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Abstract

:

Nitrogen (N) is one of the most limiting nutrients for cereal production, especially in wheat, which is one of the main crops cultivated globally. To achieve high yields, wheat requires a certain amount of nitrogen (N), as N deficiency can lead to a decrease in yield and thus reduce income for farmers. In contrast, excessive applications of N fertilizer can be detrimental to both terrestrial and aquatic environments. To optimize N fertilizer applications in wheat, a three-year field experiment was conducted to evaluate the impact of different N fertilization strategies on various N-related physiological and agronomic traits. Moreover, to optimize N utilization efficiency while maintaining crop productivity, a mixture of five winter wheat varieties was used to mitigate the possible impact of environmental constraints. These strategies were based on a simultaneous increase in N fertilization and N fertilizer fractionation at key stages of plant development in a soil conservation agriculture (SCA) system in which legumes were grown prior to the cultivation of the main crop. In this SCA system, we observed that 200 kgN·ha−1 was optimal for both N use efficiency (NUE) and aerial and grain biomass production. Moreover, we found that at this level of N fertilization, of the application strategies, a 40%/40%/20% split application at full tillering, at the first node, and at booting, respectively, appeared to be the best option for the highest plant productivity.
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1. Introduction


Wheat (Triticum aestivum L.) is one of the most cultivated crops in Europe. It is also the most important crop throughout the world. According to a report by the Food and Agriculture Organization (FAO) in 2022, global wheat production was at 777 million tons [1], and of this production, 32.9 million tons were produced in France [2]. Moreover, France is the fourth greatest wheat exporter in the world. Currently, wheat producers are extensively utilizing mineral fertilizers, together with mixed varieties, to obtain high yields. However, such highly productive agriculture can result in major threats to the environment when mineral N fertilizers are applied in excess to the soil [3].



Among the macronutrients that are essential for plant growth and development, N is one of the most important as it is used to synthesize all proteins in grain crops such as wheat, including the proteins present in storage organs [4,5]. The incorporation of N into storage organs, which represent one of the main sources of proteins for many living organisms, including humans, involves three main biological processes occurring in the plant, namely, absorption, assimilation, and remobilization [6,7]. Within most agricultural systems, in the 0–30 cm loamy soil layer, the amount of total N (organic and mineral) can represent up to 3 to 5 tons per hectare [8]. However, the bioavailable N fractions for a crop, i.e., the mineral forms of N, which are nitrate (NO3−) and ammonium (NH4+), are often limited to existing in quantities of 10 to 300 kg·ha−1 [9,10]. Exploiting this source of N to limit the costly overuse of synthetic fertilizers, which can be detrimental to the environment, is possible when conservation agriculture practices are used instead of conventional practices [11].



Soil conservation agriculture (SCA) was developed to maintain or even improve yields while at the same time preserving both the environment and the soil properties [12,13]. Compared to crop production based on tillage (conventional tillage: CT), no-till practices reduce labor time, fuel usage [14], and greenhouse gas emissions [15,16] and promote soil microorganism diversity [17]. In particular, tillage reduction that is combined with the use of cover crops enhances the symbiotic interactions between crops and the microbial and fungal communities present in the rhizosphere, both in a temporal and structural manner [18,19]. Moreover, in SCA, the use of cover crops increases the quantity of soil organic matter, notably organic N, which is further mineralized in a form readily usable by the crop to ensure its optimal growth and development [20]. Under such conditions, N mineralization is enhanced over a longer period, which in the end meets plant N requirements more efficiently and limits losses through leaching or volatilization [21], particularly for spring cultivation. Another key aspect of SCA development is the use of a mixture of wheat cultivars, instead of a single cultivar. It has been suggested that the use of such a mixture of cultivars increases the capacity of wheat to overcome biotic and abiotic stresses [22,23]. In line with this hypothesis, increases in crop yield, grain quality, and disease resistance have often been observed when mixed cultivars are used [23,24,25]. The use of a mixture of cultivars also indicates that there is a need to exploit more extensively the existing genetic variability in wheat varieties to select those exhibiting the highest N use efficiency [3,26].



