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27 Abstract

28 This 2-year study, performed in a typical Mediterranean environment on three soil types (two 

29 Inceptisols and one Vertisol), aimed to improve understanding of the factors that play a major role 

30 in determining crop response when soil management shifts from conventional tillage (CT) to no-

31 tillage (NT). The effects of NT on the soil nitrogen (N) availability, N uptake, 15N fertilizer 

32 recovery, and grain yield of durum wheat were evaluated in comparison to CT under five different 

33 N fertilization rates (0, 40, 80, 120, and 160 kg N ha–1).

34 Compared to CT, NT negatively affected grain yield in one of the two years but only in the two 

35 Inceptisols. On average, a considerable grain yield advantage of CT over NT (approximately +0.6 

36 Mg ha–1 of grain) was observed with no N fertilization. This benefit decreased progressively when 

37 N fertilizer rate increased to the point that at 120 kg ha–1 of N applied differences between CT and 

38 NT were negligible. The differences between the two tillage systems in both grain yield and N 

39 uptake were attributable more to differences in the native soil mineral N (that materialized already 

40 during the vegetative phase of the crop cycle) than to differences between CT plants and NT plants 

41 in efficiency in taking up N from fertilizer. The differences between CT and NT for many of the 

42 traits observed in durum wheat plants increased with decreasing soil fertility and in particular with 

43 decreasing soil total N. In conclusion, the shift from CT to NT, which should be accompanied in 

44 any case by an increase in the N fertilization rate to take into account the reduction in soil N 

45 available for the crop, was less problematic in the Vertisol, which is more fertile and better 

46 structured than the two Inceptisols.

47

48 Keywords: Conventional tillage; No-tillage; N fertilization; Soil N availability; 15N-fertilizer 

49 recovery

50

51 Abbreviations: NT, no-tillage; CT, conventional tillage; OM, organic matter; %15NREC, percentage 

52 of 15N fertilizer recovery; CNRG, contribution of N remobilization to grain N yield; N0, no N 
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53 fertilization; N40, N80, N120, and N160 fertilization with 40, 80, 120, and 160 kg N ha−1; CDA, 

54 canonical discriminant analysis

55
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56 1. Introduction

57 No-tillage (NT) is widely recognized as a viable soil management technique in sustainable 

58 agriculture (Derpsch, 2008). Compared to conventional tillage (CT; usually based on moldboard 

59 plowing), NT helps to protect the soil from erosion (Scopel et al., 2005); enhances aggregation and 

60 aggregate stability (Madari et al., 2005); improves soil hydraulic characteristics (Kay and 

61 VandenBygaart, 2002); preserves soil macro- and microfauna (Uri et al., 1999); enhances soil 

62 microbial activity (Sharifi et al., 2008); reduces fuel consumption, and saves labor and time 

63 (Kirkegaard, 1995). Moreover, NT tends to preserve soil water better than CT, which results in 

64 huge advantages for the cropping systems in arid and semiarid areas; this is generally attributed to 

65 the change in the soil porosity (into more small pores and fewer large pores), to the creation of a 

66 more continuous pore system (from decaying roots and soil macrofauna activity), and above all to 

67 the minor soil water evaporation in NT as a consequence of both the presence of crop residues on 

68 the soil surface and the minor soil surface roughness generated by soil cultivation (Blevins and 

69 Frye, 1993; Lampurlanés and Cantero-Martínez, 2006). Such potential benefits suggest that NT is 

70 advantageous for cereal-based systems in Mediterranean environments, where water scarcity during 

71 the spring is often the main factor limiting the growth and productivity of rainfed crops 

72 (Lampurlanés et al., 2002) and where soils are particularly prone to erosion because of their 

73 characteristics and morphology (45% of the Mediterranean region has slopes greater than 8%), of 

74 cultivation even in steep slopes, and of the high frequency of intense rainfall events in fall and 

75 winter (García-Ruiz et al., 2013; Raclot et al., 2016). Several studies carried out under 

76 Mediterranean conditions have confirmed the benefits of NT over CT in terms of both a reduction 

77 in soil erosion (García-Orenes et al., 2009) and a crop yield advantage, particularly in dry 

78 areas/years (Amato et al., 2013; Ruisi et al., 2014). Despite these benefits, however, NT systems are 

79 used rarely in the Mediterranean, being practiced on approximately 2% of the total cropland (FAO 

80 AQUASTAT, 2013). There are several reasons for this, such as a lack of policies encouraging the 

81 adoption of NT and likely also the resistance on the part of farmers, as its positive effects are often 
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82 not immediately apparent but can only be seen after a new equilibrium in the soil has been 

83 established (Stubbs et al., 2004). Such benefits in fact are directly or indirectly attributable to the 

84 increase in soil carbon sequestration and storage that, under NT, occurs gradually over time (West 

85 and Marland, 2002; West and Post, 2002; González-Sánchez et al., 2012; Badagliacca et al., 2018) 

86 depending on several factors, including climatic conditions, soil characteristics, crop rotation, and 

87 other crop management practices. As a consequence, the shift from CT to NT can be thorny; the 

88 farmer often has to completely reorganize the production system to resolve the problems that will 

89 inevitably arise before a new equilibrium is reached. For example, application of NT can markedly 

90 affect the population of weeds (Sosnoskie et al., 2006; Giambalvo et al., 2012; Ruisi et al., 2015) 

91 and the incidence of pests and diseases (Paulitz et al., 2002), requiring adjustments to control 

92 strategies. At the same time, even from the first years of application, NT can result in considerable 

93 changes in organic matter (OM) mineralization rates, nitrogen (N) immobilization, N availability, 

94 and N-use efficiency of the crop (Gao et al., 2009; Stagnari et al., 2014). Obviously, these effects 

95 can vary greatly depending on the context in which NT is implemented (e.g., in terms of climatic 

96 conditions, soil type and fertility, crop rotation, crop management, and duration of application); this 

97 explains the inconsistent findings in the literature (Franzluebbers et al., 1995; McCarty et al., 1998; 

98 Peigné et al., 2007).

99 Although several studies have been conducted in the Mediterranean environment on the effects of 

100 the continuous application of NT over a high number of years on soil N dynamics and the crop 

101 response (e.g., Ruisi et al., 2016), relatively few studies have evaluated the effects of NT on soil N 

102 dynamics and the fate of the N fertilizer applied during the first year switch from CT to NT, which, 

103 as already said, can be thorny so much to induce in some cases the farmer to abandon NT. This 

104 knowledge is important to plan cropping management strategies sustainable from both the 

105 agronomic and environmental standpoints. Thus, the present study aimed to address the following 

106 questions: i) How, and to what extent, does switching from CT to NT alter the availability of soil N 

107 for crops and the fate of the N fertilizer applied? ii) How much do these changes vary by soil type 
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108 and climatic conditions? To this end, we studied the effects of NT on soil N dynamics and crop 

109 growth and yield in comparison with CT by applying these two techniques to three soil types 

110 differing in physical and chemical characteristics. The experiment was conducted in a semiarid 

111 Mediterranean environment and replicated over 2 years. Durum wheat (Triticum durum Desf.) was 

112 used as the model plant because of its importance as a crop plant in arid and semiarid areas of the 

113 Mediterranean basin.

114

115 2. Materials and Methods

116 2.1. Site characteristics

117 Field experiments were performed during two growing seasons (2011–2012 and 2012–2013; 

118 hereafter referred to as 2012 and 2013, respectively) at three sites (highly representative of arable 

119 soils of the Sicilian inland), all located within the Pietranera farm, which is located about 30 km 

120 north of Agrigento, Sicily, Italy (37°30’N, 13°31’E; 178 m a.s.l.). The farm covers approximately 

121 700 ha and includes a variety of soil types, morphologies, and orographies. The cropping systems of 

122 the farm are based on cereal crops (mainly durum wheat) in rotation with legumes (grain and fodder 

123 crops). Soil tillage management is based on moldboard plowing (followed by secondary tillage 

124 operations) for cereal crops or on minimum tillage for legume crops. Soil characteristics (referring 

125 to the 0- to 0.40-m layer) of the three experimental sites are reported in Table 1. The first soil, 

126 classified as Typic Calcixerept (Soil Survey Staff, 2006), is deep, with a clayey texture and a low to 

127 moderate OM content; it has a sub-angular structure and a sub-alkaline reaction. The second soil is 

128 a Vertic Haploxerept evolved on recent alluvial deposits. The soil is deep, with a sandy clay texture 

129 and a very low OM content; it has a granular structure, good drainage, and a sub-alkaline reaction. 

