
Soil and Tillage Research 174: 221-230 (2017)  
 

1 
 

Long-term no-till as a means to maintain soil surface structure in an 

agroecosystem transformed into irrigation 

Evangelina Pareja-Sáncheza*, Daniel Plaza-Bonillab, Maria Concepción Ramosc, Jorge 

Lampurlanésd, Jorge Álvaro-Fuentesb, and Carlos Cantero-Martíneza 

aDepartamento de Producción Vegetal y Ciencia Forestal, Unidad Asociada EEAD-CSIC, 

Agrotecnio,Universidad de Lleida, Av. Rovira Roure, 191, 25198 Lleida, Spain. 

bDepartamento de Suelo y Agua, Estación Experimental de Aula Dei, Consejo Superior 

de Investigaciones Científicas (EEAD-CSIC), POB 13034, 50080 Zaragoza, Spain. 

cDepartamento de Medio Ambiente y Ciencias del Suelo, Agrotecnio, Universidad de 

Lleida, Av. Rovira Roure 191, 25198 Lleida, Spain. 

dDepartamento de Ingeniería Agroforestal, Unidad Asociada EEAD-CSIC, Agrotecnio, 

Universidad de Lleida, Av. Rovira Roure 191, 25198 Lleida, Spain. 

*Corresponding author: e.parejasanchez@gmail.com 

Abstract 1 

The aim of this study was to determine the most appropriate soil management to reduce 2 

the structural degradation of soils susceptible to crusting in Mediterranean areas 3 

recently transformed into irrigation. A long-term field experiment (LTE) under rainfed 4 

conditions was established in 1996 in NE Spain to compare three tillage systems (no-5 

tillage, NT; reduced tillage, RT; conventional tillage, CT). The experiment was 6 

transformed to irrigated corn in 2015. In 2015, an adjacent experiment with the same 7 

layout was created (short-term experiment, STE) in an area previously managed under 8 
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long-term NT. The study was carried out during the second corn growing season (i.e. 9 

year 2016). Soil samples were collected from 0-5 cm depth at different dates during corn 10 

season. Dry and water-stable macroaggregates and their C concentration, soil organic 11 

carbon (SOC) and labile C concentration, soil respiration, bulk density, penetration 12 

resistance (PR), water infiltration, macroporosity, microporosity, amount of crop 13 

residues and ground cover, corn development, aerial biomass, and grain yield were 14 

measured. In LTE and STE tillage led to a breakdown of dry sieved aggregates (of 2-4 and 15 

4-8 mm size) in RT and CT, being slowly reconsolidated throughout the corn growing 16 

season. However, macroaggregate water-stability did not increase in CT and RT 17 

compared to NT due to a lower SOC concentration, making the soil more susceptible to 18 

its degradation by the action of water. SOC differences between treatments were more 19 

pronounced in LTE than STE given the long-term differential management in the first, 20 

which allowed greater accumulation of SOC under NT. In LTE, PR between corn rows was 21 

greater under NT than CT and RT and non-significantly different between treatments 22 

within the row. In the case of STE, PR increased over time after tillage (CT and RT) to 23 

match NT in the last sampling. Crop establishment was slower in CT than NT in LTE 24 

highlighting the impact of soil surface degradation on crop development. However, 25 

contrarily to the differences in corn yield in 2015, a careful planting in 2016 led to a lack 26 

of differences between tillage systems on corn yield. Our results indicate that in areas 27 

transformed into irrigation intensive tillage leads to greater susceptibility to soil 28 

structural degradation. Thus, in these areas the adoption of conservation agriculture 29 

practices such RT and NT enhances soil resilience to degradation processes and ensures 30 

an adequate development of the crop.  31 
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1. Introduction 34 

 Soil management practices affect both soil surface characteristics and crop 35 

productivity. Tillage exposes soil to erosive agents such as wind and water, inducing its 36 

degradation. Under severe erodible forces, soils are exposed to the impact of water-37 

drops, either produced by irrigation or by rainfall. This last process results in the release 38 

of organic matter and, generally, in soil crusting (Awadhwal and Thierstein, 1985). In 39 

bare soils, structural crusts are a major problem facing many agricultural areas 40 

worldwide (Mbuvi et al., 2009). Structural crusts, developed on soil surface, negatively 41 

affect seedling emergence and reduce infiltration, favoring runoff and soil erosion (Fox 42 

et al., 2004). Furthermore, crusting is closely related to soil aggregation. In that sense, 43 

Bouaziz et al. (1990) found a linear relationship between soil aggregate size and the 44 

proportion of non-emerged wheat seedlings due to soil crusting. 45 

In Mediterranean climate regions, an increasing number of rainfed areas are 46 

transformed into irrigation to stabilize or increase crop yields (Apesteguía et al., 2015). 47 

This conversion generates significant consequences in agroecosystems. Greater biomass 48 

production by irrigation leads to an increase in crop residues which can be returned to 49 

the soil. The increase of organic C inputs to the soil usually entails an increase in soil 50 

organic carbon (SOC) (Franzluebbers, 2005) and, concomitantly, an improvement in soil 51 

quality (Wick et al., 1998; Dexter et al., 2008). Moreover, C inputs play an essential role 52 

in the formation of soil aggregates, which physically protect SOC from microbial 53 

degradation (Beare et al., 1994) boosting SOC sequestration and climate change 54 

mitigation (Lal, 2011). 55 
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C-enriched aggregates are more stable to alterations such as rainfall, irrigation 56 

or tillage. Furthermore, crop residues protect the soil surface, preventing the formation 57 

of crusts (Jordán et al., 2010). Besides its importance in the Mediterranean climate 58 

regions, the impact of rainfed into irrigation transformation on soil surface 59 

characteristics (e.g., soil aggregation, soil organic carbon, bulk density, infiltration, 60 

penetration resistance and soil porosity) has been scarcely studied. Regarding to this, 61 

Apesteguía et al. (2015) observed an increase of the proportion of large 62 

macroaggregates under corn and wheat cropping systems managed under conventional 63 

tillage (chisel plow) when transforming a Mediterranean rainfed area into irrigation in 64 

north of Spain. Also, in Central Great Plains, Denef et al. (2008) found greater SOC 65 

storage in the surface soil layer (0–20 cm) in pivot-irrigated areas compared to dryland 66 

areas. 67 

Tillage operations that incorporate crop residues into the soil increase soil 68 

susceptibility to degradation. When intensive tillage systems are adopted, soil remains 69 

bare until the next planting. Bare soils are more exposed to erosive agents and to drop 70 

impact promoting soil surface sealing and crusting and, at the end, water runoff (Pagliai 71 

et al., 2004). Tillage generally decreases soil bulk density compared to no-tillage (NT) 72 