In France, when SCA is used by farmers, several key factors need to be optimized to achieve yields comparable to those obtained with traditional tillage systems (more than 10 tons of grain per ha), specifically in the most productive deep clayey loamy soils. Under SCA conditions, we have previously demonstrated that wheat and maize nitrogen use efficiency (NUE), photosynthetic nitrogen use efficiency (PNUE), and water use efficiency (WUE) are not limiting when compared to these values whilst using intensive plowing systems and that they could be even higher [27,28,29]. In the present study, we have thus conducted field trials based on the SCA practices currently used in France. These practices are based on two or three splits of N fertilizers at key stages of wheat development, depending on the amounts of N fertilizers applied [30]. Thus, assessing the impact of these different modes of N fertilizer application on plant agronomic performance can allow us to determine which N level and splitting pattern are optimal for obtaining the highest yields [31]. Determining these optimal conditions will ultimately allow us to minimize the possible environmental damage generally occurring when N fertilizer is applied in excess [32]. Moreover, sowing different genotypes may increase biodiversity and lead to ecological services, which represents a pivotal feature of SCA. However, when using mixed wheat varieties under SCA, N fertilization should be better fine-tuned as each of these varieties could have different needs during their developmental cycle. Consequently, they could asynchronously reach these needs during plant growth and development by interacting more efficiently with the environment, notably by coping with various biotic and abiotic stresses [33].



To achieve this objective, field experiments were conducted over three years to find the best N rate for a mixture of five different wheat varieties under SCA and to determine if this N rate could be more efficient if different N splitting patterns were applied throughout the crop cycle.




2. Materials and Methods


This study was performed using a SCA system, which was characterized by the use of legume cover crops prior to the cultivation of the main crop consisting of a mixture of five different wheat varieties. Such a mixture was used to optimize yield while mitigating the possible negative impact of environmental constraints on crop productivity, which can occur when a single cultivar is grown. During plant growth and development, key physiological parameters related to NUE and agronomic traits related to biomass and grain production were measured when different levels of N fertilization and modes of N fertilizer splitting were applied.



2.1. Site Characteristics


This study was carried out in an experimental field located in the Hauts-de-France region (Voyennes; latitude: 49.757098°; longitude: 2.995365°; altitude: 68 m) (Figure 1A). The 0–30 cm soil layer (NF ISO 31-101) is characterized by 43.67% coarse silt, 25.28% fine silt, 19.5% clay, 9.38% fine sand, 2.53% coarse sand, 0.45% total limestone (CaCO3) (NF ISO 31-107), 0.84% organic carbon (NF ISO 14235), 1.46% organic matter (NF ISO 14235), and a pH of 8.1 (NF ISO 10390).



The climate in this region is continental (type D according to Koppen climate classification). From 2019 to 2021, the climate records indicated an average daily temperature of 11.3 °C (Figure 1). The average cumulative annual rainfall was 610.7 mm. Dominated by industrial-oriented agricultural crops, such as potatoes, beets, peas, and wheat, this plot has historically recorded SCA practices for 8 years (2014) since stopping tillage (plow + rotary harrow). Using SCA, the farmers establish a spring cover crop: a mixture of spring oats (IAPAR 61, Caussade Semences, Lescar, France), common vetch (Carelie, Semences de France, La Chapelle d’Armentières, France), berseem clover (LORENA, Semences de France, La Chapelle d’Armentières, France), Camelina, Abyssinian mustard, fava bean, phacelia, field pea, and sunflower.




2.2. Experimental Design


The field experiment was conducted using a randomized complete block design that involved 6 microplots (1 per mode of N fertilization), each with 5 replicates for each microplot (N = 6 × 5 = 30) in 2019, and then 8 microplots (1 per mode of N fertilization), each with 5 replicates for each microplot (N = 8 × 5 = 40) in 2020 and 2021, respectively. The same field was used over the 3 years and 2 microplots were added in 2020 and 2021, following the results obtained in 2019. There was a distance of 1 m between the different microplots and of 1.50 m between the 5 replicates (Figure 2B–D).



Two variables were considered during the complete cultural wheat cycle represented by (i) the level of N fertilization and (ii) the splitting patterns of N fertilization (Figure 2A). The different doses used annually were always the same: N0, 0 kg·ha−1 (control); N50, 50 kg·ha−1; N100, 100 kg·ha−1; N150, 150 kg·ha−1; N200, 200 kg·ha−1; and N250, 250 kg·ha−1 (Figure 2A). However, in the second and third years of this study (2020 and 2021), we applied three different nitrogen fertilizer fractionations of the N200 dose, which in the first year of this study (2019) resulted in the best yield with the best NUE and NUtE for the lower dose of N fertilizer (N200). Thus, we hypothesized that NUE and NUtE could be relevant indicators for achieving the highest wheat yields in SCA, and we applied three splitting variations as S1 (40%/40%/20%), S2 (50%/30%/20%), and S3 (50%/50%/0%) for the first, the second, and the third fertilizer applications, respectively, as presented in Figure 2B–D.



