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Abstract 
 

 Tillage practices have a significant influence on the soil hydro physical properties. The 

objective of this work is to evaluate the effect of tillage on the α and n van Genuchten soil 

water retention curve parameters during a 18 month long fallow period in a semiarid dryland. 

Three different tillage systems employed during 23 years of trials were compared: 

conventional (CT), reduced (RT) and no-tillage (NT) systems. Measurements of soil bulk 

density (ρb) and soil water retention curve θ(ψ) were performed at 0-10, 10-20 and 20-30 cm 

of soil depths. The θ(ψ) was determined with the TDR-pressure cells at the following 

pressure heads: 0.5, 1.5, 3, 10, 50, 100, 500 and 1500 kPa. From these data, the α and n 

parameters and the SDexter index were evaluated. The 0-40 cm depth soil volumetric water 

content, θ, was also measured in the field using the TDR technique. Compared to CT and 

RT, NT presented along all the fallow period the highest values of θ. No significant influence 

of soil depth on () was observed in all tillage treatments at each sampling dates. Although 

under consolidated soil conditions no statistical differences in ρb and the water content at 

saturation (θs) were observed among tillage treatments, NT presented the highest and lowest 

values of ρb and θs, respectively. The loosening of soil due to tillage practices in CT and RT 

significantly decreased ρb and increased θ at the wet end section of θ(ψ). Post-tillage rainfalls 

resulted in a significant decrease in θs, the α parameter of θ(ψ) and in the maximum value of 

the pore size distribution (PSDmax). The different soil structure created by mouldboard 

ploughing (CT) and chiselling (RT) explained that higher PSDmax under RT than under CT. 

The most important changes in θ(ψ) were reported after the firsts copious effective rainfall 

events (>10 mm) recorded after tillage. These facts made that the soil recovered the pre-

tillage water retention curve shapes. Effective rainfalls in the late fallow had a minor effect 

on the water retention curve. Although tillage tended to increase the n parameter, this change 
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was not significant. The SDexter index, which was also affected by tillage, was > 0.035 during 

all the fallow period, indicating a good soil physical quality. 

 

1. Introduction 
 

The soil water flow is regulated by the soil hydraulic properties, namely the hydraulic 

conductivity (K()), and the water retention curve (()). While K()describes the ease with 

which a fluid can move through a porous space, () is defined as the relationship between 

the soil volumetric water content (θ) and the matric potential (ψ). The shape of this last 

function depends on the particle size distribution and the arrangement of the soil aggregates. 

According to Dexter (2004a), physical quality of soils can be described by the SDexter index, 

that corresponds to the angular coefficient (slope of the tangent) at the inflection point of the 

θ(ψ) defined by the Van Genuchten (1980) model. This index is consistent with observations 

of soil compaction, organic matter content and root growth, and provides a scale that can be 

used to compare easily the effects of different management practices. According to (Dexter, 

2004a), a soil with a good physical quality is that in which SDexter > 0.035. 

In Aragón (NE Spain), where the rainfed cropping system represents the 75 % of the total 

cropped surface (Gobierno de Aragón, 2012), most of the arable crops are located  in arid or 

semi-arid lands, where the average annual precipitation, lower than 400 mm, has a not well-

defined rainy season (McAneney and Arrúe, 1993). In this region, the traditional fallow-

cereal rotation is the most common cropping system. This includes a period of 16-18 months 

where the soil is maintained free of plant growth, eliminating weeds by tillage (cultivated 

fallow) or herbicides (López et al., 1996). 

The soil tillage systems have a significant influence on the soil the soil bulk density (ρb) 

(Logsdon et al., 1990; Tebrügge and During 1999; Green et al., 2003; Moret and Arrúe 

2007b; Guedes Filho et al., 2013, among others). Under structured soil conditions Spongrova 
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et al. (2010) did not observed significant differences in ρb between conventional (CT) and 

no-tillage (NT) systems. Overall, the greater ρb under NT should be attributed to the absence 

of soil disturbance in NT systems (Tëbrugge et al., 1999; Green et al., 2003; Bescansa et al., 

2006; Moret and Arrúe 2007b; Guedes Filho et al., 2013). In spite of the large number of 

field researches conducted to study the effect of tillage on the soil hydraulic conductivity, the 

information available about tillage influence on () and related indexes (SDexter) is very 

scarce. Under structured soils conditions, Evett et al. (1999) and Schwartz et al. (2003) 

observed that () under NT presented a more gradual reduction in water content as tension 

increases and lower water contents close to saturation. Kodesova et al. (2011) found that the 

retention ability under grassland cover was higher than under a CT system. Daragmeh et al. 