130 The third soil, classified as Chromic Haploxerert, is a fine-clayey, calcareous, mixed, xeric Vertisol 

131 that developed on Mio-Pliocenic clayey substrata. It is especially rich in montmorillonitic clays that 

132 promote swelling and shrinking in the soil; it can be considered the most productive soil because of 

133 its high natural fertility.
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134 The climate is semiarid Mediterranean, with a mean annual rainfall of 581 mm, mostly in 

135 autumn/winter (74%) and in spring (18%), and a mean annual PET of about 1100 mm (calculated 

136 using the Penman–Monteith method). The dry period is from May to September. The mean air 

137 temperature is 15.9°C in autumn, 9.8°C in winter, and 16.5°C in spring. The average minimum and 

138 maximum annual temperatures are 10.0°C and 23.3°C, respectively.

139

140
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141 Table 1. Physical and chemical characteristics of the top layer (0–40 cm) of the three soil types 

142 where the experiment was conducted.

 Soil type (St)

St 1 St 2 St 3

Typic 
Calcixerept

Vertic 
Haploxerept

Chromic 
Haploxerert

 Unit (Inceptisol) (Inceptisol) (Vertisol)

Altitude m a.s.l. 245 150 175
Particle size analysis:

Clay g kg–1 558 267 525
Silt g kg–1 197 247 227
Sand g kg–1 245 486 248

pH (1:2.5 H2O) ― 8.0 8.0 8.2
Total C (Walkley Black) g kg–1 10.6 6.3 16.8
Total N (Kjeldahl) g kg–1 0.61 0.86 1.78
Available P (Olsen) mg kg–1 28.8 55.9 40.1
Cation exchange capacity cmol+ kg–1 28.1 26.8 35.0
Water content at:

field capacity cm3 cm–3 0.35 0.28 0.37
permanent wilting point cm3 cm–3 0.19 0.19 0.20

143

144

145

146 2.2. Experimental design and crop management

147 The experiments were set up as a split-plot design with four replications. The main plots (90 m2 

148 each) were the soil tillage techniques: CT or NT. Each subplot received a different level of N 

149 fertilizer: 0, 40, 80, 120 or 160 kg N ha–1 (hereafter referred to as “N0”, “N40”, “N80”, “N120” and 

150 “N160,” respectively). The size of each subplot was 18 m2 (16 rows, each 6.0 m long, spaced at 

151 0.1875 m). In both 2012 and 2013, the previous crop was berseem clover (Trifolium alexandrinum 

152 L.) in all three sites; before berseem clover was sown, soils were always managed with one shallow 

153 harrowing operation to prepare a proper seedbed. Berseem clover was managed by cutting plants to 

154 an ~8 cm stubble height in the first decade of April and allowing plant regrowth to produce seeds. 

155 Standing straws were always left in the soil, and loose residues (3‒4 Mg DM ha−1, on average) were 
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156 spread uniformly throughout the plot. In 2013, the experiments were performed in the same three 

157 sites in surfaces adjacent to those used in 2012, to maintain “first year switch conditions”.

158 CT consisted of one moldboard plowing to a depth of 0.30 m in the summer, followed by two 

159 shallow harrowing operations before sowing to control weeds and prepare a suitable seedbed. NT 

160 consisted of sowing by direct drilling; before sowing, weeds were controlled with glyphosate (N-

161 [phosphonomethyl] glycine) at rates of 720 to 1440 g a.i. ha–1 depending on the development of the 

162 weeds; sowing was performed by direct drilling with a no-till seed drill. In CT treatments, residues 

163 of previous crops were incorporated into the soil, whereas in NT treatments they were left on the 

164 soil surface (to ensure that soil coverage was always more than 30%). Cultivation and tillage 

165 treatments were performed with commercial farm equipment. Phosphorus fertilizer was applied to 

166 the surface of each plot before planting as triple superphosphate at a rate of 69 kg P2O5 ha–1. 

167 Nitrogen fertilization was done by hand-applying in each plot the appropriate amount of N fertilizer 

168 (as [NH4]2SO4) according to the experimental design. The total amount of N fertilizer was always 

169 split applied, with 50% applied at crop emergence and 50% applied at the end of tillering. Durum 

170 wheat (cv Vertola) was planted (for all treatments) at 350 viable seeds m–2 always in the second 

171 decade of December. Vertola (released in 2003) is characterized by short plant height, very early 

172 heading and maturity, a high yield potential, and good pasta-making quality. Spontaneous weeds 

173 were controlled at an early growth stage with application of thifensulfuron-methyl (25 g a.i. ha–1) 

174 and tribenuron-methyl (12.5 g a.i. ha–1).

175 Each year and at each site, soon after crop emergence, two sampling areas of 2.25 m2 each (8 rows 

176 1.5 m long) were identified within each subplot for subsequent measurements. In N80 treatments, a 

177 15N fertilizer (as [NH4]2SO4) with an isotopic enrichment of 1.33 atom% was added to the two 

178 sampling areas (50% at crop emergence and 50% at the end of tillering) following the application 

179 procedure described by Høgh-Jensen and Schjoerring (1994); the rest of the subplots outside of the 

180 15N-labeled areas received equivalent amounts of unlabeled fertilizer.
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181 Soil samples (0- to 0.40-m layer) were collected from each subplot immediately before sowing and 

182 soon after the harvesting of wheat and analyzed for 2M KCl-extractable NH4
+–N and NO3

––N (10 g 

183 of soil in 100 mL of extractant) using a Bran+Luebbe AutoAnalyzer 3 (Norderstedt, Germany).

184 In both years, heading (stage 59, Zadoks scale; Zadoks et al., 1974) was reached in the third decade 

185 of April. Both at heading and at maturity (stage 92, Zadoks scale), a sample of total aboveground 

186 plant material from a 0.50 m segment of the two central rows of each sampling area was taken, 

187 oven-dried at 60°C for 48 h, weighed, ground to a fine powder (sieved using a 0.1-mm mesh) in a 

188 fast-running mill, and analyzed for total N and, limited to N0 and N80, for 15N enrichment. 

189 Concentrations of total N were assessed using the Dumas method (flash combustion with automatic 

190 N analyzer; DuMaster D-480, Büchi Labortechnik AG, Flawil, Switzerland), and 15N 

191 concentrations were determined using a Roboprep-CN and 20-20 isotope ratio mass spectrometer 

192 (Europa Scientific Ltd, Crewe, UK). In the rest of each sampling area, biomass production was 

193 determined. All samples were oven-dried at 60°C for 48 h and weighed. For each subplot, at 

194 harvest, grain yield was recorded after hand-cutting plants from a sampling area of 2.25 m2 and 

195 threshing with a laboratory thresher for cereals. Grain N content (g kg−1) was also recorded. The 

196 weather data were collected from a weather station located within 500 m of the sites.

197

198 2.3. Calculations and statistical analyses

199 Data on 15N enrichment of biomass, taken both at heading and at maturity, were used to calculate 

200 labeled-fertilizer N recovery (15NREC) on an area basis (kg N ha−1) and percentage basis according to 

201 Hauck and Bremner (1976):

202

203 [1]15𝑁𝑅𝐸𝐶 =  𝑁𝑡 ×
15𝑁𝑓𝑝 ‒ 15𝑁𝑛𝑓𝑝

15𝑁𝑓𝑒𝑟𝑡 ‒ 15𝑁𝑛𝑓𝑝

204 and

205 [2]%
15

𝑁𝑅𝐸𝐶 =  
15𝑁𝑅𝐸𝐶

𝑓 × 100
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206

207 where Nt is the plant N uptake (kg N ha−1), 15Nfp is the atom% 15N in the fertilized plants (N80 

208 treatments), 15Nnfp is the atom% 15N in the nonfertilized plants (N0 treatments), 15Nfert is the atom% 

209 15N in the fertilizer, and f is the fertilizer rate (kg N ha−1).

210 According to Huggins and Pan (1993), the soil N potentially available for the crop (i.e., N supply, 

211 Ns, kg N ha–1) was estimated as the amount of applied N (f) plus Nt plus residual postharvest N in 

212 the soil (kg N ha–1), the latter two determined from control subplots (no applied N).

213 Moreover, the following parameters related to N accumulation and remobilization were calculated 

214 according to Cox et al. (1986) and Arduini et al. (2006):

215 - postheading N accumulation (kg N ha−1), as the difference between the amount of N uptake (kg 

216 N ha−1) in the aboveground biomass at heading and at maturity ;

217 - N remobilization (kg N ha−1), as the amount of N uptake (kg N ha−1) in the aboveground biomass 

218 at heading minus the difference between the amount of N uptake (kg N ha−1) in the aboveground 

219 biomass and the grain N yield (kg N ha−1) at maturity;

220 - N remobilization efficiency, as the ratio of the amount of N remobilization (kg N ha−1) to the 

221 amount of N uptake (kg N ha−1) in the aboveground biomass at heading;

222 - contribution of N remobilization to grain N yield (CNRG), as the percentage ratio of N 

223 remobilization (kg N ha−1) to grain N yield (kg N ha−1).