For the 15N-labelling experiments, N fertilization was performed manually in each microplot, excluding controls (N0). The N fertilizer, composed of ammonium nitrate granules (≥98.5%) (VWR international SAS; Radnor, USA), was enriched to 1% 15N (15NH415NO3; E0 = 1%; A = 1.366; CORTECNET ≥98%; lot: MBBB5993V) [34]. This was dissolved in tap water for a 2 L·m−2 supply. The control was dissolved in the same amount of water as that used for the different modes of N fertilization presented above. The three applications were carried out according to the development of wheat: full tillering (Zadok 29: after 140 days from sowing); the first node (Zadok 31: after 200 days from sowing); and booting (flag leaf sheath extension, Zadok 41: after 220 days from sowing) [35]. Details concerning the number of days between each nitrogen supply are presented in Table S1.




2.3. Seed Preparation and Crop Management


Winter wheat (Triticum aestivum L., soft type) was sown over the 3 years of the experiment with an inter-row of 15 cm and approximately 200 plants·m−2. The sowing dates were the 23rd of October 2018, the 26th of October 2019, and the 6th of November 2020. Sowing was carried out by GPS with a real-time kinematic system (RTK system uses a fixed base station and a rover to reduce the tractor’s position error, and the base station transmits correction data to the tractor for centimetric precision).



Five mixed varieties of winter wheat seeds were sown: Chevignon (Saaten Union, Isernhagen, Allemagne), Fructidor (Unisigma, Froissy, France), Dakotana (KWS Momont, Einbeck, Allemagne), Terroire (Florimond Desprez, Cappelle-en-Pévèle, France), and Lyrik (Agri-Obtentions, Guyancourt, France), with approximately 40 grains·m−2 for each variety [23,24,25]. Over the three years of the experiment, the main crop directly preceding the wheat crop, which was grown from April to August, was pea (Pisum sativum L. var. Zonvert, Syngenta). The technical management of the phytosanitary treatments of the wheat plant mixture was carried out by the farmer in a conventional manner (herbicide use, fungicides, and insecticides). The phytosanitary treatment of the crops was managed in a strictly equivalent manner throughout the experimental design. Superficial tillage was carried out following mulching of the pea cover crop and direct seeding of wheat according to the SCA guidelines [12]. No potassium or phosphorus fertilization was applied during the cultivation of the wheat.




2.4. Data Collection and Chemical Analysis


2.4.1. Determination of Nitrogen Fluxes in the Plant


Each year, plant samplings (vegetative organs and grains) were carried out at plant maturity (Zadoks 99) [35]. In each of the five microplots of 1 m2, 1 out of the 5 rows was harvested to obtain the 5 replicates for data analysis. The grains were separated from the shoots. Shoot and grain samples were dried in a ventilated oven at 40 °C for 3 days and then weighed to determine total aboveground and grain dry biomass (NAVIGATOR XT NVT3201 OHAUS). Each shoot and grain sample was then ground into a powder (0.02 mm) before being analyzed for total N content and 15N isotopic enrichment using a CN elemental analyzer (Dumas combustion method, Flash EA 1112, Thermo ELECTRON, Germany) coupled with an isotopic ratio mass spectrometer (IRMS) (DELTA-V IRMS, Thermo ELECTRON, Germany).




2.4.2. Soil Sampling and Chemical Analyses


Each year, two soil samples were collected to determine the N content as follows: one sample was collected in early March before the first N fertilizer application, and the other sample was collected on the day of harvest. On each of these two sampling dates, three soil cores were collected at depths of 0–30 cm and 30–60 cm. Soil sampling was performed randomly in each microplot using a precision soil auger of 2 cm in diameter (Agro-sonde VMA3H18/7; AGRO-Systèmes, France). The soil samples were then sieved (2 mm mesh sieve) and divided into two parts, one for analysis of total N content and the other for mineral (NO3− and NH4+) N content.



To determine total soil N, the sieved soil samples were dried in a ventilated oven at 35 °C for 72 h and ground using a ball mill (MM 400; Retsch, Germany). Total N and 15N enrichment were measured as described for the analysis of the plant samples.



