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Abstract 

Legumes offer the opportunity to reduce the nitrogen (N) fertilizer requirements of the crop 

rotation but the capacity of the subsequent crop to recover the N provided by the legume 

determines the fertilizer saving. Therefore, breeding for genotypes capable of take up N under 

different limiting conditions is essential for understanding crop performance and optimizing 

fertilization. The objective of this work was to test the ability of four wheat (Triticum aestivum 

L.) genotypes with different drought-tolerance (Cellule, Apache, Allez-y, and Nogal) to take up 

N from the precedent legume under different water scenarios. Two field experiments with pea–

wheat and barley–wheat crop rotations, two irrigations levels, and three N treatments were 

conducted in central Spain over 3 years. The biomass, N uptake, and nitrogen nutrition index 

(NNI) were determined at flowering, and the grain yield (GY), grain N concentration (GNC), and 

N output at harvest. The precedent legume crops enabled a reduction in N fertilizer, but its effect 

depended on the genotype and climate conditions. The drought-tolerant genotypes (Apache and 

Cellule) had the highest NNI, biomass, GY, and N output under low water and N inputs, whereas 

Allez-y and Nogal obtained better performance under non-limiting conditions. Therefore, this 

study confirms differences between wheat genotypes, with different root system, in N uptake from 

the precedent legume in a crop rotation under different water levels and highlights the potential 

of NNI to assess wheat N status. 

Keywords: crop rotation, pre-crop effect, fertilization, nitrogen nutrition index, water-nitrogen 

interactions. 

1. Introduction 

Conventional agriculture, which is strongly dependent on external nitrogen (N) mineral 

fertilization, represents 75% of agricultural land available in the European Union (Eurostat, 2019). 

However, the N mineral fertilizers increase CO2 emissions together with soil and environmental 

degradation as a result of their production, distribution, and application (Peoples et al., 2004). To 

reduce fertilizer application, it is time to reconsider the legume-based crop rotations, given that 

only 1.9% of arable land in Europe is allocated to legumes (Eurostat, 2019). However, a crucial 

aspect in making certain that legumes contribute to the sustainability of the cropping system is to 

ensure that the subsequent crop in the rotation can use the N introduced by the previous legume 

into the soil by the atmospheric biological fixation (Quemada et al., 2020). 

The possibility of using genotypes capable of improving N recovery has received considerable 

attention in recent years (Noureldin et al., 2013). Wheat is a major source of vegetable protein for 

humans worldwide, and it is important to search for the best-performing genotypes that can yield 

high levels of production by increasing the efficiency of N use. Generally, plant breeders assume 
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that direct selection for grain yield (GY) will indirectly select varieties with the optimum root 

system that make it possible to overcome common growth limitations, such as N and water 

availability (Wasson et al., 2012). Evidence for this comes from several experiments in wheat (Li 

et al., 2019b), maize (Gao and Lynch, 2016), and barley (Robinson et al., 2018) showing that 

deeper roots improve capture of N and water, and consequently increase the GY. However, there 

is no guarantee that a genotype with high GY under non-limiting N or water conditions also 

performs well in low-input or stressed environments (Bustos-Korts et al., 2018). Therefore, efforts 

in breeding simultaneously for N and water need to be strengthened as the relevance of 

colimitation has been emphasized, particularly in Mediterranean environments (Cossani and 

Sadras, 2018; Quemada and Gabriel, 2016).  

The colimitation principles state that GY is higher when N and water are both equally available 

(Cossani et al., 2010). Drought may cause nutrient deficiencies, even in fertilized fields, as the 

physiochemical properties of the soil can lead to reduced mobility and absorbance of individual 

nutrients (Amtmann and Blatt, 2009).  In this sense, numerous studies have been conducted to 

improve drought resistance in wheat by identifying quantitative trait loci (QTLs) and increasing 

their frequency in breeding germplasm. Touzy et al. (2019) used modeling and statistical 

approaches to identify the specific drought-tolerant QTLs in a panel of 210 elite European 

genotypes in 35 fields. The assessment of water stress dynamics in each environment led to 

clustering of four water stress scenarios: optimal condition with no water stress, post-anthesis 

water stress, moderate-anthesis water stress, and high pre-anthesis water stress. The genotypes 

were tested in all scenarios, and the authors reported that the environmental clustering improved 

our understanding of the impact of drought on wheat GY, which explained 20% of the genotype 

(G) × environment (E) interaction. Moreover, they claimed that their results enable breeders to 

introduce drought-resistant genotypes to specific environmental conditions in which other 

limitations, such as nutrients, could be present. Therefore, in this research we explored four bread 

wheat genotypes based on different drought-tolerance scenarios according to the results reported 

by Touzy et al. (2019) to test the adaptability of the genotypes to using N under various conditions 

of water and N availability. The genotypes selected were Apache as tolerant, Cellule as 

intermediate, and Allez-y and Nogal as susceptible to water stress. 

It is difficult to predict at the field scale the N available after a legume or other precedent crop 

because the available N is constantly changing due to agricultural management, soil properties, 

and environmental conditions (Raya-Sereno et al., 2022). Measuring soil mineral N before 

fertilizing the next crop in the rotation is not sufficient for assessing the N provided by the 

previous crop, since the mineralization of N over the growing season continues and contributes 

to N uptake of crops (Quemada et al., 1997). Given the relevance of the N supplied for GY and 

grain N concentration (GNC), indicators of the N status of crops have been developed to assess 

optimal N fertilization and crop performance under different N-availability conditions. Among 

these indicators, the nitrogen nutrition index (NNI) is the most widely used. It compares the N 

concentration in the leaves and shoots (%N) with the critical N concentration (Nc) at a given 

biomass (Justes et al., 1994). The Nc is calculated based on the critical dilution curve (CDC) that 

relates the %N to the biomass (Greenwood et al., 1990), and CDC equations were developed for 

many crops including bread wheat (Justes et al., 1994; Hoogmoed and Sadras, 2018; Pancorbo et 

al., 2021). Based on the CDC, the N status of wheat can be monitored by continuous determination 

of %N in a sample of aerial biomass. 

The main objectives of this work were to test the ability of four wheat genotypes with different 

drought-tolerance to take up N from the precedent legume under two water levels. The specific 

objectives focus on (i) comparing the effect of a legume versus a non-legume precedent crop on 



the agronomic performance of different wheat genotypes, and (ii) detecting which genotypes have 

a greater capacity to take up N from precedent legumes.  

2. Materials and methods 

2.1. Field experiment 

Two field experiments were carried out over three consecutive years: 2018–2020 and 2019–2021 

(hereinafter referred to as “Exp 1” and “Exp 2”, respectively) at the research station La Canaleja 

(40°31´N, 03°18´W, 600 m a.s.l.) located in Alcalá de Henares (Madrid, Spain). The experiments 

were conducted in the same field, but in plots separated by 50 m. Plots were fallow for a minimum 

of 1 year and had not received organic amendments or N fertilizer during the 3 years before the 

start of the experiment. According to Köppen, the climate of the area is classified as hot-summer 

Mediterranean climate (Csa). The mean annual temperature is 13.5 ºC and the mean annual 

rainfall is 440 mm (1950–2015). Precipitation occurs mainly in autumn and spring. 

Meteorological data were recorded by a weather station located near the experimental field (< 

1 km). The soil of the experimental field is Calcic Cambisol (WRBSR, 2014) and has loam-sandy 

texture in the two upper horizons (0.4 m), loamy down to 1 m, and sandy below. The topsoil (0.20 

m) has 4.18 g organic C kg-1, 0.45 g organic N kg-1 of soil, and a pH of 8.1.  