(Lal, 1999) and it can negatively influence soil water infiltration, depending on soil type 73 

and properties (Dexter et al., 2004). For instance, Chan and Heenan (1993) and McGarry 74 

et al. (2000) reported lower infiltration rates under conventional tillage (CT) compared 75 

to NT. The adoption of NT systems has been identified as an optimal practice to reduce 76 

soil degradation and to improve soil aggregation in rainfed Mediterranean areas (Álvaro-77 

Fuentes et al., 2009; Plaza-Bonilla et al., 2010). Moreover, it has been proved that long-78 

term use of NT increases soil organic carbon (SOC) sequestration (Plaza-Bonilla et al., 79 
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2015). Similarly, Follett et al. (2013) showed that CT induced greater losses of old organic 80 

matter than NT in irrigated corn systems influencing soil physical properties. Soil organic 81 

matter plays a fundamental role in the formation and maintenance of aggregates, 82 

positively influencing the soil water retention capacity, water infiltration, and avoiding 83 

the formation of superficial crusts which improves seed germination and crop 84 

emergence.  85 

In Mediterranean irrigated agroecosystems, typical soil management strategies 86 

include intensive tillage with deep subsoilers and mouldboard ploughs. However, unlike 87 

in irrigated systems, in Mediterrenan rainfed areas an increasing adoption of reduced 88 

tillage (RT) or NT techniques has been taking place over the last 30 years (Lampurlanés 89 

et al., 2016). In Mediterranean irrigated areas, the limited knowledge associated to the 90 

use of MT or NT systems, makes farmer adoption difficult and jeopardizes the soil quality 91 

benefits attained with long-term NT. As a consequence, the aim of this study was to 92 

determine to what extend soil management practices affect soil surface characteristics 93 

and crop establishment when transforming a rainfed area into irrigation in 94 

Mediterranean conditions.  95 
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2. Materials and methods 96 

2.1 Experimental design 97 

 A field experiment was conducted in Agramunt, NE Spain (41°48′ N, 1°07′ E, 330 98 

m asl), where the soil was classified as Typic Xerofluvent (Soil Survey Staff, 2014). Soil 99 

characteristics are presented in Table 1. The climate is semiarid Mediterranean with a 100 

mean annual precipitation of 430 mm and a potential evapotranspiration of 855 mm. 101 

Mean annual air temperature is 13.8°C. 102 

 A rainfed long-term field experiment (LTE) was established in 1996 to compare 103 

three tillage systems (no-tillage, NT; reduced tillage, RT; conventional tillage, CT) under 104 

barley monocropping (Angás et al., 2006). In 2015 the LTE was transformed into 105 

irrigation by installing a fixed sprinkler irrigation system with a 18 x 18 m spacing and a 106 

maximum flow rate of 2.07 m3 h-1 coming pressurized from the Segarra-Garrigues 107 

channel, and corn (Zea mays L.) monoculture as cropping system. The experimental 108 

design in LTE consisted of randomized blocks with three replications and a plot size of 109 

50x6 m. After the transformation into irrigation, the LTE maintained the same tillage 110 

treatments (NT, RT and CT) and the same experimental layout as the previous rainfed 111 

experiment. At the same time, in 2015, a new tillage experiment was set up adjacent to 112 

the LTE (separated by a 15-m corridor). The layout of this new experiment (so called 113 

short-term experiment, STE) was exactly the same as the LTE (same tillage treatments, 114 

spatial arrangement and cropping system) but with different historical tillage 115 

management. For the last 20 years, the entire surface occupied by the STE consisted of 116 

a rainfed NT winter cereal system.  117 
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 In LTE and STE, the CT treatment was implemented according to the traditional 118 

practices of the area for corn cultivation. It consisted of one pass of rototiller to 15 cm 119 

depth followed by subsoiler to 35 cm depth and to finish one pass of a disk plough to 20 120 

cm depth with almost 100% of the crop residues incorporated into the soil. The RT 121 

treatment consisted of one pass of a strip-till implement on the corn planting row to 30 122 

cm depth reducing the total area tilled to ca. 20 %. Finally, the NT consisted of weed 123 

control with a non-selective herbicide (i.e. glyphosate) at 1.5 L ha-1 without no soil 124 

disturbance. Planting was carried out with a pneumatic row direct drilling machine 125 

equipped with double disc furrow openers (model Prosem K, Solà, Calaf, Spain) in the 126 

three tillage systems (NT, RT, and CT). Rotary residue row cleaners were installed to clear 127 

the path for the row unit openers. In this work we evaluated the second year after 128 

conversion into irrigation in LTE and STE. Tillage operations were conducted at the end 129 

of March and beginning of April 2016 (Table S1). Planting of corn (cv. Kopias) was 130 

performed on 22 April, at a rate of 90.000 seeds ha-1 with the rows 0.73 m apart. Mineral 131 

N fertilization was split in one pre-planting application of 50 kg N ha-1 with urea (46% N), 132 

on 12 April, and two top-dressing applications of 75 kg N ha-1 with calcium ammonium 133 

nitrate (27% N), on 31 May and 5 July, respectively. P and K fertilization consisted of 154 134 

kg ha–1 P2O5, and 322 kg ha–1 K2O applied at pre-planting, respectively. Irrigation was 135 

supplied to meet the estimated evapotranspiration (ET) of the crop minus the effective 136 

precipitation. Reference ET was computed with the FAO Penman–Monteith method 137 

from meteorological data obtained from an automated weather station located near the 138 

experimental site. Crop coefficients (Kc) were estimated as a function of the thermal 139 

time (Martínez-Cob, 2008). Weekly corn evapotranspiration was calculated from the 140 

corresponding weekly values of ET and Kc. Irrigation began on 19 April and ended on 14 141 
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September with a total of 77 irrigation dates. The amount of water applied by irrigation 142 

was 672 mm. Harvesting was done by the end of October with a commercial combine 143 

which chopped and spread the crop residues over the soil. The fallow period was 144 

maintained free of weeds with an application of glyphosate at 1.5 L ha-1. 145 

2.1.1 Soil and crop samplings and analyses 146 

Soil and crop measurements were carried out during the corn growing season of 147 