(2008) compared CT versus RT, and observed that soil moisture at any pressure head under 

RT was higher than under CT. Similar results were obtained by Bescansa (2006). These 

differences can be due to the incorporation of crop residues and the higher content of soil 

organic matter (SOM) under RT (Bescansa, 2006). Cunha et al. (2011) calculated the SDexter 

index under CT and NT, and found that this index under both treatments was lower than 

0.035. In contrast, Calonego and Rosolem (2011), in a similar work, working with RT and 

NT systems, obtained SDexter values higher than 0.035.  

Tillage practices alter the soil structure and consequently their hydraulic properties. 

Loosening of surface soil by tillage tends to increase the total soil porosity and K(), and 

modifies the shape of θ(ψ) (Green et al., 2003; Moret and Arrúe, 2007; Strudley et al., 2008). 

These changes result in an increase in the pore volume at the wet end section of θ(ψ), a 

decrease in the pore fractions corresponding to lower (more negative) pressure heads, and an 

increase in the slope of the θ(ψ) (Mapa, 1986; Ahuja et al., 1998, Schwartz et al., 2003; 

Schwärzel et al., 2011). Tillage operations, however, have a transitory effect on θ(ψ) because 

of rain impacts on the freshly tilled soil, which promotes a steady breakdown of soil structure 

(Mapa, 1986; Green et al., 2003; Daragmeh et al., 2008). The soil structure changes due to 
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the rainfall events and the associated wetting and drying cycles lead to a collapse of the 

largest pores while keeps constant and sometimes even increases the frequency of the 

smallest ones (Mapa, 1986; Rousseva et al., 2002). Schwen et al. (2011b, 2011a) studied the 

soil reconsolidation under CT and RT, and found that while the θ(ψ) slope presented small 

temporal alterations, considerable changes were observed at the wet end of θ(ψ). These 

changes were in the order of CT < RT. These results, however, contrast with those obtained 

by Jirku et al. (2013) in a CT experiment, who observed that both the slope and the near 

saturation section of θ(ψ) were highly variable in time.  

Very limited information about the influence of soil depth on ρb and θ(ψ) is so far 

available. Kodesova et al. (2011) reported that soil porosity under CT tends to decrease with 

depth. In other works, Vizitiu et al. (2011) observed, working in a loam soil, that the topsoil 

layers presented higher water contents at near saturation conditions, however, an opposite 

behaviour was reported on clayey soils.   

This research is part of a long-term conservation tillage experiment initiated in 1989 to 

assess soil and crop responses under different tillage systems in a dryland semiarid cereal-

growing area of Central Aragon (NE Spain). Due to the gap in the knowledge about the 

dynamic of θ(ψ) under different tillage systems, the objective of this work is to study, under 

conventional and reduced tillage systems, the effect of tillage on the dynamics of the soil 

bulk density and the water retention curve parameters at three different soil depths (0-10, 10-

20 and 20-30 cm) during a 18-months long fallow period.  

 

2. Material and methods 

2.1. Study site and experimental set-up 

The site is located at the dryland research farm of the Aula Dei Experimental Station 

(EEAD-CSIC) in the province of Zaragoza (latitude 41º44’N; longitude 0º46’W; altitude 276 

m), Spain, where a long-term conservation tillage experiment was initiated in 1989. Details 
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about site and soil characteristics, crop management practices and experimental design have 

been previously given (López et al., 1996); therefore, only relevant aspects are repeated here. 

