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Abstract 

Increasing the independence of agricultural systems from mineral fertilizers, while simultaneously maintaining production, is one 
of the major challenges currently facing the agricultural field. It has also been one of the main objectives of the French agronomic 
research programs during the last 25 years. One way to achieve this goal is to increase the efficiency of nitrogen supplied to wheat 
(from fertilizers and soil). This article aims to review the most recent major findings of technical and research projects related to 
genetic, soil science, agricultural practices, fertilizer technologies and nitrogen rate management systems. The joint uses of all 
these results combined with new technologies lay the foundation for the next generation of nitrogen management systems. Such 
tools will be essential to achieve the main objectives of nitrogen management: high technical and economic performances 
combined with a reduction of environmental impacts.  

 

 
INTRODUCTION 

Increasing the independence of agricultural systems from 
mineral fertilizers (especially nitrogen fertilizer) while 
simultaneously maintaining adequate production (yield and 
grain quality) to satisfy market requirements is one of the 
main objectives of the agronomic research programs carried 
out over the last 25 years. In most cases, these programs also 
aimed to reduce the losses of reactive nitrogen in the 
environment: NO3

- in water, NH3 and N2O in the atmosphere. 
Three methods are available in order to reach this objective: i) 
optimizing the recycling of manures, slurries and organic 
wastes, ii) increasing the nitrogen supply from leguminous 
symbiotic fixation by the reinforcement of the use of this type 
of plant in crop rotations and iii) maximizing the uptake and 
conversion of the nitrogen supplied by the soil and the mineral 
fertilizers. Concerning bread and durum wheat, one could use 
many levers corresponding to this third category. Based on the 
latest results from French and international research 
programs, this paper presents the progress made in breeding 
and genetics, evaluation of the nitrogen amount supplied by 
the soil, mineral fertilizer application techniques, new mineral 
fertilizer types and nutrition management systems and tools. 

1. NITROGEN USE EFFICIENCY INDICATORS 

Improving nitrogen use efficiency implies correctly assessing it 
using a few relevant indicators. For grain yield (the calculation 
could be made for any given production variables), Nitrogen 

Use Efficiency (NUE) is generally defined as the yield achieved 
per unit of nitrogen available to the crop (from soil plus 
applied fertilizer) (Moll et al., 1982). The only difficulty in 
calculating NUE is to clearly define and measure the amount of 
nitrogen provided by the soil. In the available studies, many 
methods have been proposed to estimate this amount. For 
example, authors can 1) not estimate it at all (Ortiz-
Monasterio et al., 1997), 2) estimate the soil mineral N at the 
beginning of the growth period (Le Gouis et al., 2000), or 3) 
evaluate the global N supply (soil+fertilizer) using the 
maximum N uptake by the genotypes included in the trial 
(Cormier et al., 2013). To better study and improve NUE, it is 
classically considered to be the product of two components: N 
uptake efficiency (NupE: ratio of N taken up by the crop on N 
soil+fertilizer supply), and N utilization efficiency (NutE: the 
amount of harvested product produced per unit of N taken up 
by the crop) (Moll et al., 1982; Hirel et al., 2007; Sylvester-
Bradley and Kindred 2009). Geneticists have used NupE and 
NutE for decades. If we consider that N uptake from fertilizer is 
the main studied factor, NupE is similar to the apparent 
fertilizer N recovery (Apparent Nitrogen Recovery-ANR or 
Apparent Fertilizer Recovery-AFR, Foulkes et al., 1998; Limaux 
et al., 1999), used by agronomists for many years. Provided 
that we can calculate it at the optimum N rate, NutE is the 
reverse of the N requirement per harvested product unit at 
the optimum for yield, e.g. the so-called “b coefficient” widely 
used in French decision support systems dedicated to N 
management (Le Souder and Bernicot, 1993). In order to take 
into account the negative correlation between the grain yield 
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and the grain protein concentration, both geneticists and 
agronomists use the Grain Protein Deviation (GPD) (Monaghan 
et al. 2001). This variable is defined as the normalized residue 
of the robust regression between grain protein concentration 
and yield (Oury and Gaudin, 2007). GPD is currently used in 
variety registration processes, as well as in post-registration 
evaluation trials, to characterize the ability of a variety to 
concentrate more or less protein in the grain for a given yield. 
Finally, we must not forget the Nitrogen Nutrition Index (NNI), 
which is a relevant indicator for assessing the nitrogen status 
of a crop during its vegetative growth period (Justes et al., 
1994). This quick review of definitions allows us to link the 
various NUE studies, whether in the genetic or agronomic 
fields.   