2016, at the next key dates: before tillage operations, right after planting, two weeks 148 

and one month after planting, and right before corn harvest (Table S1). In the first two 149 

measurement dates, all variables except soil porosity were measured. Moreover, a 150 

weekly monitoring of crop development was carried out on two sampling areas of 2.5 x 151 

2.5 m2 per plot. 152 

2.1.2 Soil water-stable macroggregates, bulk density, moisture, organic C fractions, and 153 

soil respiration. 154 

 From each plot, two composite soil samples, one within the row (WR) and one 155 

between the rows (BR), were prepared from two samples taken randomly from 0 to 5 156 

cm soil depth using a flat spade and stored in crush-resistant airtight containers. 157 

Additionally, soil cylinders from 0 to 5-cm depth were obtained to quantify soil bulk 158 

density (BD) and soil moisture by drying the samples at 105°C during 48 h until constant 159 

weight (Grossman and Reinsch, 2002). Once in the laboratory, unaltered soil samples 160 

were gently passed through an 8-mm sieve and air-dried at room temperature. Water-161 

stable macroaggregate size separation was performed using a method adapted from 162 

Elliott (1986). Briefly, 100 g of the 8-mm sieved soil was placed on the top of a 2-mm 163 

sieve and submerged for 5 min in deionized water at room temperature. The sample 164 
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was manually sieved 50 times for 2 min to achieve aggregate separation. The slurry was 165 

further sieved through a 0.250 mm sieve using the same procedure. Therefore, two 166 

aggregate-size fractions were obtained: large water-stable macroaggregates (2–8 mm) 167 

and small water-stable macroaggregates (0.250–2 mm). Soil aggregates were oven-168 

dried at 50°C during 48 h in aluminum trays and weighed. Sand correction was 169 

performed to each aggregate size according to Elliott et al. (1991) since sand was not 170 

considered to be part of the aggregates. Sand content was determined by dispersing a 171 

5 g subsample in a sodium hexametaphosphate solution (5 g L-1) using a reciprocal 172 

shaker, sieved with the corresponding sieve, oven-dried at 50°C during 24 h and 173 

weighed. Furthermore, the dry aggregate size distribution was conducted placing 100 g 174 

of air-dried sub-sample (8 mm sieved) on an electromagnetic sieve apparatus (Filtra FTL-175 

0200, Badalona, Spain) with a series of sieves (4, 2, 1, 0.25 and 0.05 mm). A sieving time 176 

of 1 min and the lowest power program of the machine were used. 177 

 Two fractions of bulk soil organic C were determined: the permanganate-178 

oxidizable organic C (POxC) and the dichromate oxidizable soil organic C (SOC). SOC 179 

concentration of each water-stable aggregate-size fraction was also quantified. POxC 180 

was quantified according to the method of Weil et al. (2003), while SOC was determined 181 

using the wet oxidation method of Walkley & Black described by Nelson and Sommers 182 

(1996). This last method was modified to increase the oxidation of SOC, heating the 183 

sample externally at 150 °C for 30 min. 184 

Soil respiration (SR) was measured in LTE using non-steady state static chambers 185 

(Hutchinson and Mosier, 1981). Gas samples were taken at 0, 20 and 40 min after the 186 

closure of the chamber and stored in vials, being subsequently analyzed by a gas 187 

chromatography system equipped with a flame ionization detector coupled to a 188 
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methanizer. Gas fluxes were calculated taking into account the linear increase of CO2 189 

within the chamber with time (40 min) and correcting the values for air temperature 190 

(Holland et al., 1999). 191 

2.1.3 Soil penetration resistance and water infiltration. 192 

 Soil penetration resistance (PR) was measured using a pocket penetrometer 193 

(Facchini srl. mod. FT 327, Alfonsine, Italy). The apparatus consists of a short rod 194 

finishing in a tip which penetrates at a constant rate up to a depth of 5 cm. Four 195 

randomly selected points were measured in each sampling area and position (WR, BR). 196 

 The rate of soil water infiltration (SWI) was quantified near saturation with a disc 197 

permeameter (CSIRO Permeameter, A.L. Franklin Precision Engineers) similar to the 198 

design of Perroux and White (1988), used to carry out ponded measurements (positive 199 

water potentials). One measurement per plot was performed on each sampling date. 200 

The level of water infiltrated was measured every ten seconds for the first two minutes 201 

and every one minute until a steady state was reached.  202 

2.1.4 Soil macroporosity, microporosity and total porosity. 203 

Undisturbed soil samples (0-5 cm depth) were taken in each plot using stainless 204 

steel cylinders 6 cm i.d. and 5 cm in height (141.4 cm3). In the laboratory, the samples 205 

were placed in porous ceramic plates to saturation. After saturation, the samples were 206 

weighed (saturated weight) and left in the same ceramic plates at -10 kPa for 24 h to 207 

drain all water not hold against the gravitational force. They were weighed again and 208 

the difference with the saturated weight divided by the sample volume was the fraction 209 

of soil volume corresponding to macropores or macropore porosity (MaP). Later, the 210 
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samples were dried at 105 °C. The difference between the saturated and dried weight 211 

divided by the sample volume, was the fraction of soil volume corresponding to pores 212 

or total porosity (TP). The difference between TP and MaP was the fraction of soil 213 

volume corresponding to the micropores or micropore porosity (MiP).  214 

2.1.5 Crop residues and corn early development, biomass and grain yield. 215 

 The proportion of soil surface covered by crop residues was estimated (i) before 216 

planting (for NT and RT, since crop residues were already incorporated in the soil in CT) 217 

and (ii) right after harvest. The measurements were done at four positions per plot using 218 

metal frames of 0.5 m x 0.5 m with a 0.25 m x 0.25 m grid to help visually estimate the 219 

percent of soil surface covered by residues (CIAT, 1982). Afterwards, the residues within 220 

the grids were oven-dried at 60 °C during 48 h and weighed.  221 

 Monitoring of the corn emergence and early development was carried out once 222 

a week by counting the number of plants per row (2 m) and recording their phenological 223 

stage from planting to V6 stage (Ritchie et al., 1997). 224 

Corn above-ground biomass and grain yield were determined in mid-October by 225 

cutting the plants at the soil level along 2 m of two central rows of each plot. The number 226 

of plants and ears was counted and registered. Afterwards, a sub-sample of two entire 227 

plants and five ears were taken, oven-dried at 60°C for 48 h and weighed. Next, the grain 228 

was threshed and weighed. Grain yield was adjusted to 14% moisture. 229 

2.3  Statistical analyses 230 

 For each experiment (LTE and STE), analysis of variance (ANOVA) was performed 231 

with tillage, sampling position, sampling date and their interaction as effects. For 232 
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variables measured under different soil moisture levels (SWI, PR and BD), soil moisture 233 

was added to the ANOVA as co-variable. When significant, differences among 234 

treatments were identified at 0.05 probability level of significance with a protected t-235 