Four bread wheat (Triticum aestivum L.) genotypes (Cellule, Apache, Allez-y, and Nogal) were 

tested on their capacity to recover N supply after cropping a legume (pea, Pisum sativum L.) or a 

non-legume (barley, Hordeum vulgare L.). The precedent crops were randomly distributed in 16 

plots (20 × 12.5 m each plot) and their residues were buried into the soil at the end of May in both 

seasons. A four-replicated split-plot experiment with 192 plots (2.8 × 4.2 m each plot) was 

designed considering precedent crops as the main factor and wheat genotype, N fertilization, and 

irrigation as secondary factors. The wheat genotypes selected were sown at the beginning of 

November on the same plots as the precedent crops at a seed rate of 160 kg ha-1. Borders were 

included between precedent crops and irrigation treatments. At the end of January, wheat plots 

were split into three N fertilization levels, and half of the experiment was divided into irrigated 

plots and the other half into rainfed plots. Thus, an interaction of N and water levels was created 

for each genotype (Fig. 1).  

Fig. 1. Location of the experiment (a), different precedent crops established in 2018 and 2019 (b), 

and split-plot experimental design with four different wheat genotypes (G1, G2, G3, G4), three 

different N rates (N0, N1, N2), and two water levels (Irrigated, Rainfed) in 2020 and 2021 (c). 

 



Nitrogen fertilizer was split into two applications and hand-broadcast to wheat plots in two growth 

stages (GS) (Meier, 1997): at tillering (GS22; 23/01/2020 and 29/01/2021) and at the beginning 

of stem elongation (GS32; 04/03/2020 and 11/03/2021). Each subplot received no N (N0), 

conventional fertilizer calcium ammonium nitrate (27% N) at the reduced rate (N1: 25 kg N ha-1 

after pea and 75 kg N ha-1 after barley precedent crops), or the recommended rate (N2: 75 kg N 

ha-1 after pea and 125 kg N ha-1 after barley precedent crops) (Fig. 1). To calculate the 

recommended and reduced N rates, composite soil samples (two soil cores per plot) were taken 

before the first fertilization at depths of 0–0.2, 0.2–0.4, and 0.4–0.6 m. Soil subsamples were 

extracted with 1 M KCl (~30 g of soil: 150 ml of KCl), centrifuged, and stored in a freezer until 

later analysis. Nitrate (NO3
--N) concentration was measured with the Griess–Ilosvay method 

(Keeney and Nelson, 1982) in the extracts, and ammonium (NH4
+-N) via the salicylate-

hypochlorite method (Crooke and Simpson, 1971). The soil NO3
--N and NH4

+-N content was 

determined accounting for the bulk density (1.3 g cm-3) and summed to obtain the inorganic N 

content (Nmin) for each layer and plot. The recommended fertilizer rates were calculated in Exp 1 

as the expected GY (5000 kg ha-1) multiplied by an extraction coefficient (30 kg N/Mg grain), 

and were corrected by the Nmin in the top 0.6 m of soil before the first fertilizer application and 

by the N supply from the mineralization of the precedent crop residues (2/3 N content in the 

aboveground residue). Fertilizer rates in Exp 2 were the same as in Exp 1. Additionally, soil Nmin 

was determined following the same methodology in samples taken before wheat sowing to 

identify differences in the N provided by the two precedent crops. Soil tests showed that P and K 

levels were suitable for crop development. 

Irrigation water was delivered using a mobile cannon sprinkler system to match crop 

evapotranspiration calculated using daily local climate data. In Exp 1, half of the plots received 

15 mm of water on 12 March and 30 mm on 18 and 25 May. In Exp 2, half of the plots were 

irrigated in seven events with 10 mm for each one (on 26 and 30 March, 7 April, and 17, 18, 24, 

and 31 May). Total water input was 449 mm during the 2019–2020 season and 399 mm during 

the 2020–2021 season for the wheat crop (Fig. S1). Weed control was achieved by herbicide 

(Intensity + Broadway) application for the control of broad leaves and grassy weed. The barley–

wheat and pea–wheat rotations of each experiment and the management plans are presented in 

Fig. 2. 

 
Fig. 2. Barley–wheat and pea–wheat rotations and management plans established in both seasons. 

The green star represents the herbicide application, and the blue circles the irrigation events.  

2.2. Crop analysis 

At the end of spring in both experimental seasons, a subsample per plot (0.35 × 0.35 m) of 

precedent crops (pea and barley) was hand-harvested before being buried into the soil, oven-dried 

(65 ºC), weighed, and ground for later analysis. In subsequent wheat genotypes, the effect of 

precedent crop background on biomass, N uptake, GY, GNC, and N output was examined. At 



flowering, a sample of wheat plants (0.25 × 0.25 m) was hand-harvested in unfertilized plots (N0) 

and in the plots that received 75 kg N ha-1 in both precedent crops (N1-barley and N2-pea), and a 

subsample of each aerial plant component (spikes and the rest of the aboveground biomass) was 

oven-dried, weighed, and ground. In summer (10/07/2020 and 29/06/2021), a 1.4-m-wide central 

strip was harvested from all plots with an experimental combiner, and the wheat yield was 

recorded. A grain subsample from each plot was oven-dried, weighed, ground, and saved for 

analysis. 

The total N concentration (%N) of the precedent crops and the wheat components was determined 

through the Dumas combustion method (LECO FP-428 analyzer, St. Joseph, MI, USA). The N 

content of each precedent crop and wheat component was calculated by multiplying its dry 

biomass (kg ha-1) by its N concentration. The total wheat crop N uptake (kg N ha-1) was calculated 

by adding the N content in both plant components. The NNI was calculated as the ratio between 

the actual crop N concentration and the critical N concentration that enables maximum growth 

for a given biomass (Justes et al., 1994). The critical N concentration was calculated following 

the N dilution curve developed by Pancorbo et al. (2021) for winter wheat under similar 

environmental conditions. At harvest, wheat N output (kg N ha-1) was calculated as the product 

of GY (kg ha-1) multiplied by GNC.  

Agronomy efficiency (AEN) was calculated at harvest as the ratio of the difference between the 

GY of a treatment and the average GY of the control, to the N fertilizer applied (Ladha et al., 

2005; Alonso-Ayuso et al., 2016). This component of the N use efficiency refers to the kg of crop 

yield increase obtained per kg of N applied.  

2.3. Statistical analysis 

Statistical analysis was carried out to assess the potential of different genotypes to take up N from 

precedent crops and fertilization. For this, after verification of data normality and variance 

homogeneity, different wheat agronomic variables were analyzed using a linear mixed model. For 

each experiment, precedent crop, water, genotype, and N treatments, as well as the interaction 

between them, were considered as fixed factors, whereas the subplot was considered as a random 

effect for the analysis of variance. The mean was separated by Tukey’s test at the 0.05 probability 

level (P ≤ 0.05). Additionally, as all the interactions including the experiment factor were 

significant for most of the variables analyzed, the statistical analysis of each experiment (Exp 1 

and Exp 2) was performed separately using the same methodology. All statistical analyses were 

performed using the software R (version 4.1.1; R core Team, 2021). 

3. Results 

3.1. Precedent crop and soil Nmin 

The total dry matter of the precedent crop at harvest was lower in Exp 1 (2.6 Mg ha⁻¹ for pea and 

3.2 Mg ha⁻¹ for barley) than in Exp 2 (5.9 Mg ha⁻¹ for pea and 5.8 Mg ha⁻¹ for barley), probably 

due to the low rainfall (194 mm) during the 2018–2019 season compared to that of 2019–2020 

(374 mm), which limited crop growth (Fig. S1). Similarly, the N content in the precedent crop 

residues was lower in Exp 1 (69.2 kg N ha⁻¹ for pea and 19.8 kg N ha⁻¹ for barley) than in Exp 2 

(131.1 kg N ha⁻¹ for pea and 41.5 kg N ha⁻¹ for barley), and the precedent pea crop reached higher 

values than barley in both experiments (Fig. 3). 



 

Fig. 3. Nitrogen content (bars, kg N ha⁻¹) and biomass accumulated (red circles, Mg ha-1) at 

harvest for barley and pea precedent crops in both experiments. Error bars in red circles and in 

bars represent standard error. 