224 Data were analyzed using a linear model for split-plot design (Montgomery, 1997), with tillage 

225 system as the main plot and N fertilization rate as the subplot, replicated four times and in three 

226 different sites. Besides the site, two more factors could be considered—soil and year—but these and 

227 their interaction were confounded with site. To establish which of the two (soil or year) primarily 

228 influenced the variability in site and its interaction with tillage system and N fertilization rate, we 

229 used two different models to analyze the data with respect to each output variable: i) a model with 

230 site, tillage system, and N fertilization rate and their interactions; and ii) a model with soil, year, 

231 tillage system, and N fertilization rate and their interactions. In comparing the analysis of variance 
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232 tables of the two models, we partitioned the effect of site and of its interaction with tillage system 

233 and N fertilization rate between a part corresponding to year and a part corresponding to soil. 

234 Means differences were compared using the Tukey test (P < 0.05 and 0.01). The entire analysis was 

235 carried out using R (2011).

236 Finally, canonical discriminant analysis (CDA) was performed (SAS Institute, 2008) to determine i) 

237 whether multivariate statistically significant differences existed between tillage systems across year, 

238 N fertilization rate, and site based on some selected plant traits; and ii) which of these traits 

239 accounted the most for these differences. Canonical variable means (centroid values) were 

240 calculated for each combination (tillage system/year, tillage system/N fertilization rate, and tillage 

241 system/site), and the significance between means was determined using the Mahalanobis distance.

242
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243 3. Results

244 The total rainfall during the first growing season was 596 mm (Fig. 1), which was very close to the 

245 long-term average. Rainfall was well distributed over the growing season and allowed for 

246 satisfactory plant growth and yield for the trial environment. The mean temperature for the year was 

247 slightly lower than the normal mean temperature, especially during the winter season. During the 

248 second growing season, the total rainfall was 866 mm, about 50% greater than the long-term 

249 average. Rainfall mainly occurred in October (180 mm) and between January and March (430 mm), 

250 with a peak in January (185 mm), causing severe water logging during the vegetative phase of the 

251 crop cycle. The mean temperature was similar to the normal mean temperature.

252
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254 Fig. 1. Accumulated rainfall [A] and 10-day mean air temperature [B] at the experimental site 
255 during the two growing seasons (2011–2012 and 2012–2013). 30-year average 10-day temperatures 
256 and accumulated rainfall are also included.
257

258 Table 2 shows the results of the statistical analysis of the effects of the applied treatments (and their 

259 interactions) on wheat yield and N parameters. The great variability in the climatic conditions 

260 between the two experimental years markedly influenced crop growth and productivity, with the 

261 grain yield approximately twice as great in 2012 as in 2013 (on average 4.61 and 2.34 Mg ha–1, 

262 respectively). The effects of tillage system on most of the observed traits varied greatly by site. The 

263 greatest contribution to the significance of this interaction was almost always attributable to year; in 
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264 contrast, the contribution of soil type was generally low. For some traits, the effects of tillage 

265 system also varied by N fertilization.

266 In 2012, compared to CT, NT negatively affected grain yield in the two Inceptisols (–32% and –

267 17%, respectively, in St1 and St2) but not in the Vertisol (St3; Fig. 2), whereas in 2013 no 

268 differences were observed between CT and NT in grain yield.

269
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270 Table 2. Analysis of variance: P-values for the effects of the applied treatments on the traits measured on durum wheat plants. Percentage values in 

271 brackets represent the proportion of the variance explained by the factor.

 D.f.

Grain 
yield

N uptake 
at heading

N uptake 
at maturity

N uptake 
heading to 

maturity

Grain N 
content

Grain N 
yield

15NREC at 
heading¶

15NREC at 
maturity¶

N
remob.‡

N remob. 
efficiency

N
supply¶ CNRG§

Mg ha–1 kg N ha–1 kg N ha–1 kg N ha–1 g kg–1 kg N ha–1 % % kg N ha–1 ― kg N ha–1 %

Site 5 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002

Year (Y) 1 *** (73%) *** (96%) *** (84%) *** (31%) *** (78%) *** (77%) *** (90%) *** (89%) *** (89%) ns (4%) *** (75%) ** (39%)

Soil type (St) 2 *** (14%) ** (2%) *** (6%) *** (24%) ** (11%) *** (10%) *** (9%) *** (9%) *** (11%) *** (81%) *** (13%) * (33%)

Y × St 2 *** (13%) * (2%) *** (10%) *** (45%) ns (11%) *** (13%) ns (1%) † (2%) ns (0%) † (15%) *** (12%) * (28%)

Tillage (T) 1 <0.001 0.004 0.012 ns ns <0.001 ns ns 0.018 ns <0.001 ns

T × Site 5 <0.001 0.003 0.009 ns ns <0.001 0.049 0.056 0.049 ns 0.013 0.068

T × Y 1 *** (77%) *** (93%) *** (77%) ns (13%) ns (65%) *** (75%) ** (75%) ** (88%) ** (74%) ns (2%) ** (71%) ns (0%)

T × St 2 ns (7%) ns (4%) ns (6%) † (78%) ns (16%) ns (9%) ns (0%) ns (2%) ns (11%) † (57%) ns (17%) * (90%)

T × Y × St 2 * (16%) ns (3%) * (17%) ns (9%) ns (19%) * (16%) ns (25%) ns (10%) ns (10%) ns (41%) ns (12%) ns (10%)

Fertilization (F) 4 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ― ― <0.001 0.002 ― ns

F × T 4 0.002 0.001 0.013 ns 0.043 ns ― ― ns 0.037 ― ns

F × Site 20 0.098 <0.001 <0.001 ns 0.003 <0.001 ― ― <0.001 <0.001 ― <0.001

F × Y 4 * (33%) *** (91%) *** (86%) ns (31%) *** (55%) *** (60%) ― ― *** (47%) ns (9%) ― * (18%)

F × St 8 * (53%) ns (5%) ns (4%) ns (33%) ns (26%) * (29%) ― ― ** (40%) *** (71%) ― *** (59%)

F × Y × St 8 ns (14%) ns (4%) ns (10%) ns (36%) ns (19%) ns (11%) ― ― ns (13%) † (20%) ― ns (23%)

Site × T × F 20 ns ns ns ns ns ns ― ― ns ns ― ns

Y × T × F 4 ns (24%) ns (44%) ns (25%) ns (14%) ns (20%) ns (12%) ― ― ns (36%) ns (15%) ― ns (8%)

St × T × F 8 ns (24%) ns (26%) ns (20%) ns (38%) ns (19%) ns (25%) ― ― ns (8%) ns (39%) ― ns (38%)

Y × St × T × F 8 ns (52%) ns (30%) ns (55%) ns (47%) † (60%) ns (63%) ― ― ns (55%) ns (46%) ― ns (54%)

272 †, *, **, and *** indicate that the factor is significant at P ≤ 0.1, 0.05, 0.01, and 0.001, respectively; ns, not significant at P ≤ 0.1. ¶ For the 15N 
273 fertilizer recovery (both at heading and maturity) and for the N supply the analysis of variance was performed only on the data obtained from N80 
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274 and N0, respectively. ‡N remob. is N remobilization. § CNRG is the contribution of N remobilization to grain N yield (as percentage ratio of N 
275 remobilization to grain N yield).
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279 Fig. 2. Grain yield of wheat as affected by tillage system and soil type, separately for year. CT, 
280 conventional tillage; NT, no-tillage. St1= Typic Calcixerept; St2= Vertic Haploxerept; St3= 
281 Chromic Haploxerert (see Table 1). Each value is a mean of 4 data (4 replicates). Vertical bars 
282 indicate standard errors of each mean value. Asterisks in the top of the histograms indicate that 
283 tillage system effect was significant at P ≤ 0.05.
284

285 On average, a strong grain yield advantage of CT over NT (approximately 0.6 Mg ha–1 of grain) 

286 was observed with no N fertilization (Fig. 3A). This benefit decreased progressively with increases 

287 in the N fertilizer rate, to the point that at 120 kg ha–1 of N differences between CT and NT were 

288 negligible. On average, grain N content increased with the N fertilization rate (from 24.0 g kg–1 in 

289 N0 to 25.8 g kg–1 in N160); the effects on N fertilization were higher in CT compared to NT, and 

290 the differences between the two tillage systems were significant at the higher N fertilizer rates 

291 (N120 and N160; Fig. 3B). On the whole, grain N yield varied in the same way as the grain yield, 

292 but, unlike the latter, CT and NT showed a similar response to the increase in the N fertilizer rate 

293 (Tillage System × N Fertilization Rate not significant).

