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Abstract In order to assess the water runoff on the sloping cultivated fields of Central Greece, an experiment was carried out from 1997 to 2000. The following treatments were used: three tillage methods, viz. conventional tillage, reduced tillage with heavy cultivator and disk-harrow; two with or without winter cover crop; two parallel and perpendicular to the contour tillage and planting directions. An existing methodology for predicting runoff was evaluated and improved, which is based on the estimation of ponding time for the different tillage systems in the study area under rainfall. An equation predicting the time to ponding was used obtaining data from infiltration experiments using double-cylinder infiltrometers in the field. The surface runoff of each rain storm was estimated by combining the appropriate infiltration equation with the rain intensity data, taking into consideration not only the excess rainfall rate over the infiltration rate, but also the surface detention. Measured runoff was used to test the validity of the USDA-Soil Conservation Service (SCS) curve number method in the region. The results from this test indicated that this prediction runoff method may not be used in the region without the proper modifications to suit the rainfall in the region. The developed model could be used to successfully estimate runoff and erosion in the area. It was found that the combination of equations of time to incipient ponding and the maximum surface storage capacity of topsoil, could explain about 85% of the existing runoff variation. # 2006 Elsevier B.V. All rights reserved. Keywords: Empirical runoff estimation; Reduced tillage; Cover crop; Tillage direction; Curve number method



1. Introduction Raindrop impact is the main cause of soil aggregate detachment. However, it is the runoff water that removes the detached soil aggregates and can be
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considered of paramount importance in soil erosion determination. Thus, practices to limit soil erosion mostly involve attempts to decrease the rate and volume of runoff. Factors influencing runoff include rainfall characteristics, soil properties, land use and management practices. Land use is an important characteristic of the runoff process that affects infiltration and erosion (Melesse and Shih, 2002). Many authors have stressed the positive effect of surface mulches produced by crop residues (Gilley et al., 1986; Stone et al., 1996) and
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surface gravel or natural vegetation (Danalatos et al., 1998) in reducing runoff and erosion. Gilley et al. (1991) reported that surface crop residue along with reduced tillage can increase soil infiltrability and reduce runoff. Increased soil structure stability can also be achieved by reduced tillage (Rasmussen, 1999). Other authors (Basso et al., 2002; Zhang et al., 2004a,b) have stressed the effects of contour tillage on drastically reducing runoff. Unger (1996) noticed that in land with 2% slope, tillage parallel or perpendicular to the contours resulted in runoff percentages of 13% and 38%, respectively. Land use should be properly planned taking into account accurate estimates of surface runoff and the subsequent soil loss produced under various cultivation practices. However, the measurement of runoff is a rather difficult task at field scale (Stone et al., 1996). Many attempts to assess runoff have been made with the development of both simplified and more sophisticated models, all, without much success due to the existing great variability on the prevailing soil physical conditions. Although many studies of the rainfall–runoff process at field scale exist in the literature, accepted methodologies specific to that scale are rare (Stone et al., 1996). The Soil Conservation Service (1972) developed a method, known as curve number method, using total storm rainfall and an index of initial abstractions to compute total storm runoff volume. Modified formulae, which adjusted the curve number for soil moisture, were the basis for runoff calculation for many erosion simulation models (CREAMS, Knisel, 1980; SWRRB, Williams et al., 1985; SPUR, Wight and Skiles, 1987), which attempted to account for the effects of management systems on the runoff-erosion-sediment yield processes. The main criticism of the curve number method was that the amount of simulated runoff was not sensitive to rainfall intensity. Thus, the method would compute the same amount of runoff, given the same amount of total rainfall, independently of the duration of the event or the distribution of rainfall intensity during the event. The field scale runoff process, which is of interest in most erosion studies, is known as Hortonian overland flow (Chow et al., 1988). It is characterized by rainfall excess dominated runoff occurring as shallow sheet flow in small concentrated flow areas. The runoff response to rainfall is controlled by two basic factors of the rainfall: intensity and the soil characteristics. In contrast to the storm total approach, the rainfall excess approach uses a time intensity rainfall distribution and an infiltration equation to compute a rainfall excess
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distribution. Rainfall excess is the portion of rainfall which ponds on the soil surface during the period when the rainfall rate exceeds infiltration rate (Stone et al., 1996). It is partitioned into depression storage and runoff, which flows on the surface. The steps involved in the implementation of the rainfall excess approach are to compute infiltration, depression storage, rainfall excess and then the runoff hydrograph. The disadvantage is that the rainfall excess lost by infiltration is not accounted for so that the rainfall excess-based approach will always overestimate the runoff volume. By using a total storm runoff or a rainfall excessbased approach, runoff estimation will depend on the objective of the study and initial conditions of the study area. At present, there are no objective criteria for the selection of a particular simulation model or methodology for a given situation. Key issues in model selection are the complexity of the model, input variables parameter uncertainty and systematic model errors (Stone et al., 1996). Estimations of runoff and erosion, tillage management and soil and water conservation plans are all based on precipitation data, soil properties and soil management. The assessment of the effects of tillage systems on hydrologic processes is important to support decisions on soil management. The use of runoff models is of particular interest, because of the existence of several tillage systems. However models need to be well calibrated and validated, especially when used under conditions different than those under which they have been developed and applied (Fontes et al., 2004). Rainfall–runoff relationships depend on the dynamic interaction between rain intensity, soil infiltration and surface storage. Runoff occurs whenever rain intensity exceeds the infiltration capacity of the soil, providing that there are no physical obstructions to surface flow. For the estimation of runoff in the present work, a methodology was used based on the infiltration capacity of the soil, the estimation of time to incipient ponding (Poulovassilis et al., 1991) and the maximum surface storage capacity of topsoil, as described by Danalatos (1993). The time to ponding is of great importance for the calculation of surface water runoff. Runoff depends on the depth of ponded water, on the surface microrelief and on the slope of the land. Although a number of empirical and process-based models, such as ANSWERS (Beasley et al., 1980) have been developed, most rainfall–runoff models have a large number of parameters, which cannot be obtained directly from measurable quantities of catchments characteristics, and hence model calibration is entailed (Li et al., 2006). Chiew et al. (1993) concluded that
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simpler models could provide adequate estimates of runoff in the wetter catchments and also noted the fact that it was much easier to use these models than complex conceptual models. Such a simple agricultural event-based model was developed by Danalatos (1993), which was used for runoff prediction in various environments in central Greece. The model takes into account the initial soil moisture content, which has a major influence on runoff quantities, especially when small rainfall events are simulated (De Roo and Riezebos, 1992). Most importantly, the model incorporates the surface storage capacity so that it may produce runoff estimates under various cultivation practices, which is a rather difficult task at field scale (Stone et al., 1996). However, despite its simplicity and good performance under local conditions, the model needs to be validated under field conditions in a variation of environmental conditions and management (cultivation) practices. Therefore, a field experiment was designed and carried out to study the effect of cropping practices, thus: tillage (i.e. conventional tillage, reduced tillage using a heavy cultivator and a disk-harrow); tillage and planting direction (parallel or perpendicular to the contours); of the use of winter cover crop (with or without), to surface runoff. An improved version of the model was developed and validated based on the above data, collected over a 3-year experimental period from 1997 to 2000 in central Greece. 2. Materials and methods 2.1. Field experimentation The field experiment was carried out on a Tertiary loamy soil of Thessaly plain, in central Greece, 4 km west of the city of Larissa, during the period 1997–