Student test. A Sqrt-transformation was carried out to normalize BD, SWI (LTE and STE), 236 

sand-free large water stable macroaggregate-POxC (2-8 mm) (STE) and dry aggregate 237 

size distribution (4-8 mm) (LTE) data. All the statistical analysis were performed with the 238 

statistical package JMP 12 (SAS Institute Inc, 2016).  239 
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3. Results 240 

Rainfall, irrigation events and air temperature during the entire experimental 241 

period are shown in Fig. 1. Air temperature increased from the beginning of the 242 

experimental period, reaching a maximum in summer months (July-August), to decrease 243 

later during autumn months. Total rainfall during the crop cycle was 140 mm with the 244 

greatest rainfall recorded in May (43 mm), which was far from the evapotranspiration 245 

needs. The amount of water applied by irrigation was 672 mm, 80% of this considered 246 

effective irrigation, i.e. 538 mm. 247 

3.1 Soil management effect on water infiltration, soil penetration resistance (PR), 248 

macroporosity (MaP), microporosity (MiP), total porosity (TP) and bulk density (BD) 249 

dynamics. 250 

 In the STE, the interaction between tillage, sampling date and position 251 

significantly affected PR (Table 2). In the case of the LTE, PR was significantly affected by 252 

the interaction between tillage and position and between sampling date and position. 253 

Soil water infiltration, PR, MaP, MiP, TP, BD, and SR showed significant differences 254 

between sampling dates in LTE (Table 2). However, in STE differences between sampling 255 

dates were only observed on TP, PR, and BD. Bulk density was also significantly affected 256 

by tillage, and the interaction between sampling date and position in LTE and by tillage 257 

in STE (Table 2). 258 

In the STE and for the three sampling dates right after tillage, NT showed greater 259 

PR in the BR position than the other two treatments (Fig. 2b). The lowest PR values were 260 

found in the WR position in the second sampling date, just after tillage (1.38, 1.54 and 261 

1.13 kg cm-2 for NT, RT and CT, respectively). However, the highest PR values were found 262 
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in the BR position in the last sampling date, seven months after the first measurement 263 

(17.31, 15.04 and 14.94 kg cm-2 for NT, RT and CT, respectively) (Figs. 2a and 2b). In LTE, 264 

PR showed significant differences between tillage treatments in the BR position, being 265 

greater under NT (13.2 kg cm-2) than under RT (10.6 kg cm-2) and CT (11.1 kg cm-2), as an 266 

average of all five sampling dates. Contrarily, tillage treatments showed similar PR in the 267 

WR position. Significant differences in PR between sampling dates and sampling 268 

positions were also observed in LTE, being greatest in the fifth sampling date in both 269 

positions with values of 19.0 and 10.2 kg cm-2 for BR and WR, respectively.  270 

As an average of sampling dates and positions, BD was greater under NT (1.47 271 

and 1.49 g cm-3 for LTE and STE, respectively) than RT (1.36 and 1.40 g cm-3 for LTE and 272 

STE, respectively) and CT (1.43 and 1.33 g cm-3 for LTE and STE, respectively). No 273 

significant differences were found between tillage treatments on SWI neither in LTE nor 274 

STE (Table 2). Mean SWI values were 3.14, 2.40 and 1.70 mm h-1 for NT, RT and CT, 275 

respectively, in the LTE, and 3.80, 3.60 and 2.60 mm h- 1 for the same tillage treatments 276 

in the STE.  277 

3.2 Soil management effect on water-stable macroaggregate and dry aggregate 278 

distribution dynamics. 279 

In the LTE, the interaction between tillage and sampling date significantly 280 

affected sand-free water-stable macroaggregates (0.250-2 and 2-8 mm sizes). However, 281 

in the STE, small water-stable macroaggregates were only affected by tillage (Table 3). 282 

In LTE the proportion of large sand-free water-stable macroaggregates decreased from 283 

the second sampling date (just after tillage) up to the fourth sampling date (Table 4). 284 

However, in the last sampling (just before harvest), the proportion of large sand-free 285 
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water-stable macroaggregates was not different to the first sampling value. In this same 286 

experiment, the proportion of small sand-free water-stable macroaggregates only 287 

showed significant differences between tillage treatments in the first and fourth 288 

sampling dates. In these two sampling dates, small sand-free water-stable 289 

macroaggregates were greater in CT compared to RT and NT (Table 4). In the STE, a 290 

greater proportion of small sand-free water-stable macroaggregates was observed 291 

under NT and RT (0.42 and 0.41 g g-1, respectively) compared to CT (0.35 g g-1) as an 292 

average of sampling dates and sampling positions. 293 

In the LTE and STE, most dry aggregate sizes were significantly affected by the 294 

tillage x sampling date interaction (Table 3). In both experiments, dry aggregate classes 295 

of 4-8 and 2-4 mm size showed significant differences between tillage systems in all the 296 

sampling dates except for the last one, and the first one for the 4-8 mm fraction in the 297 

STE (Fig. 3). Compared to NT, a decrease in the proportion of dry-sieved aggregates of 298 

4-8 and of 2-4 mm was observed under RT and CT in the second sampling date, after 299 

tillage. Average dry-sieved 4-8 mm aggregate values in the second, third and fourth 300 

sampling dates were 0.18 and 0.17 g g-1 under CT, 0.18 and 0.20 g g-1 under RT and 0.31 301 

and 0.20 g g-1 under NT in LTE and STE, respectively (Fig. 3). After the fourth sampling 302 

date, the proportion of aggregates in RT and CT gradually increased until the last 303 

sampling (133 days after tillage) when no differences between tillage systems were 304 

observed (Fig. 3). Unlike, the smaller dry-sieved aggregate sizes (i.e., 0.250-1 mm and 305 

0.05-0.250 mm) showed opposite results with greater values under CT and RT than 306 

under NT in the first four sampling dates in the LTE and in the second to fourth sampling 307 

dates in the STE. Regarding to this, the proportion of this aggregate sizes increased right 308 
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after the implementation of tillage (second sampling date) in RT and CT in both field 309 

experiments.  310 

3.3 Soil management effect on bulk soil organic C, water-stable macroaggregate C and 311 

soil respiration. 312 

Bulk SOC concentration was significantly affected by tillage systems and sampling 313 

date effects in LTE and also by their interaction in STE (Table 3). In the LTE, the SOC 314 

concentration (0-5 cm depth) was 21.1, 14.8 and 10.3 g C kg-1 soil for NT, RT and CT, 315 

respectively, as an average of sampling dates. In the STE, SOC differences between 316 

tillage systems were found in all sampling dates (Fig. 4c). SOC concentration followed 317 

the order NT>RT>CT in the first sampling date, and showed greater values under NT than 318 