2.  GENETIC PROGRESS AND VARIETY INNOVATIONS 

2.1. Genetic progress 

The question of evaluating genetic contribution with a view to 
improving NUE arose during the 1990s. From this time, several 
studies were conducted all over the world (Foulkes et al., 1998 
and Sylvester-Bradley and Kindred, 2009 in the United-
Kingdom; Ortiz-Monasterio et al., 1997 in Mexico; Brancourt-
Hulmel et al., 2003 in France). According to these studies, at 
the optimum N rate, NUE has increased continuously from the 
1950s, as new varieties appear. This conclusion is less clear at 
low N application rates because the NUE progress is not 
assessed in all studies. In order to update these results with 
more recent genotypes (and to estimate NUE more precisely), 
we (with other scientific partners) conducted a large genotype 
x N study from 2007 to 2010 (Cormier et al., 2013). We 
evaluated the NUE genetic progress using a network of four 
trials, testing 225 elite bread-wheat lines (registered from 
1985 to 2010 and including 160 originating from France) with 
two rates of nitrogen application. We demonstrated that there 
had been significant genetic progress on NUE over the 1985-
2010 period, at the optimum N rate (+ 0.33%.year-1, Figure 1 / 
N+). This value is consistent with the other studies mentioned, 
and it seemed to be supported primarily by an increase in 
NutE. Concerning this last conclusion, we must mention that 
other studies also demonstrated a rise in NupE (Foulkes et al., 
1998; Ortiz-Monasterio et al., 1997), and that some recent 
French studies have shown an impact of the bread wheat 
variety on ANR/AFR (Le Souder et al., 2017; Cohan et al., 
2017). Cormier et al. (2013) also demonstrated significant 
genetic progress of NUE at a low N application rate (Figure 1 / 
N-). Therefore, it is confirmed that the breeding programs 
carried out for 30 years have contributed to NUE progress, 
even at a low N application rate. 

 

Figure 1 – Nitrogen Use Efficiency of bread wheat varieties by 
year of release and N rate applied. Figure adapted from 

Cormier et al. 2013. 

2.2. Genomic of the NUE 

Alongside the genetic progress studies, some recent 
investigations have focused on the link between NUE and 
specific QTL (Bogard et al., 2011; Bogard et al., 2013) or a few 
specific genetic sequences (Taulemesse et al., 2015; Asplund et 
al., 2010). The recent development of the Genome Wide 
Association Study (GWAS) is also opening a new field of 
investigation in order to identify candidate genes/regions to 
help breeding programs (Example: Cormier et al., 2014). 

2.3. Toward a better characterization of varieties 

We must correctly characterize the varieties in order to 
correctly use the NUE progress. In France, two recent 
initiatives have made significant progress on this topic: the 
update of the NutE system (b coefficients) for bread and 
durum wheat, considering a specific grain protein 
concentration target (bq coefficients described by Le Souder et 
al., 2017; Cohan et al., 2017), and the modification of the 
criteria taken into account during the registration process for 
bread wheat (VATE process providing an informative index on 
the N deficiency tolerance of each new variety since 2017). 