2000. The experimental site had a mean slope of 5.58. The soil was well-drained, very calcareous silty loam, classified as Calcic Xerochrept according to soil taxonomy (Soil Survey Staff, 1975). It was rather susceptible to erosion because of its high soil erodibility and the existing dry conditions in periods of low rainfall (NAGREF, 1989). A randomized complete block design was used with three replicates. The block design is particularly proper under sloping conditions, since the blocks absorb the existing soil variation along the slope gradient. The treatments were OS, OS*, O, O*, KS, KS*, K, K*, DS, DS*, D and D* (abbreviations of all treatments are given in Table 1). Conventional tillage included moldboard ploughing to a depth of about 250 mm in autumn (November– December) and disking for seedbed preparation in April to a depth of about 60–80 mm. A field cultivator was used to prepare a smooth seedbed after disking before planting. In the second tillage treatment, a heavy cultivator was used for tillage to a depth of 150 mm in autumn, followed by seedbed preparation. In the third treatment, a disc harrow was used for tillage to a depth of about 60–80 mm in autumn, followed by a disking in April. The primary tillage took place on 5 December 1997 for the first year of the experiment (1997–1998), on 14 December 1998 for the second year (1998–1999), and on 7 November 1999 for the third year (1999–2000) (Table 2). All plots were sown with cotton (Gossypium hirsutum cv. Zeta-2) in mid-to-late April according to the general practice of the region. Half of the plots were sown with a cover crop (Vicia sativa or Durum wheat) in autumn by hand (broadcast sowing), so that their surface was covered throughout the winter (rainy) period. All plots with winter cover crop were sprayed with herbicide glyphosate (N-(phosphonomethyl)glycine) (36 sl 10 l/ha) in late March. Soil tillage and cotton



Table 1 Abbreviation and description for all treatments Abbreviation



Treatment description



OS OS* O O* KS KS* K K* DS DS* D D*



Plough, with winter cover crop and tillage direction perpendicular to the contours Plough, with winter cover crop and tillage direction parallel to the contours Plough, without winter cover crop and tillage direction perpendicular to the contours Plough, without winter cover crop and tillage direction parallel to the contours Heavy cultivator, with winter cover crop and tillage direction perpendicular to the contours Heavy cultivator, with winter cover crop and tillage direction parallel to the contours Heavy cultivator, without winter cover crop and tillage direction perpendicular to the contours Heavy cultivator, without winter cover crop and tillage direction parallel to the contours Disk-harrow, with winter cover crop and tillage direction perpendicular to the contours Disk-harrow, with winter cover crop and tillage direction parallel to the contours Disk-harrow, without winter cover crop and tillage direction perpendicular to the contours Disk-harrow, without winter cover crop and tillage direction parallel to the contours
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Table 2 Rainfall characteristics for every rainfall event that caused runoff Date of rainfalla



Date of primary or secondary cultivation



Rain duration, T (min)



Rain intensity, V0 (mm/min)



Total rainfall (mm)



Cumulative rainfall (mm)



720



0.41



158



– 158



2820 1420



0.18 0.30



1870



0.31



70 110 125 50 87.4



385



0.43



17 58.8



– 70 180 305 355 442.4 – 17 75.8



1550



0.30



570



0.35



88.1 45 35.8 29 46.4



– 88.1 133.1 168.9 197.9 244.3



360



0.48



54.9 104.8



54.9 159.7



First year (1997–1998) 5 December 1997 (primary tillage) 29 May 1998b Second year (1998–1999) 14 December 1998 4 January 1999b 13–15 January 1999 8–10 February 1999b 20 March 1999 30 March 1999 15, 16 April 1999b 29 April 1999 22 May 1999 17 July 1999b Third year (1999–2000) 7 November 1999b 18, 19 November 1999 29 December 1999 20 February 2000 15 March 2000 12 April 2000b 30 April 2000 10 May 2000 16, 17 June 2000b



