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Abstract

:

A field experiment was conducted in Southern Italy to study the response of durum wheat (Triticum turgidum L. var. durum) grain yield and quality traits to a no-tillage (NT) system and different nitrogen N fertilizer rates (30, 60, and 90 kg N ha−1). The NT system was evaluated and compared to conventional (CT) and reduced (RT) tillage within continuous wheat (WW) and faba bean–wheat (FW) crop sequences over 3-years (2010–2012). The results showed a promising grain yield increase (30%) in the last year. The effect of the N rate on protein content was significant, while productive parameters were not significantly influenced due to both weather conditions and the previous crop. Tillage effect was significantly (p ≤ 0.05) positive on grain yield, yield components and quality parameters, especially in NT system, and was more pronounced when accompanied with faba bean in the rotation system. Despite producing a lower grain protein content (13%) compared to other systems, NT produced good semolina quality (with higher hectoliter weight and lower percentage of broken and shriveled grains). This study provides useful information for farmers on how to produce a satisfactory yield and good grain quality with minimum inputs, helping to design sustainable strategies for durum wheat cultivation in the dry regions.
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1. Introduction


Durum wheat is widely cultivated in the Mediterranean, under rainfed conditions using conventional tillage (CT) and high input of synthetic N fertilizers. In Italy, durum wheat is important for the economy by providing the semolina to produce pasta, being Italy the largest supplier and exporter in the world [1]. Since more than two thirds of durum wheat production comes from the Italian southern regions [2], cropping strategies that optimize input use and increase the efficiency of fertilizers must be developed, especially in the dry regions. One of the recently adopted strategies in rainfed durum wheat production is conservation practices. The adoption of these practices in wheat production is believed to have positive results in terms of crop productivity and grain quality, and safeguarding of the environment. Important factors of conservation agriculture include: minimum soil disturbance, maintenance of soil cover and crop rotations [3], which have been proposed to improve the efficiency of agricultural systems. Several studies have found that conservation agriculture practices enhance grain yield, ensure a good level of grain quality [4], save energy [5], and lower environmental impacts [6]. Since nitrogen (N) is an important element in agriculture, the application of N fertilizer is fundamental for crop production, especially in wheat. Current research efforts, however, are trying to reduce the use of N fertilizer to avoid unfavorable environmental consequences due to its losses without affecting crop productivity. A visible strategy in this regard is based on the reduction of N fertilizer requirements in cropping systems through the introduction of legume crops either in a rotation [7] or intercropping [8]. Several studies have reported the effect of legume crops on the yield of subsequent crops in the rotation [7,9,10]. Bedoussac and Justes [8] have found that wheat grain protein concentration was significantly higher in durum wheat-winter pea intercrop than in sole crops because of more N was remobilized into wheat grain due to the high pea N2 fixation rate in intercrops. Although the effect of N fertilizer on crop production has been widely investigated, the direct effect on wheat yield and/or quality in legume-based rotation is not well established. Galantini et al. [11] found that increasing N fertilizer rates improve grain protein with little effect on grain yield due to the effect of rotation with legumes. Lòpez-Bellido et al. [12] linked the effect of N on grain yield and quality to the rainfall in the growing season and found that the N rate influenced wheat yield when rainfall exceeded 450 mm in the growing season.



The tillage system represents another strategy in wheat production due to the influence on the physical, chemical, and biological properties of soil. Conservation management practices, including minimum/no-tillage, a high crop residue return, and crop rotation [13], can increase crop productivity due to the enhancement in soil structure and fertility [4]. Lòpez-Bellido et al. [12] found that continuous conservation tillage is a viable alternative to intensive tillage in terms of wheat production and quality. These soil management practices are mainly adopted in North and Latin America, but they are becoming increasingly popular in Australia, China, and, more gradually, in Europe [14]. Despite the documented benefits [15,16,17,18,19,20,21], conservation tillage systems are only practiced on approximately 2% of total cropland in the Mediterranean area [22]. Previous studies have evaluated the effect of tillage system on wheat grain yield and/or quality in Italy [4,23,24,25,26,27] and other Mediterranean areas [28,29,30,31]. Nevertheless, their findings vary considerably due to differences in soil type, soil moisture, climate conditions, and cropping system. A recent study by Ruisi et al. [14] reported that NT performed better under water stress during the crop cycle, whereas CT led to higher yields when water was adequate. Moreover, the tillage method and rotation with legumes can affect grain yield, and positively influence the wheat protein content [32,33,34]. The grain quality is highly dependent on the protein content in grain [35]. Grain quality depends on many factors, including crop rotation [12,36,37].



Therefore, the aim of this study was to test and to confirm the sustainability of conservation management practices in durum wheat cultivation in the dry areas. In particular, the field trial was conducted to test the effect of conservation tillage technique and reduction of N fertilizer rate, through the introduction of a legume crop, on wheat grain yield and quality.




