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Abstract

:

Adequate knowledge of tempo-spatial variability on soil hydraulic properties plays an important role in irrigation scheduling and precision farming. This study was conducted to compare the impact of tempo-spatial variations in long-term conservation tillage applications in organic farming (superficial tillage using a chisel at 10 cm depth) on soil properties. Soil measurements, including infiltration capacity, saturated hydraulic conductivity (Ks), effective bulk density, and penetration resistance, were investigated in 2012 and compared to data from 2008 at the same fields in Baden-Württemberg, Germany. Long-term organic farming reflected a relative increase in Ks values with temporal variability 33% more in 2012 than in 2008, while soil texture was virtually time-invariant. The Ks increased from 27.06, 24.42, 40.46, 17.49, and 22.59 cm d−1 in 2008 to 33.17, 28.79, 47.75, 38.99, and 40.82 cm d−1 in 2012 for sample locations I, II, III, IV, and V, respectively. The effective bulk density values decreased from 1.72, 1.72, 1.68, 1.64, and 1.81 Mg m−3 in 2008 to 1.63, 1.56, 1.67, 1.32, and 1.48 Mg m−3 in 2012 for sample locations I, II, III, IV, and V, respectively. For spatial variations within the same season, variances in computed Ks values were attributed to differences in the soil textures and effective bulk density between different parcels. As the soil was managed by organic farming for a long time, the soil depth compactness was more pronounced in 2012 than in 2008. Nevertheless, the Ks values showed a temporal increase from 2008 to 2012 due to the preferential water flow pathways approach used in organic farming. Estimated Ks values by the Hydrus-1D model in 2012 were five times higher than in 2008. With soil depth, Ks values revealed a decreasing trend over time. Using the numerical model, Hydrus-1D was representative for comparing hydraulic parameters and simulating water transfer in the soil matrix.
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1. Introduction


Tempo-spatial variations are naturally consistent with geologic and pedological influences on soil formation and changes in soil physical properties. For cropland, soil physical properties changes may occur due to differences in irrigation, tillage, and harvest/residue management [1,2,3]. Conventional and organic soil management are fundamentally different [4,5]. Conventional management (CM) implies monoculture cultivations with effects on soil structure that are mainly influenced by agricultural machinery, application of chemical fertilizers and pesticides, and crop roots. Otherwise, organic management (OM) is often a more complex approach whereby soil structure is affected by crop roots and other attributes, application of manures, intensive cultivations, and crop residues. These changes can be noticed from year to year and during cropping season according to climatic changes [4,5,6]. The volumetric water content and soil water retention have shown that even with tempo-spatial changes over time for these properties, in contrast to soil hydraulic properties, their spatial structure did not change over time [7,8,9,10]. This phenomenon identifies a temporal/rank stability in spatial soil moisture [7] which is attributed to soil structure and topography. Although this stability has been studied for soil matric potential values, tempo-spatial variations in other hydraulic properties, such as the soil saturated hydraulic conductivity (Ks), were not adequately investigated. In agricultural lands, Jarvis et al. [11] reported that tillage systems are considered an essential factor for temporal and spatial variations in the soil’s physical characteristics. Hence, Strudley et al. [5] mentioned that for explaining spatial and temporal influences on Ks, field data collection should be enhanced in order to implement seasonal/annual measurement campaigns and elucidate short-term reactions. Soil hydraulic properties, mainly soil water retention and Ks, as parameters of water pressure head h, could be parameterized with analytical and numerical models [12,13]. Therefore, modeling the water flow increases the requirement for accurate measurements to compute the hydraulic characteristics [14,15]. Using analytical solutions, which reveal better assessment of different soil parameters, requires less computation and interference in soil water flow processes [14,16]. Nevertheless, van Genuchten and Nielsen [17] revealed that field and laboratory methods for determining soil hydraulic characteristics are costly and/or time-consuming. Laboratory methods are mainly based on Darcy’s law [18] and the water-transient procedures involved in approximations of the Richards equation [14]. In contrast, more realistic results are built on field measurements than laboratory methods that keep the soil continuity versus depth [19]. Although field measurements are difficult to control, they are more representative of soil hydraulic properties. Therefore in situ measurements could more adequately estimate Ks compared to laboratory measurements [20]. Using the in situ field technique Hood infiltrometry/tension infiltrometry to investigate the soil hydraulic properties has gained increasing attention [21,22], particularly for estimating preferential water flow pathways. The advantage of this technique compared to others is that infiltration data and soil hydraulic properties are measured in situ [20]. Furthermore, this technique reduces soil disturbance and performs an investigation of the soil hydraulic characteristics of soil structure changes [23], tillage practices and land use changes [24], and plant roots [25]. Thus, the tension infiltrometer is suitable for estimating the tempo-spatial variation in soil hydraulic properties, as saturated soil hydraulic conductivity is a key parameter for studying and modeling water fluxes and contaminant transport within the vadose zone. The objectives of this study were: (i) to identify the impact of tempo-spatial variations on soil hydraulic characteristics in long-term organic farming, and (ii) to estimate water transfer within the soil using the Hydrus-1D numerical approach at plot scale.