Before wheat sowing, the Nmin in the upper 0.6 m was higher after the precedent pea crop than 

after barley, with larger differences in Exp 2 (Fig. 4a). In Exp 1, the Nmin after the precedent pea 

crop was 56.7 kg N ha-1 and after barley it was 42.1 kg N ha-1. In Exp 2, the Nmin after the pea 

crop was 111 kg N ha-1 and after barley it was 39.1 kg N ha-1. The differences in Nmin between 

precedent crops remained until the first wheat topdressing, but the data suggested that in Exp 2 

wheat sown over pea plots took up more N than in Exp 1 (Fig. 4b). In this sense, the Nmin was 

similar in both experiments (49.6 kg N ha-1 in Exp 1 and 58.8 kg N ha-1 in Exp 2 after precedent 

pea crop, and 31.8 kg N ha-1 in Exp 1 and 24.9 kg N ha-1 in Exp 2 after barley). 

 

Fig. 4. Soil inorganic N content (Nmin) in the 0–60-cm layer (a) before wheat sowing and (b) 

before first wheat fertilization measured in both experiments. Treatments on the x-axis correspond 

to precedent crops used in the previous season. Letters above bars indicate significant differences 

between previous crop treatments in the same experiment according to Tukey’s test (P ≤ 0.05). 

Small bars above bars indicate the standard error. 

3.2. Wheat analysis 

The analysis of variance indicated significant (P ≤ 0.05) interactions between the main factor 

precedent crop and the experiment in all variables studied, whereas other main factors such as 

genotype, water level, and N fertilization showed an interaction with the experiment in some of 

the variables analyzed (Table S2). Since all significant interactions included the experiment, the 

results from Exp 1 and Exp 2 were examined separately. 



3.2.1. Effects of main factors 

The impact of the precedent crop was observed at wheat flowering and harvest for all variables 

studied in Exp 2, except for GNC at harvest: The biomass, N uptake, NNI, GY, and N output were 

higher in wheat sown over precedent pea than over precedent barley (Table 1). However, no 

differences were found in Exp 1. 

The irrigated treatment led to higher biomass and N output than the rainfed condition in both 

experiments, and also to higher GY in Exp 2 (Table 1). This indicated that wheat suffered higher 

water stress under rainfed conditions, although precipitation in both seasons was higher than 

average (Fig. S1). No effect of water level on N uptake, NNI, or GNC was observed in any of the 

experiments.  

Increasing N levels had a positive effect on all wheat variables studied in the two experiments 

(Table 1). At flowering, all variables distinguished between the two N levels sampled: unfertilized 

(N0) and fertilized treatment (N1-barley and N2-pea fertilized with 75 kg N ha-1). The three N 

rates were differentiated by GY in Exp 1, by GNC in Exp 2, and by N output in both experiments. 

However, GY in Exp 2 only distinguished between unfertilized (N0) and fertilized treatments (N1 

and N2).  

Table 1. Wheat total biomass (Mg ha -1), N uptake (kg N ha-1), and nitrogen nutrition index (NNI) 

at flowering as well as and grain yield (Mg ha -1, 14% moisture), grain N concentration (GNC, 

%), and N output (kg N ha-1) at harvest according to precedent (barley and pea), water (rainfed 

and irrigated), nitrogen (N0, N1, and N2), and genotype (Cellule, Apache, Allez-y, and Nogal) 

factors in both experiments. Treatment N0 received 0 kg N ha-1 as fertilizer, N1 75 kg N ha-1 (after 

barley) or 25 (after pea), and N2 125 kg N ha-1 (after barley) or 75 (after pea).  

 Exp 1 Exp 2 

 Flowering  Harvest      Flowering  Harvest 

 
Biomass N uptake NNI 

 Grain 

Yield 

(14%) 

GNC N output Biomass N uptake NNI 

 Grain 

Yield 

(14%) 

GNC N output 

 Mg ha-1 kg N ha-1   Mg ha -1 % kg N ha-1 Mg ha -1 kg N ha-1   Mg ha -1 % kg N ha-1 

Precedent                

Barley 10.7 114 0.73  3.94 1.79 62.2 16.9 a 176 a 0.89 a  3.26 a 1.90 53.8 a 

Pea 11.1 116 0.74  3.54 1.64 50.9 24.3 b 291 b 1.24 b  4.77 b 1.93 78.0 b 

Water                

Rainfed 10.1 a 101 0.67  3.44 1.64 49.4 a 18.6 a 207 1.01  3.47 a 1.94 57.7 a 

Irrigated 11.7 b 129 0.80  4.04 1.79 63.6 b 22.6 b 260 1.12  4.56 b 1.89 74.1 b 

Nitrogen                

N0 8.8 a 90 a 0.63 a  2.78 a 1.56 a 37.7 a 17.0 a 179 a 0.90 a  3.40 a 1.77 a 52.5 a 

N1 - - -  3.97 b 1.62 a 56.0 b - - -  4.29 b 1.87 b 67.9 b 

N2 - - -  4.47 c 1.97 b 75.9 c - - -  4.35 b 2.10 c 77.4 c 

N1 Bar & N2 Pea 13.0 b 143 b 0.85 b  - - - 24.2 b 288 b 1.23 b  - - - 

Genotypes               

Cellule 11.9 b 118 ab 0.71  4.0 b 1.62 a 57.8 21.1 202 0.92   5.1 c 1.78 a 78.0 c 

Apache 12.9 b 137 b 0.80  3.9 b 1.68 ab 59.0 21.9 232 1.03   4.2 b 1.86 a 66.8 b 

Allez-y 9.6 a 107 a 0.72  3.7 b 1.73 bc 57.2 20.0 244 1.11   3.2 a 1.97 b 54.2 a 

Nogal 9.0 a 99 a 0.70  3.2 a 1.83 c 52.1 19.4 255 1.19  3.6 ab 2.06 b 64.8 ab 

Within a column, experiment, sampling date, and variable, the values for each factor studied followed by 

different letters are significantly different according to Tukey’s test (P ≤ 0.05). At flowering, measurements 

were only collected in plots that were fertilized with the same rate (75 kg N ha-1) in both precedent crops 

(N1 Bar & N2 Pea). 

Finally, the response of wheat genotypes varied between Exp 1 and Exp 2 (Table 1). At flowering, 

differences among genotypes were found in biomass and N uptake in Exp 1. The genotypes 

Cellule and Apache achieved higher biomass than the Allez-y and Nogal genotypes. The N uptake 

was again higher in Apache than in Allez-y and Nogal, while the uptake for Cellule was in 

between. At harvest, differences were found in GY for both experiments, with Cellule, Apache, 



and Allez-y obtaining higher GY than Nogal in Exp 1; whereas in Exp 2, Cellule obtained the 

maximum GY followed by Apache, Nogal, and Allez-y. A similar response to GY was found for 

N output in Exp 2, whereas no differences between genotypes were shown in Exp 1. In contrast, 

the GNC response was inverse to GY and N output, with Nogal obtaining the highest values in 

both experiments (Table 1). Additionally, Exp 1 experienced N deficiency (NNI ≤ 0.80) in both 

water levels and all genotypes, while in Exp 2 NNI was ≥ 0.92 in all genotypes in rainfed and 

irrigated treatments. Overall, Cellule and Apache presented a higher response to N fertilizer 

application in most of the variables studied (except in GNC) than Allez-y and Nogal. However, 

the interaction between factors was significant and therefore it was analyzed. 

3.2.2. Effects of precedent and water factors with genotypes 

A significant interaction was observed among genotypes, water level, and experiment factors in 

all variables studied at flowering (Table S2). In rainfed plots, Apache obtained the highest 

biomass (12 Mg ha-1) in Exp 1 and Cellule in Exp 2 (22 Mg ha-1), whereas Nogal was the genotype 

with the lowest biomass in both experiments (Table 2). In irrigated plots, a clear difference among 

genotypes was observed in Exp 1, forming two groups, with Cellule and Apache having greater 

biomass than Allez-y and Nogal, while no differences between genotypes were found in Exp 2 

(Table 2). When analyzing N uptake and NNI, a similar response was found in Exp 1: the Apache 

genotype presented the highest values and Nogal the lowest. By contrast, in Exp 2 no differences 

among genotypes were found in N uptake, whereas NNI was the highest in the Nogal genotype.   