For the soil N mineral content measurements, samples of 20 g of fresh soil were extracted with 100 mL of 1 M KCl (Potassium chlorure ≥ 99.5%, Honeywell Chemicals, NJ, USA). After stirring for 1 h 30 min, the extracts were centrifuged for 7 min at 4000 rpm. Finally, the supernatant was extracted and analyzed by a continuous flow analytical system with a colorimetric method at the LDAR laboratory (Laon, France) [36,37]. The bulk densities of the soil and humidity were determined after drying the soil samples in an oven at 105 °C for 72 h. (EIJKELKAMP 070153NN; Agrisearch Equipment, The Netherlands). The soil mineral N was used to calculate the parameters related to plant NUE nitrogen efficiency parameters [38].





2.5. Calculations and Data Analysis


Labeled fertilizer N recovery (15NREC) parameters were calculated according to [39]:
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where Nt is the total N content of the plant at maturity (kg·ha−1), 15NF is the %15N in the fertilized plants, 15NNF is the %15N in the non-fertilized plants, 15NFe is the %15N in the fertilizer, and F is the amount of fertilizer added to the soil (kgN·ha−1). Additionally, %Ndff is the percentage of N derived from the fertilizer recovered in the plant.



Nitrogen efficiency parameters were calculated according to Moll et al. and Martinez-Feria et al. [40,41] using the following formulas:
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According to Moll [40], nitrogen use efficiency (NUE) is represented by two components: N uptake efficiency (NUpE) and N utilization efficiency (NUtE). Nitrogen use efficiency was calculated by dividing grain biomass (GB) (kg·ha−1) by the amount of N derived from the fertilizer (Nf) (kg·ha−1) plus the N remaining in the soil after harvest (Nr) (kg·ha−1) plus the N remaining in the unfertilized control plant (Nc) (kg·ha−1). NUtE was calculated by dividing grain biomass (GB) by the plant N content (NT) (kg·ha−1). NUpE was determined by dividing the plant N content (NT) by the N derived from the fertilizer (Nf) plus the remaining soil N after harvest (Nr) plus the N remaining in the unfertilized control plant (Nc).



After checking the normality of the data distribution, data from each year were analyzed separately after verifying the significant effect of the “year of experimentation” (i.e., 2020 and 2021) as an explanatory variable regarding the studied parameters. All of the parameters were analyzed using an analysis of variance (ANOVA) test, followed by Tukey’s HSD.



All statistical analyses were performed using the “car”, “ggplot2″, “gridExtra”, “Matrix”, “MuMIn”, “reshape2″, and “stats” packages in the R software environment version 3.4.1 (R Core Team, 2017).





3. Results


3.1. Grain Production and Nitrogen Uptake According to Fertilization Mode


The effect of different N fertilization strategies (combined levels of N fertilization and N splitting) on grain biomass production in a mixture composed of five wheat cultivars was studied over three consecutive years of a field experiment (Figure 3). First of all, we found that the “year of experimentation” (i.e., 2020 and 2021) had a significant impact, as an explanatory variable, on both crop yield and NUE-related traits. The first preliminary trial was conducted in 2019 to determine the level of N fertilization for which grain production was the highest. In this trial, a single mode of N splitting (S1) was used, corresponding to 40%/40%/20% spanning the plant developmental period at the full tillering (Zadok 29), first node (Zadok 31), and booting (flag leaf sheath extending, Zadok 41) stages, respectively. The highest grain production was obtained with 200 kgN·ha−1 and was thus used in the two subsequent years, during which the best yield was also obtained (N200S1). In addition, we observed that with S1, there was a gradual increase of up to 51% in grain production from N0 to N200, even though the final yields were variable from one year to the other. We also observed that over the three years of the experiment, higher amounts of N fertilizer (250 kgN·ha−1) did not improve grain production, as 15% and 6% decreases in yield were obtained in 2019 and 2020, respectively (i.e., when comparing yields between N200S1 and N250S1).



The impact of the different modes of N fertilization on grain N content was then analyzed (Figure 4). The pattern of grain N accumulation was similar to that observed for grain yield except in the N250S1 treatment, for which the grain N content was slightly higher than that obtained in the N200S1 treatment in 2021. One could therefore conclude that for the grain N content, the N200S1 treatment can be considered the most efficient.