The tillage dates are shown. a Limit for separation of two rainfall events was defined as the temporal duration of 6 h without rainfall (Valmis, 1990). b The date surface roughness was estimated.



planting were practiced either parallel or perpendicular to the contours. The erosion plots were sized 22 m  5 m = 110 m2. The length of 22 m is considered adequate for soil erosion experiments (Morgan, 1995), whereas a 5 m-width was needed for successful application of the three different tillage treatments parallel to the contours. Each erosion plot contained four cotton rows (cotton is traditionally sown in Greece in rows of 1 m). A small ridge, 200 mm high and 500 mm width bound each plot. A plastic film was incorporated to avoid mixing of runoff from neighboring plots. Runoff was collected from the plots, leaded by tin troughs placed at the down slope edge of each plot and then into large containers installed into the ground. The containers were emptied after each rainfall event, and water and sediment samples were taken. Water runoff was automatically measured using tipping buckets placed between the troughs and the large plastic containers, and automatically recorded in a data logger. In the same logger, the rainfall rate was recorded automatically. Dry bulk density of the soil was measured by taking undisturbed samples in metallic rings (70 mm diameter, 30 mm height). Soil penetration



resistance (PR) was measured at three sites in each plot to a depth of 400 mm with a hand-held recording penetrometer that had a 308 cone with a 12.8 mm diameter base (ASAE, 2002). Penetration resistance measurements were made by pushing the penetrometer vertically into the soil at an approximated speed of 20 mm/s. The mean of the three measurements was further processed. Infiltration capacity of the soil was periodically measured in situ using a double cylinder infiltrometer (Bouwer, 1986) with diameters of the inner and outer ring 300 and 450 mm, respectively. The infiltration measurements were carried out at the beginning of the season after tillage (primary or secondary) operations and were repeated midway and at the end of the growing season. Winter cover crop was sown at the same time with primary tillage. Winter wheat was used the first year and vetch the second. In the third year, wheat was used again because the vetch growth was limited compared to wheat. Sowing was done by hand. Seeds were broadcasted to the soil surface without any tillage. A diskharrow was used to cover the seeds. Satisfactory plant populations were obtained as was proved by earlier
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work by Gemtos et al. (1997). Soil coverage was satisfactory and exceeded the 40–50% of the soil surface as required for the soil erosion protection (Conservation Technology Information Center, 1997). The weed growth was controlled by primary and secondary tillage. All treatments were sprayed with herbicide mixture: prometryne (2,4-isopropilamine2-6methylsulfur-1,3,5-triazine) (3.3 kg/ha) plus Alachlor (2-chloro-20 ,6-diethyl-N-(methoxymethyl)acetanilide) (5 l/ha) after sowing and before cotton emergence. During the cotton growing season the weed growth was controlled by hand hoeing. Analysis of variance as stipulated by randomised complete block design was used to assess treatments effects (Little and Hills, 1978). A least significant difference of P < 0.05 was used. The averages were few so that LSD method could show significantly accuracy. All statistical analyses were performed using the statistical software package ‘‘Statgraphics’’ (STSC, 1998). The association between simulated and measured mean values was assessed by linear regression analysis. 2.2. Methodology of runoff estimation The water drop impact produced by rain or irrigation is the main cause of soil aggregate detachment. Additionally, rainstorms having intensities greater than saturated hydraulic conductivity of the soil result in surface runoff which is the main cause of soil erosion by water in a sloping area. So, it is obvious that runoff estimation is of great importance in hydrological, irrigation or land evaluation studies for agriculture. One-dimensional-vertical infiltration into a deep uniform initially unsaturated soil profile, generally occurs either when soil surface is ponded by water (flooding infiltration) or when water is sprinkled, just like it happens during sprinkler irrigation or physical rainfall (rain infiltration). Flooding infiltration is ‘‘profile controlled’’ and concerns ponded soil surfaces in which the upper boundary (soil surface) of the flow region is described by a step increase of soil water content to saturation (Dirichlet boundary conditions). A lot of infiltration equations have been proposed for application in hydrological studies and irrigation practices (Green and Ampt, 1911; Kostiakov, 1932; Horton, 1940; Philip, 1957; Ghosh, 1980; Parlange et al., 1982; Poulovassilis et al., 1989; Argyrokastritis and Kerkides, 2003) and all of them concern flooding infiltration. Rain infiltration is ‘‘flux controlled’’ and concerns soil surfaces to which water is applied by a constant rain or sprinkling intensity. In case of rain



infiltration, the upper boundary (soil surface) of the flow region is described by a flux boundary condition (Neumann boundary conditions). If rain intensity is at all infiltration times lower than soil saturated hydraulic conductivity, the soil continues to absorb the water as fast as it is applied, without ever reaching saturation. If rain intensity is greater than soil saturated hydraulic conductivity, then, at first, the soil absorbs at less than its potential rate and the flow of water in the soil occurs under unsaturated conditions. But if the rain continues at the same intensity and as soil infiltrability decreases, the soil surface eventually becomes saturated and henceforth the process continues as in the case of flooding infiltration. Rubin (1966) recognized three modes of rain infiltration: (1) non-ponding infiltration, which involves rain not enough to produce ponding, (2) preponding infiltration which involves rain that can produce ponding but that has not yet done so and (3) rain-pond infiltration which is characterized by the presence of ponded water and is usually preceded by preponding infiltration, the transition between the two being called ‘‘incipient ponding’’. Estimation of time to incipient ponding is of importance for runoff initiation and closely related to the assessment of erosion risk. 2.2.1. The modified runoff model (Danalatos, 1993) There have been many studies of the rainfall–runoff process and many methodologies have been developed to estimate runoff at field scale. In this work, for the calculation of runoff, a modification of a method proposed by Danalatos (1993), through the application of Eq. (1) was followed: runoff ¼ ðV0  K0 ÞðT  Tp Þ  SSmax



