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Abstract

:

In arable land, topsoil is exposed to structural changes during each growing season due to agricultural management, climate, the kinetic energy of rainfall, crop and root growth. The shape, size, and spatial distributions of soil aggregates are considerably altered during the season and thus affect water infiltration and the soil moisture regime. Agricultural topsoils are prone to soil compaction and surface sealing which result in soil structure degradation and disconnection of preferential pathways. To study topsoil infiltration properties over time, near-saturated hydraulic conductivity of topsoil was repeatedly assessed in a catchment in central Bohemia (Czech Republic) during three consecutive growing seasons, using a recently developed automated tension minidisk infiltrometer (MultiDisk). Seasonal variability of soil bulk density and saturated water content was observed as topsoil consolidated between seedbed preparations. Topsoil unsaturated hydraulic conductivity was lower in spring and increased in the summer months during two seasons, and the opposite trend was observed during one season. Temporal unsaturated hydraulic conductivity variability was higher than spatial variability. Cumulative kinetic energy of rainfall, causing a seasonal decrease in soil macroporosity and unsaturated hydraulic conductivity, was not a statistically significant predictor.
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1. Introduction


The spatial arrangement of soil aggregates significantly affects the process of water infiltration and the subsequent moisture regime of the soil profile. In arable land, the soil is exposed to rapid structural changes, both abrupt and continuous, within each growing season due to agrotechnical practices [1], quick crop and root growth [2], soil biota and climatic conditions [3,4]. Agricultural soils are prone to soil compaction and soil structure degradation, depending strongly on the intensity of agricultural production, fertilization, cover crops, tillage, and harvesting technologies [5].



Soil cultivation causes specific topsoil conditions. Soil aggregates on the surface after tillage are rather large, the topsoil is loose, the soil surface is rough and free of vegetation (see, for example, the review by Strudley et al. [4]) and the soil has a lower bulk density, higher macroporosity, high pore connectivity and high saturated hydraulic conductivity [6]. However, this state is mechanically unstable. Intense rainfall can initiate splash erosion [7] wherein fine soil particles are detached and translocated from aggregates and clog the large elongated voids connecting the surface to the soil profile. Rainfall with high kinetic energy over a recently tilled soil, therefore, often results in topsoil compaction and soil crusting [8,9], and the topsoil quickly consolidates. This consolidation caused by rainfall propagates a soil profile. Rousseva et al. [10] measured the soil macroporosity of a loamy soil profile during rainfall events and detected a decrease in macroporosity down to a depth of 6 cm below the soil surface. Moreover, soil exposure to rainfall and the subsequent destruction of soil aggregates lead to further soil degradation, resulting in higher emissions of soil carbon dioxide [11] and increased soil erosion [12,13].



The splash erosion and structural changes in topsoil are, among other factors, influenced by the kinetic energy of rainfall [14]. Rainfall kinetic energy (KE) is a quantity dependent on the raindrop’s mass (drop size distribution) and velocity. This kinetic energy is usually estimated with empirical relationships which express kinetic energy as a function of rainfall intensity (KE-I) [15]. It has been shown that the KE-I relationship is tied to the specific climatic conditions of a given location [16,17].



Compacted soils with poor structure (lacking macropores) are usually considered unfavorable for crop growth due to low water infiltration into the root zone [18]. However, under unsaturated conditions, the size of the contact area between the neighboring aggregates is important for vertical water movement. Therefore soil consolidation often results in the increase of its infiltration capacity [19,20]. Soil with well-developed aggregates can be assessed by a dual-continuum system of two mutually communicating porous media: (a) preferential flow domain and (b) matrix flow domain [21]. The preferential flow domain is represented by large inter-aggregate voids, which create a well-connected network of hydraulically conductive pores and the matrix domain consists of much finer intra-aggregate micropores.



The structure of the micropore matrix is quite stable; on the contrary, macropores can easily be created or destroyed by tillage and soil compaction processes [22,23]. Preferential flow dominates during saturated and nearly saturated flow conditions, in which water percolates through the network of the preferential pathways bypassing the aggregates to the deep soil profile. Most natural rainfall in Central Europe is not sufficiently intense to create area-wide ponding on a tilled surface [24], leaving the large pores and voids between the aggregates drained. Water under unsaturated conditions flows only through the aggregates and via capillary bridges that are formed at the aggregates’ contacts and in the close vicinity. Wetting front propagation is, therefore, slower than one would assume based on the value of the soil matrix hydraulic conductivity alone.



Unsaturated hydraulic conductivity is routinely measured in the field with tension infiltrometers. There are many different types of apparatus available for conducting tension infiltration experiments. Infiltrometers differ in measurement methods, levels of automation and infiltration disk diameters. Simple versions of disk infiltrometers require manual read-outs of the cumulative infiltration, which can be inefficient, especially in cases where experiments take a long time due to low hydraulic conductivity or when a large number of datasets is needed. Therefore, Ankeny et al. [25], Moret et al. [26] and Madsen and Chandler [27] among others, have suggested several automation techniques. Recently, Klipa et al. [28] developed an automatic mini-disk tension infiltrometer which can be used as a multi-point version of six coupled infiltrometers (MultiDisk).