To calculate the traits related to the NUE of the wheat mixture, additional phenotypic traits were measured in parallel. They were represented by total plant biomass (including the grain), vegetative shoot biomass (leaves, stover, spathes, rachis), and the amount of N remobilized to the grain (Table S2). These measures allowed us to observe that, of the treatments, the N200S1 treatment resulted in the greatest N remobilization over the three years of the experiment. Moreover, this treatment also appeared to be the best mode of N splitting for vegetative and total biomass production and for the amount of N taken up by the plants. Such results confirm the efficiency of the N200S1 treatment already observed for the yield-related traits.




3.2. Impact of N Fertilization Management on Nitrogen Use Efficiency


The impact of the different levels of N fertilization and splitting patterns on NUE was different over the three years of the field trials (Figure 5). In 2019, NUE in the N200S1 treatment was significantly higher than that obtained in the N250S1 treatment, as well as in the N100S1 and N150S1 treatments ranging from a 28 to 31 kg grain N unit of N (Figure 5A). Comparable results were obtained in 2020 and 2021, where we observed that NUE with N200S1 was even higher compared to that with the N200S2, N200S3, and N250S1 (when more N was applied to the soil with the same mode of N splitting) treatments.



When the two main components of NUE, namely, nitrogen uptake efficiency (NUpE) and nitrogen utilization efficiency (NUtE), were calculated, we observed that at N200, NUpE was the highest in the S1 treatment compared to in the S2, S3, and N250S1 treatments. Such a result was obtained over the three years of the experiment, even though the maximum value for NUpE was variable from one year to the other, ranging from 0.7 to 0.9 kg of plant N per kg of total available N represented by “Nf + Nr + Nc” (see Section 2.5 in Materials and Methods and Figure 6A–C). In contrast, we observed that NUtE at N200 was lower in the S1 treatment than in the S2 and S3 treatments. In the N250S1 treatment, NUtE was variable from one year to the other, notably in 2019, when it was the lowest compared to that of the other treatments. Additionally, we found that without additional fertilization (N0), or when low levels of N fertilizer were applied (N50S1), NUtE was much higher than it was in most of the other treatments (Figure 6D–F).




3.3. Monitoring Plant N Uptake and Accumulation Using 15N-Labelling Experiments


In total, 15N recovery, which corresponds to the amount of fertilizer recovered by a plant, was quantified using a 15N-labelling experiment performed in the field over the three years of the experiment. In 2019, we found that %15NREC was significantly higher in the N200S1 and N250S1 treatments than in the other treatments (Figure 7A). In 2020, %15NREC was not significantly different between the three split applications at N200 (Figure 7B). In 2021, we found that the %15NREC in the N200S1 treatment was slightly higher than that in the N250S1 treatment but much higher than that in the N200S2 and N200S3 treatments (Figure 7C).



When the 15N recovery was expressed as %Ndff, which represents the percentage of total plant N derived from fertilizer, a similar trend occurred over the three years of the experiment. This trend was mostly characterized by an increase in %Ndff proportional to the level of N fertilization (Figure 8). However, in 2020, in the N200S1 treatment, Ndff was significantly lower than it was in the N200S2 and N250S1 treatments, whereas in 2021, %Ndff was significantly higher than it was in the N200S2 treatment and significantly lower than in the N250S1 treatment. Nevertheless, the values for %Ndff in the N200S1 treatment were not different or only slightly different when compared to those obtained in the N200S3 treatment, both in 2020 and in 2021.





4. Discussion


In this study, the impact of different levels of N fertilization and split applications was investigated while considering the sustainable agriculture directives of the French farming policy, recommending the use of the lowest amount of N fertilizers to attain the highest yield. In a loamy clayey soil, which occurs in the most productive French agricultural regions, we showed that when using a mixture of five wheat varieties instead of one, 200 kgN·ha−1 and the N splitting application of 40% at full tillering, 40% at the first node, and 20% at booting allowed us to obtain the highest NUE, grain production, and grain N content. Although, for the same splitting pattern, similar or better yields were obtained with 250 kgN·ha−1, but NUE was not improved. Therefore, with this latter mode of N fertilization, although crop productivity can be increased, it is likely that the risk of N leaching, known to be detrimental to the environment, will also increase. In addition, to obtain optimal plant performances, we found that the mode of N fertilizer splitting was more or at least as important than the amount of added N fertilizer when testing other modes of N fertilizer fractionation, notably when 200 kgN·ha−1 was applied.