CT and intermediate values in RT in the last fourth sampling dates (Fig. 4c). SOC values 319 

in CT were about 36% higher in STE compared with LTE, as an average of all sampling 320 

dates (Figs. 4a and 4c). 321 

Bulk soil POxC concentration showed significant differences between tillage 322 

systems and sampling dates in both field experiments (Table 3). In LTE, POxC 323 

concentration decreased in the following order: CT>RT>NT, while in STE NT presented 324 

lower bulk soil POxC concentration than CT and RT (Fig. 5). 325 

Not enough water-stable large macroaggregates (2-8 mm) were obtained in the 326 

wet sieving procedure for aggregate-C determination. The C concentration of the small 327 

size water-stable macroaggregates (aggregate-C) showed significant interaction 328 

between tillage and sampling date in the LTE (Table 3). Significant differences between 329 

tillage systems were observed in the second sampling date (just after tillage) with 330 

greater aggregate-C in CT than NT and intermediate values under RT. Differences also 331 
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occurred in the last sampling date (right before harvest) with greater values in NT and 332 

RT than CT (Fig. 4b). Differently, in the STE, aggregate-C was only affected by the 333 

sampling date (Table 3).  334 

 The interaction between sampling date and tillage system significantly affected 335 

soil respiration (Table 2). Soil respiration increased from the second sampling date 336 

(coinciding just after tillage, Table 5) with values of 504, 615, and 276 mg CO2-C m-2 day 337 

-1 for NT, RT and CT, respectively, until the last sampling with values of 1203, 940 and 338 

921, mg C-CO2 m-2 day -1 for the same tillage treatments. Significant differences between 339 

tillage treatments were found in the second, third and fourth sampling dates with CT 340 

showing the lowest values (Table 5).  341 

3.4 Soil management effect on corn emergence and early development, crop residues, 342 

crop biomass and grain yield. 343 

 In the LTE, corn emergence was slower under CT than under NT and RT. In this 344 

experiment, 21 days after planting 64,957 emerged plants ha-1 were observed under NT, 345 

while under RT and CT the plants observed dropped to about 97% and 59% of the NT 346 

value, respectively. However, 44 days after planting the number of plants emerged was 347 

similar between tillage systems. In contrast, in the STE, corn emergence was similar in 348 

the three tillage treatments, with final density of 70,513, 76,068 and 69,231 plants ha-1 349 

in NT, RT, and CT, respectively. 350 

 In both experimental fields, the proportion of the soil surface covered by crop 351 

residues was significantly affected by tillage systems (Table S2). Before planting, the 352 

surface covered by crop residues was 86% and 70% for NT and RT, respectively, in LTE, 353 

and 88% and 73% for the same tillage treatments in STE. Seven months later, right 354 
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before harvest, the proportion of surface covered by residues was 77%, 45% and 10% 355 

for NT, RT and CT, respectively, in LTE, and 81%, 53% and 28% for the same tillage 356 

systems in STE, respectively. 357 

 Corn yield and above-ground biomass were not significantly affected by tillage 358 

treatments in any of the field experiments (Table S2). However, in the LTE, a non-359 

significant trend of greater grain yield was observed under NT than CT (11,680 vs. 9,864 360 

kg ha-1). 361 
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4. Discussion 362 

4.1 Effect of long-term and short-term management practices on soil surface and corn 363 

development.  364 

The different historical management of the two experiments tested had a great 365 

impact on the results obtained. In the LTE, soil inversion with moldboard plough for the 366 

last 20 years (CT treatment) led to soil crusting (Fig. 6b). However, NT for 20 years 367 

provided greater resilience to soil degradation and crust formation, enhancing water 368 

infiltration, with almost two-fold greater water infiltration in NT compared to CT.  369 

In the STE, tillage treatments significantly affected PR between corn rows, being 370 

the greatest values in NT. However, within corn rows, similar PR values were observed 371 

among tillage treatments. Also, greater BD was observed in NT when compared to the 372 

rest of treatments in both experiments. Bulk density, penetration resistance and water 373 

content in the soil are closely related (Ferreras et al., 2000). Soil PR tends to increase 374 

when there is an increase in bulk density (Lampurlanés et al., 2003). However, in our 375 

study, PR and BD would not be limiting crop growth, since the highest yields were 376 

observed under NT. According to Neave and Rayburg (2007) soil PR is usually related to 377 

the presence of soil crusts. Our results suggest that PR was not a good indicator to relate 378 

the presence of soil crust with corn development failures since the highest values of PR 379 

were measured in NT (Fig. 6a). Similarly, Martínez et al. (2008) observed a significantly 380 

higher PR under NT than CT but only for the 0-5 cm soil depth when comparing tillage 381 

systems for 4 years under wheat cultivation. Therefore, it is necessary to test the 382 

performance of other variables as indicators of soil crusting. Soil crusting in CT could be 383 

the consequence of a lower cover of soil surface by crop residues than NT, resulting in 384 
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the degradation of soil aggregates by the impact of water drops of irrigation or rain 385 

(Ruan et al., 2001).  386 

 In both experiments, tillage operations led to a breakdown of dry-sieved 387 

aggregates of greater size (4-8 mm and 2-4 mm). However, during crop growth, the CT 388 

and RT treatments showed an increase in the proportion of these 4-8- and 2-4-mm sized 389 

macroaggregates resulting in no differences with NT by the end of the experiment. This 390 

increase in the proportion of soil macroaggregates in RT and CT may be explained by the 391 

contribution of organic matter when crop residues are incorporated with tillage. Fresh 392 

organic matter from crop residues activates the aggregation cycle being firstly 393 

incorporated into macroaggregates (Six et al., 2000). Although the greater fractions of 394 

dry-sieved aggregates in CT and RT increased over time, the proportion of water-stable 395 

macroaggregates of size 2-8 mm did not, which demonstrates that the stability of soil 396 

structure in those treatments was still lower compared to NT. When using NT, aggregate 397 

turnover is decreased, promoting the formation of macroaggregates with higher 398 

stability (Álvaro-Fuentes et al., 2009; Panettieri et al., 2013). Consequently, soil 399 

aggregates in CT are less resistant to the action of water, either received as irrigation or 400 

rainfall. In our experiment, greater SOC concentration was observed in NT compared to 401 