At harvest, differences between genotypes appeared (Table 2). In Exp 1, the GY in rainfed 

treatment showed the same performance as biomass at flowering for the genotypes Apache, Allez-

y, and Nogal. By contrast, Cellule obtained the highest GY, showing a greater capacity to maintain 

yield under water stress conditions. Nogal obtained the lowest GY under both rainfed and irrigated 

conditions. In Exp 2, Cellule obtained the highest GY under rainfed conditions and the highest N 

output, reinforcing the greater capacity to adapt to water stress conditions observed in Exp 1. 

Lastly, in the irrigated treatment, two groups were differentiated, with Cellule and Apache having 

greater GY and N output than Allez-y and Nogal. Nevertheless, these differences were not evident 

in N output in the rainfed and irrigated conditions in Exp 1, where NNI < 0.9 for all genotypes 

(Table 2). Additionally, inverse differences were found in GNC, with Nogal showing higher 

values than Cellule in irrigated and rainfed treatments in both experiments. Overall, all genotypes 

obtained higher values in Exp 2 than in Exp 1. Since the water input received by wheat was similar 

in both experiments, this variation was probably due to differences in the precedent crop effect. 

3.2.3. Effects of fertilization and N uptake from precedent crops by genotypes 

The response to N fertilization became evident in the interaction between precedent crop × N 

level at flowering and harvest (Table 3). At flowering, in both experiments, the biomass, N uptake, 

and NNI were higher in the fertilized treatments (N1 and N2) than in the unfertilized (N0) 

treatments (Table 3). At harvest, wheat GY showed a similar response to biomass and NNI over 

precedent barley in both experiments, indicating differences between unfertilized and fertilized 

treatments. Nevertheless, no differences in GY between N rates were found in Exp 2 after 

precedent pea crop, probably because the three N rates presented N sufficiency (NNI > 1) (Table 

3). Additionally, three groups were distinguished for N output in Exp 2 after barley and in Exp 1, 

but in Exp 2 after pea differences between N rates diminished and only two groups were 

distinguished. Finally, the GNC only distinguished the three N rates in precedent barley in Exp 2, 

whereas the rest of the treatments highlight the recommended rate (N2) with respect to reduced 

and unfertilized (N1 and N0) treatments.  



Table 2. Wheat total biomass (Mg ha -1), N uptake (kg N ha-1), and nitrogen nutrition index (NNI) 

at flowering as well as and grain yield (Mg ha -1, 14% moisture), grain N concentration (GNC, 

%), and N output (kg N ha-1) at harvest according to the interaction between water levels (rainfed 

and irrigated) and genotype (W × G) factors in both experiments.  

 Exp 1 Exp 2 

 Flowering  Harvest Flowering  Harvest 

 

Biomass N uptake NNI 

 Grain 

Yield 

(14%) 

GNC N output Biomass N uptake NNI 

 Grain 

Yield 

(14%) 

GNC N output 

 Mg ha-1 kg N ha-1   Mg ha -1 % kg N ha-1 Mg ha -1 kg N ha-1   Mg ha -1 % kg N ha-1 

W × G               

Rainfed               

Cellule 10.0 ab 96 0.64  3.8 b 1.55 a 51.7 21.5 b 206 0.94  4.5 b 1.80 a 70.2 b 

Apache 12.2 b 118 0.72  3.6 b 1.61 a 50.9 18.9 ab 211 1.02  3.3 a 1.90 ab 54.1 a 

Allez-y 9.3 ab 94 0.66  3.4 ab 1.68 ab 50.6 17.4 ab 214 1.05  2.8 a 2.00 bc 47.1 a 

Nogal 8.9 a 95 0.67  3.0 a 1.73 b 44.4 16.9 a 197 1.01  3.4 a 2.06 c 59.5 ab 

Irrigated               

Cellule 13.8 b 139 ab 0.79 ab  4.3 b 1.70 a 63.9 20.8 198 0.92 a  5.6 b 1.76 a 85.7 c 

Apache 13.7 b 156 b 0.89 b  4.4 b 1.75 a 67.2 24.9 253 1.03 ab  5.1 b 1.81 ab 79.4 bc 

Allez-y 10.0 a 119 ab 0.78 ab  4.0 b 1.78 ab 63.7 22.7 275 1.17 ab  3.6 a 1.93 bc 61.2 a 

Nogal 9.2 a 104 a 0.72 a  3.5 a 1.93 b 59.7 21.9 314 1.38 b  3.9 a 2.06 c 72.0 ab 

Within a column, experiment, sampling date, and variable, the values for each factor studied followed by 

different letters are significantly different according to Tukey’s test (P ≤ 0.05). 

 

Table 3. Wheat total biomass (Mg ha-1), N uptake (kg N ha-1), and nitrogen nutrition index (NNI) 

at flowering as well as grain yield (Mg ha-1, 14% moisture), grain N concentration (GNC, %), and 

N output (kg N ha-1) at harvest according to the interaction between precedent crop and nitrogen 

(PC × N) factors in both experiments. Treatment N0 received 0 kg N ha-1 as fertilizer, N1 75 kg 

N ha-1 (after barley) or 25 (after pea), and N2 125 kg N ha-1 (after barley) or 75 (after pea). 

 Exp 1 Exp 2 

 Flowering  Harvest Flowering  Harvest 

 

Biomass N uptake NNI 

 Grain 

Yield 

(14%) 

GNC N output Biomass N uptake NNI 

 Grain 

Yield 

(14%) 

GNC N output 

 Mg ha-1 kg N ha-1   Mg ha-1 % kg N ha-1 Mg ha-1 kg N ha-1   Mg ha-1 % kg N ha-1 

PC × N               

Barley               

N0 8.2 a 83 a 0.62 a  2.67 a 1.60 a 37.1 a 12.1 a 116 a 0.71 a  2.09 a 1.74 a 32.1 a 

N1 13.3 b 145 b 0.85 b  4.51 b 1.69 a 65.5 b 21.7 b 236 b 1.06 b  3.70 b 1.86 b 58.4 b 

N2 - - -  4.65 b 2.09 b 83.9 c - - -  3.99 b 2.11 c 71.0 c 

Pea               

N0 9.4 a 91 a 0.63 a  2.89 a 1.52 a 38.3 a 21.9 a 241 a 1.09 a  4.72 1.80 a 73.0 a 

N1 - - -  3.43 b 1.54 a 46.5 b - - -  4.88 1.88 a 77.4 ab 

N2 12.7 b 141 b 0.84 b  4.28 c 1.85 b 67.9 c 26.8 b 341 b 1.39 b  4.71 2.10 b 83.8 b 

Within a column, experiment, sampling date, and variable, the values for each factor studied followed by 

different letters are significantly different according to Tukey’s test (P ≤ 0.05). At flowering, measurements 

were only collected in plots that were fertilized with the same rate (75 kg N ha-1) in both precedent crops 

(N1 Barley and N2 Pea). 

Moreover, the response to precedent × water × nitrogen by different genotypes was observed 

when comparing similar N rates (N0 versus N1-barley and N2-pea that were fertilized with the 

same rate of 75 kg N ha-1) at flowering and harvest (Table 4). In Exp 1, where all N0 treatments 

had NNI ≤ 0.83, the GY responded to fertilizer application in both precedent and water treatments 

(Fig. 5a). By contrast, in Exp 2 the fertilization response was clear after precedent barley, where 

all N0 treatments had NNI ≤ 0.84, whereas no response was found after precedent pea as all the 

genotypes had NNI ≥ 0.91 in the N0 treatment (Table 4; Fig. 5b). In Exp 2 after barley, the GY 

response to N fertilizer depended on the genotype, as Cellule and Nogal had the same slope under 



rainfed and irrigated conditions, showing that were able to take up N under water shortage better 

than Apache and Allez-y. Additionally, Cellule slope was steeper than Nogal, indicating higher 

capacity to take up N (Fig. 5b). Overall, when differences between genotypes appeared, Cellule 

showed higher GY than the others in all treatments (Cellule yield like Apache and Allez-y after 

rainfed and fertilized barley in Exp 1), achieving the highest value in the pea crop with irrigated 

and fertilized treatment in Exp 2 (6.8 Mg ha-1) (Table 4).  