4.1. N Split Applications Are a Key Factor for Optimizing Wheat Productivity and Nitrogen Uptake


The development of new N fertilization strategies based on SCA provides a way to optimize crop productivity when adverse environmental conditions, such as climate change and soil acidification, are occurring. Adopting these strategies relies on the assessment of key agronomic traits, such as vegetative and grain biomass production, as well as their N content. In agreement with the results of previous studies [42], our results showed that when 200 kgN·ha−1 was applied to the soil, a 40%/40%/20% (S1) split application at full tillering, at the first node, and at booting, respectively, allowed us to obtain both the highest yields and a maximum N uptake. In addition, we showed that the impact of N splitting on plant agronomic performance strongly depended on the mode of N splitting, as three successive splits of 50%, 30%, and 20% (S2) or two successive splits of 50% and 50% (S3) were less efficient. In wheat, it is likely that with S2 and S3, the two first splits have a negative impact on the dynamics of N accumulation, notably when they contain high amounts of N fertilizers in the first application at tillering (e.g., 50 kgN·ha−1). It is known that such an excess of N at tillering leads to an increase in crop photosynthetic capacity [43]. It has also been shown that providing an excess of N at tillering when the N200S2 treatment is used leads to the production of a number of unproductive tillers [44]. To benefit from their increased photosynthetic capacity, the plants will thus require higher amounts of N at the beginning of stem elongation [5], which is not the case with S2, probably because the second fertilizer application (30%) will not be sufficient to ensure rapid stem elongation and later to fill the grain. Consequently, the nutrients taken up by the plant will promote early vegetative growth rather than grain filling [45], and a limited N uptake during grain filling will force the plant to N translocation during this period [46].



Moreover, we observed that both plant productivity and plant N content were not different between the S2 and S3 treatments at N200. This finding demonstrates the importance of the third N fertilizer application at the swelling stage during the grain-filling period [35,47]. It is thus likely that the two-step splitting strategy at the early stages of plant growth enhances vegetative biomass production at the expense of grain development. Consequently, an additional third N split can be a way to boost plant productivity by promoting the export of dry matter from the vegetative organs to the grain, which in turn will allow increased grain production [48,49].



Our results are in agreement with those of a number of previous studies in which the importance of an N-splitting strategy has been highlighted, but only when a single wheat variety has been used [50,51]. For example, Belete et al. showed that the three-step splitting strategy (25% at sowing, 50% at tillering, and 25% at booting) allowed the best wheat yield to be obtained [52]. In other studies, it has been concluded that the level of N fertilization is the main driver of grain production [53,54]. However, as genetic variability can have an important impact on yield [55,56,57], both N fertilizer application and N splitting need to be considered for a given variety [58,59,60]. Therefore, the mixture of wheat varieties used in this study has the benefit of mitigating yield variations that can occur when growing single varieties. The fact that such a mixture allowed us to obtain relative stability of agronomic and eco-physiological traits, such as yield, NUE, NUtE, and grain N content over the three years of the experiment further supports this conclusion.




4.2. Nitrogen Use Efficiency Is Different According to the Level of N Fertilization and N Split Application


It is generally acknowledged that NUE decreases when N fertilization increases [61]. In the present investigation, we observed that compared to the other two splitting treatments (N200S2 and N200S3, and the N250S1 fertilization protocol treatment), the N200S1 treatment led to the best NUE. The same outcome occurred for NUpE, whereas the opposite was found for NUtE. According to Litke et al. [62], NUpE and NUtE in wheat are distinct indicators highlighting different physiological processes that directly impact the variation in NUE, with NUpE being predominant in wheat [63]. When the N200 (S1, S2, and S3) and N250S1 treatments were compared, we observed that grain yield, NUE, and NUpE were the highest during the N200S1 treatment, while NUtE was the lowest. Experiments in which 15N labeling is performed often show that plants receiving more N fertilizer take up more N from the soil [64]. Plant uptake of native soil N can be boosted, either by an increase in native bulk soil N mineralization or by plant-mediated processes, such as increased root growth and the rhizosphere N-priming effect [64,65,66]. Native soil N-priming dynamics are thought to be affected by soil type, fertilizer type, and environmental factors [67,68,69,70,71,72,73].



The decrease in NUtE could also be due to a lower photosynthetic activity occurring during N remobilization from the shoots to the grain, leading to an increase in grain yield [74]. However, Ayadi et al. [75] showed that NUpE was the main driver of NUE at low N supplies, whereas NUtE was the main driver when the N supply was high.