The climate is semiarid with average annual precipitation of 390 mm and an average annual 

air temperature of 14.5 ºC. The soil at the research site has a loam texture (fine-loamy) and is 

classified as Hypercalcic Calcisol, according to the FAO soil classification system (WRB, 

2007). Particle size distribution and soil chemical data of the different treatments are 

summarized in Table 1.  

Three tillage treatments were compared under the traditional cereal-fallow rotation in the 

study area: conventional tillage (CT), reduced tillage (RT) and no-tillage (NT). The CT 

treatment consisted of mouldboard ploughing of fallow plots to a depth of 30-40 cm. The RT 

treatment consisted on a chisel ploughing to a depth of 25-30 cm (non-inverting action). The 

tillage operations for both CT and RT systems were done on 28 March 2012. NT used 

exclusively herbicides for weed control throughout the fallow season. The study was 

conducted when the field was in the long fallow phase of this rotation, which extends from 

harvest (June-July) to sowing (November-December) the following year. Field 

measurements were made during one fallow season: from November 2011 through 

November 2012.  

Tillage treatments were arranged in a complete block design (López and Arrúe, 1995) with 

three replicates for each treatment (Fig. 1). The size of the basic plot was 33.5 m x 10 m, 

with a separation of 1 m between plots. Two measurement points were considered for each 

plot, accounting for a total of 18 measurements (6 measurement points or sampling sites per 

tillage treatment). All measurements were included within an area of ≈ 2 m2 defined in each 

sampling site (Fig. 1). 

2.2. Field and laboratory measurements  

Daily rainfall data during fallow was continuously registered (at one hour interval) with a 

datalogger (model CR10, Campbell Scientific Inc.) from an automatic weather station 
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located at the experimental site. Only precipitation events larger than 10 mm were 

considered as effective rainfall events (Moret and Arrúe 2007b). Soil volumetric water 

content () within the 0-40 cm soil depth was monitored from November 2011 through 

November 2012 using the TDR technique (Time Domain Reflectometry). To this end, in 

each sampling site a two wires TDR probe was installed. The TDR probes consisted on a two 

parallel stainless steel rods (4 mm diameter, 450 mm length and 40 mm spacing between 

rods centres) vertically inserted down to 40 cm depth. More details of the TDR probe setup 

can be found in Moret et al. (2006). The protruding TDR electrode pair were connected to a 

TDR100 (Campbell Scientific) cable tester by means of a 50 cm length and 50  coaxial 

cable. The TDR waveforms were transferred to a laptop and analysed using the software 

TDR-Lab (Moret-Fernández et al., 2010). The Topp et al. (1980) model, which resulted to be 

suitable for our soil (Moret et al., 2006) was used to estimate the water content. A total of 6 

measurements of soil moisture were made per tillage treatment (Fig. 1) and observation date. 

The frequency of the soil water content measurements depended on the time from the last 

rainfall event: daily during the first week after rainfall and more spaced in time for the 

following weeks. 

Given that ρb is assumed to not change under NT in this long term field experiment, as also 

reported by Moret and Arrúe (2007b), a single sampling for ρb and θ(ψ) at the beginning of 

the experiment (pre-tillage, S1) was taken in NT. Five different soil samplings during the 

fallow period were performed in CT and RT (Fig. 1): (a) before primary tillage (pre-tillage, 

S1); (b) after primary tillage but before any post-tillage rainfall events had occurred (post-

tillage, S2); (c) after primary tillage but following a period of intermittent rainfall events 

(post-tillage + rain, S3); (d) during the late phase of fallow (late fallow, S4); and (e) just 

before primary tillage operations (end-fallow, S5). Three soil depths were considered: 1-10 

cm, 10-20 cm and 20-30 cm. A total of 6 soil samples per soil depth, tillage treatment, and 

sampling date were collected. 
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The soil bulk density was determined by the core method (Grossman and Reinch, 2002) 

with core dimensions of 50 mm diameter x 50 mm height. The same soil cores used to 

measure ρb were employed to determine θ(ψ) of undisturbed samples. The soil cores were air 

dried during 10 days and the θ(ψ) were determined using TDR-pressure cells (Moret-