294 N supply was on average markedly higher in 2012 than in 2013 (141 vs. 65 kg N ha–1, respectively). 

295 Nitrogen supply was significantly higher under CT than NT only in 2012 (Fig. 4). In this year, the 
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296 superiority of CT over NT was clear in the two Inceptisols (+52% and +32% in St1 and St2, 

297 respectively) and moderate in the Vertisol (i.e., St3; +9%).. The grain yield of wheat increased 

298 proportionally with increasing N supply, with no significant differences observed in this 

299 relationship by tillage system (Fig. 5A). Moreover, the variation in N supply due to the tillage 

300 system adopted explained about 90% of the variation observed in the grain yield between NT and 

301 CT systems in N0 (Fig. 5B).
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306 Fig. 3. Grain yield [A] and grain N content [B] in wheat grown under conventional tillage (CT) and 
307 no-tillage (NT) at five N fertilization levels (0, 40, 80, 120, and 160 kg N ha–1). Each value is a 
308 mean of 24 data (2 years × 3 soil types × 4 replicates). Vertical bars indicate standard errors of each 
309 mean value. Asterisks indicate that tillage system effect was significant at P ≤ 0.05 (*) or P ≤ 0.01 
310 (**).
311
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314 Fig. 4. N supply measured in non-N fertilized plots (N0) as affected by tillage system and soil type, 
315 separately for year. CT, conventional tillage; NT, no-tillage. St1= Typic Calcixerept; St2= Vertic 
316 Haploxerept; St3= Chromic Haploxerert (see Table 1). Each value is a mean of 4 data (4 replicates). 
317 Vertical bars indicate standard errors of each mean value.
318



20

319

y = 0.0269x + 0.0271
R² = 0.9568

0

1

2

3

4

5

6

0 50 100 150 200 250

G
ra

in
 y

ie
ld

 (M
g 

ha
–1

)

N supply (kg ha–1)

CT

NT

[A]

y = 0.028x - 0.0998
R² = 0.8887

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

-60 -45 -30 -15 0 15

∆ 
gr

ai
n:

 N
T–

C
T 

(M
g 

ha
–1

)

∆ N supply: NT–CT (kg N ha–1)

[B]

320 Fig. 5. [A]: Relationship between the N supply and the grain yield of wheat; each value is a mean of 
321 24 data (2 years × 3 soil types × 4 replicates); since no significant differences between NT and CT 
322 were found in the regression equations obtained, a unique regression line (and relative equation) 
323 was reported. [B]: Relationship between the differences in the N supply between no-tillage (NT) 
324 and conventional tillage (CT) and the differences in the grain yield of wheat between NT and CT in 
325 the various trial conditions (n = 24; 2 years × 3 soil types × 4 replicates). Both the relationships 
326 displayed refer to the non-N fertilized condition (N0). In both figures, horizontal and vertical bars 
327 indicate the standard errors of each mean value.

328

329 Tillage system influenced N uptake (both at heading and at maturity) differently in the 2 years (Fig. 

330 6A and 6C). In 2012, application of NT instead of CT led to a decrease in N uptake (on average 
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331 −11% both at heading and at maturity), whereas in 2013, no differences between NT and CT were 

332 observed for N uptake (both at heading and at maturity). On average, the advantage for CT over NT 

333 for N uptake, large and significant under N0 conditions, decreased progressively as the rate of N 

334 fertilizer increased so that starting from N80 and from N120 no significant differences were 

335 observed between the two tillage systems, respectively at heading and at maturity (Fig. 6B and 6D). 

336 For N uptake at maturity the effects of tillage varied by soil type, but only in 2012 (Fig. 7). 

337 Differences due to tillage system were not observed in the amount of N taken up by wheat from 

338 heading to maturity (Table 2).
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341 Fig. 6. Nitrogen uptake at heading [A] and maturity [B] of durum wheat as affected by tillage 
342 system (CT, conventional tillage; NT, no-tillage, NT), year (2012 and 2013), and N fertilization rate 
343 (0, 40, 80, 120, and 160 kg N ha–1). Each value is a mean of 60 data (5 N fertilizer rates × 3 soil 
344 types × 4 replicates) in [A] and [C], and of 24 data (2 years × 3 soil types × 4 replicates) in [B] and 
345 [D]. Vertical bars indicate standard errors of each mean value. Asterisks indicate that tillage system 
346 effect was significant at P ≤ 0.05 (*) or P ≤ 0.01 (**).
347
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350 Fig. 7. N uptake of wheat at maturity as affected by tillage system and soil type, separately for year. 
351 CT, conventional tillage; NT, no-tillage. St1= Typic Calcixerept; St2= Vertic Haploxerept; St3= 
352 Chromic Haploxerert (see Table 1). Each value is a mean of 4 data (4 replicates). Vertical bars 
353 indicate standard errors of each mean value. Asterisks in the top of the histograms indicate that 
354 tillage system effect was significant at P ≤ 0.05.
355

356 On average, the recovery of 15N fertilizer (%15NREC) was markedly higher in 2012 than in 2013 

357 (Fig. 8); at heading %15NREC was 31.2% and 6.5% in 2012 and 2013, respectively, whereas at 

358 maturity it was 41.0% and 11.1%, respectively. The %15NREC at heading was significantly lower in 

359 NT than in CT in 2012. The opposite was observed in 2013, when %15NREC was significantly higher 

360 in NT than CT both at heading and at maturity. Moreover, the advantage for CT over NT for 

361 %15NREC was canceled out in 2012 from heading to maturity, whereas in 2013 the advantage for NT 

362 over CT increased from heading to maturity.

363

364
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366 Fig. 8. Percentage of the recovery of the 15N-fertilizer (%15NREC) at heading and maturity by durum 
367 wheat as affected by tillage system in the two experimental years. CT, conventional tillage; NT, no-
368 tillage. Each value is a mean of 12 data (3 soil types × 4 replicates). Vertical bars indicate standard 
369 errors of each mean value. Within each phenological stage, different letters denote significant 
370 differences (P ≤ 0.05).
371

372 The amount of N remobilized during the grain filling was markedly higher in 2012 than in 2013 (on 

373 average 78.0 vs. 28.4 kg N ha–1, respectively). Application of NT instead of CT resulted in an 

374 important decrease in N remobilization only in 2012 (Fig. 9). The effects of tillage system on both 

375 N remobilization efficiency and CNRG varied by soil type, being slightly higher in CT than NT 

376 only in the Vertisol (St3) (data not shown).
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378 Fig. 9. Nitrogen remobilization in wheat grown under conventional tillage and no-tillage in the two 
379 experimental years. CT, conventional tillage; NT, no-tillage. Each value is a mean of 60 data (5 N 
380 fertilizer rates × 3 soil types × 4 replicates). Vertical bars indicate standard errors of each mean 
381 value. Asterisks in the top of the histograms indicate that tillage system effect was significant at P ≤ 
382 0.01.
383

384 The CDA performed for tillage system and year and based on data for eleven selected traits clearly 

385 discriminated the treatments (Fig. 10A). First canonical variable (CAN1) mostly varied according to 

386 grain yield, N uptake (both at heading and at maturity), and the %15NREC (both at heading and at 

387 maturity), whereas CAN2 was mostly influenced (negatively) by N remobilization efficiency and 

388 grain yield. CAN1 discriminated clearly 2012 by 2013, whereas CAN2 discriminated NT by CT 

389 only for 2012. Specifically, NT-2012 and CT-2012 plotted in the upper right and bottom right 

390 quadrants, respectively (highly significant differences based on Mahalanobis squared distances), 

391 whereas NT–2013 and CT–2013 plotted near each other with no significant differences. In the CDA 

392 based on tillage system and N fertilization (Fig. 10B), distances between NT and CT systems 

393 decreased as the N fertilizer rate increased, so that differences based on Mahalanobis squared 

394 distances were significant only at N0 and N40. Both CAN1 (which was influenced by grain and 

395 grain N yields, N uptake both at heading and at maturity) and CAN2 (which varied mainly 

396 according to the grain N content and the CNRG) contributed to discriminating the treatments. 
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397 Finally, the CDA based on tillage system and soil type also discriminated the treatments (Fig. 10C). 