2. Materials and Methods


2.1. Site Description


The site was a typical Mediterranean area in southern Italy, located in Policoro (MT) (40°10′20″ N, 16°39′04″ E) and site is at 15 m above sea level, characterized by a sub-arid climate. For the three years, daily weather data were obtained from a meteorological station located within 300 m from the experimental field. The temperature is typical of the Mediterranean climate whereas the average annual rainfall is about 560 mm distributed mainly during autumn and winter. The surface soil texture is loamy (sand, 39.78%; silt, 37.40%; clay, 22.28%) according to the USDA classification system. Additional soil features are reported in Table 1.




2.2. Wheat Experimental Design


A medium-term rotation experiment was established in the 2009–2010 growing season up to 2011-2012 to study the performance of rainfed durum wheat under high and low input farming systems. In this study, however, the medium-term response of wheat grain yield and quality to different input intensities was evaluated within a legume-based rotation system in a typical Mediterranean area over three years (one cycle of wheat and faba bean plus start-up year). Thus, durum wheat (Triticum turgidum L. var. durum cv Iride) was grown in rotation with faba bean (Vicia faba var. equina Pers. cv Prothabat 69) under rainfed conditions. The crop rotation was duplicated in two adjacent fields to enable both crops to be present each year [25,38]. Both wheat and faba bean fields were arranged in a split-plot design with three replicates. Within each main plot of wheat, treatments consisted of three N fertilizer rates (30, 60, and 90 kg N ha−1, and no N fertilizer treatment as control) and three tillage systems: conventional tillage (CT), reduced tillage (RT), and no-tillage (NT). The faba bean phase of the rotation received no N fertilizer, but the same level of soil disturbance. Based on the history of the experimental field, the different tillage systems were employed two years before the start of this experiment following the same level of soil disturbance under WW.



Both wheat and faba bean crops were sown in November and harvested in June each year. Sowing was affected using different sowing machines by opening a narrow slot. In the NT system, the crop was planted in unprepared soil using a sod-seeder (IGEA 2700 Semina Sodo, Gravina in Puglia, BA, Italy) to obtain the right seed coverage without soil preparation. In CT and RT, a conventional seed driller (LAROCCA 14 FALC) was used after essential soil disturbance had been performed. Wheat was sown at a rate of 200 kg ha−1, whereas faba bean was sown at a rate of 180 kg ha−1. N fertilizer was applied as urea (46% N) at the end of the tillering stage using a spinning fertilizer distributer. In the NT system, weeds were controlled before sowing by spraying glyphosate [N-(phosphonomethyl)-glycine] (1.5 L ha−1), whereas GRANNSTAR (tribenuron methyl) herbicide was applied top-dress in the three tillage systems at the tillering stage.




2.3. Wheat Biomass Yield


Both wheat and faba bean fields were harvested in June each year for biomass production (grain and straw). A plot combine harvester (WINTERSTEIGER classic—1.4 m wide) was used. Given the size of each plot (2450 m−2), grain and straw yield data used in this study were the average of three harvesting times repeated following a linear pattern of 20 m in length around the center of each plot to obtain more accurate measures, and to avoid any border effect. For the analysis, the average of three harvesting times were used per plot. Wheat plant height and number of spikes per m−2 were determined. The number of spikes per unit area was estimated by counting heads along 50-cm sections of two rows in each plot.




2.4. Wheat Grain Quality


Wheat grains were cleaned using a dockage tester, then, protein content (%) was determined using the NIR FOSS Infratec 1241-grain analyzer, while hectoliter weight (kg hL−1) and grain humidity (%) were measured using the Agricultural Tester (Aquasearch 600). Broken and shriveled grains (%), and piebald grains (%) determination were carried out following the Official Grain Grading Guide from Canada [39].




2.5. Soil Analysis


Soil samples were taken around the center of each plot for each of the three different layers (0–30, 30–60, and 60–90 cm) using a manual Eijkelkamp auger. To correctly represent soil variability within a large field-scale, the sample points were organized into a systematic W-route sampling method. Total N was determined using Kjeldahl digestion. The analysis was performed at sowing in the base year and at post-harvest in the last year to study the change in N status as affected by treatments. Nitrate concentration was determined using a nitrate (NO3-) test kit (Spectroquant®, Merck, Darmstadt, Germany). To evaluate the nutritional status and plant use of available N, soil was sampled twice per year (according to the Ministry of Agriculture and Forestry; G.U. 121 of 25/05/1992) for NO3-N determination; prior to N application (in early March at tillering stage) and after harvesting (in late July). Oven dry weight of soil samples at 105 °C was determined after 24h to measure the soil water content (SWC) (gravimetric water content, mg water g−1 dry soil, which was then converted into the percentage of water g−1 dry soil) of 30 cm layers in the top 0–90 cm soil profile at tillering and after harvesting [40]. Organic matter (OM) content was determined using the Walkley-Black method. Since organic matter formation and stability are largely related to long-term moisture and temperature trends, OM content was analyzed at the end of each growing season each year at two soil profiles (0–30 and 30–60 cm).