2. Materials and Methods


2.1. Description of Study Area


Field measurements were conducted in 2008 and 2012 in Brehmen village (3537244, 5494266, Gauß Krüger, Zone 3) at the catchment area of the river Tauber, where the same organic farming procedures of no-tillage management (superficial tillage using a chisel at 10 cm depth) with turning over the residues of crops after harvest on the soil surface, have been applied in this region since 2001 (Figure 1).



The test site is situated east of Tauberbischofsheim, in the northeastern district of Baden-Württemberg, Germany. Study areas are located 310–430 m above sea level. The average annual precipitation and temperature are 732 mm and 8.6 °C, respectively (DWD, 2012). The soil is Luvisols, mainly developed on limestone material. Crop rotation of the five fields under organic farming was investigated from 2008 to 2012 (Table 1).




2.2. Field Soil Measurements


The experimental field was homogeneous at each location in most respects (climate conditions, irrigation processes, agronomical practices, and crop types), and small variations among the investigated fields reflect the impact of temporal variations.



The infiltration rate of water through the soil surface was investigated using the Hood infiltrometer device [20]. This instrument allows measurement of the steady-state infiltration rate (qs). On the soil surface, the amount of water infiltrating each 30 s was monitored over time until reaching a steady infiltration state (Figure 2).



During the process, the last five readings at the steady state were averaged, and the steady flow rate was recorded. Compared with the disc infiltrometer, the Hood infiltrometer did not require preparation of the soil surface, and no contact material and/or perforated plate was required on the infiltration soil surface (Figure 2). Thus, measurements using the Hood infiltrometer reflect many physical properties of the soil surface, such as soil compaction and silting [20,22]. Soil dry bulk density (ρb) at the investigated sites and the initial water content (near the hood location) were examined by collecting undisturbed soil samples from several soil depths, 0–10, 10–20, and 20–30 cm, using a standard metal soil core with a volume of 100 cm³ [26], and three replicates at each soil horizon. For routine physical measurements (Table 2), composite soil samples were analyzed from the 0–10 cm soil layer that was close to the infiltration site [27].



For all the investigated sites, the steady-state infiltration rate was measured at a pressure head of −1 cm, and sample measurements were taken as three replicates for each sample location in 2008 and 2012 at the same X, Y coordinates (Table 2). Data collected in the field were flow rates (Qs), which were converted into steady infiltration rates (qs) according to [28] in the following equation:


   q s  =    Q s    π ⋅  r 2     



(1)




where Qs is the steady flow rate [L3 L-1], r is the radius of the hood (L), and qs is the steady-state infiltration rate [L.T-1]. Infiltration data using the Hood infiltrometer were based mainly on Wooding’s analytical method [20]. Thus, with the determination of Qs, the unsaturated hydraulic conductivity of the investigated soil was computed according to [29]:


   q s  =  K u  ⋅  (  1 +  4  π ⋅ r ⋅ α    )   



(2)




where Ku is the unsaturated soil hydraulic conductivity [L.T-1] and α is the sorptivity number of the soil [L-1]. The soil sorptivity number (α) is a constant equal to the reference value of 0.12 cm−1 for agriculture soils [30]. Computing the unsaturated hydraulic conductivity using Wooding’s equation, the saturated hydraulic conductivity (Ks) was calculated according to Gardner’s equation [12]:


   K s  =    K u    exp  (  α ⋅ h  )     



(3)




where Ks is the saturated hydraulic conductivity (L.T-1), and h is the pressure head (L).




2.3. Degree of Compactness Calculations


2.3.1. Effective Bulk Density


Heavy clay soils are affected by swelling and shrinking processes. Thus, the soil dry bulk density (ρb) is not considered a relevant tool for reflecting the degree of soil compactness. Kelishadi and Mosaddeghi [31] revealed that ρb may be high in soils with higher clay content but might not be crucial in coarse-textured soil at the same value. Bulk density generally cannot reflect the degree of soil compactness that results from plant root growth and crop yield [32].