(1)



where V0 is the intensity of rain in cm min1, K0 the saturated soil water conductivity in cm min1, which is considered equal to final infiltration rate (Talsma, 1969; Hillel, 1980; Chong and Green, 1983) and is easily measurable in the field through flooding infiltration experiments, T the total duration of rain in min, Tp the time to incipient ponding (min), and SSmax is the maximum surface storage capacity of the land in cm. Main and Larson (1973) and Swartzendruber (1974) presented a method for determining the time to incipient ponding, with infiltration into the soil described by the Green–Ampt equation for constant rainfall intensity. In the present work, Tp was calculated through a method presented by Poulovassilis et al. (1991) and Argyrokastritis (1996), who compared some physical characteristics of vertical infiltration under constant flux (rainfall) conditions, with those pertaining to flood
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infiltration. They investigated the relationship between ponded and constant flux infiltration, trying to switch from the one process to the other and finally they proposed equation (2) for the calculation of time to incipient ponding Tp: R tc Tp ¼



0



uF dt IF ðtc Þ ¼ V0 V0



(2)



where tc is the time at which ponded infiltration rate equals to the constant rainfall intensity V0 (always tc < Tp), uF the ponded infiltration rate and IF(tc) is the ponded cumulative infiltration at time tc. The time to incipient ponding (Tp) was calculated using Eq. (2) for each treatment and for the particular experimental period, based on the cumulative infiltration IF(tc) at time tc where infiltration rate equaled to the mean rainfall intensity (V0). Infiltration rate dIF(t)/dt could be found for any time from the cumulative infiltration versus time IF(t) relationships obtained for every plot from the infiltration experiments with constant head at soil surface. The mean rainfall intensity (V0) was derived from the rainfall intensity recorded in every particular rainfall event. The maximum surface storage capacity of the soil was determined by the surface properties and the slope angle of the land. SSmax was mathematically described (Driessen, 1986) as SSmax ðmmÞ sin2 ðSIG  PHIÞ sin SIG cotanðSIG þ PHIÞ þ cotanðSIG  PHIÞ  2 cosðSIGÞ cosðPHIÞ



¼ 0:5 RG



(3)



where RG is the surface roughness (mm), i.e. the maximum depth of the soil microrelief, SIG the surface soil and surface furrow angle (8) and PHI is the slope angle of the land (8). A nomogram based on Eq. (3) is presented in Fig. 1 for a SIG value of 308 that is generally valid in the study area (Danalatos, 1993). Surface roughness is the configuration of the soil caused by the randomly orientated arrangement of soil clods. Tillage tools can produce two types of roughness (RR): random roughness and orientated roughness. Random surface roughness is caused by the random occurrence of peaks and depressions resulting from soil clods and organization of aggregates after orientated roughness has been removed (Zobeck and Onstad, 1987; Zobeck and Popham, 2001; Guzha, 2004). Orientated roughness results from tillage implements or slope effects (Guzha, 2004). For tillage direction



Fig. 1. Nomogram of SSmax as a function of surface roughness in mm (RG) and field slope (PHI) at a fixed clod/furrow angle (SIG) of 308.



perpendicular to the contours, RG0, which is the random roughness immediately after tillage and before rainfall, is 32 mm for the plough, 23 mm for the heavy cultivator and 18 mm for the disk-harrow (Zobeck and Onstad, 1987; Gilley and Finkner, 1991). For the tillage direction parallel to the contours, RG0 is the orientated surface roughness, which can be taken equal to the initial tillage depth, immediately after tillage and before rainfall (250 mm for the plough, 150 mm for the heavy cultivator and 80 mm for the disk-harrow). Soil surface roughness is initially defined by tillageinduced surface microrelief. In addition, raindrop impact, soil freezing and thawing and erosion can further affect surface roughness. Information in the literature (Zobeck and Onstad, 1987; Gilley and Finkner, 1991) relates random roughness values to single and multiple tillage operations. If cumulative rainfall since the last tillage operation is known, the reduction in surface roughness caused by precipitation can be estimated by Eq. (4) (Gilley and Finkner, 1991): RG ¼ RG0 0:89 e0:026Rcum



(4)



where RG is the roughness of a surface following rainfall, RG0 the roughness immediately after tillage and Rcum is the cumulative rainfall expressed in cm. 2.2.2. Soil Conservation Service (SCS) runoff curve number method One of the most widely used methods to compute direct storm runoff is the SCS curve number (SCS, 1972) (Stone et al., 1996; Hussein, 1996). The method is based on the concept that rainfall can be divided into runoff and losses, or initial abstractions which occur before runoff begins (interception, infiltration, and surface storage) and losses which occur after the start of runoff (infiltration).



0.089



1.240 1.265 1.310 1.280 1.425 1.510



0.136



b b a b a a 1.175 1.200 1.310 1.260 1.275 1.380



0.036



c c b b a a 0.850 0.860 0.970 0.990 1.270 1.280



0.137 0.041 0.038 0.091



In each column, values followed by same letter are not significantly different at P = 0.05 level.