2.6. Land and Rainfall Use Efficiency


The land use efficiency (LUE) index was calculated to evaluate the performance of different management systems in terms of yield production as a function of the area cultivated. The LUE was determined according to Quaye et al. [41]. For each growing season, rainfall use efficiency (RUE) was calculated to assess the capacity of the seasonal rainfall amount to produce adequate yield under different soil management systems, according to Gwenzi et al. [42] as follows:


RUE (kg ha−1 mm−1) = GY/TSR



(1)




where: RUE = rainfall use efficiency (kg/ha of grain per mm of rainfall), GY = grain yield (kg/ha), and TSR = total seasonal rainfall (mm).




2.7. Statistical Analysis


Data from the split-plot experiments were analyzed using SAS software [43]. For all parameters, the years were considered as a variable effect; tillage and N application were considered as a fixed effect. For the soil analysis, the depth was considered as a sub-factor. The analysis was done according to methodology described by Gomez and Gomez [44]. Means were compared using the LSD test at the 5% probability level.





3. Results


3.1. Weather Conditions


Monthly rainfall and temperature means at the experiment site are shown in Table 2 over the three growing seasons. The growing season of 2010–2011 was the wettest year (528 mm), followed by 2011–2012 (404 mm) and, finally, 2009–2010 (354 mm). Compared to the mean annual rainfall at the experimental site over the last 50 years (from 1959 to 2009) (472 mm), 2009–2010 was the driest year followed by 2011–2012, while 2010–2011 was slightly above the normal (Table 2). The meteorological data highlighted considerable differences in rainfall distribution among the three years. In 2009–2010, rainfall peaked from the end of winter dormancy/beginning of tillering to anthesis periods (January–May) exceeding the 50-year average with 88.6% of the total rainfall during that season. However, some water shortages during plant establishment (November and December) were reported in this year compared to the 50-year average (Table 2).



During the 2010–2011 growing season, rainfall amount accounted for 81% of the total annual rainfall. Most of the rainfall during this growing season was recorded between tillering and stem elongation stages. The rainfall amount from 2010–2011 reached its peak during the tillering stage (especially in March), promoting wheat vegetative growth over grain yield. In 2011–2012, rainfall showed a good distribution during growth stages, which satisfied plant needs during the growing season. This rainfall distribution in the last year along with the nutrient stability in the wheat field led to a significant increase in biomass production compared to the first and the second seasons. Mean maximum temperatures throughout the growing season were higher in the 2009–2010 season and lower in the 2011–2012 season. Therefore, the first growing season (2009–2010) was the hottest and the driest with the lowest annual precipitation (Table 2). Consequently, grain yield in this season was influenced by the low water availability, especially in April (heading/flowering stage). In the 2010–2011 season, however, the abundant amount of rainfall in March lead to pathological problems, which affected productivity. During the 2011–2012 season, most rainfall was recorded between October to April and accounted for 92% of the total annual rainfall.




3.2. Grain Yield and Yield Components


The overall results indicate a significant increase in average grain yield in the last year (Table 3). The results indicate that the tillage system had a significant (p ≤ 0.05) effect on grain yield during the three years, whereas the interaction between treatments was not significant except for year x tillage (Table 3). In addition, there was an interaction effect of the yield response to tillage as a function of weather conditions, thus indicating that yield response to the NT system was more evident in the driest year. Indeed, the tillage effect on grain yield was more significant in the first year (2009–2010) when the rainfall was far below the normal average, thus indicating a great workability potential of the NT technique in dry areas. Considering the influence of the site-specific conditions, our findings indicate that durum wheat cultivation had the highest average yield (5.8 t ha−1) when conservation agriculture was applied using the NT system in southern Italy. This was significantly higher than CT (5.1 t ha−1), whereas RT produced the lowest grain yield with an average of 4.7 t ha−1 over the three years (Table 3). The table also highlights that the effect of the tillage system on grain yields in each individual year was confirmed with those obtained from the grain yield between years and was always in favor of the NT system.



The effect of the N rate on grain yield was not significant both in each individual year and on average across years as a whole (Table 3). We reported grain yield data as a function of the N rate (0, 30, 60, and 90 Kg N ha−1) to be 4.4, 4.5, 4.1, and 4.1; 5.2, 4.9, 5.0, and 5.0; 6.5, 6.5, 6.4, and 6.0 for the first, second, and the third growing season, respectively. The average of the three-year data had the same irregular trend with respect to the N rate and ranged between 5.4, 5.3, 5.2, and 5.0 in the 0, 30, 60, and 90 kg N ha−1 treatments, respectively. The interaction effect of the N rate ×tillage was not significant; therefore, no regular tendency of grain yield was observed as a function of the N rate under the different tillage systems.