This could be attributed to the dependence of BD on many factors other than texture, including soil organic matter content and clay mineralogy type. Therefore, the effective bulk density (eBD) considers these factors [22,31,33]. The eBD s computed according to the following equation [33]:


  eBD ( Mg    m  − 3   ) = p b + 0.009 ⋅ Cc  



(4)




where ρb is the soil dry bulk density (Mg m−3), and Cc is the clay content (kg.100 kg−1).




2.3.2. Penetration Resistance


Soil penetration resistance was investigated using a Penetrologger Eijkelkam UGT- Art.-Nr.: 5060407. The Penetrologger Eijkelkam consists mainly of an electronic penetrometer coupled with a data logger, which is implemented for storing and processing the measurement data and probing rods with different cones. For field measurements, the penetrologger was set to a depth of 50 cm.



At the investigated site, for each sample location in 2008 and 2012 at the same X, Y coordinates, the probing rod with a proper cone at the defined point was propelled into the soil. The soil resistance values to probing rod penetration at each soil layer of the ground profile were measured and saved in the data logger. The measurements were performed with 10 replicates at each investigation site and measurement point.





2.4. Simulation of One-Dimensional Water Flow


To simulate water transfer in the variably saturated soil in 2008 and 2012, the HYDRUS-1D model applied in the current work was numerically provided by the method of [34]. In addition, the HYDRUS-1D code primarily depended on the Richards equation for the one-dimensional water flow. The flow was explained by the equation:


    ∂ θ  (  h , t  )    ∂ t   =  ∂  ∂ z    [  k  ( h )   (    ∂ h   ∂ z   + 1  )   ]   



(5)




where That: is volumetric water content, h is soil water pressure head, k(h) is unsaturated hydraulic conductivity, z is the vertical coordinate at the soil surface (negative downward), and t is time. The initial condition and upper boundary condition for the studied experiment were:


h(0,t) = h0



(6)






h(z,0) = hi(z)



(7)




where h0 is the water potential at the upper soil surface, and hi (z) is the initial water pressure head within the soil column. The van Genuchten–Mualem model was utilized for the selected areas [35]. The HYDRUS-1D code is connected mainly with the ROSETTA model of [36]. For the boundary conditions in this investigation, we used the van Genuchten–Mualem model with non-hysteresis to study the soil hydraulic properties for all sites. The upper boundary conditions for the investigated sites were in pressure head −1 cm, which was applied during the infiltration rate experiment using the Hood infiltrometer, while the lower boundary condition was free drainage.





3. Results and Discussions


3.1. Infiltration Measurements


Analysis of the Hood infiltrometer dataset in situ helped our understanding of the soil hydraulic parameters and in comparing the field results at tempo-spatial variations. Table 3 shows the saturated hydraulic conductivity values obtained using the Gardner equation. Before explaining the results, it is worth acknowledging that the experimental fields at each location were homogeneous in most aspects, such as the irrigation regime, climate conditions, agronomical management, and crop types, such that small variations among investigated fields would reflect the differences of Ks in temporal variations under long-term organic farming since the soil texture is virtually time-invariant. At the field scale, Ks measurements showed a relative increase in their values from 2008 to 2012, excluding location Nr. 1 (Table 3). The average relative increases of Ks values in 2012 were 33% higher than their values in 2008. However, the variances in Ks values within the same season could be attributed to the differences in the soil textures and effective soil dry bulk density values among the different parcels (Table 2).



Results are in agreement with [37,38] that Ks considerably varied in space and time. However, Chirico et al. [39] revealed that the relationship between Ks and other soil parameters, such as bulk density and soil texture, is not adequate for the accurate prediction of Ks values. As soil texture is temporarily invariant, variation in Ks values could be explained by long-term organic farming. Consequently, we argue such changes in Ks values from 2008 to 2012 were due to the soil biopores effect. Poudel et al. [40] revealed that organic management led to a relevant soil structure and efficient infiltration capacity in soil [41]. Thus, organic farming has become an efficient procedure to reverse the consequences of anthropogenic sealing effects on soil [42].



The results in Table 3 show that eBD values decreased from 2008 to 2012, and this decreasing trend is consistent with increasing Ks values from 2008 to 2012. This trend might be due to the high frequency of soil micro-pore creation as a result of continuous organic farming [22,31,41]. In contrast to these results, soil penetration resistances obtained by the penetrologger device indicated another phenomenon. Soil penetration resistance values in the investigated soils were lower in 2008 than in 2012 (Figure 3).