RT and CT at the soil surface. The contribution of crop residues and the stimulation of 402 

biological activity leads to the formation of stable macroaggregates in NT (Martens et 403 

al., 2004; Tisdall and Oades, 1982). Álvaro-Fuentes et al. (2013) and Martínez et al. 404 

(2013) observed higher SOC and microbial activity in surface NT soils compared with CT 405 

soils. Also, in the same study area, Cantero-Martínez et al., (2004) observed greater 406 

activity of earthworms in the first 30 centimeters of soil when using NT. Similarly, Baker 407 

et al., (1993) working under Mediterranean conditions of southern Australia, observed 408 
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greater activity in the first 10 centimeters of soil in NT, since this soil management does 409 

not alter earthworm activity, favoring their development. In NT, the accumulation of 410 

SOC is promoted (Balesdent et al., 1990; Plaza-Bonilla et al., 2013), mainly in the first 411 

centimeters of the soil profile (Franzluebbers, 2001; Reyes et al., 2002). It is expected 412 

that the increase in SOC and the concomitant improvement of soil biological activity in 413 

NT result in higher soil CO2 emissions to the atmosphere (Reicosky, 2007). In our 414 

experiment, the NT treatment presented the highest soil respiration throughout the 415 

study period (only in the first sampling date, CO2 emission values were similar among 416 

tillage treatments). As a difference to SOC, which is less responsive to changes in 417 

management, POxC is a highly active fraction, sensitive to management changes in the 418 

very short term. Regarding POxC, higher contents were observed in CT followed by RT 419 

and NT being greater in LTE than STE. Therefore, an increase in POxC was observed as 420 

tillage intensity increased. This result is contrary to what was expected, according to 421 

other authors (Hurisso et al., 2016; Panettieri et al., 2013) and previous results obtained 422 

in the LTE under dryland conditions (Plaza-Bonilla et al., 2014). Consequently, further 423 

research is needed to explain these differences. 424 

 In 2015 (the first year of irrigation and the previous corn season), corn yield was 425 

greatly affected by soil degradation. In 2015, significantly lower yield values were found 426 

in CT (5,876 kg grain ha-1 at 14% moisture) compared to RT and NT (10,649 and 12,747 427 

kg grain ha-1 at 14% moisture, respectively). The strong impact of soil crusting on corn 428 

yield observed in 2015 motivated us to implement in 2016 an adequate cultipacker-429 

rolling pass just after sowing to break soil crust  (in CT and RT) and also to change 430 

irrigation management based on short and more frequent irrigation events. These two 431 

management changes intended to prevent soil crusting and, consequently, yield losses. 432 



Soil and Tillage Research 174: 221-230 (2017)  
 

23 
 

According to the results presented in this study, these strategies successfully avoided 433 

yield losses in 2016. Despite corn emergence was earlier under NT and RT than CT in 434 

both experiments, 44 days after planting the number of corn plants were similar among 435 

tillage systems. Interestingly, despite the impact of tillage treatments on soil surface 436 

structure, the implementation of a successful planting led to the same yield between 437 

treatments. Similar to our results, after two years of study, Alletto et al. (2011) observed 438 

a delay in corn development in CT compared to conservation tillage early in the growing 439 

season when assessing the impact of soil management and cover crops in corn 440 

production in an irrigated area in SW France. The last authors related the delay in corn 441 

development to greater soil drying under CT which negatively affected the final corn 442 

grain yield. 443 

4.2 Effect of soil management change during the transformation into irrigation on soil 444 

surface properties. 445 

 In the LTE, two decades of contrasting tillage under rainfed conditions led to 446 

different initial soil conditions between tillage treatments when transforming the area 447 

into irrigation. The continuous use of CT in the LTE resulted in a decrease in SOC 448 

compared with NT and RT as a result of the lower amount of crop residues returned to 449 

the soil as C inputs (Morell et al., 2011). In rainfed Mediterranean conditions, the use of 450 

NT enhances the amount of water stored in the soil (Lampurlanés et al., 2016), 451 

increasing crop biomass and, consequently, C inputs as crop residues. Regarding to this, 452 

Virto et al., (2012) demonstrated that SOC storage is mainly explained by the amount of 453 

C inputs returned to the soil. In the LTE, the lower SOC levels found in the CT treatment 454 

made the soil more susceptible to degradation. However, in the STE, the 20 years of NT 455 
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management prior to the transformation from rainfed into irrigation and to the setup of 456 

the different tillage treatments favoured that differences between tillage systems on 457 

SOC concentration were minimal (3.7% difference between NT and CT). Consequently, 458 

soil surface in the CT treatment was more resilient to the impact of water on soil 459 

crusting. The resilience to soil crusting found in the CT plots of the STE contrasted with 460 

the susceptibility to crusting and soil surface degradation found in the CT plots of the 461 

LTE. Thus, initial SOC concentration and soil surface structural condition played a major 462 

role on the response of soil to the transformation from rainfed conditions to irrigation. 463 

In general, high SOC levels tend to increase the rate of water infiltration into the soil 464 

(Martinez et al., 2008). In our study, although water infiltration did not differ 465 

significantly between tillage treatments, a marked trend existed in the rates found 466 

between tillage systems, in the order NT> RT> CT. Furthermore, infiltration rates were 467 

higher in STE than in LTE, coinciding with the greater SOC concentration found in STE 468 

compared to LTE. However, water infiltration was quantified by performing ponded 469 

measurements, where water movement on the soil surface is impeded. The presence of 470 

a soil crust in CT could have increased water runoff, mainly through the surface between 471 

rows, which is the preferential route of irrigation water in row crops. This last process 472 

would be aggravated by the lack of crop residues on soil surface during the most part of 473 

the crop growing period when CT is used. This hypothesis would be supported by our 474 

field observations in which soil crusting and the presence of soil sediment prevailed in 475 

between rows in the CT treatment of the LTE (Fig. 6b). Regarding to this, Osunbitan et 476 

al. (2005) compared tillage systems in the short term, concluding the presence of higher 477 