The effect of the cropping system, on the other hand, was significant (Table 3). The increase in grain yield, compared to the first year (wheat was grown after wheat), increased by 14% in the second year and doubled in the last year (30%) when wheat was grown after faba bean. The interaction effect of year x tillage was significant, indicating the tendency of the grain yield to increase under each tillage system towards the last year (Table 3).



The effect of treatments, as well as the interaction between them, on mean data over the 3-year on wheat yield component are reported in Table 4. On average, we found a value of 6.9 t ha−1, 0.43, 84.1 cm, and 500.9 head m−2 for straw yield, HI, plant height, and number of heads m−2, respectively. The ANOVA showed that the effect of treatments on the investigated parameters varied between years, tillage system, and, in the case of HI, N rate, but with some exceptions. Straw yield was significantly affected by the cropping system and tillage, whereas the number of heads m−2 was affected only by the cropping system. The only significant effect due to the application of different N rates was on HI, which was also affected by the tillage system. The interaction effect on the investigated parameters was not significant except for the cropping year × tillage interaction on HI data.




3.3. Wheat Grain Quality


Our data on quality revealed that both treatments (tillage and N rate) as well as cropping year had significant effects on quality parameters during the three years (Table 4). However, the interaction between them was not significant, except for year × tillage. The tillage method had a significant effect on all quality parameters. The analysis of grain quality highlighted that durum wheat cultivated under a conventional system generally reached the highest quality. The effect of the N rate was significant except for hectoliter weight and grain humidity; however, we found an acceptable grain quality under all the N rates despite the fact that the increase in the N rate favored the breaking of grains. Across years, the lowest grain quality was reported in the first year, however, a significant improvement in wheat grain quality was observed in the last year. The overall grain protein results indicate a positive correlation with the N rate, which was more pronounced under CT and in the wet years (2010–2011 and 2011–2012). No regular trend of a positive relationship was observed between the N rate and grain protein content in the NT system in the first growing season (2009-2010), the driest year. The NT system led also to a higher hectoliter weight value (79.7 kg hL−1 vs. 77.0 and 76.5 kg hL−1 in RT and CT, respectively) and a lower broken and shriveled grain value (2.6%) compared to 7.6 and 6.4% in RT and CT, respectively, thus indicating a better grain filling, which increased the semolina extraction rate. Average hectoliter weight data showed that the differences due to the tillage effect were more significant between NT and the other systems (RT and CT), whereas no significant differences were found between RT and CT. Within years, average data showed the same trend, however, differences started to decrease in the last year (Table 4). Our results indicate a significant effect of the previous crop as the average value increased from 74.1 in the first year to 78.7 and 80.4 in the second and third years, respectively (Table 4).



The percentage of broken and shriveled grains as a whole was close to high quality durum wheat. The NT led to the best results in terms of premium durum wheat, whereas the percentage of broken and shriveled grains increased significantly with the increase in the N rate (Table 4). For the piebald grains, the percentage (7%) was far below the quality standards for national standard durum wheat quality. The CT gave the lowest value compared to other systems, whereas the increase in the N rate lowered the percentage of piebald grains. Grain humidity was influenced by the tillage method and cropping system, whereas the N rate showed no effect on grain humidity. Within tillage methods, CT had the highest (12.0%) grain humidity value, which was significantly higher that the values reported in RT and NT with 11.2 and 11.5%, respectively.




3.4. Rainfall Use Efficiency (RUE) and Land Use Efficiency (LUE)


The ANOVA showed that RUE in wheat differs according to the soil management system and the cropping year (Table 4). The NT system had a significantly higher RUE (13.7 kg ha−1 mm−1) than CT (12.2 kg ha−1 mm−1) and RT (11.3 kg ha−1 mm−1), indicating a good soil water-holding capacity in the NT system compared to the other systems. Across years, a significantly higher RUE (15.6 kg ha−1 mm−1) was reported in the last year (2012), whereas the second year had the lowest RUE with 9.5 kg ha−1 mm−1 (Table 4) despite the highest amount of rainfall, which stimulated wheat vegetative growth over grain yield.



On average, 2.1 m−2 of arable land were used to produce 1 kg of rainfed durum wheat in southern Italy. Across treatments, our results indicate that the way the wheat was produced affects LUE. This was confirmed by ANOVA, which showed that LUE in wheat differs significantly according to the soil management system (varying between 2.5 m−2 kg−1 in RT to 2.1 and 1.8 m−2 kg−1 in CT and NT, respectively) and to the cropping year (varying between 2.7 m−2 kg−1 in the first year to 2.1 and 1.6 m−2 kg−1 in the second and the third years, respectively) (Table 4). We found that the LUE results were linked to grain yield. Therefore, as in the case of grain yield, the N fertilizer rate had no significant effect on LUE data (2.0 and 2.2 m−2 kg−1 were reported in the control plot and the highest N rate plot, respectively). It was found that the arable land per unit of crop production showed an improved efficiency in land use under the NT soil management system and when wheat was grown after legumes (faba bean) (Table 4). The wheat grain yield obtained per unit of land was higher in the faba bean-wheat (FW) cropping system, especially in the last year. In addition, the interaction between cropping year and tillage system was also significant.