Fernández et al., 2012). The soil samples were saturated by capillary rise until a water sheet 

was observed on the surface core. Once the soil sample was saturated, the following pressure 

heads were sequentially applied: 0.5, 1.5, 3, 10, 50, 100, 500 and 1500 kPa. The θ at each 

pressure step was measured by TDR using a 1502C Tektronix cable tester. TDR waveforms 

were transferred to a computer and analysed with the software TDR-Lab (Moret-Fernández 

et al., 2010). To this end, the model proposed by Topp et al. (1980) was employed. At the 

end of the experiment, the soil samples were dried at 105ºC for 24h, weighed, and the ρb 

calculated. The θ(ψ) was fitted to the unimodal van Genuchten (1980) model using the 

SWRC Fit Version 2.3 software (Seki, 2007). 
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where Se is the effective saturation, α is a scaling factor (kPa-1), n is the pore size distribution 

parameter and m = 1-1/n. The residual water content (θr) was automatically estimated by the 

SWRC Fit program. Due to the fact that a more unstable soil structure at water saturation 

conditions can collapse, mainly in freshly tilled soils (Moret-Fernández et al., 2016), the soil 

volumetric water content at saturation, assuming no trapped air, θs, was calculated from bulk 

density (ρb) according to 

r

b
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where ρr (2.62 g cm-3) is the particle soil density.                                

The soil physical quality index SDexter (Dexter, 2004a), derived from θ(ψ), was calculated as 
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The pore size distribution (PSD) was calculated in a similar way than that described in Pires 

et al. (2008) as follows:  




d

dS
PSD e )(

                                                     (4) 

Water pressure heads were transformed into pore radius (r) using the Laplace relation r = 

1490/ψ, with r and ψ given in μm and cm, respectively (Kutílek and Nielsen, 1994). 

Although PSD does not provide direct information about the porosity, it gives a measure of 

the relative abundance of pore size (Or et al., 2000). 

To compare the effects of tillage treatments on ρb and θ(ψ), an analysis of variance 

(ANOVA) for a randomized complete block design was used. A one-way ANOVA was used 

to evaluate the effect of the sampling depth and sampling date in the hydro-physical 

parameters. Duncan’s multiple range test was used to compare treatment means (p < 0.05). 

All analyses were accomplished using the R (version 3.1.1) software. 

 

3. Results 
 

 Rainfall distribution and the 0-40 cm soil depth water content during the fallow period are 

shown in Figure 2. The total rainfall and the total effective rainfalls events (P > 10 mm) 

during this period were 314.3, and 195.1 mm, respectively. From tillage to the end of fallow, 

three important sets of effective rainfall events were recorded: just after S2 (23.63 mm) and 

S3 (42.22 mm), and just before S5 (96.77 mm) (Fig. 2). Overall, the soil water content under 

NT was higher than that observed in CT and RT. The water content in the soil after 

important copious rainfall (i.e. November 2012) ranged between 0.30 m3 m-3 (NT) and 0.20 

m3 m-3 (CT and RT).  
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Although the results did not show a significant effect of the soil depth on b, this parameter 

tended to increase with depth (Fig. 3). The b under NT was, for all soil depths, higher than 

that of CT and RT (Fig.2). Compared to CT, a significantly (p < 0.001) lower b was 

observed under RT, especially in the 0-10 cm profile (Fig. 3). Soil loosening after primary 

tillage decreased b, however, these changes were only significant under RT. An increase b 

was observed after the post-tillage rainfalls. The non-significant differences in b between S2 

and S3 indicate that the effective rainfall recorded between these two samplings (23.63 mm) 

was not enough to completely reconsolidate the soil. In contrast, the copious total rainfall 

(96.77 mm) recorded during the late fallow period (S4 and S5) was enough to drive the soil 

under CT and RT to the pre-tillage b values. 