0.026



d c,d c,d c a b LSD(0.05)



January 1999 (just after primary tillage)



Table 2 shows the monthly rainfall during the experimental period. Year-to-year variability in rainfall is generally high. This is typical of rainfall in central Greece, which characterized by very high rainfall intensities as Mediterranean type climatic conditions (Wainwright, 1996), which increases the risk of erosion in the region. The dominant type was the normal storm with maximum intensity of about 0.3 mm min1. These storms were usually erosive if they fell on bare soil. Cotton was planted in late spring. The soil remained uncovered during winter, which is the rainy period in Greece, and was exposed to erosion.



April 1998 (just after secondary tillage)



3.1. Rainfall



Table 3 Mean dry bulk density (Mg m3) at soil depth 0–100 mm



3. Results and discussion



December 1997 (just after primary tillage)



The CN is a dimensionless runoff index determined based on hydrologic soil group, land use, land treatment, hydrological conditions and antecedent moisture condition. The CN method is able to reflect the effect of changes in land use on runoff. The CN values range between 1 and 100. Higher values of CN indicate higher runoff. The SCS runoff equation is widely used in estimating direct runoff because of its simplicity, flexibility and versatility (Melesse and Shih, 2002).



Second year



April 1999 (just after secondary tillage)



(8)



First year



25 400  254 CN



Treatments



S¼



1.190 1.195 1.210 1.220 1.390 1.445



The parameter S in Eq. (7) is related to CN by



b b b b a a



(7)



1.045 1.115 1.125 1.170 1.345 1.350



for R > 0:2S



c c b b a a



ðR  0:2SÞ2 R þ 0:8S



0.910 0.890 1.030 1.035 1.110 1.120



runoff ¼



July 1999 (3 months after secondary tillage)



which when substituted into Eq. (5) gives the curve number equation:



c c b,c b a a



Third year



(6)



1.100 1.110 1.125 1.160 1.290 1.310



Ia ¼ 0:2S



April 2000 (just after secondary tillage)



where runoff is the runoff amount (mm), R the total rainfall (mm), Ia the initial abstraction (mm), and S is the potential maximum losses after runoff begins plus initial abstraction (mm). An analysis of the rainfall runoff relationships of a number of small agricultural watersheds in the United States yielded the following relationship between Ia and S as (Stone et al., 1996):



c b,c b,c b a a



(5)



0.860 0.890 0.935 0.970 1.125 1.075



ðR  IaÞ2 R  Ia þ S



OS O KS K DS D



runoff ¼



June 2000 (2 months after secondary tillage)



The relationship among storm rainfall, storm runoff, and initial abstractions can be written as



b b b b a a
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December 1999 (just after primary tillage)
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Table 4 Mean penetration resistance (kPa) just after primary tillage for soil depths 25–350 mm Treatments



25 mm



50 mm



100 mm



150 mm



200 mm



250 mm



300 mm



350 mm



OS O KS K DS D



255.0 255.8 305.1 267.5 362.5 385.8



482.5 468.3 490.0 487.5 576.6 576.6



630.0 633.5 686.1 663.3 1147.8 1136.6



896.0 896.2 912.0 907.5 1243.5 1228.5



1076.6 1107.5 1342.2 1346.3 1360.8 1346.3



1298.8 1297.5 1545.3 1546.3 1579.0 1560.5



1436.7 1440.5 1613.0 1609.5 1615.3 1615.8



1742.6 1765.5 1774.5 1789.1 1788.7 1787.1



LSD(0.05)



a a a a b b



53.9



a a a a b b



27.9



a a a a b b



64.5



25.0



a a a a b b



a a b b b b



43.1



a a b b b b



49.4



a a b b b b



65.9



a a a a a a



55.7



In each column, values followed by same letter are not significantly different at P = 0.05 level.



(Chahinian et al., 2005). The fact that disk-harrow plots had higher soil water content than the other tillage methods could be explained by the fact that the diskharrow plots had increased bulk density and hence decreased porosity, something that agree Dimanche and Hoogmoed (2002), Barzegar et al. (2003), so that the air movement in the soil was limited and consequently the drainage and the evaporation of soil water was decreased. Moreover, on the reduced tillage plots, greater availability of soil water content has been attributed to a mulching effect of cotton and cover crop residue on the soil surfaces that reduces water loss by evaporation. Surface residues limited the air exchange between soil and environment, which is also supported by Sharma and Acharya (2000). At the same time, solar radiation was prevented from reaching and heating the soil so that evaporation was reduced. The water content in the seedbed in spring was higher by 2–5%, when cover crop residues remained on the soil surface, which was also found by Mosaddeghi et al. (2000) and Motavalli et al. (2003). Cumulative infiltration was higher in disked plots compared to the ones heavily ploughed or tilled with the heavy cultivator (Fig. 2). This should be attributed to the lower destruction of the soil macropores, the unproved soil structure and the soil coverage by crop residues that reduced raindrop impact to the soil.