3.5. Soil Management on Topsoil Quality


The enhancement of soil conditions was more pronounced in the NT system (Figure 1), which resulted in higher grain yield. Organic matter was altered only slightly in the topsoil after the three years of NT treatment. The overall results indicate that, despite the low increase rate in OM content compared to the first year, NT showed an improvement in OM content (p < 0.05), particularly in the top 60 cm soil layer (Figure 1).



Figure 2 shows the variation of the total soil N content as affected by the tillage system, N rates, and different soil profiles. Across treatments, N content was significantly higher (+26%; p < 0.05) in the last year compared to the analysis in the base year (0.202% vs. 0.149%).



On average, N content was higher in CT and lower in NT, with a positive correlation to the N fertilizer rate and was higher (p < 0.05) in the first soil layer (0–30 cm) compared to the deep layers (Figure 2). Since plants normally use N in only ammonium and nitrate forms, the soil nitrate concentration was measured and reported after crop harvest. The three years mean nitrate-nitrogen (NO3-N) concentration in the soil is reported in Table 5. The NO3-N level was significantly higher when faba bean was the preceding crop and lower when the preceding crop was wheat, regardless of the soil depth (Table 5). Differences in NO3-N concentration averaged between 12.5 mg kg−1 of dry soil in the WW cropping system in the first year to 69.3 and 59.9 mg kg−1 of dry soil in the FW cropping system in the second and third years, respectively.





4. Discussion


4.1. Effect of Weather Conditions on Crop Productivity


Because durum wheat cultivation in southern Italy is predominantly rainfed, precipitation and mean ambient temperatures are the most important climatic factors that affect its productivity. In the present study, the differences in grain yield between the three years were likely due to the more favorable rainfall distribution pattern, especially in the last year. Instead, the unfavorable and intense rainfall distribution in the second year led to some disease infestation (data not present), which, therefore, affected crop yield. In the first year, the lack of sufficient water during plant establishment along with relatively high temperatures (in comparison to the mean 50-year temperatures explained the lower plant development and, therefore, productivity. Further, in this study, the tillage system was the key factor influencing productive parameters in individual years and over the three years as a whole. Our findings are in agreement with Quaye et al. [41] and Santín-Montanyá et al. [45]



In our study, the good rainfall distribution during wheat development stages in 2011–2012 led to good water availability for the plant, especially from April to May. The water availability in this season resulted in higher grain yield compared to the other two seasons. De Vita et al. [4] reported a direct relationship between grain yield and the amount of rainfall during the vegetative period in wheat cultivation in southern Italy. In addition, the ability of the conservation tillage system to hold the water, especially in the dry season, indicating a good soil water-holding capacity in the NT system compared to the other systems, in agreement with the findings of Santín-Montanyá et al. [45] in wheat production. Yu et al. [46] also explained that the improvements in soil water-holding capacity and water use efficiency in NT are due to decreased soil bulk density, increased soil porosity, and the formation of soil water-stable aggregates, thus promoting crop yield.




4.2. Effect of Main Treatments on Durum Wheat Production


4.2.1. Effect of Tillage System


We tested the hypothesis of whether NT system can be a profitable alternative to CT practices in rainfed wheat production. The positive effect of NT on grain yield reported in the present study was in agreement with several studies [4,47]. Moreover, Troccoli et al. [48] reported that when NT is combined with residue retention and crop rotation, it could result in increasing rainfed crop productivity, especially in dry climates. Other studies [49], however, have reported a grain yield reduction under NT soil management. However, the biochemical mechanism underlying the increase or reduction in grain yield under the NT system has not yet been well explained. Explanations of the yield increase under the NT system in wheat production include the enhancement of the soil’s water-holding capacity [46], especially under dry conditions [50]. In this context, the probable reason for the yield compensation in this study was to some extent the soil water conservation. In southern Italy, De Vita et al. [4] indicated that higher soil water content under NT guaranteed early and more uniform emergence compared to other systems, which can result in a higher grain yield. Our findings on SWC indicated a higher water availability in NT compared to other systems. This is in agreement with the findings of Sharma et al. [50] in rainfed wheat production in India and with the recent findings of Santín-Montanyá et al. [45] in wheat production in central Spain. The favored root systems (density and biomass at depth) and therefore grain yield of cereal in the NT system was confirmed by Plaza-Bonilla et al. [51] in dryland Mediterranean conditions. Further, Chakraborty et al. [52], found that the positive correlation between the rooting system and yield involved not only the amount, but also the spatial enlargement of a root system.