398 CAN1 was positively influenced by grain and grain N yields and N remobilization, whereas the 

399 traits with the greatest influence on CAN2 were the N uptake (both at heading and at maturity) and 

400 the grain N content. As can be seen from the figure, distances between CT and NT systems varied 

401 according to soil type (St1 > St2 > St3).
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406 Fig. 10. Canonical discriminant analysis (CDA). Canonical variable means (centroid values) were 
407 calculated for each combination: [A]= tillage system/year; [B]= tillage system/N fertilization rate; 
408 and [C]= tillage system/soil type. CAN1, first canonical variable; CAN2, second canonical variable. 
409 CT, conventional tillage; NT, no-tillage. N0, N40, N80, N120, and N160 represent the following 
410 fertilization rates: 0, 40, 80, 120, and 160 kg N ha−1, respectively. St1, Typic Calcixerept; St2, 
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411 Vertic Haploxerept; St3, Chromic Haploxerert (see Table 1). CDAs were performed on the basis of 
412 only 11 selected traits measured on plants: a) grain yield; b) N uptake at heading; c) N uptake at 
413 maturity; d) N uptake from heading to maturity; e) grain N yield; f) grain N content; g) N 
414 remobilization; h) N remobilization efficiency; i) ratio between N remobilization and grain N 
415 yield(CNRG); l) recovery of 15N-fertilizer at heading; m) recovery of 15N-fertilizer at maturity. 
416 Within each diagram, the direction and length of each line indicate the canonical loadings of the 
417 measured traits on the first two canonical variables.
418
419
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420 4. Discussion

421 The results of the present study suggest that switching from CT to NT influences crop response 

422 through effects on soil N dynamics and in particular on the soil N potentially available for the crop. 

423 Soil cultivation, which increases soil aeration and mixes and incorporates crop residues into the soil, 

424 generally increases the decomposition of OM by altering the soil structure and temperature, by 

425 modifying the degree of physical protection of OM from microorganisms (or their enzymes), and by 

426 stimulating microbial activity and modifying the rate of microbial biomass turnover (Silgram and 

427 Shepherd, 1999; Watson et al., 2002; Mikha and Rice, 2004). This leads to a faster release of N 

428 from both the native soil OM and the crop residues under CT compared to NT systems and thus to 

429 an increase in the N supply. The decrease in N supply in NT compared to CT can also be the result 

430 of an increased N immobilization rate under NT (Rice and Smith, 1984; Drinkwater et al., 2000). In 

431 fact, many studies have shown that surface-managed crop residues (such as those generally found in 

432 NT systems) have a greater potential for N immobilization than incorporated residues (Holland and 

433 Coleman, 1987; Van Den Bossche et al., 2009).

434 In the present study, N supply was markedly lower in NT than CT in 2012 (on average about 125 

435 and 160 kg N ha–1 in NT and CT,respectively), whereas no differences were observed by tillage 

436 system in 2013 (about 65 kg N ha–1 for both CT and NT). The differences in N supply between CT 

437 and NT affected durum wheat grain yield and N uptake, which both varied significantly in 2012 

438 (with higher values in CT than NT) but not in 2013 (CT = NT). Moreover, we found a strong 

439 positive relationship between the differences in N supply and the differences in grain yield between 

440 CT and NT, showing that a high proportion (about 90%) of the variation observed for grain yield 

441 between NT and CT was explained by the variation in N supply between these two tillage systems. 

442 The hypothesis that the lower N supply under NT was the determining factor in reducing grain yield 

443 and N uptake is corroborated by the fact that the differences between CT and NT for these two traits 

444 progressively decreased as the N fertilizer rate increased. This was confirmed by the results from 

445 the CDA that showed how the distances between NT and CT, which were significant in N0 and 
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446 N40, decreased as the N fertilizer rate increased, so much so that starting from N80 the distances 

447 between the two tillage systems were canceled out. Our data are in line with the findings of Lundy 

448 et al. (2015), who performed a meta-analysis to evaluate the influence of crop and environmental 

449 variables on NT productivity and found that N fertilization reduces yield declines following the 

450 adoption of NT.

451 The detrimental effects of the adoption of NT on durum wheat varied according to soil type as 

452 highlighted by the CDA and, in particular, these detrimental effects seemed to increase with 

453 decreasing soil fertility and in particular when soil total N decreased (St1 > St2 > St3). The 

454 differences between CT and NT for grain yield and N uptake were indeed much lower in the 

455 Vertisol (the N-richest soil with a total N content > 1.5 g kg–1 of soil) than in the two Inceptisols 

456 (both with a total N content < 1 g kg–1 of soil). Compared to NT, CT promotes an increase in soil 

457 OM decomposition (and hence the release of N) through increase in soil aeration (Six et al., 2000), 

458 in addition to the mechanisms listed above. Thus, in the Vertisol, which was characterized by a 

459 good structure due to the high contents of montmorillonitic clays and soil OM, the omission of soil 

460 cultivation likely did not reduced the soil OM decomposition rate, as was the case for the two 

461 Inceptisols, in which, in the absence of tillage, oxygen could have become a limiting factor for the 

462 soil OM decomposition process. The differences in N supply observed between CT and NT in the 

463 three soils used in the present study, which were significant and consistent in the two Inceptisols but 

464 very low in the Vertisol, support this hypothesis. Clearly, improvements in soil biological activity, 

465 porosity, OM content, and structure induced by the continuous application of NT over a number of 

466 years should progressively counteract the negative effects highlighted during the shift from CT to 

467 NT, as suggested by Rice et al. (1986) and Salinas-García et al. (1997). However, the results of an 

468 experiment carried out in the same environment as present study, in which NT was applied 

469 continuously for several years, while showing a progressive increase in NT with respect to CT for 

470 many of the above mentioned parameters (soil biological activity, OM content, etc.; Badagliacca et 
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471 al., 2018), they also showed higher values of N supply under CT compared to NT, thus failing to 

472 support the hypothesis of occurrence of a transient effect. (Ruisi et al., 2016).

473 Some authors have attributed the differences in grain yield and N uptake between CT and NT to the 

474 differing efficiency of CT plants and NT plants in taking up N and other nutrients from the soil (Fox 

475 and Bandel, 1986; López-Bellido and López-Bellido, 2001). However, our research does not 

476 confirm this hypothesis. In fact, no differences were observed between the two tillage systems in 

477 either the amount of residual N in the soil at harvest (data not shown) or the 15N fertilizer recovery 

478 fraction (%15NREC). Hence, the differences between CT and NT in N uptake have to be attributed to 

479 differences in the N supply between the two tillage systems, similar to what was observed in the 

480 above mentioned long-term tillage experiment (Ruisi et al., 2016).

481 In 2013, no differences were found between CT and NT in any of the observed traits, in contrast 

482 with the findings of 2012. This lack of differences can be explained by the excessive rainfall in the 

483 100 days after sowing (more than 400 mm of rain), which most likely caused abundant leaching of 

484 both native soil N and N from fertilizer applied at crop emergence. Several studies have shown that 

485 in Mediterranean environments N losses through leaching can be considerable, particularly in years 

486 characterized by rainy autumns or winters. As reported by Demurtas et al. (2016) in a study carried 

487 out under Mediterranean conditions, about 70% of total annual NO3
– leaching occurs between 

488 October and February, the period in which about 60% of the annual percolation occurs in 

489 Mediterranean areas as a consequence of the imbalance between rainfall and evapotranspiration 

490 (Arregui and Quemada, 2006; Carneiro et al., 2012). This most likely occurred in our experiment in 

491 2013, and this hypothesis is furthermore supported by the values found for the 15N fertilizer 

492 recovery fraction (%15NREC = about 10% on average), which were much lower than both those 

493 observed in 2012 (%15NREC = about 40% on average) and those usually reported in the literature for 

494 wheat grown in the same environment (%15NREC = 25%–30%; Giambalvo et al., 2010; Ruisi et al., 

495 2014, 2015). Previous studies have shown inconsistent findings for the influence of tillage system 

496 on N losses via leaching. In particular, the effect of tillage system seems to be highly dependent on 
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497 soil N availability and pedo-climatic and agronomic factors (Hansen and Djurhuus, 1997; 

498 Constantin et al., 2010). Some research has highlighted the fact that adoption of NT increases NO3
–-

499 N drainage losses through leaching, encouraging the formation of continuous soil macro-pores, 

500 which may increase NO3
–-N preferential flow (Paul and Clark, 1989; Patni et al., 1998). In contrast, 

501 other studies have reported less NO3
–-N leaching under NT due to the reduced amount of N 

502 available for leaching because of the lower N mineralization rate compared to CT (Levanon et al., 

503 1993; Mkhabela et al., 2008). Melero et al. (2011) came to similar conclusions in an experiment 

504 carried out in a Mediterranean Vertisol. We think that in the present study, N leaching was likely 

505 much more intense under CT than under NT during 2013, thus nullifying the advantage of soil 

506 cultivation in terms of increased N supply with respect to NT, so much so that no differences were 

507 observed in crop response between the two tillage techniques. The hypothesis that N leaching could 

508 have been more intense in CT than NT finds further confirmation in the analysis of %15NREC 

509 recorded in 2013, which, although quite low overall, was significantly higher in NT than CT, 

510 implying that a greater amount of N fertilizer could have been lost via leaching in CT compared to 

511 NT.

512 Our results highlight the fact that the advantages for CT over NT for plant growth materialized 

513 already during the vegetative phase of the crop cycle, as shown by the values of N uptake at 

514 heading (on average higher in CT than NT). Thus, the adoption of CT could have led to more 

515 favorable conditions for more rapid plant early growth (tillering and first phases of stem elongation) 

516 compared to NT, with a consequential increase for plants under CT in N crop demand and a greater 

517 chance that the crop would absorb the N provided by the fertilizer. Obviously, in addition to the 

518 higherN supply, other factors, such as the higher soil temperatures and aeration under CT, could 

519 have contributed to this result (Mielke et al., 1986; Giller et al., 2009; Rusinamhodzi et al., 2011).