3.2. Soil—physical and hydrological properties The mean value of dry bulk density was higher in plots tilled with a disc harrow as shown in Table 3. Soil penetration resistance increased with increase in soil depth for all treatments. For the same reference, depth penetration resistance of the reduced tillage plots was higher compared to the conventional tillage ones (Tables 4 and 5). A sharp increase in soil penetration resistance at 100 mm depth in disk-harrowed plots was observed (Tables 4 and 5). The surface crop residues in April produced by the winter cover crop biomass appeared to reduce penetration resistance. This should be the result of better soil structure, improved soil porosity caused by the voids and pores spaces from root cover crop growth (Osunbitan et al., 2005) and by the increased organic matter. Tillage systems appeared to influence soil water content. The disk-harrow plots from the beginning of the spring until the beginning of the summer had higher soil water content (volumetric soil water content 19.8%) compared to the heavy cultivator (volumetric soil water content 17.9%) or ploughed plots (volumetric soil water content 15.5%). Tillage is certainly the operation that provokes the greatest changes in topsoil structure. These occur at the time of tillage, but also afterwards due to the soil reconsolidation process



Table 5 Mean penetration resistance (kPa) just after secondary tillage in April, for soil depths 25–350 mm Treatments



25 mm



50 mm



100 mm



150 mm



200 mm



250 mm



300 mm



350 mm



OS O KS K DS D



363.2 374.7 413.7 434.7 421.7 461.7



529.0 528.7 584.2 651.2 623.5 722.5



731.5 729.2 729.0 783.7 1230.0 1405.0



931.2 943.2 1041.2 979.7 1355.0 1465.0



1126.2 1144.7 1346.0 1308.0 1397.5 1407.5



1362.5 1559.5 1583.7 1610.0 1596.5 1622.2



1503.7 1656.2 1733.2 1749.2 1780.7 1790.0



1778.7 1789.2 1810.7 1813.0 1847.5 1829.2



LSD(0.05)



13.4



a a b c b,c d



54.7



a a b c b,c d



99.6



a a a a b c



129.4



a a a a b b



a a a,b b c c



71.8



In each column, values followed by same letter are not significantly different at P = 0.05 level.



42.9



a b b,c c b,c c



82.7



a b b,c c c c



60.7



a a,b a,b a,b b a,b



0.054



0.290 0.280 0.340 0.330 0.350 0.345



0.010



a a c b d c 0.220 0.210 0.290 0.275 0.330 0.300



0.050



a a a,b a,b b b 0.200 0.195 0.225 0.225 0.265 0.260



0.012 0.010 0.011 0.021 LSD(0.05)



In each column, values followed by same letter are not significantly different at P = 0.05 level.



0.057



a,b a c b,c d d 0.200 0.185 0.260 0.255 0.330 0.320 b a c b d c 0.235 0.220 0.255 0.240 0.310 0.260 b a c b d c 0.147 0.125 0.175 0.140 0.210 0.175 a a b b c c 0.122 0.120 0.135 0.135 0.160 0.160 a,b a c b d e 0.165 0.155 0.230 0.185 0.340 0.310 OS O KS K DS D



Just after secondary tillage (April 2000) Just after tillage (November 1999) One month after primary tillage (January 1999) One month after secondary tillage (May 1998)



Two months after primary tillage (February 1999)



Just after secondary tillage (April 1999)



Three months after secondary tillage (July 1999)



Third year Second year First year Treatments



The cutting, the inversion, and the breaking of soil mainly from the deep plough left the soil in a loose condition and bare. As the time passed, the rainfall drops tended to destroy the aggregates of a ploughed soil without cover crop. Infiltration data showed that there were statistically significant differences between treatments with or without cover crop with the former giving a higher cumulative infiltration. The successive annual additions of crop residues caused an increase in the organic matter of the soil surface and prevented the formation of surface crust, which in the long run increased infiltration and might have reduced runoff. The effect of tillage direction to cumulative infiltration was not statistically significant. Saturated hydraulic conductivity (K0) was approximated by the measured final Infiltration Rate as infiltration time tends to infinity (Talsma, 1969, Chong and Green, 1983). It was determined from infiltration data obtained from successful flooding infiltration experiments in the field, with double ring infiltrometers. The values of (K0) for the treatments are shown in Table 6. The disc-harrowed plots were associated with the highest K0 followed by the heavy cultivator and the plots with conventional tillage, reflecting the positive effect of reduced tillage on infiltration characteristics of the soil. In addition, there were statistically significant differences between treatments with or without cover crop with the former to present higher K0 (Table 6). No statistical significant differences in K0 were found between the two tillage and planting directions.



Table 6 Saturated hydraulic conductivity K0 (mm min1) at specific periods of the experiment, as it was measured through ponded infiltration experiments in the field



Fig. 2. Cumulative infiltration for the three tillage methods, with or without cover crop in April 1999.



a,b a b,c a,b,c c c
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4.69



20.27 19.70 31.14 23.87 41.97 30.32



3.38



b a c a d d 39.28 30.99 43.57 33.71 53.57 51.42



31.24



a a b b c c 223.30 216.30 341.00 341.65 491.50 464.15



10.31 8.52 20.06 3.82 LSD(0.05)



In each column, values followed by same letter are not significantly different at P = 0.05 level.



8.44



a a b b d c 19.11 15.79 29.05 27.67 52.79 39.41 b a c a,b d c 226.50 214.00 245.00 221.00 283.00 252.00 a a c b d d 294.50 294.50 330.00 317.00 343.50 340.00 a a b b c c 401.00 397.00 435.50 435.50 542.00 543.00 a a b b d c 51.22 51.22 74.39 73.17 84.14 79.26



Three months after secondary tillage (July 1999) Just after secondary tillage (April 1999) Just after primary tillage (January 1999) One month after secondary tillage (May 1998)



One months after primary tillage (February 1999) Second year First year



Runoff data showed that even though there was less precipitation in 1998, runoff was higher. In 1999 runoff was lower compared to 1998, even though the rain was 518 and 158 mm, respectively. At this point, it must be noted that the amount of runoff in 1998 was affected by the storm on 29 May 1998 (158 mm rainfall, 12 h duration, 24 mm/h mean rainfall intensity, maximum 30 min intensity 35 mm/h, maximum 15 min intensity