4.2.2. Effects of N Fertilizer Rate


Data from our study site indicate that the application of the full dose of N fertilizer at tillering had no significant effect on wheat grain yield regardless of the application rate in agreement with Jan et al. [53]. We believe that the reasons for the no yield response to different N rates was the effect of different factors, including rainfall amount and distribution, and the enhancement of soil nutritional status due to the rotation with the legume crop. Another important reason was due to the lodging effect, which was found to increase with the increase in the N rate (data not present). In addition, Rial-Lovera et al. [54] did not find any significant effect of N fertilization in the first year of spring wheat cultivation in UK. The direct effects of N fertilizer application on crop yield within a rotation system, with and without grain legumes, have shown that N fertilizer alone was unable to produce the same yield after non-leguminous pre-crops as after faba bean [55]. Furthermore, Garrido-Lestache et al. [56] found that N fertilizer had a greater effect on wheat quality indices than on grain yield. In our study, compared to the first year, the moderate-to-high NO3-N concentration at tillering and total soil N (Figure 2) in the soils of wheat fields reduced the potential for positive yield responses to N fertilizer.



In line with our findings, Abad et al. [57] found that in soils with low N content, the response to N fertilization was significant, whereas in soils with a high soil N content, there was no response to N fertilization. Similarly, Khakbazan et al. [58] found a low yield response to N application due to the relatively high residual soil N present at the initiation of the study. Jensen et al. [59] found that the grain yield of faba bean and cereal intercrops without N fertilizer was similar to the grain yield of the sole crop cereal fertilized with an optimal amount of N fertilizer.




4.2.3. Effect of Cropping System


In our study, on average, grain yield increased by about 32% in the last year when the FW cropping system was implemented, compared to the WW cropping system in the base year. This was in line with Ruisi et al. [27], who found that the NT system had a detrimental effect on wheat productivity in continuous wheat (WW), but improved yields in wheat-faba bean rotation compared to the CT system. Further, Amato et al. [60] found that when wheat was grown continuously, the adoption of NT resulted in a progressive decrease in grain yield compared with CT, mainly due to a decrease in soil N availability. The rate of increase in grain yield in our study ranged between 0.7 t ha−1 in the second year to 2.0 t ha−1 in the last year compared to the base year (1.3 t ha−1 yield increase rate between the second and the third year). However, this increase in grain yield was almost always at the expense of grain quality. Farmers in Europe have estimated the pre-crop effects, ranging from 0.6 to 0.9 t ha−1 grain yield of wheat after grain legumes compared with wheat after cereals [61]. In this study, the effect of the preceding crop was reflected on grain yield and can be explained by the amount of available N in the soil (Figure 2). In fact, the improvement in soil quality in the FW cropping system resulted in a higher yield where most of the available N was used for grain and/or straw production. Kopke and Nemecek [55] highlighted the positive effect of faba bean, which can be quantified by yields of subsequent non-legumes compared to yields that follow non-leguminous reference crops. However, a positive yield response to the preceding legume crop can be influenced by many factors, including the lack of other nutrients, impacts on soil organisms through the effect of the mineralization process, and the availability of N form that can be absorbed by the plant, soil water and its influence on soil microorganism activities and nutrient mobility and soil structure.





4.3. Analysis of Wheat Quality Parameters


The various quality parameters of durum wheat obtained in this study were compared to the national standard commodity classification (http://web.bmti.it/flex/cm/pages/ServeBLOB.php/L/EN/IDPagina/132) for durum wheat in southern Italy. According to the national standard, wheat grain quality was classified into three grades with decreasing values: premium, high quality and standard. The overall results on different wheat quality parameters showed a higher frequency of values that ranged between premium and high-quality durum wheat. Since the quality of durum wheat grain is highly dependent on the protein content [62], our wheat grain can be classified as premium quality durum wheat However, several studies [63] have indicated that grain yield and grain protein content are often negatively correlated. Based on the analysis of grain protein data, we found some variation on grain yield, especially in the second and third years as a whole. We assume that the variability in protein content between the two seasons, as a function of the grain yield, was due to the effect of N dilution in the plant [12]. In addition, the temperature and rainfall amount during the growing season affected the grain protein content. Despite the lower grain yield, a good rainfall distribution during the grain filling stage resulted in a high protein content in the driest season (2009–2010). Abaye et al. [64] reported that drier and/or warmer conditions during the growing season enhanced the accumulation of higher grain protein. The effect of the N rate on protein content was significant and increased with the increase in the N rate, in agreement with other previous studies [65,66]. Ames et al. [67] also found that increasing N fertilizer resulted in an increased protein content. In our study, a significant effect on grain protein content was also found to be attributed to the different tillage systems. In particular, tilled soils (CT and RT) significantly increased grain protein content compared to NT soil. Lòpez-Bellido et al. [12] found significant differences in grain protein content between tillage systems, however, the effect was significant only in the last year of the 3-year study. The analysis of grain protein content revealed that grain protein content was higher when wheat was grown after an N-fixing crop. This could be attributed to the higher N in the soil left over from the previous season, according to Bedoussac and Justes [8]. Although the N rate did not affect the hectoliter weight, the reported values under the different N rates fell within the high quality to premium durum wheat quality for the Italian market. This was in line with the findings of Lòpez-Bellido et al. [12] under Mediterranean conditions.