520 Moreover, it is interesting to note that in the present research no differences between CT and NT 

521 were observed for the amount of N taken up by durum wheat from heading to maturity. The 

522 negative effects on initial crop growth associated with NT were evidently canceled out or partially 
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523 counteracted by other factors during the reproductive phase of the crop cycle. For instance, 

524 compared to CT, in NT more water is generally available for the crop during the spring (i.e., during 

525 wheat grain filling), a fact that is attributable to reduced soil water evaporation with NT (Blevins 

526 and Frye, 1993; Lampurlanés and Cantero-Martínez, 2006) and to deeper soil water storage under 

527 this tillage system (Lampurlanés et al., 2016). This would also explain the higher N remobilization 

528 efficiency observed under NT compared to CT when N fertilizer was applied. Indeed, Ercoli et al. 

529 (2008) observed in durum wheat that N remobilization efficiency decreased with increasing water 

530 stress during grain filling and also that the magnitude of this effect increased with increasing 

531 availability of N, thus highlighting the fact that plant N status can influence plant tolerance to water 

532 stress. Moreover, it is reasonable to assume that the improved vegetative plant growth under CT 

533 could have led to an increased demand for transpiration and a faster depletion of soil water reserve 

534 in CT compared to NT, thus resulting in an amplification of water stress conditions during grain 

535 filling, which could have adversely affected N remobilization efficiency. On the other hand, in 

536 semiarid Mediterranean environments, which are characterized by low and erratic rainfall patterns 

537 during the growing season, it is particularly important to adopt crop management strategies that 

538 mitigate water stress during grain filling. These strategies should aim to limit excessive water 

539 consumption during the initial phase of crop growth and to maximize the availability of water 

540 during grain filling. From the above, it follows that adopting NT, which influences N and water 

541 availability patterns, represents a solution particularly suitable for Mediterranean environments, as 

542 it can enhance the efficient use of these resources (Cantero-Martínez et al., 2007; Morell et al., 

543 2011). Therefore, it is not surprising that several studies carried out in Mediterranean areas have 

544 shown that NT generally results in higher grain yields than CT in dry years (Lampurlanés et al., 

545 2002; Amato et al., 2013). Under these conditions, the adoption of NT instead of CT is often 

546 advantageous because of the benefits of NT in terms of soil water storage and reduced soil water 

547 evaporation (Lampurlanés and Cantero-Martínez, 2006). In our experiment, rainfall was normal or 

548 consistently above the long-term average, so the availability of water was certainly not the key 
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549 factor that limited crop productivity (thus nullifying the potential advantage of NT over CT), 

550 whereas N supply was. We believe that if the growing seasons had been drier the results could have 

551 been different.

552 On the whole, the results of the present study show that the shift from CT to NT can be problematic, 

553 as it can negatively influence crop performance with effects more or less intense in relation to 

554 climate (mainly the amount and distribution of rainfall) and soil type. The effects of climate (which 

555 in this experiment were large and intense) and soil type (which were less intense) appeared to be 

556 connected to the influence that these two factors exerted on the soil N dynamics (N releases from 

557 the soil OM decomposition, N losses, etc.) and hence on the N supply in the soil, so much so that N 

558 fertilization progressively reduced or even canceled out the differences observed between the two 

559 soil tillage systems.

560 Moreover, results from the present study also show that i) the advantages of CT over NT for N 

561 supply and N uptake by the crop materialized already during the vegetative phase of the crop cycle; 

562 ii) the differences between CT and NT in N recovered by the crop from fertilizer were on average 

563 small but variable over the years; and iii) the shift from CT to NT was less problematic in the 

564 Vertisol, which is more fertile and better structured than the two Inceptisols.

565 In conclusion, switching from CT to NT can induce, already in the first year of transition, a 

566 significant reduction of the soil N potentially available for crops. The magnitude of such a reduction 

567 can vary in relation to climatic conditions and soil type. In particular, the differences between CT 

568 and NT for many of the traits observed in durum wheat plants increased with decreasing soil 

569 fertility and reduced progressively as the rate of N fertilization increased.

570 Our study suggests that the shift from CT to NT, which is desirable given the numerous agronomic 

571 and environmental benefits provided by NT (if continuously applied for a consistent number of 

572 years), must be accompanied by a reorganization of crop management, in particular the strategies of 

573 N fertilization, especially when the soil is poor in N. In particular, compared to CT, under NT 

574 conditions it would be appropriate to increase slightly the rate of N fertilizer applied in the early 
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575 tillering stage of growth to take into account the reduction in the release of N from OM 

576 decomposition during the first phases of the growing season. Clearly, all of this should be done 

577 keeping in mind that Mediterranean environments can see rainy years leading to increases in N 

578 losses (especially via leaching). Our results may be useful in helping Mediterranean farmers to plan 

579 appropriate N fertilization strategies to make the shift from CT to NT more successful.

580

581

582 Acknowledgements

583 This study was funded by MIUR (Italian Ministry for Education, University, and Research) to 

584 Università degli Studi di Palermo (Palermo, Italy) and Fondazione A. e S. Lima Mancuso (Palermo, 

585 Italy) in the framework of the Project “Sviluppo tecnologico e innovazione per la sostenibilità e 

586 competitività della cerealicoltura meridionale (PON/01_01145-ISCOCEM)”.

587

588 Declaration of interest

589 Conflicts of interest: none.

590

591



34

592 References

593 Amato, G. et al. (2013). Long-term tillage and crop sequence effects on wheat grain yield and 

594 quality. Agron J. 105, 1317–1327. https://doi.org/10.2134/agronj2013.0019

595 Arduini, I., Masoni, A., Ercoli, L., Mariotti, M. (2006). Grain yield, and dry matter and nitrogen 

596 accumulation and remobilization in durum wheat as affected by variety and seeding rate. Eur J 

597 Agron. 25, 309–318. https://doi.org/10.1016/j.eja.2006.06.009

598 Arregui, L. M., Quemada, M. (2006). Drainage and nitrate leaching in a crop rotation under 

599 different N-fertiliser strategies: application of capacitance probes. Plant Soil 288, 57–69. 

600 https://doi.org/10.1007/s11104-006-9064-9

601 Badagliacca, G. et al. (2018). Long-term effects of contrasting tillage on soil organic carbon, nitrous 

602 oxide and ammonia emissions in a Mediterranean Vertisol under different crop sequences. Sci 

603 Total Environ. 619–620, 18–27. https://doi.org/10.1016/j.scitotenv.2017.11.116

604 Blevins, R. L., Frye, W. W. (1993). Conservation tillage: an ecological approach to soil 

605 management. Adv Agron. 51, 33–78.

606 Cantero‐Martínez, C., Angás, P., Lampurlanés, J. (2007). Long‐term yield and water use efficiency 

607 under various tillage systems in Mediterranean rainfed conditions. Ann Appl Biol. 150, 293–305. 

608 https://doi.org/10.1111/j.1744-7348.2007.00142.x

609 Carneiro, J. P., Coutinho, J., Trindade, H. (2012). Nitrate leaching from a maize × oats double-

610 cropping forage system fertilized with organic residues under Mediterranean conditions. Agric 

611 Ecosyst Environ. 160, 29–39. https://doi.org/10.1016/j.agee.2011.09.001

612 Constantin, J. et al. (2010). Effects of catch crops, no till and reduced nitrogen fertilization on 

613 nitrogen leaching and balance in three long-term experiments. Agric Ecosyst Environ. 135, 268–

614 278. https://doi.org/10.1016/j.agee.2009.10.005

615 Cox, M. C., Qualset, C. O., Rains, D. W. (1986). Genetic variation for nitrogen assimilation and 

616 translocation in wheat. III. Nitrogen translocation in relation to grain yield and protein. Crop Sci. 