Treatments



3.5. Runoff determination



Table 7 Time to incipient ponding (Tp, in min) estimated by using Eq. (2) at specific periods of the experiment



Tables 8 and 9 present random or orientated surface roughness estimated for the different treatments throughout the experimental period as well as the cumulative rainfall and the maximum storage capacity, based on Eqs. (3) and (4). The values of the initial random roughness for midto-late April, just after the secondary tillage and before rainfall, were taken from the literature as 18 mm for all tillage treatments (Zobeck and Onstad, 1987). This value of 18 mm was the same as the surface roughness value for the disk-harrowed plots for the primary tillage. In particular, considering the situation with cultivation parallel to the contour (Table 9), surface orientated roughness was reduced from 250 mm immediately after ploughing (conventional tillage), to 80 mm at the seedbed preparation by disking time. RG0 for the plots treated with the heavy cultivator was 150 mm immediately after primary tillage, while just after the seedbed preparation it was reduced to 80 mm. Finally, in the plots treated with the disc harrow, RG0 was 80 mm. Tables 8 and 9 illustrate that surface roughness changed after tillage (primary or secondary) due to rainfall. Where the initial random or orientated roughness was relatively high, SSmax was increased and subsequently runoff was reduced.



Third year



3.4. Surface roughness—maximum surface storage capacity



Just after tillage (November 1999)



Just after secondary tillage (April 2000)



The results for Tp are presented in Table 7. The discharrowed plots were associated with the longest Tp followed by heavy cultivator and ploughed plots, reflecting the positive effect of reduced tillage on the infiltration characteristics of the soil. Treatments with winter cover crop presented statistically significantly higher values than treatments without winter cover crop. Contrary to tillage and cover crop effects, there were not statistically significant differences between the two tillage and planting directions.
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Two months after secondary tillage (June 2000)



3.3. Time to incipient ponding (Tp)
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Table 8 Surface random roughness (RG) in mm as estimated by cumulative rainfall and the maximum surface storage capacity (SSmax) for all treatments perpendicular to the contours Year



Cumulative rainfall (mm)



Plough



Heavy cultivator



Disc-harrow



RG (mm)



SSmax (mm)



RG (mm)



SSmax (mm)



RG (mm)



SSmax (mm)



First First Second Second Second



30 May 1998 4 January 1999 8–10 February 1999 15, 16 April 1999



– 158 – 180 442.4



32.0 10.62 32 17.80 9.02



11.48 3.81 11.48 6.38 3.24



23.0 10.62 23 12.82 6.48



8.24 3.81 8.24 4.60 2.32



18.0 10.62 18 10.03 5.07



6.45 3.81 6.45 3.60 1.82



Second Third Third



17 July 1999 7 November 1999 12 April 2000



75.8 – 244.3



13.15 32 15.09



4.72 11.48 5.41



13.15 23.0 10.85



4.72 8.24 3.90



13.15 18.0 8.49



4.72 6.45 3.05



Third



16, 17 June 2000



159.7



10.58



3.80



10.58



3.80



10.58



3.80



In bold indicates the months where primary tillage was carried out. Surface random roughness at primary tillage at autumn (RG0): plough 32 mm, heavy cultivator 23 mm, disk-harrow 18 mm. Surface random roughness at secondary tillage at spring (RG0): plough 18 mm, heavy cultivator 18 mm, disk-harrow 18 mm.



Table 9 Surface orientated roughness (RG) in mm as estimated by cumulative rainfall and the maximum surface storage capacity (SSmax) in mm for all treatments parallel to the contours Year



Just after primary tillage on 5 December 1997 After secondary tillage on 14 April 1998 Just after primary tillage on 14 December 1998 After primary tillage on 14 December 1998 After primary tillage on 14 December 1998 and before secondary tillage on 29 April 1999 After secondary tillage on 29 April 1999 Just after primary tillage on 7 November 1999 After primary tillage on 7 November 1999 and before secondary tillage on 30 April 2000 After secondary tillage on 30 April 2000



Date of estimated surface roughness



Cumulative rainfall (mm)



Plough



Heavy cultivator



Disc-harrow



RG (mm)



SSmax (mm)



RG (mm)



SSmax (mm)



RG (mm)



SSmax (mm)



First First Second Second Second



30 May 1998 4 January 1999 8–10 February 1999 15, 16 April 1999



– 158 – 180 442.4



250 47.22 250 139.34 70.43



89.68 16.94 89.68 49.98 25.26



150 47.22 150 83.60 42.26



53.81 16.94 53.81 29.99 15.16



80 47.22 80 44.59 22.54



28.70 16.94 28.70 15.99 8.09



Second Third Third



17 July 1999 7 November 1999 12 April 2000



75.8 – 244.3



58.46 250 117.89



20.97 89.68 42.29



58.46 150 70.73



20.97 53.81 25.37



58.46 80 37.72



20.97 28.70 13.53



Third



16, 17 June 2000



159.7



47.00



16.86



47.00



16.86



47.00



16.86



In bold indicates the months where primary tillage was carried out. Surface oriented roughness at primary tillage at autumn (RG0): as primary tillage depth: plough 250 mm, heavy cultivator 150 mm, disk-harrow 80 mm. Surface oriented roughness at secondary tillage at spring (RG0): plough 80 mm, heavy cultivator 80 mm, disk-harrow 80 mm.
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Just after primary tillage on 5 December 1997 After secondary tillage on 14 April 1998 Just after primary tillage on 14 December 1998 After primary tillage on 14 December 1998 After primary tillage on 14 December 1998 and before secondary tillage on 29 April 1999 After secondary tillage on 29 April 1999 Just after primary tillage on 7 November 1999 After primary tillage on 7 November 1999 and before secondary tillage on 30 April 2000 After secondary tillage on 30 April 2000