4.4. Effect of Soil Management on Topsoil Quality


The concentration of organic matter (OM) and total N are important for evaluating soil quality [47]. Based on our findings, when tillage aerates the soil, the rate of microbial decomposition of crop residues is increased, thus reducing soil OM. Grierson [68] found that with an adequate quantity of crop residues on the soil surface of NT plots, physical and chemical properties were maintained at favorable levels compared to tilled plots. Similarly, Mathew et al. [69] found that the role of crop residue accumulation on the soil surface of the NT system resulted in an enrichment of soil organic matter in the surface layer and, consequently, increased the abundance of microorganisms, thereby improving soil quality.



In our study, the improvement in soil properties was confirmed by the NO3-N content, which was significantly lower in the base year compared to the last year. The preceding crop affected the soil NO3-N content before wheat sowing in the second and the third year, in agreement with Ercoli et al. [70]. Soil NO3-N left after faba bean was doubled, resulting in higher N availability in the 0–30 cm profile. Similar to the total N content, the lower amount of NO3-N in the NT system compared to cultivated soils (CT and RT) improved the N availability to the crop through enhancement of the N2 fixation ability by faba bean. Doran [71] demonstrated that the N2 fixation by legume crops was increased in soils with low concentrations of NO3-N. This was also confirmed by Hughes and Herridge [72], who found that reduced amounts of soil NO3-N in NT soil increased N2 fixation of soybeans. This could also account for the increase in N2 fixation in the CT treatment in our experiments, compared to RT. The production data confirmed these results, where the highest productivity was reported in the NT system and the lowest in RT.



The overall results on NO3-N levels indicate that the post-harvest NO3-N content in the soil was lower than at tillering (data not present). This was in line with Ercoli et al. [73], who analyzed NO3-N concentrations in durum wheat production in central Italy grown in the same soil type. The lower NO3-N concentration and total N content in NT soils indicated that much of the available nitrogen was used for grain and/or straw production and depended on weather conditions. From an environmental point of view, however, the gaseous loss of N is the dominant mechanism in an agricultural production system. Therefore, the higher N content in RT and CT soils can pose a potential threat to the environment through various loss processes, including volatilization, nitrification, and denitrification, which results in the release of greenhouse gases into the atmosphere and/or leaching to groundwater. In fact, our previous study [6] confirmed the higher environmental impact and GHG emissions in RT and CT compared to NT systems.





5. Conclusions


This study tested the sustainability of conservation agriculture techniques to overcome problems related to intensive agriculture for sustainable durum wheat production in the dry areas. Both the tillage system and previous crop had a significant impact on the grain yield and quality. However, this impact was influenced by weather conditions, especially the rainfall amount and distribution during the growing season. The N fertilizer rate showed no significant effect on grain yield; however, quality parameters were highly affected, particularly protein content. The overall results indicated that the implementation of CT and RT systems in wheat production in the dry areas of southern Italy tended to stimulate the vegetative growth of the plant over grain yield. On the other hand, the improvement in the water holding capacity in the NT system led to yield compensation over straw yield due to the higher water availability during the grain filling stage compared to other systems. Quality parameters under the NT system were within the range of standard values for premium durum wheat according to the national standard commodity classification of cereal in southern Italy. The NT technique could be a valuable alternative to CT in the dry areas of the Mediterranean region. However, for a better application of NT technique, it should be accompanied by an appropriate crop sequence as faba bean-wheat.
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Figure 1. Changes in organic matter content in the soil after the last year (2011–2012) wheat harvesting compared to the base year (2009–2010) as affected by tillage (Conventional CT, Reduced RT), and No tillage NT), N fertilizer rate (Test (0 N), 30, 60, and 90 kg N ha−1), and different soil depths (0–30, 30–60, and 60–90 cm). a,b: Different letters indicate significant differences (p < 0.05). 
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Figure 2. Total nitrogen in wheat soil after harvesting. Third season (2011–2012) is compared to first season (2009–2010); 30, 60, and 90 are the N fertilizer rates, while 30 (0–30), 60 (30–60), and 90 (60–90) are the soil profiles in centimeter. a–c: Different letters indicate significant differences (p < 0.05). 
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Table 1. Soil physico-chemical properties of the experimental site.
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	Characteristics
	Unit
	Value