3. ESTIMATION OF NITROGEN QUANTITY SUPPLIED BY 
THE SOIL 

3.1. The concept of “normalized days” 

As defined almost 20 years ago (Mary et al. 1999), the concept 
of “normalized time” or “normalized days” provides the 
opportunity to calculate the kinetics of mineralization of 
different soil organic matter pools (from humus, crop residues, 
manure…) using a standardized climatic time scale. In this way, 
the agronomist no longer focuses on the specific conditions of 
the experimental sites where the kinetic has been studied, and 
is able to extrapolate it to other agro-climatic contexts, given 
that he can calculate the associated functions correctly. This 
innovation made it possible to compute several generic 
algorithms to more precisely simulate the mineralization 
kinetics at the origins of the nitrogen amounts supplied by the 
soil. From a practical point of view, for a given calendar date, a 
number of “normalized days” is computed by multiplying a 
mathematical function representing the effect of soil humidity 
on the mineralization process by another mathematical 
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function simulating the temperature effect under standard 
conditions (generally, soil humidity equal to field capacity and 
air temperature equal to 15°C). A value less than 1 
corresponds to a calendar day less “mineralizing” than the 
reference, while a value greater than 1 corresponds to a 
calendar day more “mineralizing” than the reference. The 
“normalized days” are currently used in most crop models 
containing a detailed soil compartment like STICS (Brisson et 
al. 2008) or CHN (Le Bris et al. 2016). They are also used in the 
most recent nitrogen balance sheet methods like AZOFERT© 
(INRA-LDAR-ITB, Machet et al., 2007) and FERTIWEB© 
(ARVALIS-AUREA). The “normalized days” have given the 
opportunity to make full use of all studies focusing on the 
computing of standardized mineralization kinetics of organic 
matter pools, such as crop residues (Justes et al., 2009), 
grassland destruction (Laurent et al., 2004), manure (Bouthier 
et al., 2009), or from humus (Clivot et al., 2017). 

3.2. A new equation describing nitrogen mineralization from 
humus 

Since the beginning of the 1980’s, nitrogen mineralization 
from humus has been estimated with the traditional “K2” 
equation, based on in vitro experiments (Brisson et al. 1998). 
In this equation, the mineralization rate depends only on the 
clay concentration (without carbonate) and the CaCO3 
concentration. Although this equation has been very useful, its 
limits were well known by agronomists (for example, the 
model is not really relevant for sandy soils or those with high 
organic matter concentration). Drawing on 10 years of joint 
collaboration between INRA, ARVALIS-Institut du vegetal and 
TERRES-INOVIA (with the participation of Chamber of 
Agriculture of Nord Pas de Calais, which provided some 
experiments), a new and better mineralization model has been 
computed (studies started with Valé (2006) and finished with 
Clivot et al. (2017)). It is based on the analysis of 65 trials 
focusing on a mineralization monitoring on bare soils, 
computed with the LIXIM model (Mary et al., 1999). The new 
equation considers 5 soil characteristics (organic nitrogen 
content, clay concentration, CaCO3 concentration, C/N rate of 
the organic matter and pH). The accuracy of the model can be 
improved by introducing two more variables related to crop 
rotation (oil seed rape as the previous crop or in the rotation, 
and leguminous crop frequency) (Clivot et al., 2017). This new 
model is currently introduced both in the crop models and in 
the nitrogen balance sheet method tools. 

4. FERTILIZER APPLICATION PRACTICES 

4.1. Application conditions, ANR and split applications 

Since the studies of Limaux et al. (1999), it is well known that 
the ANR of a mineral fertilizer application is strongly related to 
the growth rate of the wheat at the time of the application. 
During the same period, some studies conducted by ARVALIS 
showed that the nitrogen uptake efficiency was also related to 
the amount of rain available just after the application of 
fertilizer (Bouthier, 1997). Finally, some more recent studies 
produced a complete ANR model combining the wheat growth 
rate at the time of the application, the amount of rain during a 
short period thereafter and the fertilizer type (Collin, 2012). 
This last parameter is strongly related to the different 
sensitivities of fertilizers toward ammonia volatilization (see 
part 5). All those information allowed us to better understand 
the historical results regarding the effect of split application of 