Apart from that, the AEN in Exp 2 was clearly related to NNI and precedent crop, decreasing when 

NNI at flowering increased. After pea precedent, the NNI was ≥ 0.91 in all genotypes and the 

AEN was lower than after barley precedent. Even negative efficiencies were obtained for Apache 

and Allez-y after the pea precedent (Fig. 6). After barley (NNI ≤ 0.84 in unfertilized treatments) 

and rainfed conditions, Cellule obtained higher AEN than the other genotypes, reinforcing its 

better performance under limiting conditions.  

 

Fig. 5. Wheat grain yield (Mg ha-1) interaction between precedent crop (barley or pea), water, and 

nitrogen factors at harvest in all genotypes (G1: Cellule, G2: Apache, G3: Allez-y, G4: Nogal) 

for both experiments. W1 is rainfed and W2 is irrigated treatment. Treatment N0 received 0 kg N 

ha-1 and treatment fertilized (Fert) received 75 kg N ha-1 corresponding to N1 for barley and N2 

for pea precedent treatment. 

 

Fig. 6. Wheat agronomy efficiency (AEN (kg grain kg N⁻¹)) in all genotypes (Cellule, Apache, 

Allez-y, Nogal), separated by precedent crop (barley or pea) and water level in fertilized treatment 

(N1-barley and N2-pea that were fertilized with the same rate of 75 kg N ha-1) at harvest in Exp 

2. W1 is rainfed and W2 is irrigated treatment. Letters above bars indicate significant differences 

between genotypes according to Tukey’s test (P ≤ 0.05). Small bars above bars indicate the 

standard error. 

Overall, irrigated treatments showed higher NNI than rainfed, and wheat after pea precedent had 

higher NNI than after barley. In accordance, the GY response to fertilizer application was higher 

after barley than after pea, particularly in Exp 2 (Table 2 and 4). Additionally, under irrigated 



conditions in Exp 2 differences between genotypes were highlighted, and Nogal obtained the 

highest NNI after barley (1.53) and pea (1.96) precedent, followed by Allez-y (Table 4). These 

high NNI in Nogal at flowering was linked to high GNC at harvest (2.1 % after barley and 2.2 % 

after pea) but not to high N output and showed that GNC was affected by genotype (Nogal tended 

to have higher GNC whereas Cellule lower). The pattern followed by the N output was similar to 

the GY for all treatments and genotypes (Fig. S3). Therefore, these results show that the wheat N 

response depended on the precedent crop and on water level in both experiments, and the response 

was determined by the genotype in Exp 2. 

4. Discussion 

The agronomic performance of crops is regulated by the genotype (G), the environment (E), and 

their management (M), as well as the interactions among these factors (Passioura and Angus, 

2010). In the current work, we compared genotypes with a different root architecture, under two 

environments characterized by the varying weather conditions of both experimental periods, and 

with management strategies that combined different precedent crops, N fertilizer rates, and water 

availability. The current experiment shows that, despite the strong interactions associated with 

the combinations of the various factors, two genotypes (Cellule and Apache) had a higher capacity 

to take up N from the precedent crop and tolerate water stress, probably due to a more developed 

root system able to explore a larger soil volume and to make better use of the resources (Touzy et 

al., 2019).  

The total amount of water input (irrigation and rainfall) and its distribution were similar over both 

wheat-growing seasons; however, the low rainfall during 2018–2019 limited the growth of both 

barley and pea precedent crops and created relevant differences in the soil conditions for the 

subsequent wheat growth in both experiments. The difference in the availability of N in soil before 

sowing wheat between precedent pea and precedent barley crops was small in Exp 1 but 2.5-fold 

greater for the pea crop in Exp 2, and these results may explain the different response in 

subsequent wheat agronomic variables reported in our study. Most researchers reported that a 

precedent legume crop increases the performance of subsequent cereals compared to non-legume 

crops (Angus et al., 2015; Gan et al., 2015). However, the response to N fertilization of the 

subsequent wheat will greatly depend on the N supply from the precedent crop (Cernay et al., 

2018), and the N supply might be low if the precedent crop growth is limited.   

Differences in biomass and GY between genotypes were found, both in precedent barley and 

precedent pea crops. These differences were more noticeable in irrigated than in rainfed 

treatments in both experiments. When the water × precedent interaction occurred, the genotypes 

Cellule and Apache obtained higher biomass and GY than Allez-y and Nogal in most cases, not 

only under irrigated but also under rainfed conditions. This is in agreement with the higher 

tolerance of Cellule and Apache to water stress (Touzy et al., 2019), associated with a deeper root 

system that explores a larger soil volume (Li et al., 2019). In general, the high water-extraction 

capacity is also associated with greater nutrient forage (Gao and Lynch, 2016; Robinson et al., 

2018; Li et al., 2019); however, the capacity to transform the absorbed N in yield and grain protein 

depends on other genotypic characteristics (Ortiz-Monasterio et al., 1997). In Exp 2 in which the 

N provided by the precedent pea crop was high, the Cellule genotype showed its high capacity to 

translocate the absorbed N to the grain and increase GY, achieving the highest N output and AEN 

among all genotypes. Non-destructive techniques (i.e., sensors) that allow monitoring crop N 

status from flowering to grain filling should be implemented to detect different performances 

between genotypes in the N translocation (Raya-Sereno et al., 2021). 



Table 4. Wheat total biomass (Mg ha -1), N uptake (kg N ha-1), and nitrogen nutrition index (NNI) at flowering as well as grain yield (Mg ha -1, 14% moisture), 

grain N concentration (GNC, %), and N output (kg N ha-1) at harvest according to the interaction between precedent, water, nitrogen, and genotype (PC × W × 

N × G) factors in both experiments. W1 refers to rainfed and W2 to rainfed and irrigated treatments. N0 refers to unfertilized and Fert to N1-barley and N2-pea 

that were fertilized with the same rate of 75 kg N ha-1. 

 Exp 1 Exp 2 

 Flowering  Harvest Flowering  Harvest 

 

Biomass N uptake NNI 

 Grain 

Yield 

(14%) 

GNC N output Biomass N uptake NNI 

 Grain 

Yield 

(14%) 

GNC N output 

 Mg ha-1 kg N ha-1   Mg ha -1 % kg N ha-1 Mg ha -1 kg N ha-1   Mg ha -1 % kg N ha-1 