BD in NT compared to CT, but with higher hydraulic conductivity in NT because of its 478 

pore continuity. Moret and Arrúe, (2007) compared different tillage systems (NT, RT and 479 
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CT) in a fallow-wheat rotation in the Ebro valley. The authors observed a more 480 

compacted topsoil layer under NT compared with CT and RT. Contrarily to Osunbitan et 481 

al. (2005) they observed lower soil hydraulic conductivity near saturation in NT than CT 482 

and RT.  483 



Soil and Tillage Research 174: 221-230 (2017)  
 

26 
 

5.  Conclusions 484 

 Our study shows that the long-term use of intensive tillage in areas recently 485 

transformed into irrigation leads to a greater susceptibility to soil crust formation, and 486 

structural degradation. The results of this study have shown that the main process 487 

behind soil crusting was the breakdown of dry-sieved aggregates.  488 

 Although the proportion of dry-sieved aggregates increased after tillage (even 489 

reaching similar values than NT at the end of corn growing season) their water stability 490 

was lower. Differences in the stability of aggregates between tillage treatments were 491 

explained by different SOC levels as a result of long-term (20 years) of contrasted tillage 492 

during the previous rainfed conditions in the LTE. By contrast, in the STE, soil structural 493 

degradation was minor, given its previous management based on NT which provided 494 

higher resilience to soil crusting, although higher penetration resistance was observed 495 

between rows under NT.  496 

 The previous NT management during 20 years stimulated the biological activity 497 

and the formation of water-stable macroaggregates in the soil, favoring the early 498 

development of the crop. Our data highlights the need to maintain NT over time in 499 

rainfed areas transformed into irrigation prone to soil structural degradation, in order 500 

to provide the soil enough resilience and ensure an optimum development of crops. 501 
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Figure captions 677 

Fig. 1 Daily air temperature (continuous line), and weekly rainfall and irrigation (grey 678 

and black columns, respectively) during the experimental period. 679 

Fig. 2 Soil penetration resistance (PR) dynamics under three tillage treatments (NT, no-680 

tillage; RT, reduced tillage; CT, conventional tillage) within (WR) (a) and between (BR) 681 

corn rows (b), in a short-term field experiment (STE). For a given date, different 682 

lowercase letters indicate significant differences between tillage treatments at P< 0.05. 683 

Arrows represent key dates (H, harvest; I, first irrigation; T, tillage; P, planting). 684 

Fig. 3 Dry-sieved aggregate size distribution (4-8, 2-4, 1-2, 0.250-1, 0.05-0.250 and < 0.05 685 

mm) at 0–5cm soil depth as affected by tillage system (NT, no-tillage; RT, reduced tillage; 686 

CT, conventional tillage) and sampling date in a long-term (LTE) and a short-term (STE) 687 

field experiment. For each experiment, aggregate fraction and sampling date, different 688 

lowercase letters indicate significant differences between tillage treatments at P< 0.05. 689 

Arrows represent key dates (H, harvest; I, first irrigation; T, tillage; P, planting). 690 

Fig. 4 Bulk soil organic carbon (SOC) and sand-free water-stable small macroaggregate 691 

(0.250-2 mm) organic carbon (aggregate-C) concentration at 0-5 cm depth as affected 692 

by tillage system (NT, no-tillage; RT, reduced tillage; CT, conventional tillage) in a long-693 

term (LTE) and a short-term (STE) field experiment. For each experiment and sampling 694 

date, different lowercase letters indicate significant differences between tillage 695 

treatments at P< 0.05. Arrows represent key dates (H, harvest; I, first irrigation; T, tillage; 696 

P, planting). 697 
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Fig. 5 Bulk soil permanganate-oxidizable organic carbon (POxC) concentration at 0-5 cm 698 

depth in a long-term (LTE) and a short-term (STE) field experiment. For a given 699 

experiment, different lower case letters indicate significant differences between tillage 700 

treatments at P<0.05. 701 

Fig. 6 Development of corn in conventional tillage (CT) and no-tillage (NT) 50 days after 702 

planting (a), and soil crusting and sediment movement due to irrigation in CT (b) in the 703 

long-term tillage experiment (LTE).   704 
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Table 1. Soil characteristics of Ap horizon (0-28 cm) at the beginning of the field experiment 705 

(1996). 706 

Soil characteristic 
pH 8.5 
EC1:5 (dS m-1) 0.15 
Organic matter (g kg-1) 9 
P Olsen (ppm) 12 
K (ppm) 155 
Water retention (-33 kPa) (%) (g g-1) 16 
Water retention (-1500 kPa) (%) (g g-1) 5 
Sand (%) 46.5 
Silt (%) 41.7 
Clay (%) 11.8 

 707 

  708 
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Table 2. Analysis of variance (P-values) of soil water infiltration (SWI), penetration resistance 709 

(PR), macroporosity (MaP), microporosity (MiP), total porosity (TP), bulk density (BD) and soil 710 

respiration (SR) as affected by tillage, sampling date, sampling position and their interactions in 711 

a long-term (LTE) and a short-term (STE) field experiment. Soil moisture was included as a co-712 

variable.  713 

ns, non significant. 714 

Source of variation 
LTE 

 
STE 

SWI PR MaP MiP TP BD SR SWI PR MaP MiP TP BD 
              

Tillage (Till) ns ns 0.06 0.05 ns <0.01 0.01  0.09 <0.01 ns ns ns <0.01 

Date 0.04 <0.01 0.04 0.04 0.02 <0.01 <0.01  0.09 <0.01 ns ns <0.01 <0.01 

Position - <0.01 - - - ns -  - <0.01 - - - ns 

Till*Date ns ns ns ns ns ns 0.01  ns <0.01 ns ns ns ns 

Till*Position - 0.01 - - - ns -  - <0.01 - - - ns 

Date*Position - <0.01 - - - 0.04 -  - <0.01 - - - ns 

Till*Date*Position - ns - - - ns -  - 0.03 - - - ns 

Soil moisture ns 0.07 0.05 0.05 ns ns -  ns ns ns ns ns ns 
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Table 3. Analysis of variance (P-values) of sand-free water-stable aggregate classes (2-8 and 0.250-2 mm), dry aggregate size distribution (4-8, 2-4, 1-2, 0.250-715 

1,0.05-0.250, and <0.05 mm), bulk soil organic C (SOC) and permanganate-oxidizable organic C (POxC) concentration, and aggregate-C as affected by tillage, 716 

sampling date and sampling position and their interactions in a long-term (LTE) and a short-term (STE) field experiment. 717 

718 

Experiment 
Source of 
variation 

 Aggregate (mm)  Dry aggregate size distribution (mm)  Bulk soil  Aggregate-C (mm)  
 2-8 0.250-2  4-8 2-4 1-2 0.250-1 0.05-0.250 <0.05  SOC POxC  0.250-2  