fertilizer on wheat yield and grain protein concentration 
(Laurent et al., 2003). Indeed, splitting the fertilizer application 
makes it possible to synchronize the application with the 
growth kinetic (meaning the N need kinetic) of the crop, and to 
avoid any excessive applications, which could be subject to 
some other N flux (mainly gaseous losses concerning the 
spring period for wheat). Using a complementary method, 
several statistical studies have been carried out to determine 
the optimum calendar period for N fertilizer applications, in 
order to better advise farmers (Cohan and Bouthier, 2010). 
The last survey conducted by ARVALIS in 2015 about the 
“nitrogen fertilization practices on bread wheat” shows us that 
the mean number of fertilizer applications is 3.32 in Northern 
France and 3.35 in Southern France. This is the proof that this 
practice is used “en routine” in French agricultural systems. 

4.2. The importance of the post-flowering N uptake 

The effectiveness of splitting the N applications is not only due 
to a better N uptake (ANR), but also to a better N transfer in 
the grain in order to reach the grain protein concentration 
required by the market (Laurent et al., 2003). Some recent 
scientific breakthroughs on GPD and wheat genetic emphasize 
the crucial function of N dynamic on this issue. For example, 
post-flowering N uptake could explain up to 50% of GPD 
variability (Bogard et al., 2010). Moreover, it has been 
demonstrated that it is during the early post-flowering period 
that the N uptake most affects the grain protein 
concentration, regardless of yield (Taulemesse et al., 2016). 
These results lay the foundation for a more precise 
management of the N nutrition at the end of the crop cycle, 
interacting with the variety and the agronomic opportunities 
to apply fertilizer during this late period. 

5. MINERAL FERTILIZER TECHNOLOGIES 

5.1. Three main mineral fertilizer types 

The French nitrogen mineral fertilizer market is divided into 
three main types: ammonium nitrates, liquid urea-ammonium-
nitrate and urea. For wheat, the main type is ammonium 
nitrate, the second is liquid urea-ammonium-nitrate and the 
third, urea, is generally little used. This mean distribution is not 
true in all regions, particularly for liquid urea-ammonium-
nitrate (UNIFA statistics 2017). There are many factors that can 
explain this distribution: difference of efficiency (related to the 
sensitivity toward ammonia volatilization, which favor 
ammonium nitrate), ease of use, prices (which generally favor 
urea and liquid urea-ammonium-nitrate) (Le Souder et al., 
1997; Cohan et Le Souder, 2013). Before 2012, no significant 
innovation in fertilizer technologies had provided a 
measurable technical and economic gain, which could have 
modified this situation. 

5.2. The example of the urease inhibitors 

In 2012, the first urea with an urease inhibitor (NBPT), began 
to be marketed in France. NBPT (N-(n-Butyl) ThioPhosphoric 
Triamid) is an additive, which can inhibit the urea hydrolysis, 
thereby slowing down the transformation of urea into 
ammonium (NH4

+). Well-known for many years, this compound 
can efficiently reduce nitrogen losses due to ammonia 
volatilization, which is the first N flux responsible for the lack 
of efficiency of the N fertilizer (Chambers and Dampney, 
2009). Commercial proposals rapidly increased, and now at 
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least four companies are able to provide this technology to 
French farmers. The agronomic studies carried out by ARVALIS 
have shown that NBPT could significantly increase urea 
efficiency, making it equal to or even, in some cases, more 
efficient than ammonium nitrate (figure 2) (Cohan and Soenen, 
2015; Véricel et al. 2018). Given these technical performances 
and a consistent commercial placement, the use of urea with 
NBPT has steadily increased since 2012. This demonstrates 
that a strong technological innovation can improve the 
efficiency of N application, combining at the same time an 
economic relevance and a benefit for the environment 
(ammonia loss reduction, in this specific case). This example 
should encourage private and public research programs to 
explore the topic of modified fertilizers and, more generally, 
the subject of innovative fertilizer formulations, additives and 
bio-stimulants. 