PC × W × N × G               

Barley – W1 –N0               

Cellule 7.5 76 0.57  2.4 1.5 ab 31.9 14.8 146 0.80  2.2 1.6 a 32.4 

Apache 9.1 78 0.61  2.7 1.4 a 33.1 12.1 134 0.84  2.0 1.7 ab 30.7 

Allez-y 7.6 72 0.56  2.0 1.4 a 23.1 9.1 98 0.69  1.5 1.8 ab 22.3 

Nogal 6.6 63 0.54  2.1 1.8 b 29.4 12.2 134 0.84  2.3 2.0 b 39.6 

Barley – W1 – Fert               

Cellule 14.4 ab 148 0.84  4.7 b 1.5 60.1  19.8 167 0.81  4.8 b 1.7 a 68.6 

Apache 16.1 b 164 0.81  4.9 b 1.6 65.7 18.8 186 0.91  2.6 a 1.8 ab 39.2 

Allez-y 9.8 a 98 0.68  4.5 b 1.8 68.3 19.8 235 1.09  2.5 a 2.00 ab 39.5 

Nogal 10.9 ab 136 0.89  2.8 a 1.8 44.8  17.8 217 1.07  3.2 ab 2.1 b 57.1 

Barley – W2 – N0               

Cellule 9.8 91 0.62  2.9 1.7 42.6 7.9 62 0.49  2.3 1.6 a 35.0 

Apache 11.7 135 0.83  3.8 1.6 50.3 17.5 133 0.68  3.0 1.7 ab 43.7 

Allez-y 6.2 75 0.64  2.9 1.6 41.6 11.9 102 0.63  1.7 1.7 ab 24.9 

Nogal 6.8 71 0.59  2.6 1.9 41.9  11.1 122 0.77  2.3 2.2 b 40.4 

Barley – W2 – Fert               

Cellule 16.1 160 0.87  5.1 1.6 a 68.9 24.0 188 0.82 a  5.0 b 1.6 a 71.2 

Apache 15.4 186 1.02  5.1 1.6 ab 71.4 28.4 283 1.11 ab  4.7 ab 1.9 ab 77.8 

Allez-y 12.0 128 0.77  4.8 1.8 ab 72.8 21.2 261 1.18 ab  3.7 ab 1.8 ab 58.5 

Nogal 11.5 144 0.91  4.2 2.0 b 71.9 22.3 228 1.53 b  3.1 a 2.1 b 55.3 

Pea – W1 – N0               

Cellule 8.0 65 0.50  2.8 1.5 34.8 26.1 b 266 1.11  5.3 b 1.7 79.7 

Apache 9.9 87 0.59  3.1 1.2 32.6 21.0 ab 195 0.91  3.9 ab 1.6 53.7 

Allez-y 6.7 68 0.57  2.7 1.4 32.9 16.9 ab 199 1.01  3.3 a 1.8 57.6 

Nogal 7.5 66 0.52  2.2 1.5 27.9 15.5 a 172 0.95  3.6 ab 1.9 52.7 

Pea – W1 – Fert               

Cellule 10.2 97 0.65  4.9 b 1.6 a 66.6 25.1 245 1.06  5.6 b 2.0 95.2 

Apache 13.5 144 0.85  3.4 a 2.0 b 58.3 23.6 331 1.42  3.6 a 2.3 71.6 

Allez-y 13.0 139 0.85  3.9 ab 1.8 ab 61.5 24.0 278 1.42  3.5 a 2.2 66.3 

Nogal 10.8 115 0.74  3.8 ab 1.9 ab 59.9 21.3 252 1.18  3.4 a 2.2 64.6 

Pea – W2 – N0               

Cellule 15.6 ab 133 0.74  3.3 1.6 48.5 25.6 266 1.11  6.7 b 1.7 99.7 

Apache 16.5 b 108 0.70  3.5 1.5 43.4 21.6 250 1.07  5.8 ab 1.7 85.9 

Allez-y 11.7 ab 122 0.80  3.2 1.8 49.5 25.1 290 1.24  4.6 a 1.9 75.8 

Nogal 10.6 a 81 0.62  2.5 1.8 39.4 22.2 287 1.28  4.6 a 2.0 79.4 

Pea – W2 – Fert               

Cellule 13.9 b 171 ab 0.92  4.9 1.7 69.5 26.3 280 1.14 a  6.8 b 1.9 a 108.9 b 

Apache 11.1 ab 193 b 1.02  4.9 2.0 84.5 31.9 347 1.28 a  5.6 ab 2.0 ab 98.3 ab 

Allez-y 10.1 ab 152 ab 0.92  4.6 2.0 78.1 32.5 445 1.63 ab  4.2 a 2.1 ab 73.1 a 

Nogal 8.1 a 118 a 0.79  3.8 1.9 54.7 31.4 440 1.96 b  4.9 a 2.2 b 92.2 ab 

 Within a column, experiment, sampling date, and variable, the values followed by different letters are significantly different according to Tukey’s test (P ≤ 0.05). 



The GNC was higher for the Nogal genotype than for Cellule. The common negative relationship 

between GNC and GY is due to competition between carbon and N for energy (Munier-Joalin 

and Salon, 2005) and to a N dilution effect by carbon-based compounds (Acreche and Slafer, 

2009). A way to counteract this negative correlation is ensuring N availability after flowering, for 

instance, delaying the last fertilizer application to the heading stage showed an increase in GNC 

without a reduction in GY (Bogard et al., 2010). However, this approach is highly dependent on 

climatic conditions, in particular water availability during the post-anthesis period, and thus it 

may lead to less efficient N uptake and may boost N losses with multiple environmental 

consequences (Bogard et al., 2010).  

It is important to note that achieving an adequate increase in GY and GNC simultaneously remains 

a challenge for wheat breeders and producers, and tools that enable the assessment of both 

variables are needed. However, these agronomic variables do not allow knowing if the different 

genotypes satisfy their own N demand, which makes it difficult to explore which genotype reaches 

the maximum performance with the lowest N demand. To overcome this limitation, several 

authors found that the NNI is the best crop N status indicator to compare different genotypes and 

crop performance since it includes both N supply and N demand (Lemaire and Ciampitti, 2020; 

Ciampitti and Lemaire, 2022). Besides, differences between genotypes could also be explained 

by the genotypic variability in the tolerance of abiotic constraints. In this regard, Bogard et al. 

(2010) indicated that the differential access of wheat to soil N may be explained by mechanisms 

that allow for a higher tolerance or avoidance of water deficit, which may result in a greater N 

uptake after anthesis. 

Water deficit induces a reduction in plant N demand because it reduces biomass growth and 

affects to metabolic and structural plant components (Sadras and Lemaire, 2014). For this reason, 

drought induces a depletion in N availability and as consequence a reduction in the crop NNI 

(Kunrath et al., 2018). This reduction is caused by water deficit through two processes: i) lowering 

crop N demand linked to the reduction in crop mass accumulation due to plant water stress, and 

ii) limiting soil N availability associated with soil water restriction (Pandey et al., 2000). In this 

sense, our experiments agreed with the literature, showing lower NNI in rainfed than in irrigated 

treatments (Kunrath et al., 2020). Moreover, although in Exp 1 all genotypes suffered N-

deficiency (NNI < 1) even in irrigated conditions, the genotypes Cellule and Apache obtained the 

highest NNI and also achieved the highest biomass and GY. However, in Exp 2 the response was 

different, obtaining Nogal in irrigated treatment the highest NNI value (1.38) followed by Allez-

y (1.17). This disagreement between experiments can be explained by the interaction with the N 

provided by the precedent crop. Whereas in Exp 1 all genotypes suffered N-deficiency after barley 

and pea precedent crops, in Exp 2 only the unfertilized barley treatment showed N-deficiency in 

all genotypes under rainfed and irrigated conditions. As we discussed previously, in Exp 2 more 

N available from the pea precedent crop was present into the soil, providing a greater N supply. 

This statement was also emphasized by the AEN, since it decreased in wheat after pea precedent. 

Accordingly, the water × precedent interaction highlights that Cellule and Apache were the 

genotypes that tended to reach the highest NNI under rainfed and low N supply conditions, 

therefore, they had the lowest N fertilizer demand for reaching their maximum GY. However, the 

genotypes Allez-y and Nogal achieved their best NNI performance under non-limiting conditions.    

Breeding progress in recent decades has been focused on choice genotypes capable of providing 

the highest biomass or GY under non-limiting conditions. However, this breeding pressure 

increases crop N demand without corresponding crop N uptake capacity, leading to a high 

discrepancy between N demand and N supply, and consequently implying large N fertilization 



application (Ciampitti and Lemaire, 2022). Additionally, as proposed by Bustos-Korts et al. 