The () and the corresponding water retention curve parameters measured for the 

different tillage treatments, soil depths and sampling dates, are shown in Figure 4 and Table 

2, respectively. Overall, no significant effect (p > 0.05) of soil depth on () and the van 

Genuchten (1980) parameters was found in all treatments and sampling dates. Given these 

results, from now on, the influence of the sampling date on the water retention curve will be 

focused on the 0-10 cm soil layer. Although under consolidated soil conditions (S1), no 

statistical differences (p > 0.05) among the () measured for the different tillage treatments 

were observed (Fig. 4), the n and θs measured under NT tend to be lower than those observed 

in CT and RT. The higher  under NT for lower pressure heads agrees with the higher  

measured under this treatment in the field experiment (Fig. 2). A SDexter value higher than 

0.035 was found in all treatments (Fig. 5). Overall, the SDexter followed the trend CT  RT > 

NT (Fig. 5). Tillage operations and the subsequent soil reconsolidation processes had an 

important effect on the soil water retention curve (Fig. 4). After tillage (S2), no significant 

differences (p < 0.05) between CT and RT treatments were found in the water retention 

curve parameters (Table 2). Compared to the pre-tillage sampling (S1), the loosening of the 
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soil surface (S2) significantly (p < 0.05) increased the pore volume at the wet end section of 

θ(ψ), which resulted in an increase in θs and α (Table 2). These effects were more evident 

when analyzing the soil pore size distribution (PSD) The maximum value in the PSD 

function (PSDmax) calculated for the different soil managements followed the gradient S3 > S2 

> S4 > S5 > S1 (Fig. 6). Compared to S2, an unexpected higher θs , α , PSDmax  and SDexter 

values were found in the S3 water retention curves (Table 2 and Figures 5 and 6). These 

differences can be attributed to the soil wetting process used to measure the water retention 

curve: the waterlogging of freshly tilled soil may induce the collapse of the more unstable 

macropores (ψ < -0.5 kPa) and keep constant and sometimes even increase the frequency of 

smallest ones (ψ > -0.5 kPa) (Moret-Fernández et al., 2016). Post-tillage effective rainfalls 

(162.62 mm from S2 to S5) modified again the water retention curve (Fig. 4; Fig. 6) and the 

related parameters (Table 2). These changes, which depend on the amount and intensity of 

rainfall events recorded after tillage, resulted in a significant (p < 0.05) decrease of θs, α 

(Table 2 and Fig. 6) and PSDmax (Fig. 5). 

 

 

4. Discussion 
 

Overall, the increase of b with depth (Fig. 3) is consistent with those results reported by 

Bescansa et al. (2006) and Guedes Filho et al. (2013). The highest b values under NT (Fig. 

3) are in agreement with those results observed by other authors (Logsdon et al., 1990; Evett 

et al., 1999; Tebrügge and During 1999; Hernanz et al., 2002; Schwartz et al., 2003; 

Lampurlanés and Cantero-Martínez, 2003; Moret and Arrúe 2007b; Guedes Filho et al., 

2013). This fact is commonly associated with the gradual consolidation of the soil matrix 

over time owing to rainfall and the absence of annual tillage-induced loosening (Moret and 

Arrúe, 2007b). Compared to CT, the lower b under RT could be related with the higher 
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persistence of the soil loosening after chiseling, when compared with moldboard ploughing 

(Cassel et al., 1978; Sommer and Zach, 1992; López et al.,1996). The decrease of b after 

primary tillage operations agrees with those results obtained by Logsdon et al. (1999), Green 

et al. (2003), Moret and Arrúe (2007b) or Strudley et al. (2008), among others. However, this 

soil status was only temporary, since the post-tillage rainfalls and the associated wetting-

drying cycles promoted the soil reconsolidation, which results in an increase of b (Fig. 3) 

(Strudley et al., 2008). 

Unlike to the results reported by Vizitiu et al. (2011) in clay soils, no significant effect of 

the soil depth on the () and the van Genuchten (1980) parameters was observed. These 

results would indicate that soil reconsolidation was similar along the 0-30 cm depth soil 

profile. The lower θs observed in the topsoil layer under NT and under consolidated soil 

conditions is in agreement with the higher soil compaction observed in this treatment (Fig. 4 

and Table 2) (Moret and Arrúe, 2007b). The smaller n value under NT resulted in a more 

gradual reduction in water content with increasing soil tension (Fig. 4) (Evett et al., 1999; 

Schwartz et al., 2003). Similar results were reported similarly by Datiri and Lowery (1991) 

and Arshad et al. (1999), who observed higher water contents under NT for soil pressure 

head ranges of 0-40 and 0-400 kPa, respectively. Overall, the SDexter value, which was higher 

than 0.05, indicated good soil quality conditions.  