Interestingly, in our three consecutive field trials, NUpE in N200S1 was higher than the levels obtained in N200S3 and N250S1, which both gave similar values for the trait. This result indicates that splitting had the most important impact on NUpE at the same or at different levels of N fertilization. We also observed that in 2020, NUpE was higher in the N200S2 treatment than in the N200S3 treatment. In the later treatment, the same amount of N fertilizer was supplied in two consecutive splits (50%/50%) before the first node stage; this probably led to N deficiency at the end of the plant developmental cycle. Consequently, less N was translocated to the grain, which resulted in a yield loss. Moreover, this two-split strategy (N200S3) led to inefficient use of the N fertilizer, resulting in soil toxicity, which presumably occurred due to excess N [76]. However, such a strategy is often recommended to meet the demand for winter wheat [77]. Our results are also in agreement with those of Bhardwaj et al. [78], who assessed the impact of six N application strategies on the performance of five different wheat varieties. In this study, it was shown that yield and N uptake were significantly higher when N was provided in three successive applications, rather than in two or a single application.




4.3. Variation in 15N-Recovery and 15N-Net Uptake


The best 15N recovery (15NREC) was always obtained in the N200S1 treatment, irrespective of the year of the experiment, indicating that it is the mode of N fertilization that allowed for the highest increase in the applied N by the plant. This result highlights the importance of the mode of N fertilization on 15NREC in wheat. Jia et al. [79] also observed that the application of 210 kgN·ha−1 was optimal for obtaining both the highest 15NREC and yield. However, Wan et al. [80] showed that applying much less N fertilizer (120 kgN·ha−1) with an appropriate N-splitting protocol improved 15NREC and, in some cases, wheat productivity. In 2021, when the three modes of 2021 N splitting were compared, the best 15NREC was obtained with S1. Similar results were obtained by Liu et al. [47] when they assessed the variation in 15NREC in wheat using two different splitting patterns (N1: 50%/50%/0% and N2: 35%/35%/30%). The results from this study showed that the 15NREC in the N2 treatment was significantly higher than that in the N1 treatment. In fact, an adequate N supply and proper timing are both essential for obtaining an optimal N uptake that matches plant needs [81]. In 2020, we did not observe any difference in 15NREC, irrespective of the level of N fertilization. This result can be explained by the dry climatic conditions that occurred throughout that year. A similar result was observed by Celette et al. in a Mediterranean region [82]; thus, it is likely that the limited water availability induced a strong reduction in N fertilizer recovery and N translocation efficiency [33] due to the lack of synchronization between the supply of N fertilizer and the plant demand [83], which can also be related to the type of N fertilizer applied to the soil [84].



Quantification of Ndff allowed us to determine the net contribution of the N fertilizer according to total N uptake. Although there were some slight variations from one year to the other, a linear relationship between Ndff and the level of fertilization rate was generally observed, except for the three split applications at N200, for which there was practically no variation except in the N200S1 treatment, for which the Ndff was much lower, as was the NUtE. In fact, if the total plant N content (NT) increases while the Ndff is not modified or decreases, then an additional source of N, presumably originating from soil organic N mineralization, is the origin of the values obtained for the 15N-labelled fertilizer uptake. However, it is likely that such a process of N mineralization did not occur in 2021, thus indicating that environmental conditions can have a strong impact on residual soil N availability [85].



One can therefore conclude that the N-splitting pattern did not have any significant impact on plant N-fertilizer uptake, at least in the N200 treatment. Similar results were obtained by Chen et al. [86], who observed that there was a concomitant increase in Ndff and in the level of N fertilization. In contrast, it has been reported that three successive N applications increase the proportion of N fertilizer taken up by winter wheat [87], and the N is further translocated to the grain [88,89]. The discrepancy between our results and those of other authors could be due to the type of soil used in the experiment, as loamy and clay soils are believed to have a higher soil N availability and stronger nutrient retaining capacity with increased N fertilization [90], whereas sandy soils are characterized by lower Ndff and higher N loss, even at high levels of N fertilization [91].