(2018), this breeding methodology does not ensure that a genotype with high performance under 

non-limiting scenarios also performs well in environments with low inputs. For these reasons, 

recent studies proposed focusing the efforts on increasing N uptake capacity under limited 

resources, allowing a sustainable crop improvement (Touzy et al., 2019; Lemaire and Ciampitti, 

2020; Ciampitti and Lemaire, 2022). Following this rationale, we can deduce that the higher NNI 

achieved by Cellule and Apache under stressed conditions was mainly due to their higher capacity 

to take up N, in turn associated with a deeper root system. This result agrees with those found by 

Touzy et al. (2019), which showed that Cellule and Apache were tolerant to drought, whereas 

Nogal and Allez-y were susceptible to water stress. Although complex, breeding research should 

be following this line, improving root health for increasing plant capacity to take up N.  

5. Conclusions 

Legumes had a positive effect on the biomass, NNI, GY, GNC, and N output of subsequent wheat 

genotypes, but this depended on the experimental year. Moreover, the crop rotation including pea 

as precedent crop enriched the soil with inorganic N compared to the rotation that included barley 

as precedent crop in Exp 2. The crop N status determined through NNI allows separating the 

variability of the effect of water and precedent interactions. Its determination demonstrated that 

Cellule and Apache reached the best performance under low N supply compared with Allez-y and 

Nogal which performed well under non-limiting conditions of N and water. Moreover, Cellule 

was the genotype, followed by Apache, that obtained higher biomass, GY, and N output (both 

over precedent pea and precedent barley) than Allez-y and Nogal in both experiments. These 

results highlight the capacity of two genotypes previously selected as water stress tolerant, Cellule 

and Apache, to take up N and therefore to reduce N fertilizer demand. Moreover, Cellule showed 

a greater ability to translocate the absorbed N to the grain. By contrast, the GNC was lower for 

Cellule and higher for Nogal in both experiments. Overall, when the growth of the previous 

legume is appropriate and a relevant N amount is supplied, it is possible to reduce or avoid N 

mineral fertilization if a genotype with high potential to take up N is used, minimizing economic 

and environmental impacts. 

Acknowledgments 

This study received funding from the European Union’s Horizon 2020 research and innovation 

program under grant agreement Nº 727247 (SolACE), from the Spanish Ministry of Education 

(FPU17/01251), Ministry of Science and Innovation (AGL2017-83283-C2-1/2-R; PRE2018-

084215), Comunidad de Madrid (AGRISOST-CM S2018/BAA-4330), and EU Structural Funds 

2014-2020 (ERDF and ESF). 

References 

Acreche, M.M., Slafer, G.A., 2009. Variation of grain nitrogen content in relation with grain yield in old and modern Spanish wheats 

grown under a wide range of agronomic conditions in a Mediterranean region. J. Agri. Sci. 147, 657–667. 

https://doi.org/10.1017/S0021859609990190 

Alonso-Ayuso, M., Gabriel, J.L., Quemada, M., 2016. Nitrogen use efficiency and residual effect of fertilizers with nitrification 

inhibitors. Eur. J. Agron. 80, 1–8. https://doi.org/10.1016/j.eja.2016.06.008 

Amtmann, A., Blatt, M.R., 2009. Regulation of macronutrient transport. New Phytol. 181, 35–52. https://doi.org/10.1111/j.1469-

8137.2008.02666.x 

Angus, J.F., Kirkegaard, J.A., Hunt, J.R., Ryan, M.H., Ohlander, L., Peoples, M.B., 2015. Break crops and rotations for wheat. Crop. 

Pasture Sci. 66, 523–552. https://doi.org/10.1071/CP14252 

https://doi.org/10.1017/S0021859609990190
https://doi.org/10.1016/j.eja.2016.06.008


Bogard, M., Allard, V., Brancourt-Hulmel, M., Heumez, E., Machet, J.M., Jeuffroy, M.H., Gate, P., Martre, P., Le Gouis, J., 2010. 

Deviations from the grain protein concentration-grain yield negative relationship are highly correlated to post-anthesis N 

uptake in winter wheat. J. Exp. Bot. 61, 4303–4312.  https://doi.org/10.1093/jxb/erq238 

Bustos-Korts, D., Romagosa, I., Borràs-Gelonch, G., Casas, A.M., Slafer, G.A., van Eeuwijk, F., 2018. Genotype by environment 

interaction and adaptation. In: Savin, R., Slafer, G.A., (Eds.), Crop science. Springer, New York, pp 29–71. 

Cernay, C., Makowski, D., Pelzer, E., 2018. Preceding cultivation of grain legumes increases cereal yields under low nitrogen input 

conditions. Environ. Chem. Lett. 16, 631–636. https://doi.org/10.1007/s10311-017-0698-z 

Ciampitti, I.A., Lemaire, G., 2022. From use efficiency to effective use of nitrogen: a dilemma for maize breeding improvement. Sci. 

Total Environ. 826, 154125. https://doi.org/10.1016/j.scitotenv.2022.154125 

Cossani, C.M., Sadras, V.O., 2018. Water–Nitrogen Colimitation in Grain Crops. Adv. Agron. 150, 231–274. 

https://doi.org/10.1016/bs.agron.2018.02.004 

Cossani, C.M., Slafer, G.A., Savin, R., 2010. Co-limitation of nitrogen and water on yield and resource-use efficiencies of wheat and 

barley. Crop Pasture Sci. 61, 844–851. https://doi.org/10.1071/CP10018 

Crooke, W.M., Simpson, W.E., 1971. Determination of ammonium in Kjeldahl digests of crops by an automated procedure. J. Sci. 

Food Agric. 22, 9–10. https://doi.org/10.1002/jsfa.2740220104 

Eurostat. 2019. Crop production in EU standard 

humidity. http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=apro_cpsh1&lang=en. 2019. Accessed 7 August 2021. 

Gan, Y., Hamel, C., O’Donovan, J.T., Cutforth, H., Zentner, R.P., Campbell, C.A., Niu, Y., Poppy, L., 2015. Diversifying crop 

rotations with pulses enhances system productivity. Sci. Rep. 5, 14625. https://doi.org/10.1038/srep14625 

Gao, Y., Lynch, J.P., 2016. Reduced crown root number improves water acquisition under water deficit stress in maize (Zea 

mays L.). J. Exp. Bot.  67, 4545– 4557. https://doi.org/10.1093/jxb/erw243 

Greenwood, D.J., Lemaire, G., Gosse, G., Cruz, P., Draycott, A., Neeteson, J.J., 1990. Decline in percentage N of C3 and C4 crops 

with increasing plant mass. Ann. Bot. 66, 425–436. https://doi.org/10.1093/oxfordjournals.aob.a088044 

Hoogmoed, M., Sadras, V.O., 2018. Water stress scatters nitrogen dilution curves in wheat. Front. Plant Sci. 9, 1–11. 

https://doi.org/10.3389/fpls.2018.00406  

Justes, E., Mary, B., Meynard, J.M., Machet, J.M., Thelier-Huché, L., 1994. Determination of a Critical Nitrogen Dilution Curve for 

Winter Wheat Crops.  Ann. Bot. 74, 397–407. https://doi.org/10.1006/anbo.1994.1133 

Keeney, D.R., Nelson, D.W., 1982. Nitrogen - inorganic forms. In: Page, A.L., (Ed.), Methods of Soil Analysis, Part 2, Chemical and 

Microbiological Properties. Madison, Wisconsin, American Society of Agronomy, pp. 643–693. 

Kunrath, T.R., Lemaire, G., Sadras, V.O., Gastal, F., 2018. Water use efficiency in perennial forage species: interactions between 

nitrogen nutrition and water deficit. Field Crop. Res. 222, 1–11. https://doi.org/10.1016/j.fcr.2018.02.031 

Kunrath, T.R., Lemaire, G., Teixeira, E., Brown, H.E., Ciampitti, I.A., Sadras, V.O., 2020. Allometric relationships between nitrogen 

uptake and transpiration to untangle interactions between nitrogen supply and drought in maize and sorghum. Eur. J. Agron. 