617 26, 737–740. https://doi.org/10.2135/cropsci1986.0011183X002600040022x



35

618 Demurtas, C. E., et al. (2016). Replacing organic with mineral N fertilization does not reduce nitrate 

619 leaching in double crop forage systems under Mediterranean conditions. Agric Ecosyst Environ. 

620 219, 83–92. https://doi.org/10.1016/j.agee.2015.12.010

621 Derpsch, R. (2008). Critical steps to no-till adoption. Special Publication 3, 479–495.

622 Drinkwater, L. E., Janke, R. R., Rossoni-Longnecker, L. (2000). Effects of tillage intensity on 

623 nitrogen dynamics and productivity in legume-based grain systems. Plant Soil 227, 99–113. 

624 https://doi.org/10.1023/A:1026569715168

625 Ercoli, L., Lulli, L., Mariotti, M., Masoni, A., Arduini, I. (2008). Post-anthesis dry matter and 

626 nitrogen dynamics in durum wheat as affected by nitrogen supply and soil water availability. Eur 

627 J Agron. 28, 138–147. https://doi.org/10.1016/j.eja.2007.06.002

628 FAO AQUASTAT (2013). Database Query, FAO of the UN, commissioned for the exclusive use of 

629 FAO-Conservation Agriculture. http://www.fao.org/nr/water/aquastat/data/query/results.html. 

630 Accessed: 10 November 2017.

631 Fox, R. H., Bandel, V.A. (1986). Nitrogen utilization with no-tillage. In: No-tillage and surface 

632 tillage agriculture. The tillage revolution. Eds Sprague, M. A. & Triplett, G. B. John Wiley & 

633 Sons, New York, pp. 117–148.

634 Franzluebbers, A. J., Hons, F. M., Zuberer, D. A. (1995). Tillage and crop effects on seasonal soil 

635 carbon and nitrogen dynamics. Soil Sci Soc Am. J. 59, 1618–1624. 

636 https://doi.org/10.2136/sssaj1995.03615995005900060016x

637 Gao, Y. et al. (2009). Effects of mulch, N fertilizer, and plant density on wheat yield, wheat 

638 nitrogen uptake, and residual soil nitrate in a dryland area of China. Nutr Cycl Agroecosyst. 85, 

639 109–121. https://doi.org/10.1007/s10705-009-9252-0

640 García-Orenes, F. et al. (2009). Effects of agricultural management on surface soil properties and 

641 soil–water losses in eastern Spain. Soil Till Res. 106, 117–123. 

642 https://doi.org/10.1016/j.still.2009.06.002



36

643 García-Ruiz, J. M., Nadal-Romero, E., Lana-Renault, N., Beguería, S. (2013). Erosion in 

644 Mediterranean landscapes: changes and future challenges. Geomorphology 198, 20–36. 

645 https://doi.org/10.1016/j.geomorph.2013.05.023

646 Giambalvo, D. et al. (2012). Faba bean grain yield, N2 fixation, and weed infestation in a long-term 

647 tillage experiment under rainfed Mediterranean conditions. Plant Soil 360, 215–227. 

648 https://doi.org/10.1007/s11104-012-1224-5

649 Giambalvo, D., Ruisi, P., Di Miceli, G., Frenda, A. S., Amato, G. (2010). Nitrogen use efficiency 

650 and nitrogen fertilizer recovery of durum wheat genotypes as affected by interspecific 

651 competition. Agron J. 102, 707–715. https://doi.org/10.2134/agronj2009.0380

652 Giller, K. E., Witter, E., Corbeels, M., Tittonell, P. (2009). Conservation agriculture and 

653 smallholder farming in Africa: the heretics’ view. Field Crops Res. 114, 23–34. 

654 https://doi.org/10.1016/j.fcr.2009.06.017

655 González-Sánchez, E. J., Ordóñez-Fernández, R., Carbonell-Bojollo, R.,Veroz-González, O., Gil-

656 Ribes, J. A. (2012). Meta-analysis on atmospheric carbon capture in Spain through the use of 

657 conservation agriculture. Soil Tillage Res.122, 52–60. https://doi.org/10.1016/j.still.2012.03.001

658 Hansen, E. M., Djurhuus, J. (1997). Nitrate leaching as influenced by soil tillage and catch crop. 

659 Soil Till Res. 41, 203–219. https://doi.org/10.1016/S0167-1987(96)01097-5

660 Hauck, R. D., Bremner, J. M. (1976). Use of tracers for soil and fertilizer nitrogen research. Adv 

661 Agron. 28, 219–266. https://doi.org/10.1016/S0065-2113(08)60556-8

662 Høgh-Jensen, H., Schjoerring, J. K. (1994). Measurement of a biological dinitrogen fixation in 

663 grassland: comparison of the enriched 15N dilution and the natural 15N abundance method at 

664 different nitrogen application rates and defoliation frequencies. Plant Soil 166, 153–163. 

665 https://doi.org/10.1007/BF00008328

666 Holland, E. A., Coleman, D. C. (1987). Litter placement effects on microbial and organic matter 

667 dynamics in an agroecosystem. Ecology 68, 425–433. https://doi.org/10.2307/1939274



37

668 Huggins, D. R., Pan, W. L. (1993). Nitrogen efficiency component analysis: an evaluation of 

669 cropping system differences in productivity. Agron J. 85(4), 898–905. 

670 https://doi.org/10.2134/agronj1993.00021962008500040022x

671 Kay, B. D., VandenBygaart, A. J. (2002). Conservation tillage and depth stratification of porosity 

672 and soil organic matter. Soil Tillage Res. 66, 107–18. https://doi.org/10.1016/S0167-

673 1987(02)00019-3

674 Kirkegaard, J. A. (1995). A review of trends in wheat yield responses to conservation cropping in 

675 Australia. Aust J Exp Agric. 35, 835–48. https://doi.org/10.1071/EA9950835

676 Lampurlanés, J., Cantero-Martínez, C. (2006). Hydraulic conductivity: residue cover and soil 

677 surface roughness under different tillage systems in semiarid conditions. Soil Tillage Res. 85, 

678 13–26. https://doi.org/10.1016/j.still.2004.11.006

679 Lampurlanés, J., Angás, P., Cantero-Martínez, C. (2002). Tillage effects on water storage during 

680 fallow: and on barley root growth and yield in two contrasting soils of the semi-arid Segarra 

681 region in Spain. Soil Tillage Res. 65, 207–220. https://doi.org/10.1016/S0167-1987(01)00285-9

682 Lampurlanés, J., Plaza-Bonilla, D., Álvaro-Fuentes, J., Cantero-Martínez, C. (2016). Long-term 

683 analysis of soil water conservation and crop yield under different tillage systems in 

684 Mediterranean rainfed conditions. Field Crop Res. 189, 59–67. 

685 https://doi.org/10.1016/j.fcr.2016.02.010

686 Levanon, D., Codling, E. E., Meisinger, J. J., Starr, J. L. (1993). Mobility of agrochemicals through 

687 soil from two tillage systems. J Environ Qual. 22, 155–161. 

688 https://doi.org/10.2134/jeq1993.00472425002200010020x

689 López-Bellido, R. J., López-Bellido, L. (2001). Efficiency of nitrogen in wheat under 

690 Mediterranean conditions: effect of tillage, crop rotation and N fertilization. Field Crop Res. 71, 

691 31–46. https://doi.org/10.1016/S0378-4290(01)00146-0

692 Lundy, M. E. et al. (2015). Nitrogen fertilization reduces yield declines following no-till adoption. 

693 Field Crops Res. 183, 204–210. https://doi.org/10.1016/j.fcr.2015.07.023



38

694 Madari, B., Machado, P. L. O. A., Torres, E., de Andrade, A. G., Valencia, L. I. O. (2005). No 

695 tillage and crop rotation effects on soil aggregation and organic carbon in a Rhodic Ferralsol 

696 from southern Brazil. Soil Tillage Res. 80, 185–200. https://doi.org/10.1016/j.still.2004.03.006

697 McCarty, G. W., Lyssenko, N. N., Starr, J. L. (1998). Short-term changes in soil carbon and 

698 nitrogen pools during tillage management transition. Soil Sci Soc Am J. 62, 1564–1571. 

699 https://doi.org/10.2136/sssaj1998.03615995006200060013x

700 Melero, S., et al. (2011). Long-term effect of tillage, rotation and nitrogen fertiliser on soil quality 

701 in a Mediterranean Vertisol. Soil Till Res. 114, 97–107. 