	Total N
	%
	0.196



	P2O5 Assimilable
	ppm
	40



	NO3-N
	ppm
	14.3



	Amminium
	ppm
	trace



	Organic Matter
	%
	2.8



	Total Lime
	%
	8.8



	pH
	-
	7.72



	Sand
	%
	39.78



	Silt
	%
	37.40



	Clay
	%
	22.82
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Table 2. Monthly rainfall and mean maximum (Tmax) and minimum (Tmin) temperatures for the three growing seasons (2009/2010–2011/2012) compared to long-term data (1959–2009).
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Month

	
2009–2010

	
2010–2011

	
2011–2012

	
50-year Mean




	
Rainfall (mm)

	
Tmax

(°C)

	
Tmin

(°C)

	
Rainfall (mm)

	
Tmax

(°C)

	
Tmin

(°C)

	
Rainfall (mm)

	
Tmax

(°C)

	
Tmin

(°C)

	
Rainfall (mm)

	
Tmax

(°C)

	
Tmin

(°C)






	
October

	
19.2

	
22.8

	
14.1

	
109.2

	
21.8

	
13.3

	
11.4

	
23.3

	
13.9

	
61.8

	
24.3

	
11.3




	
November

	
6.9

	
19

	
8.6

	
51.8

	
20.2

	
11

	
63

	
19

	
10.9

	
77.3

	
19.2

	
6.8




	
December

	
14.5

	
16.8

	
9.0

	
7.8

	
14.6

	
6.4

	
53.1

	
15.9

	
6.9

	
79.3

	
14.4

	
4.8




	
January

	
91

	
14.3

	
6.8

	
71.6

	
12.7

	
5

	
67.1

	
13.5

	
4.5

	
67.7

	
12.8

	
3.8




	
February

	
64.8

	
16.2

	
7.3

	
59.4

	
14.4

	
5.5

	
112

	
11.2

	
4.7

	
48.8

	
13.9

	
3.7




	
March

	
58.7

	
17.1

	
7.8

	
123.7

	
16

	
8

	
12.4

	
17.7

	
7.2

	
55.4

	
17

	
4.5




	
April

	
50.3

	
21.2

	
10.6

	
58.5

	
21.4

	
10.2

	
56.9

	
18.7

	
8.7

	
34.5

	
19.7

	
7.7




	
May

	
32.8

	
24.4

	
14.9

	
26.1

	
24.3

	
14.1

	
22.7

	
23.7

	
11.9

	
29.3

	
25.2

	
11.4




	
June

	
15.9

	
29.7

	
18.5

	
20

	
30.1

	
18.6

	
6.1

	
30.9

	
17.8

	
17.9

	
29.7

	
15.4




	
Total

	
354

	

	

	
528

	

	

	
404.7

	

	

	
472
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Table 3. Annual changes of wheat grain yield (t ha−1) as affected by the tillage method, N rate, and cropping system.






Table 3. Annual changes of wheat grain yield (t ha−1) as affected by the tillage method, N rate, and cropping system.





	
Cropping Year (Y)

	
Tillage (T)

	
Nitrogen Rate (kg ha−1 N)

	
Mean




	
Test

	
30

	
60

	
90






	
2009–2010 (WW)

	
CT

	
4.3

	
4.0

	
3.7

	
3.7

	
3.9




	
RT

	
4.2

	
3.6

	
3.4

	
3.4

	
3.6




	
NT

	
4.7

	
5.9

	
5.3

	
5.1

	
5.5




	
Mean

	

	
4.4

	
4.5

	
4.1

	
4.1

	
4.3c




	
2010–2011 (FW)

	
CT

	
5.1

	
5.3

	
5.2

	
4.6

	
5.0




	
RT

	
5.4

	
4.6

	
4.3

	
4.5

	
4.7




	
NT

	
5.2

	
4.8

	
5.5

	
5.8

	
5.3




	
Mean

	

	
5.2

	
4.9

	
5.0

	
5.0

	
5.0b




	
2011–2012 (FW)

	
CT

	
6.3

	
6.3

	
6.7

	
6.4

	
6.5




	
RT

	
6.6

	
6.1

	
5.7

	
5.2

	
5.9




	
NT

	
6.5

	
6.9

	
6.7

	
6.3

	
6.6




	
Mean

	

	
6.5

	
6.5

	
6.4

	
6.0

	
6.3a




	
Tillage mean

	
CT

	
5.2

	
5.2

	
5.2

	
4.9

	
5.1




	
RT

	
5.4

	
4.8

	
4.5

	
4.4

	
4.7




	
NT

	
5.5

	
5.9

	
5.8

	
5.7

	
5.8




	
N rate mean

	
5.4a

	
5.3a

	
5.2a

	
5.0a

	
5.2




	
ANOVA

	
Y

	
T

	
N

	
N × T

	
N × Y

	
Y × T

	
Y × T × N




	
***

	
***

	
ns

	
ns

	
ns

	
**

	
ns








* p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001; ns = not significant; data followed by the same letter are not significantly different at p ≤ 0.05 according to the LSD test.
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