 

Figure 2 – Effect on wheat yield of urea fertilizer with NBPT 
compared to urea without NBPT (left side) or to ammonium 
nitrate (right side). 40 wheat trials (bread and durum wheat) 

2012-2017 (carried out by ARVALIS and its partner 
cooperatives, business units and Chambers of Agriculture). 
NEXEN is a product of Koch Fertilizer Products. UTEC 46 is a 

product of Eurochem Agro France. NOVIUS is a product of IN-
VIVO. LIMUS is a product of BASF.  

6. MONITORING AND MANAGEMENT METHODS 

6.1. Toward a dynamic management of nitrogen fertilization 

Since its creation, the N balance sheet method has provided 
the basis for all N management tools used by farmers, and has 
been included in the Nitrate Directives framework 
(91/676/CEE) (Rémy  and Hébert, 1977; Rémy and Viaux, 
1983; Comifer 2013). Although the benefits of its use have 
been significant, its agronomic limits currently raise some 
questions (Ravier et al., 2016). Particularly, the fact that the 
method does not consider the impact of weather conditions 
on the N amount supplied by soil in “real time” is contradictory 
to all the scientific knowledge accumulated over the past 15 
years. To resolve this situation, new tools have recently been 
created. They are based on the principles of a dynamic balance 
sheet method, allowing for a more accurate N management 
(for example: AZOFERT© INRA-LDAR-ITB, FERTIWEB© ARVALIS-
AUREA). 

6.2. Monitoring and management tools are constantly 
improving 

From the early 1990s, many N monitoring and management 
tools for N applications during crop growth have been created. 
Firstly, based on the analysis of stem sap (for example: Jubil® 
INRA-ARVALIS, Justes et al. 1990), these tools rapidly shifted to 
transmittance measurements of chlorophyll concentration (for 
example: YARA-N-TESTER® YARA-ARVALIS) and then to 

reflectance (for example: FARMSTARTM ARVALIS-AIRBUS-
TERRES INOVIA). Their use creates an opportunity to 
significantly increase the proportion of good N advice (in the 
vicinity of the optimum N rate), compared to the use of a 
balance sheet method alone (Cohan et al., 2011). Many 
ongoing research programs are currently focused on 
continuously improving their effectiveness (figure 3) (Soenen 
et al., 2017a). 

 
Figure 3 – Performance of the new algorithm to calculate N 

rate application at flag leaf growth stage in FARMSTARTM (QN 
method). From Soenen et al., 2017a. 

6.3. Toward a new era? 

Considering the digital progress and the agronomic knowledge 
increasingly integrated in crop models, the time is ripe to 
imagine new types of N management tools capable of 
overcoming the constraints of current tools, in particular those 
related to the estimation of potential crop yield (Ravier et al., 
2016). Several recent studies allow us to consider developing 
innovative tools capable of continuously monitoring the 
nitrogen status of wheat, thereby triggering N applications 
according to specific NNI trajectories (Gate 2007, Ravier et al., 
2017). In this context, the joint use of crop models and a 
number of tools incorporating spectral and hyper-spectral 
sensors is promising for the development of the N 
management tools of tomorrow (Soenen and al., 2017b). 

CONCLUSION 

Over the last 25 years, numerous innovations and 
unprecedented discoveries have been made. They have all 
contributed to an improvement of the NUE of wheat. The joint 
use of this progress in fields of expertise as diverse as genetics, 
crop physiology, agronomy and soil sciences gives us the 
opportunity to enter a new era in which all the possibilities 
created by new digital technologies can be used (computing 
capacities for crop models, sensors, digital technologies 
available for farmers, etc.). This progress provides a number of 
great advantages that can help us face the main challenges of 
crop N nutrition, which, more than ever, will have to combine 
high technical and economic performance with a positive 
impact on the environment. 
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