These results showed that even though the soil was managed by organic farming for a long time, compactness was more pronounced with deep soil in 2012 compared to 2008. This could be attributed to the macro-pores resulting from the absence of deep ploughing during organic farming processes and the presence of hardpans that did not allow the penetrologger probe to penetrate the soil deeper than 25 cm in location Nr. 4; thus, the measurements in location Nr. 4 were recorded only to a soil depth of 25 cm. Nevertheless, Ks results revealed a temporal increase from 2008 to 2012 (Table 3) that could be explained by the preferential water flow pathways approach that reveals a greater number of biopores in the soil [40,41]. These results revealed that the tillage system in the field is the main factor that affects soil quality, irrespective of clay content [21,42].




3.2. Simulation of One-Dimensional Water Flow


Table 4 displays results for the hydrological parameters of soils under temporal variations from 2008 and 2012. Using one soil type (Silty Clay Loam) of sample location Nr. 4, the impact of temporal variation on soil hydrological parameters was investigated using the Hydrus-1D code. By implementing in situ measured saturated hydraulic conductivity analysis under different land management, particle size distribution, and bulk density in the Hydrus-1D model, the hydrological parameters (Qr, Qs, α, and n) were optimized (Table 4). The results revealed that Ks values estimated by the numerical Hydrus-1D method in 2012 were five times higher than in 2008.



Most one-dimensional simulation models based on the Richards equation failed to clarify the possible occurrence of unstable water flow [17]. However, in field trials, the preferential flow may partly account for the inadequate prediction of water movement. We recommend that numerical models are adapted to in situ field measurements to account for the water flow phenomenon and to achieve maximum benefit. In addition, the numerical results show that modeling soil water flow would require precise measurements of the soil’s physical properties to estimate the soil’s hydraulic characteristics [43,44,45,46]. The obtained results were consistent with the field experiments of [14,47], which imposed the water pressure head through a tension infiltrometer. The results of Figure 4 show that the saturated hydraulic conductivity reveals a logarithmic decrease with the pressure head distribution in the soil matrix (0–30 cm) and that the impact of long-term cultivation under organic farming was predominant. The Ks values versus soil depth were identified using the Hydrus-1D model (Figure 4). Simulated Ks distributions at depth 5 cm were 0.213 and 0.264 cm/hour after half and one hour in 2008, while their value distributions were 1.371 and 1.867 cm/hour in 2012 for the same spatio-temporal variation with soil depth, respectively (Figure 5). With soil depth, Ks values revealed decreasing values over time. Nevertheless, this decreasing trend shows that the Ks distribution values obtained in 2012 were six times higher than in 2008 versus soil depth (5 cm) within the first two hours, while their distribution values in 2012 were nine times higher than in 2008 versus soil depth (10 cm) within the first two hours. This was interpreted due to an increasing wetting front, higher biological activity [40], more soil biopores [42], and higher infiltration capacity. In addition, the results indicate that Ks values approximately reached the steady state in both 2008 and 2012 after 6 h, which could be attributed to the steady-state flow rate becoming constant.



Using the numerical Hydrus-1D model, the impact of temporal variation on soil water flow was estimated (Figure 5). Figure 5a shows the water retention curves under the impact of long-term cultivation with organic farming. Distinct differences were detected, whereby the volumetric water content in 2012 revealed an increase in the field capacity compared to 2008. Volumetric water content at the field capacity was 0.318 cm3 cm−3 and 0.367 cm3 cm−3 in 2008 and 2012, respectively, and these differences were apparent with the decreasing trend in water tension. The cumulative infiltration curve under OM in 2012 was greater than in 2008 (Figure 5b), and this result was in agreement with the effects of water retention during the infiltration process. These results corresponded well with Ks versus the volumetric water content (Figure 5d), which reflected the same trend of increasing Ks under OM in 2012 compared to OM in 2008, with increasing the volumetric water content in soils. In addition, the soil required 3 h under OM to reach the constant storage capacity in 2008 compared to 2012, which required 1 h (Figure 5c). Our results are in agreement with [48,49] that organic farming is often considered a relevant farming system. Thus, long-term organic farming influences volumetric content on the soil surface and affects soil hydraulic parameters [24,50,51,52,53].