After tillage, the increase of the pore volume at the wet end section of θ(ψ), which resulted 

in an increase in θs and α (Table 1), are in agreement with the results reported by Hamblin 

and Tennant (1981), Lindstrom and Onstad (1984) and Schwen et al. (2011a, 2011b). As 

observed by Schwen et al. (2011a, b) in a similar experiment, tillage operations had not a 

significant influence on n. This behavior could be due to the fact that the n parameter is more 

related to the soil texture (Jirku et al., 2013), while θs and α are more associated to the soil 

structure. This hypothesis agrees with Schwen et al. (2011c), who found that α was 

significantly affected by soil compaction. The increase of PSDmax due to tillage operations 
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(Fig. 6) should be attributed to the soil breakdown by tillage, which makes larger 

interaggregate pore spaces (Leij et al., 2002; Moret-Fernández et al., 2013). Compared to CT, 

the higher PSDmax under RT (Fig. 6) may be related to the different soil structure created by 

mouldboard ploughing and chiselling: the cutting action under RT preserves better cracks 

and channels between soil aggregates, creating a porosity consisting of inter-connected 

packing voids with large equivalent diameters (Kribaa et al., 2001; Leão et al., 2014). This 

results agrees with the lower b observed in RT (Fig. 3). Similarly to that reported by 

Calonego and Rosolem (2011), an increase of the SDexter index was observed after tillage 

(0.072 and 0.0776 for CT and RT, respectively). This change could be related with the 

decrease of b (Tormena et al., 2008; Cavalieri et al., 2009). 

As reported by several authors (Schwen et al., 2011a, 2011b; Or et al., 2000; Leij et al., 

2002; Moret-Fernández et al., 2013), the rainfall was the main factor that conditions the 

changes in the θ(ψ) parameters (Table 2, figures 5 and 7). These changes should be related to 

the wetting process of the freshly tilled soil that promotes the disintegration and deformation 

of the more unstable soil aggregates (Shiel et al., 1988; Day and Holmgren, 1952). Overall, 

the most important changes in s and  (Fig. 7b and c) occurred between S3 and S4, where 

total cumulative effective rainfall was of 42.22 mm (Fig. 7a). However, no significant 

influence of the late fallow rainfalls (between S4 and S5) on the water retention curve was 

observed. These results would indicate that the first effective rainfalls after tillage are the 

main responsible factor that modifies and brings the water retention curve to its pre-tillage 

values (Fig. 2 and 7). No significant influence of rainfall on n was observed (Fig. 7d).  

 

5. Conclusions 
 

This work evaluates the effect of tillage practices on the soil water retention curve 

measured at different soil depths during an 18-months long fallow period after 23 years of 
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trials in a semiarid dryland in central Aragón (NE Spain). Three different tillage systems 

were compared: conventional (CT), reduced (RT) and no tillage (NT). The results showed 

that () was not influenced by the soil depth. However, tillage had a significant effect on 

the () shape and related parameters. That is to say, tillage operations caused a decrease in 

ρb and an increase in α, SDexter and the maximum value of the pore size distribution function. 

No clear influence of tillage on n water retention curve parameter was observed. Wetting and 

drying cycles associated to post-tillage rainfall events made the soil recovered the pre-tillage 

water retention curve shapes. These changes mainly occurred after post-tillage copious 

rainfall events. Thus, the results indicate that the firsts effective rainfalls recorded after 

tillage are the main factor that regulates the reconsolidation of freshly tilled soils. However, 

more effort should be done to better characterize the reconsolidation processes of tilled soils. 

For this purpose, more intensive measurements of water retention curve and the saturated 

soil hydraulic properties should be done after tillage.    
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Figure captions 

Figure 1. Experimental design for the tillage experiment (CT, conventional tillage; RT, 

reduced tillage; NT, no-tillage). The squares indicate the areas where soil 

measurements were made. 