702 https://doi.org/10.1016/j.still.2011.04.007

703 Mielke, L. N., Doran, J. W., Richards, K. A. (1986). Physical environment near the surface of 

704 plowed and no-tilled soils. Soil Tillage Res. 7, 355–366. https://doi.org/10.1016/0167-

705 1987(86)90022-X

706 Mikha, M. M., Rice, C. W. (2004). Tillage and manure effects on soil and aggregate-associated 

707 carbon and nitrogen. Soil Sci Soc Am J. 68, 809–816. https://doi.org/10.2136/sssaj2004.8090

708 Mkhabela, M. S. et al. (2008). Gaseous and leaching nitrogen losses from no-tillage and 

709 conventional tillage systems following surface application of cattle manure. Soil Tillage Res. 98, 

710 187–199. https://doi.org/10.1016/j.still.2007.12.005

711 Montgomery, D. C. (1997). Design and analysis of experiments. John Wiley & Sons, New York, 

712 pp. 730.

713 Morell, F. J., Lampurlanés, J., Álvaro-Fuentes, J., Cantero-Martínez, C. (2011). Yield and water use 

714 efficiency of barley in a semiarid Mediterranean agroecosystem: Long-term effects of tillage and 

715 N fertilization. Soil Till Res. 117, 76–84. https://doi.org/10.1016/j.still.2011.09.002

716 Patni, N. K., Masse, L., Jui, P. Y. (1998). Groundwater quality under conventional and no tillage: I. 

717 Nitrate, electrical conductivity, and pH. J Environ Qual. 27, 869–877. 

718 https://doi.org/10.2134/jeq1998.00472425002700040022x



39

719 Paul, E. A., Clark, F. E. (1989). Reduction and transport of nitrate. In: Soil microbiology and 

720 biochemistry 9. Academic Press, Inc., New York, pp. 81–85.

721 Paulitz, T. C., Smiley, R. W., Cook, R. J. (2002). Insights into the prevalence and management of 

722 soilborne cereal pathogens under direct seeding in the Pacific Northwest, USA. Can J Plant 

723 Pathol. 24, 416–28. http://dx.doi.org/10.1080/07060660209507029

724 Peigné, J., Ball, B. C., Roger-Estrade, J., David, C. (2007). Is conservation tillage suitable for 

725 organic farming? Soil Use Manage. 23, 129–144. https://doi.org/10.1111/j.1475-

726 2743.2006.00082.x

727 R Development Core Team (2011). R: A language and environment for statistical computing. R 

728 Foundation for Statistical Computing, Vienna.

729 Raclot, D., Le Bissonnais, Y., Annabi, M., Sabir, M. (2016). Challenges for mitigating 

730 Mediterranean soil erosion under global change. In: The Mediterranean region under climate 

731 change: A scientific update. Eds Thiébault, S. & Moatti, J. P. AllEnvi, Marseille, pp. 311–318.

732 Rice, C. W., Smith, M. S. (1984). Short-term immobilization of fertilizer nitrogen at the surface of 

733 no-till and plowed soils. Soil Sci Soc Am J. 48, 295–297. 

734 https://doi.org/10.2136/sssaj1984.03615995004800020013x

735 Rice, C. W., Smith, M. S., Blevins, R. L. (1986). Soil nitrogen availability after long-term 

736 continuous no-tillage and conventional tillage corn production. Soil Sci Soc Am J. 50, 1206–

737 1210. https://doi.org/10.2136/sssaj1986.03615995005000050023x

738 Ruisi, P. et al. (2014). Conservation tillage in a semiarid Mediterranean environment: results of 20 

739 years of research. Ital J Agron. 9, 1–7. https://doi.org/10.4081/ija.2014.560

740 Ruisi, P. et al. (2016). Long-term effects of no tillage treatment on soil N availability, N uptake, and 

741 15N-fertilizer recovery of durum wheat differ in relation to crop sequence. Field Crop Res. 189, 

742 51–58. https://doi.org/10.1016/j.fcr.2016.02.009

https://doi.org/10.4081/ija.2014.560


40

743 Ruisi, P. et al. (2015). Nitrogen uptake and nitrogen fertilizer recovery in old and modern wheat 

744 genotypes grown in the presence or absence of interspecific competition. Front Plant Sci. 6, 

745 article 185. https://doi.org/10.3389/fpls.2015.00185

746 Ruisi, P. et al. (2015). Weed seedbank size and composition in a long‐term tillage and crop 

747 sequence experiment. Weed Res. 55, 320–328. https://doi.org/10.1111/wre.12142

748 Rusinamhodzi, L. et al. (2011). A meta-analysis of long-term effects of conservation agriculture 

749 practices on maize yields under rain-fed conditions. Agron Sustain Dev. 31, 657–673. 

750 https://doi.org/10.1007/s13593-011-0040-2

751 Salinas-García, J. R., Hons, F. M., Matocha, J. E., Zuberer, D. A. (1997). Soil carbon and nitrogen 

752 dynamics as affected by long-term tillage and nitrogen fertilization. Biol Fert Soils 25, 182–188. 

753 https://doi.org/10.1007/s003740050301

754 SAS Institute (2008). SAS/STAT 9.2 user’s Guide. SAS Institute, Cary, NC.

755 Scopel, E., Findeling, A., Guerra, E. C., Corbeels, M. (2005). Impact of direct sowing mulch-based 

756 cropping systems on soil carbon: soil erosion and maize yield. Agron Sustain Dev. 25, 425–432. 

757 https://doi.org/10.1051/agro:2005041

758 Sharifi, M. et al. (2008). Response of potentially mineralizable soil nitrogen and indices of nitrogen 

759 availability to tillage system. Soil Sci Soc Am J. 72, 1124–1131. 

760 https://doi.org/10.2136/sssaj2007.0243

761 Silgram, M., Shepherd, M. A. (1999). The effects of cultivation on soil nitrogen mineralization. 

762 Adv Agron. 65, 267–311. https://doi.org/10.1016/S0065-2113(08)60915-3

763 Six, J., Elliott, E. T., Paustian, K. (2000). Soil macroaggregate turnover and microaggregate 

764 formation: A mechanism for C sequestration under no-tillage agriculture. Soil Biol Biochem. 32, 

765 2099–2103. https://doi.org/10.1016/S0038-0717(00)00179-6

766 Soil Survey Staff (2006). Keys to Soil Taxonomy, 10th ed. U.S. Gov. Print. Office, Washington, 

767 DC.



41

768 Sosnoskie, L. M., Herms, C. P., Cardina, J. (2006). Weed seedbank community composition in a 

769 35-yr-old tillage and rotation experiment. Weed Sci. 54, 263–273. https://doi.org/10.1614/WS-

770 05-001R2.1

771 Stagnari, F., Galieni, A., Speca, S., Cafiero, G., Pisante, M. (2014). Effects of straw mulch on 

772 growth and yield of durum wheat during transition to conservation agriculture in Mediterranean 

773 environment. Field Crop Res. 167, 51–63. https://doi.org/10.1016/j.fcr.2014.07.008

774 Stubbs, T. L., Kennedy, A. C., Schillinger, W. F. (2004). Soil ecosystem change during the 

775 transition to no-till cropping. J Crop Improv. 11, 105–35. 

776 http://dx.doi.org/10.1300/J411v11n01_06

777 Uri, N. D., Atwood, J. D., Sanabria, J. (1999). The environment benefit and cost of conservation 

778 tillage. Environ Geol. 38, 111–25. https://doi.org/10.1007/s002540050407

779 Van Den Bossche, A., De Bolle, S., De Neve, S., Hofman, G. (2009). Effect of tillage intensity on 

780 N mineralization of different crop residues in a temperate climate. Soil Tillage Res. 103, 316–

781 324. https://doi.org/10.1016/j.still.2008.10.019

782 Watson, C. A., Atkinson, D., Gosling, P., Jackson, L. R., Rayns, F. W. (2002). Managing soil 

783 fertility in organic farming systems. Soil Use Manage. 18, 239–247. 

784 https://doi.org/10.1111/j.1475-2743.2002.tb00265.x

785 West, T. O., Marland, G. (2002). A synthesis of carbon sequestration, carbon emissions, and net 

786 carbon flux in agriculture: comparing tillage practices in the United States. Agric Ecosyst 

787 Environ. 91, 217–32. https://doi.org/10.1016/S0167-8809(01)00233-X

788 West, T. O., Post, W. M. (2002). Soil organic carbon sequestration rates by tillage and crop 

789 rotation: a global data analysis. Soil Sci Soc Am J. 66, 1930–46. 

790 https://doi.org/10.2136/sssaj2002.1930

791 Zadoks, J. C., Chang, T. T., Konzak, C. F. (1974). A decimal code for the growth stages of cereals. 

792 Weed Res. 14, 415–421. https://doi.org/10.1111/j.1365-3180.1974.tb01084.x

https://doi.org/10.1016/S0167-8809(01)00233-X

	This is the peer reviewed version of the following article
	Giambalvo_2018_FCR_Switching_postprint
	Giambalvo_2018_FCR_Switching_postprint