   

LTE 

Tillage (Till)  <0.01 <0.01  <0.01 <0.01 <0.01 <0.01 <0.01 ns  <0.01 <0.01  ns  
Date  <0.01 ns  ns <0.01 ns ns <0.01 ns  <0.01 <0.01  <0.01  
Position  ns 0.09  ns ns ns ns ns ns  ns ns  ns  
Till*Date  0.01 0.03  0.04 <0.01 0.01 0.02 0.03 ns  ns ns  <0.01  
Till*Position  ns ns  ns ns ns ns ns ns  ns ns  ns  
Date*Position  ns ns  ns ns ns ns ns ns  ns ns  ns  
Till*Date*Position  ns ns  ns ns ns ns ns ns  ns ns  ns  
                 

STE 

Till  ns <0.01  <0.01 <0.01 ns <0.01 <0.01 ns  <0.01 <0.01  ns  
Date  <0.01 <0.01  ns <0.01 <0.01 <0.01 <0.01 <0.01  <0.01 <0.01  <0.01  
Position  ns ns  ns 0.01 ns 0.08 ns ns  0.09 ns  ns  
Till*Date  ns ns  <0.01 <0.01 ns <0.01 <0.01 ns  0.03 ns  ns  
Till*Position  ns ns  ns ns 0.06 ns ns ns  ns ns  0.08  
Date*Position  ns ns   ns ns ns ns ns ns  ns ns  ns  
Till*Date*Position  ns ns  ns ns ns ns ns ns  ns 0.04  ns  
                 

ns, non significant 
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Table 4. Sand-free water-stable large (2-8 mm) and small (0.250-2 mm) macroaggregates at 0–719 

5 cm soil depth as affected by tillage system (NT, no-tillage; RT, reduced tillage; CT, conventional 720 

tillage) and sampling date in a long-term (LTE) field experiment. For a given date and aggregate 721 

class, different lowercase letters indicate significant differences between tillage treatments at 722 

P< 0.05. Different uppercase indicate significant differences between sampling dates at P< 0.05. 723 

724 

Sampling date 
 

Tillage 
treatment 

 Sand-free water-stable aggregate 
classes (g g-1) 

2-8 mm  0.250-2 mm 
03/01/2016  NT 0.23 a  0.22 b 

  RT  0.12 b  0.24 b 
  CT  0.15 b  0.46 a 
  Average  0.17 A  0.29 

04/27/2016  NT  0.18 a  0.30 a 
  RT  0.08 b  0.25 a 
  CT  0.09 b  0.30 a 
  Average  0.11B  0.26 

05/04/2016  NT  0.14 a  0.27 a 
  RT  0.06 b  0.25 a 
  CT  0.08 ab  0.33 a 
  Average  0.09 B  0.28 

05/25/2016  NT  0.15 a  0.26 b 
  RT  0.05 b  0.24 b 
  CT  0.10 a  0.37 a 
  Average  0.09 B  0.29 

10/05/2016  NT  0.31 a  0.27a 
  RT  0.15 b  0.24 a 
  CT  0.07 c  0.29 a 
  Average  0.18 A  0.27 
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Table 5. Soil respiration as affected by tillage system (NT, no-tillage; RT, reduced tillage; CT, 725 

conventional tillage) and sampling date in a long-term (LTE) field experiment. For a given date, 726 

different lowercase letters indicate significant differences between tillage treatments at P< 0.05. 727 

728 

Sampling date 
 

Tillage treatment 
 Soil respiration  

(mg CO2-C m-2 day-1) 

03/01/2016  NT  630 a 
  RT  540a 
  CT  378 a 

04/27/2016  NT  504 ab 
  RT  615 a 
  CT  276 b 

05/04/2016  NT  796 a 
  RT  820 a 
  CT  442 b 

05/25/2016  NT  846 a 
  RT  722 ab 
  CT  56 b 

10/05/2016  NT  1203 a 
  RT  940 ab 
  CT  921 a 
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Fig. 1 Daily air temperature (continuous line), and weekly rainfall and irrigation (grey and black 729 

columns, respectively) during the experimental period.  730 

  731 
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Fig. 2 Soil penetration resistance (PR) dynamics under three tillage treatments (NT, no-tillage; 732 

RT, reduced tillage; CT, conventional tillage) within (WR) (a) and between (BR) corn rows (b), in 733 

a short-term field experiment (STE). For a given date, different lowercase letters indicate 734 

significant differences between tillage treatments at P< 0.05. Arrows represent key dates (H, 735 

harvest; I, first irrigation; T, tillage; P, planting).  736 
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Fig. 3 Dry-sieved aggregate size distribution (4-8, 2-4, 1-2, 0.250-1, 0.05-0.250 and < 0.05 mm) 737 

at 0–5cm soil depth as affected by tillage system (NT, no-tillage; RT, reduced tillage; CT, 738 

conventional tillage) and sampling date in a long-term (LTE) and a short-term (STE) field 739 

experiment. For each experiment, aggregate fraction, and sampling date, different lowercase 740 

letters indicate significant differences between tillage treatments at P< 0.05. Arrows represent 741 

key dates (H, harvest; I, first irrigation; T, tillage; P, planting). 742 

 743 
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Fig. 4 Bulk soil organic carbon (SOC) and sand-free water-stable small macroaggregate (0.250-2 744 

mm) organic carbon (aggregate-C) concentration at 0-5 cm depth as affected by tillage system 745 

(NT, no-tillage; RT, reduced tillage; CT, conventional tillage) in a long-term (LTE) and a short-term 746 

(STE) field experiment. For each experiment and sampling date, different lowercase letters 747 

indicate significant differences between tillage treatments at P< 0.05. Arrows represent key 748 

dates (H, harvest; I, first irrigation; T, tillage; P, planting). 749 

  750 



Soil and Tillage Research 174: 221-230 (2017)  
 

48 
 

Fig. 5 Bulk soil permanganate-oxidizable organic carbon (POxC) concentration at 0-5 cm depth 751 

in a long-term (LTE) and a short-term (STE) field experiment. For a given experiment, different 752 

lower case letters indicate significant differences between tillage treatments at P<0.05. 753 

  754 
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Fig. 6 (a) Development of corn in conventional tillage (CT) (plot on left) and no-tillage (NT) (plot 755 

on right) 50 days after planting, and (b) soil crusting and sediment movement due to irrigation 756 

in CT in the long-term tillage experiment (LTE). 757 
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