 

Figure 2. Time course of (a) Rainfall (P) and (b) averaged soil volumetric water content ( ) 

in the 0-40 cm layer during the experimental fallow period under conventional 

tillage (CT), reduced tillage (RT) and no-tillage (NT).  

 

Figure 3. Soil bulk density (ρb) measured during the fallow period under conventional (CT), 

reduced (RT) and no-tillage (NT) treatments systems in pre-tillage (S1), post-tillage 

(S2), post-tillage + rain (S3), late fallow (S4) and end-fallow (S5) and 0-10, 10-20 

and 20-30 cm of soil depths. ‘T’ denotes tillage’. * indicates significant differences 

among tillage treatments at p < 0.05. ** indicates significant differences among 

tillage treatments at p < 0.01. Symbols denote average ρb per tillage treatment. Error 

bars denote calculated standard deviation. 

 

Figure 4. Soil water retention curves () measured under conventional (CT), reduced (RT) 

and no-tillage (NT) systems in pre-tillage (S1), post-tillage (S2), post-tillage + rain 

(S3), late fallow (S4) and end-fallow (S5) at 0-10, 10-20 and 20-30 cm of soil depths. 

*, ** and *** indicate significant differences among tillage treatments at p < 0.05, 

0.01 and 0.001, respectively. The modelled pre-tillage NT () curve is plotted in 

al sampling dates. Symbols denote average (,) points per tillage treatment. Error 

bars denote the calculated standard deviation. The modelled () curves were 

calculated with the average (,) points. 
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Figure 5. SDexter parameter calculated during the fallow period under conventional (CT), 

reduced (RT) and no-tillage (NT) treatments in pre-tillage (S1), post-tillage (S2), post-

tillage + rain (S3), late fallow (S4) and end-fallow (S5) for the 0-10 cm of soil depth. ‘T’ 

denotes “tillage practices”. Symbols denote average SDexter values per tillage treatment. 

Error bars denote the calculated standard deviation.  

Figure 6. Pore size distribution (PSD) (Eq. 4) calculated for conventional (CT), reduced 

(RT) and no-tillage (NT) systems in the pre-tillage (S1), post-tillage (S2), post-tillage + 

rain (S3), late fallow (S4) and end-fallow (S5) sampling dates on the 0-10 cm depth. 

 

Figure 7. (a) Cumulative effective rainfall (P), and dynamics of the (b) saturated water 

content (s) (c), α and (c) n parameters of the water retention curve measured under 

conventional (CT) and reduced (RT) tillage treatments from tillage operation to late 

fallow. Continuous and dashed lines denote the corresponding pre-tillage stage 

values for CT and RT, respectively. Capital and lowercase letters denote significant 

differences (p < 0.05) between sampling dates for RT and CT, respectively. 
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Table 1. Particle size distribution, pH, electrical conductivity (EC), CaCO3, gypsum and organic carbon (OC) contents of the studied soil in the 

0-40 cm depth (CT, conventional tillage; RT, reduced tillage; NT, no tillage) (Blanco-Moure et al. 2016). 

 

Treatment pH 
(H2O1:2.5)

EC (1:5)  
dS m-1 

CaCO3 

g kg-1 
Gypsum 

g kg-1 

Organic 
carbon 

g kg-1

  
Sand 

%
Silt 

%
       Clay 

         %

CT 8.4    0.18      471 46 10.6 33.3 43.3       23.4

RT 8.4    0.16      482 46          10.2 31.6 44.5      23.9 
NT 8.4   0.18 485 47  10.5 31.8 44.5      23.7 
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Table 2. Average parameters of the van Genuchten water retention curve for the different sampling dates, depths and tillage treatments 

(conventional (CT), reduced (RT) and no-tillage (NT)). Different letter within each tillage treatment denote significant differences (p < 0.05) 

between sampling dates. 