5. Conclusions


When the simultaneous impacts of N fertilization and N splitting on the productivity of a mixture of five wheat varieties was studied, we observed that the 40%40%20% N splitting had a greater positive impact on both grain yield and NUE; even high amounts of N fertilizers were used to attain maximum grain yield. However, we observed that for NUE-related traits, such as N fertilizer uptake and recovery, there was some variability according to the year of the experiment, and this result was likely due to different environmental conditions. Nevertheless, one can conclude that SCA using mixed wheat varieties, instead of a single variety, is a promising strategy for optimizing N fertilizer application while maintaining high yields. To achieve this result, the N splitting-strategy needs to be adapted to the type of soil and to the fluctuating climatic conditions, notably when precipitation is below the standards for optimal wheat productivity, as has been occurring in the present study. Testing different forms of mineral N will also be necessary in determining which will be the best to obtain high yields with the lowest amount. To help fine-tune the selected splitting strategy, predictive forecasting tools can be simultaneously used (e.g., FARMSTAR, N-Tester) to optimize the most efficient and sustainable approach of N fertilization when single or mixed wheat varieties are grown.
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Figure 1. Geographical and climatic environment of the study area. (A) This study was carried out in the city of Voyennes (80), Hauts de France region (latitude: 49.757098°; longitude: 2.995365°; altitude: 68 m). (B) The crop cycle of wheat received 2714.2 GDD (growing degree day) and 434.5 mm of water in 2019, (C) 2715.2 GDD and 411.0 mm of water in 2020, and (D) 2512.8 GDD and 572.0 mm of water in 2021. (B–D) The climate records from 2019 to 2021 indicated an average daily temperature of 11.3 °C with an average cumulative rainfall per year of 610.7 mm. 
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Figure 2. Presentation of the experimental design showing (A) the different levels of N fertilization (kg·ha−1) and the different N fertilization splitting patterns (%). Presentation of the different modes of N fertilization. Field trials performed in (B) 2019, (C) 2020, and (D) 2021. N0 = 0 kgN·ha−1 (control); N50S1 = 50 kgN·ha−1; N100S1 = 100 kgN·ha−1; N150S1 = 150 kgN·ha−1; N200S1 = 200 kgN·ha−1; N200S2 = 200 kgN·ha−1; N200S3 = 200 kgN·ha−1; N250S1 = 250 kgN·ha−1; and S1, S2, and S3 = N splitting pattern expressed in % of the total N applied with S1 = 40/40/20; S2 = 50/30/20; and S3 = 50/50/0, respectively. 
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Figure 3. Bar plots showing grain yield according to different modes of N fertilization (N0 to N250) combined with N splitting (S1, S2, and S3) over three consecutive years. Different letters on top of the bars correspond to significant differences (p < 0.05) between the levels of N fertilization applied. See Materials and Methods and Figure 2 for the meaning of the abbreviations. 
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Figure 4. Bar plots showing the N grain content according to different modes of N fertilization (N0 to N250) combined with N splitting (S1, S2 and S3) over three consecutive years. Different letters on top of the bars correspond to significant differences (p < 0.05) between the levels of N fertilization applied. See Materials and Methods and Figure 2 for the meaning of the abbreviations. 
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Figure 5. Nitrogen use efficiency (NUE) in a mixture of wheat varieties according to different levels of N fertilization (N0 to N250) and N splitting patterns (S1, S2, and S3) over the three years of field trials: (A) 2019, (B) 2020, and (C) 2021. Different letters on top of the box plots correspond to significant differences (p < 0.05) between each mode of N fertilization. See Materials and Methods and Figure 2 for the meaning of the abbreviations. 
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Figure 6. Nitrogen uptake (NUpE) and utilization efficiencies (NUtE) in a mixture of wheat varieties according to different levels of N fertilization (N0 to N250) and N splitting patterns (S1, S2, and S3) over three years in (A,D) 2019, (B,E) 2020, and (C,F) 2021. Different letters on top of the box plots correspond to significant differences (p < 0.05) between each mode of N fertilization. See Materials and Methods and Figure 2 for the meaning of the abbreviations. 
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Figure 7. Labelled fertilizer N recovery (%15NREC) according to different levels of N fertilization (N0 to N250) and N splitting patterns (S1, S2, and S3) in a mixture of wheat varieties grown over 3 years of field trials. (A) 2019, (B) 2020, and (C) 2021. Different letters on top of the box plots correspond to significant differences (p < 0.05) between each mode of N fertilization. See Materials and Methods and Figure 2 for the meaning of the abbreviations. 
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Figure 8. Amount of N uptake derived from the fertilizer inside the plant (%Ndff) according to different levels of N fertilization (N0 to N250) and N splitting patterns (S1, S2, and S3) in a mixture of wheat varieties grown over 3 years of field trials. (A) 2019, (B) 2020, and (C) 2021. Different letters on top of the box plots correspond to significant differences (p < 0.05) between each mode of N fertilization. See Materials and Methods and Figure 2 for the meaning of the abbreviations. 
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