120, 126145. https://doi.org/10.1016/j.eja.2020.126145 

Ladha, J.K., Pathak, H., Krupnik, T.J., Six. J., van Kessel, C., 2005. Efficiency of fertilizer nitrogen in cereal production: retrospects 

and prospects.  Adv. Agron. 87, 85–156. https://doi.org/10.1016/S0065-2113(05)87003-8  

Lemaire, G., Ciampitti, I., 2020. Crop mass and N status as prerequisite covariables for unraveling Nitrogen Use Efficiency across 

genotype-by-environment-by-management scenarios: a review. Plants. 9, 1309. https://doi.org/10.3390/plants9101309 

Li, X., Ingvordsen, C.H., Weiss, M., Rebetzke, G.J., Condon, A.G., James, A.R., 2019. Deeper roots associated with cooler canopies, 

higher normalized difference vegetation index, and greater yield in three wheat populations grown on stored soil water. J. 

Exp. Bot. 70, 4963–4974. https://doi.org/10.1093/jxb/erz232 

Meier, U., 1997. Phenological growth stages and BBCH-identification keys of weed species. In: Meier, U., (Ed.), Growth Stages of 

Mono- and Dicotyledonous Plants. BBCH Monograph. Berlin, Wien: Blackwell Wissenschafts-Verlag, pp. 135–139. 

Munier-Jolain, N., Salon, C., 2005. Are the carbon costs of seed production related to the quantitative and qualitative performance? 

An appraisal for legumes and other crops. Plant Cell Environ. 28, 1388–1395.  https://doi.org/10.1111/j.1365-

3040.2005.01371.x 

Noureldin, N.A., Saudy, H.S., Ashmawy, F., Saed, H.M., 2013. Grain yield response index of bread wheat cultivars as influenced by 

nitrogen levels. Ann. Agric. Sci. 58, 147–152.  https://doi.org/10.1016/j.aoas.2013.07.012 

https://doi.org/10.1093/jxb/erq238
https://doi.org/10.1016/j.scitotenv.2022.154125
https://doi.org/10.1016/bs.agron.2018.02.004
https://doi.org/10.1002/jsfa.2740220104
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=apro_cpsh1&lang=en
https://doi.org/10.1093/jxb/erw243
https://doi.org/10.1093/oxfordjournals.aob.a088044
https://doi.org/10.1006/anbo.1994.1133
https://doi.org/10.1111/j.1365-3040.2005.01371.x
https://doi.org/10.1111/j.1365-3040.2005.01371.x
https://doi.org/10.1016/j.aoas.2013.07.012


Ortiz-Monasterio, J.I., Sayre, K.D., Rajaram, S., McMahon, M., 1997. Genetic progress in wheat yield and nitrogen use efficiency 

under four nitrogen rates. Crop. Sci. 37, 898–904. https://doi.org/10.2135/cropsci1997.0011183X003700030033x 

Pancorbo, J.L., Camino, C., Alonso-Ayuso, M., Raya-Sereno, M.D., Gonzalez-Fernandez, I., Gabriel, J.L., Zarco-Tejada, P.J., 

Quemada, M., 2021. Simultaneous assessment of nitrogen and water status in winter wheat using hyperspectral and thermal 

sensors. Eur. J. Agron. 127, 126287. https://doi.org/10.1016/j.eja.2021.126287 

Pandey, R.K., Maranville, J.W., Chetima, M.M., 2000. Deficit irrigation and nitrogen effects of maize in a Sahelian environment. II- 

shoot growth, nitrogen uptake and water extraction. Agric. Water Manag. 46, 15–27. https://doi.org/10.1016/S0378-

3774(00)00074-3 

Passioura, J.B., Angus, J.F., 2010. Improving productivity of crops in water-limited environments. Adv. Agron. 106, 37–75. 

https://doi.org/10.1016/S0065-2113(10)06002-5 

Peoples, M.B., Boyer, E.W., Goulding, K.W.T., Heffer, P., Ochwoh, V.A., Vanlauwe, B., Wood, S., Yagi, K., Van Cleemput, O., 

2004. Pathways of nitrogen loss and their impacts on human health and the environment. In: Mosier, A.R., Syres, K.J., 

Freney, J.R. (Eds.), Agriculture and the nitrogen cycle, the Scientific Committee on Problems of the Environments (SCOPE). 

Island, Covelo, pp 53–69.  

Quemada, M., Cabrera, M. L., McCracken, D.V., 1997. Nitrogen release from surface‐applied cover crop residues: Evaluating the 

CERES‐N submodel. Agron. J. 89, 723–729. https://doi.org/10.2134/agronj1997.00021962008900050003x 

Quemada, M., Gabriel, J.L., 2016. Approaches for increasing nitrogen and water use efficiency simultaneously. Glob. Food Sec. 9, 

29–35. https://doi.org/10.1016/j.gfs.2016.05.004 

Quemada, M., Lassaletta, L., Leip, A., Jones, A., Lugato, E., 2020. Integrated management for sustainable cropping systems: looking 

beyond the greenhouse balance at the field scale. Glob. Chang. Biol. 26, 2584–2598.  https://doi.org/10.1111/gcb.14989 

Raya-Sereno, M.D., Ortiz-Monasterio, J.I., Alonso-Ayuso, M., Rodrigues, F.A., Jr., Rodríguez, A.A., González-Perez, L., Quemada, 

M., 2021. High-Resolution Airborne Hyperspectral Imagery for Assessing Yield, Biomass, Grain N Concentration, and N 

Output in Spring Wheat. Remote Sens. 13, 1373. https://doi.org/10.3390/rs13071373 

Raya-Sereno, M. D., Alonso-Ayuso, M., Pancorbo, J. L., Gabriel, J. L., Camino, C., Zarco-Tejada, P. J., Quemada, M., 2022. Residual 

Effect and N Fertilizer Rate Detection by High-Resolution VNIR-SWIR Hyperspectral Imagery and Solar-Induced 

Chlorophyll Fluorescence in Wheat. IEEE Trans. Geosci. Remote Sens. 60. 1–17. 

https://doi.org/10.1109/TGRS.2021.3099624  

R Core Team, 2021. R: A language and environment for statistical computing. R Foundation for Statistical Computing: Vienna, 

Austria. URL https://www.R-project.org/ 

Robinson, H., Kelly, A., Fox, G., Franckowiak, J., Borrell, A., and Hickey, L., 2018. Root architectural traits and yield: exploring the 

relationship in barley breeding trials. Euphytica 214, 151. https://doi.org/10.1007/s10681-018-2219-y 

Sadras, V.O., Lemaire, G., 2014. Quantifying crop nitrogen status for comparisons of agronomic practices and genotypes. Field Crop. 

Res. 164, 54–64. https://doi.org/10.1016/j.fcr.2014.05.006 

Touzy, G., Rincent, R., Bogard, M., Lafarge, S., Dubreuil, P., Mini, A., Deswarte, J.C., Beauchêne, K., Le Gouis, J., Praud, S., 2019. 

Using environmental clustering to identify specific drought tolerance QTLs in bread wheat (T. aestivum L.). Theor. Appl. 

Genet. 132. 2859–2880. https://doi.org/10.1007/s00122-019-03393-2 

Wasson, A.P., Richards, R.A., Chatrath, R., Misra, S.C., Prasad, S.V., Rebetzke, G.J., Kirkegaard, J.A., Christopher, J., Watt, M., 

2012. Traits and selection strategies to improve root systems and water uptake in water-limited wheat crops. J. Exp. Bot. 63, 

3485–3498. https://doi.org/10.1093/jxb/ers111 

World Reference Base for Soil Resources. 2014. International soil classification system for naming soils and creating legends for soil 

maps. World Soil Resources Reports No. 106, FAO, Rome. Italy. 

https://doi.org/10.1016/S0065-2113(10)06002-5
https://doi.org/10.2134/agronj1997.00021962008900050003x
https://doi.org/10.1111/gcb.14989
https://www.r-project.org/
https://doi.org/10.1093/jxb/ers111