Tillage Sampling  
 0-10 cm   10-20 cm   20-30 cm  

  θs   θr α  n  θs θr α  n  θs θr α  n 
 

 cm3 cm-3  kPa-1   
 cm3 cm-3  kPa-1   

 cm3 cm-3  kPa-1  
      

CT S1  0.46 (0.03) a  0.25 (0.07) a  0.35 (0.08) a  1.82 (0.58) a    0.44 (0.02) b  0.24 (0.03) a  0.41 (0.42) b  1.76 (0.49) a    0.46 (0.03) bc  0.29 (0.03) a  0.27 (0.07) b  1.94 (0.33) a 

 S2  0.48 (0.01) a  0.23 (0.07) a  0.54 (0.41) a  1.80 (0.67) a    0.49 (0.03) a  0.20 (0.07) a  1.08 (0.76) a  1.95 (1.05) a    0.49 (0.03) ab  0.25 (0.03) ab  0.47 (0.24) ab  1.72 (0.17) a 

 S3  0.48 (0.04) a  0.21 (0.03) a  0.67 (0.55) a  1.81 (0.31) a    0.50 (0.02) a  0.21 (0.04) a  0.74 (0.44) ab  1.58 (0.17) a    0.51 (0.02) a  0.19 (0.05) b  0.96 (0.48) a  1.52 (0.11) a 

 S4  0.45 (0.03) a  0.23 (0.02) a  0.23 (0.12) a  1.87 (0.17) a    0.46 (0.03) ab  0.21 (0.10) a  0.28 (0.17) b  1.63 (030) a    0.45 (0.04) bc  0.23 (0.04) ab  0.55 (0.73) ab  1.72 (0.23) a 

 S5  0.45 (0.03) a  0.29 (0.05) a  0.32 (0.31) a  1.79 (0.20) a    0.44 (0.02) b  0.27 (0.03) a  0.23 (0.12) b  1.87 (0.37) a    0.44 (0.03) c  0.29 (0.09) a  0.23 (0.13) b  1.73 (0.42) a 

RT S1  0.48 (0.03) ab  0.24 (0.05) a  0.47 (0.40) b  1.68 (0.35) a    0.45 (0.14) bc  0.21 (0.25) b  0.43 (0.29) ab  1.63 (0.71) a    0.45 (0.02) b  0.22 (0.09) b  0.25 (0.06) b  1.48 (0.24) c 

 S2  0.50 (0.02) a  0.24 (0.04) a  0.86 (0.40) ab  1.64 (0.26) a    0.51 (0.03) a  0.20 (0.06) b  0.96 (0.73) ab  1.73 (0.49) a    0.52 (0.03) a  0.20 (0.05) b  1.77 (2.21) a  1.39 (0.07) c 

 S3  0.50 (0.03) a  0.19 (0.02) a  1.39 (1.18) a  1.56 (0.30) a    0.48 (0.03) ab  0.23 (0.04) ab  1.06 (1.15) a  1.62 (0.30) a    0.49 (0.03) ab  0.21 (0.03) b  0.94 (0.51) a  1.54 (0.15) bc 

 S4  0.49 (0.04) ab  0.25 (0.06) a  0.52 (0.2) b  1.71 (0.27) a    0.48 (0.04) abc  0.24 (0.08) ab  1.89 (3.33) ab  1.67 (0.34) a    0.48 (0.01) ab  0.26 (0.03) ab  0.47 (0.37) ab  1.93 (0.58) ab 

  S5  0.46 (0.02) b  0.21 (0.04) a  0.45 (0.17) b  1.72 (0.23) a    0.44 (0.02) c  0.29 (0.06) a  0.22 (0.22) b  1.92 (0.39) a    0.44 (0.03) b  0.31 (0.04) a  0.28 (0.29) b  1.99 (0.38) a 

NT S1   0.43 (0.04)  0.16 (0.13)  0.36 (0.35)  1.38 (0.22)    0.40 (0.02)  0.22 (0.09)  0.26 (0.09)  1.54 (1.03)    0.42 (0.01)  0.26 (0.09)  0.32 (0.59)  1.92 (1.08) 
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Figure 2.     
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Figure 3.     
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Figure 4 
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Figure 5 
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Figure 6    
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Figure 7 
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