Date of estimated surface roughness
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70 mm/h and 3561 J/m2 total rainfall energy). This extreme weather phenomenon was responsible for the 41–56% of the annual measured runoff. The rain of 26 and 27 May 1998 did not cause any appreciable runoff or soil loss (13 mm rainfall, 10 h duration, 1.96 mm/h mean rainfall intensity, maximum 30 min intensity 4.4 mm/h, maximum 15 min intensity 4.8 mm/h and 322 J/m2 total rainfall energy). This rain increased the soil water content and thus for the second rain, of 29 May, reduced soil infiltration capacity and increased runoff. Conventional tillage techniques resulted in high runoff rates, particularly when planting was perpendicular to the contour and winter cover crop was absent. Tillage practices influence runoff by modifying soil surface hydraulic properties and surface detention. To represent the influence of tillage on runoff initiation at the scale of an experimental plot, a modified model was developed. The next step was regression analysis. The regression equations between measured runoff and estimated runoff for the different years are presented in Table 10. The regression between total measured runoff and total estimated runoff when done across all tillage methods and all years gave a strong and positive relationship (R2 = 0.85**). Also, the relationship within each year was strong and positive with R2 values of 0.92, 0.80 and 0.89 for first, second and third year, respectively. The model efficiency (R2 = 0.85) showed that the results from the runoff modified model (Danalatos, 1993), and from the measured runoff are not significantly different at the 1% probability level. Thus, the modified Danalatos model exhibit a quite good trend and is nearly of real predictive value. Fig. 3 schematically presents measured and calculated runoff values with the developed model, for all treatments. The very good match between measured and calculated values (R2 = 0.85) demonstrated the ability of the used
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Fig. 3. Comparison of estimated and measured runoff for all treatments.



model to adequately predict runoff rates for practical purposes. This can be used in future studies for assessing soil erosion based on rainfall intensity and soil characteristics that are available in routine soil surveys or can be easily measured in the field with simple infiltration experiments. 3.6. Investigation of curve number procedure Fig. 4 compares measured runoff with that obtained by using the SCN curve number method. The regression between measured runoff and estimated runoff by SCS curve number method when done across all tillage methods gave a poor relationship (R2 = 0.34). The weaker relationship observed implies that the rainfall amount is not the major determining factor controlling its runoff. Fig. 4 illustrates one important case. When rainfall depth is high, whatever the intensity is, SCS method over-predicts runoff amount. So, by the curve number method, the amount of runoff computed is not



Table 10 Relationships between measured and estimated runoff by using Eq. (1) for all tillage systems and time periods examined. Time period



Regression equation



First year (1997–1998)



MR = 0.7424ER + 0.7328 (R2 = 0.92**) (n = 12) MR = 0.6502ER + 0.3241 (R2 = 0.80**) (n = 48) MR = 0.9354ER  0.4561 (R2 = 0.89**) (n = 36)



Second year (1998–1999) Third year (1999–2000) Overall



MR = 0.7144ER + 0.2087 (R2 = 0.85**) (n = 96)



ER, estimated runoff; MR, measured runoff. ** Significant at 1% probability level.



Fig. 4. Measured runoff versus that estimated by the SCS curve number method.
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sensitive to rainfall intensity. However, data used to develop this method came with a rainfall pattern that is different from that in Greece. Furthermore, curve number method may be the failure to account for changes in vegetative cover and tillage methods: conventional or reduced tillage. As a result, it was concluded that this prediction runoff method need modification to suit rainfall in the region. 4. Conclusions The model presented has three main parameters, which were assumed to be variable in time according to tillage practices: the rainfall intensity, the saturated soil water conductivity and the maximum surface storage capacity. Runoff in agricultural areas is affected by the maximum surface storage capacity induced by tillage practice. The maximum surface storage capacity, defined at the scale of the entire runoff plot, is strongly depending on rainfall intensity. Using a model that does not include rainfall intensity and maximum surface storage capacity, such as runoff model of SCS curve cumber, can lead to serious errors in the runoff prediction. We, thus, suggest a more widespread use of this simple model in central Greece. This model includes maximum surface storage capacity and rainfall measurements during a storm to calculate rainfall intensity and rainfall volume, in combination with field observations of the final infiltration rate. From the presented results it can be concluded that: (1) The experimental and calculated data demonstrated the high ability of the developed model to simulate runoff rates for practical purposes, which can be used in future studies for assessing soil erosion based on rainfall intensity and soil characteristics that are available in routine soil surveys or can be easily measured in the field with simple infiltration experiments. (2) Time to ponding and maximum surface storage capacity, two important factors for runoff and soil erosion estimation in sloping arid areas, can be reasonably predicted by simple approaches using ponded infiltration data. (3) The time to incipient ponding (Tp) was generally smaller under reduced tillage and winter cover crop indicating the positive effect of reduced tillage on infiltration characteristics of the soil and to the reduction of runoff and erosion. (4) Contrary to tillage and winter cover crop effects, there were not statistically significant differences to Tp between the two tillage and planting directions.



(5) Apart from the rain that unavoidably comes into contact with soil surface and causes the runoff, soil management contributes to a substantial degree to runoff. The results showed that runoff processes cannot be completely stopped; however, they can be reduced to a tolerable level by an appropriate tillage method like reduced tillage. The research results of the present paper can help in farmers’ training to adopt the new tillage methods. Therefore, the modified model, which was proposed, can be applied to the estimation of runoff and to provide measures against the runoff negative effects.
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