNB and PFP for Africa, North America, Europe, and EU15 are trending
upwards in P, while Latin America, India, and China are trending downwards, just as
was the case for N. The absence of manure inputs in these NUE estimates impacts some
regions much more than others and should be kept in mind in comparing the absolute
values of the expressions. Differences in temporal trends (slopes of the lines) are likely
to be more reliable.

Information on K use efficiency is more limited than either N or P. This is partly due to
the environmentally benign nature of K where interest in efficiency is driven primarily
by agronomic or economic factors. The result is less support for research and education
on efficient use. First year recovery efliciency for K is generally believed to be higher
than for P with the exception of some strongly-fixing clay soils. First year recovery of
applied K has been reported in the range of 20% to 60% (Baligar and Bennet, 1986).
Dobermann (2007) summarized average recovery efficiencies in field trials in Asia
conducted prior to 1998 showing a range of 38 to 51% (Table 8). Jin (2012) summarized
field trials on cereal crops in China, conducted from 2002 to 2006 using an omission
plot design, and showed RE for K in the 25% to 32% range and average AE values of
8 to 12 (Table 4). In a more recent set of field trials on winter wheat in North-Central
China, RE values for K were somewhat higher in the 34% to 44% range but AE values
were again in the 8 to 10 range (Table 9; He et al., 2012). The researchers indicated that
the lower AE was likely due to K application rates exceeding the optimum for the soil
K supply of individual site-years. Dobermann (2007) suggested that AE levels for K of
10-20 were realistic targets for cereals on soils that do not have high available K reserves.

The same approach used for N and P in developing a picture of regional trends in
NUE around the world was used for K (Figures 13-14). As with N and P, world PFP
and PNB for K have increased over this 25 year period, with PFP in the last 5-year
period (2003-2007) approaching 145 kg of production per kg K and PNB approaching
140%. Globally, non-forage crops were removing 40% more K than was being applied
as commercial fertilizer during this 5-year period. Regionally, across the 25-year period

Table 9. NUE of K from mineral fertilizers in three field trials with winter wheat in North-Central
China. Average of 2007-2009 (He et al,, 2012).

Province Average rate RE AE
kg K/ha % ka/kg K

Hebei 81 43 10.2

Shandong 75 44 2.9

Shanxi 100 34 8.1
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China underwent the greatest change in PNB, from removing more than 5 times as
much K as was being applied to a PNB approaching 100% where K removal and fertilizer
K application are equal. For Africa, both PFP and PNB increased markedly across the
25 years with a PNB in 2003-2007 indicating that crops removed more than 6 times the
amount of K that was applied as fertilizer.
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In general, PNB and PFP for Africa, North America, Europe, and EU15 are trending
upwards in K, while Latin America, India, and China are trending downwards, just
as was the case for N and P. The absence of forage crop production and K removal in
these NUE estimates impacts some regions much more than others and should be kept
in mind in comparing the absolute values of the expressions. Differences in temporal
trends (slopes of the lines) are likely to be more reliable.

NUE, Water and a Look Forward

Numerous management and environmental factors interact to influence NUE including
plant water status. In similar fashion, plant nutrient status can markedly influence water
use efficiency (WUE). The rest of this book will explore the interaction between these
two critical crop growth factors. Water use efficiency can be improved through nutrient
management (Hatfield et al., 2001) although in arid environments it can be important
to balance pre- and post-anthesis growth to ensure adequate water remains to fill grain
(van Herwaarden et al, 1998). Nutrient availability affects aboveground biomass,
canopy cover to reduce soil evaporation, plant residue production, nutrient dynamics
in soil, and thereby improves crop growth and WUE (Maskina et al., 1993; Halvorson
et al., 1999; Norton and Wachsmann, 2006). Adequate nutrient supply has shown to
improve WUE in several crops (Smika et al., 1965; Corak et al., 1991; Campbell et al.,
1992; Varvel, 1994; Payne et al., 1995; Davis and Quick, 1998; Correndo et al., 2012).

Data from a lysimeter experiment conducted in Canada on spring wheat offers
an excellent example of the relationship between NUE measures and WUE across a
range of N levels (Figure 15). The study included both rainfed (dry) and irrigated (irr)
treatments and shows the tremendous impact water status can have on yield response to
N and the resulting AE and PNB. The lower graph in the figure shows that a water deficit
markedly reduced both AE and PNB at all N levels, but that the efficiency reduction
was considerably greater at the lower N levels. The upper graph in Figure 15 shows
improvement in WUE as N levels increase for both the dryland and irrigated treatments.
The lower apparent optimum N level for both yield and WUE for the irrigated treatment
reflects higher NUE under irrigation shown in the bottom graph.

We draw this chapter to a close reinforcing a point made earlier - that the objective
of nutrient use is to increase the overall performance of cropping systems. The data in
Figure 15 illustrate that even though NUE generally decreased as N rates increased,
the simultaneous increase in WUE and yield until an optimum N rate was attained
improved over-all system performance. Efficient and effective use of either water or
crop nutrients requires that both be managed at optimum levels for the specific system.

Continuous improvement in system performance is a fundamental objective in
sustainable intensification. Such improvement is the product of management changes
made by individual farmers for individual fields. Numerous efficiency and productivity
enhancing nutrient management technologies and practices exist today and are
described elsewhere in this book, but many are underutilized. Looking forward, locally
defined guidelines for NUE indices that are specific for nutrients, soils, and cropping
systems and that can be readily determined by farmers are needed. Such guidelines
would help farmers identify what to measure and where improvement is most needed
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and may be easiest to advance. Guidelines would help define the need for and impact of
changes in management on system performance.

O Dry WUE @Irr WUE O Dryyield mlrryield 6.0
£ 55
: 50
£ 45 £
& 4.0 5
< 35 E
g 3.0 £
25 B
2 5ig @
g 1.5
= 1.0
0 40 80 120 160
N rate, kg/ha
ODryAE ®@IrrAE ODryPNB ®mirr PNB

40 3.0
= 35 -
) 2:5
= 30 -
L
® 25 - 20
v @
g 20 - 152
— o
£ 15 -
g 1.0
w10
£ ¢ | 0.5
i
< 90 : : : ; 0.0

0 40 80 120 160
N rate, kg/ha

Figure 15. Influence of water status and N application on spring wheat yield and water and N
use efficiency in a lysimeter experiment in Saskatchewan, Canada (Adapted from Krobel et al,
2011 and Krobel et al,, 2012, based on original data from Campbell et al., 1977a,b).
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