4. Conclusions


Selecting tillage practices without ploughing maintains long-term soil quality and, subsequently, yields more interest in organic farming. Long-term organic farming revealed a relative increase in soil saturated hydraulic conductivity (Ks) values with temporal variations since soil texture is virtually time-invariant. However, variance in the computed Ks values within the same season was attributed to a difference in soil textures and effective bulk density values between different parcels. Even though the soil was managed by organic farming for a long time, more compactness was pronounced in the deep soil, which resulted from the absence of deep ploughing during organic farming processes. Nevertheless, long-term organic farming has become an efficient procedure to counteract the consequences of anthropogenic sealing of cropland by enhancing the preferential water flow pathways.
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Figure 1. Sample field location of Brehmen village, Tauberbischofsheim, southern Germany. 
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Figure 2. Principles of infiltration measurement using a Hood infiltrometer [20]. 
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Figure 3. Penetration resistance with soil depth for field locations; (a–e) under organic farming in 2008 and 2012. 
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Figure 4. Saturated hydraulic conductivity changes with depth under organic management using the numerical Hydrus-1D model in 2008 and 2012. 
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Figure 5. Hydraulic properties under organic management, (a) water retention curves, (b) cumulative infiltration versus time, (c) soil water storage capacity versus time, (d) saturated hydraulic conductivity versus volumetric water content. 
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Table 1. Crop rotation from 2008 to 2012 of the investigated fields.
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Sample

Location

	
Crop Type




	
2008

	
2009

	
2010

	
2011

	
2012






	
I

	
Spelt

	
Flax

	
Black emmer

	
Alfalfa

	
Alfalfa




	
II

	
Spelt

	
Sweet pea

	
Red clover

	
Red clover

	
Winter Wheat




	
III

	
Winter rape

	
Winter Wheat

	
Summer barley

	
Spelt

	
Barley




	
IV

	
Oats

	
Barley

	
Rye

	
Summer wheat

	
Black emmer




	
V

	
Winter Wheat

	
Red clover

	
Red clover

	
Winter Wheat

	
Spelt
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Table 2. Physical properties of the investigated sample locations.
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Sample Location

	
X_Coord

	
Y_Coord

	
Soil Management

	
Particle Size Distribution

	
Texture




	
Sand%

	
Silt%

	
Clay%






	
I

	
3540422

	
5492031

	
Organic

	
2.1

	
52.1

	
45.8

	
Clay




	
II

	
3541030

	
5491781

	
Organic

	
11.3

	
52.1

	
36.5

	
Silty Clay Loam




	
III

	
3539854

	
5491288

	
Organic

	
3.3

	
44.3

	
52

	
Clay




	
IV

	
3539806

	
5492396

	
Organic

	
3.3

	
63

	
33.7

	
Silty Clay Loam




	
V

	
3539646

	
5492708

	
Organic

	
1.2

	
60.9

	
37.8

	
Silty Clay Loam
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Table 3. Soil physical properties in 2008 and 2012 field campaigns under organic farming.
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Year

	
Property

	
Field Location




	
I

	
II

	
III

	
IV

	
V






	
2008

	
BD (Mg m−3)

	
1.31

	
1.39

	
1.21

	
1.34

	
1.47




	
eBD (Mg m−3)

	
1.72

	
1.72

	
1.68

	
1.64

	
1.81




	
qs (cm min−1)

	
1.84

	
0.67

	
1.11

	
0.48

	
0.62




	
Ks (cm d−1)

	
27.06

	
24.42

	
40.46

	
17.49

	
22.59




	
2012

	
BD (Mg m−3)

	
1.22

	
1.23

	
1.20

	
1.02

	
1.14




	
eBD (Mg m−3)

	
1.63

	
1.56

	
1.67

	
1.32

	
1.48




	
qs(cm min−1)

	
0.91

	
0.79

	
1.31

	
1.07

	
1.12




	
Ks (cm d−1)

	
33.17

	
28.79

	
47.75

	
38.99

	
40.82








BD: bulk density; eBD: effective bulk density; qs: steady-state flow infiltration rate; Ks: saturated hydraulic conductivity.
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Table 4. Hydraulic properties of sampled soils under organic farming in 2008 and 2012.
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	Field

Management
	Soil Type
	Theta r

(cm3 cm−3)
	Theta s (cm3 cm−3)
	Alpha

(1/cm)
	n
	Ks

(cm.h−1)





	Org. (2008)
	Silty Clay Loam
	0.091
	0.481
	0.09
	1.502
	0.472



	Org. (2012)
	Silty Clay Loam
	0.098
	0.574
	0.01
	1.467
	2.323







Theta r (Qr): residual water content (cm3 cm−3); theta s (Qs): saturated water content (cm3 cm−3); Ks: saturated hydraulic conductivity (cm d−1); alpha: sorptivity number (1/cm); n: pore-size distribution index.
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