The effect of soil consolidation on water flow has been studied at the scales of individual aggregates [19,20] to those in the vicinity of a root tip [29]. On the other hand, according to our knowledge, there are no field data on the seasonal variability of the unsaturated hydraulic conductivity that would show increased values with increasing soil compaction. An increasing trend of unsaturated hydraulic conductivity (pressure head of −3 cm) during vegetation season was observed by Logsdon et al. [30], but the increase was attributed to the soil swelling, not to topsoil consolidation. Hu et al. [31] did not observe any significant temporal changes in hydraulic conductivity (K) from near saturation up to pressure heads of −15 cm across sites with different land-use. Decreasing unsaturated hydraulic conductivity measured during a growing season, specifically with the pressure head set between −4 and −6 cm, were presented by [32,33], for example. Statistically non-significant temporal variability of unsaturated hydraulic conductivity overshadowed by spatial variation was also reported [34,35].



Somaratne and Smettem [36] reported that the unsaturated hydraulic conductivity for a pressure head of −4 cm was constant at the beginning of the growing season, decreased in July and remained constant until the time of harvest. It was concluded that fine soil particles, detached due to the impact of raindrops, blocked pores from conducting water under a pressure head of −4 cm. Decreases in topsoil hydraulic conductivity after an artificial rainfall experiment, compared to conditions before the experiment, observed a pressure head of −2 cm. No significant decrease of unsaturated hydraulic conductivity for a pressure head of −4 cm was observed after the experiment, suggesting that only the pores larger than 0.75 mm consolidated [36].



The purposes of this study were threefold. Firstly, it aimed to introduce the automatic multi-point tension infiltrometer (MultiDisk) based on the automation technique of Klipa et al. [28] and to use the MultiDisk for the measurement of near-saturated hydraulic conductivity across a period of three years. Secondly, it aimed to observe the temporal variability of unsaturated topsoil hydraulic conductivity during the vegetation season and test whether the changes could be attributed to the rainfall kinetic energy. Thirdly, it aimed to study the impact of soil cultivation on soil hydraulic properties.




2. Materials and Methods


2.1. Study Area


The infiltration experiments were carried out on plots located in the Nučice experimental catchment (Figure 1). This catchment is situated in a moderately hilly area of central Bohemia (Czech Republic), 30 km east of Prague (approximate closing profile position 49°57′49.230″ N, 14°52′13.242″ E). The catchment area is 0.531 km2. More than 95% of the area is arable land, while the remainder includes watercourse, riparian trees and shrubs and paved roads. There are no forests, grasslands or urbanized areas. The Nučice catchment is drained by a narrow stream, which has been piped in the uppermost part [37]. The average altitude is 401 m a.s.l., the mean land slope is 3.9%, and the climate is humid continental. Based on the records from 1975 to 2015, the average annual precipitation is 630 mm, potential evapotranspiration ranges from 500 to 550 mm [38], and mean annual air temperature is 7.9 °C [24]. Precipitation and temperature data were recorded in 5 min intervals and the distance between the tipping-bucket rain gauge and the infiltration plots was approximately 300 m (Figure 1).



The arable land is cultivated down to the stream banks, and conservation tillage has been practiced since 2000. Compact disk harrows and cultivators are employed, and the maximum disturbance of the soil profile due to tillage operations reaches 16 cm. The constant parallel traffic lines with a span of 8 m are maintained using a GPS guidance system. The standard crop rotation includes winter wheat (Triticum aestivum L.), rapeseed (Brassica napus), summer oats (Avena sativa) and mustard (Sinapis alba L.) (Table 1).



Since the establishment of the experimental catchment in 2011, we have been collecting undisturbed soil samples (100 cm3) on a regular basis to study the temporal variability in topsoil physical properties. Soil cores are taken from the top 7 cm between the plants and analyzed by standard gravimetric methods to measure the bulk density, porosity, and hydraulic characteristics.



The soils are developed on conglomerates, which consist of sandstone and siltstone, and are classified according to the World Reference Base for Soil Resources as Haplic Luvisols and Cambisols, which are a USDA Soil Taxonomy quasi-equivalent to Alfisols and Inceptisols. Based on geophysical monitoring conducted in a close-by location, the bedrock emerges at depths of 15–20 m and the groundwater level is more than 2 m below the surface. On the basis of the standard laboratory particle size distribution analysis (a combination of the sieving and sedimentation hydrometer methods), the proportions of the textural classes were determined to be 9% clay, 58% silt, and 33% sand; the soil was classified as silty loam. The loamy Ap horizon (10–15 cm deep, Cox of 1.1%) with well-developed soil aggregation is underlined by a silty and silty-clay Bt horizon with a compact structure. There is a clear divide between tilled topsoil and compacted subsoil, which was found at a depth of 14 ± 2 cm below the soil surface [39]. A single topsoil water retention curve was determined in the laboratory with use of a sand-box for the wet end and a pressure plate apparatus for the dry end. The soil hydraulic model of van Genuchten [40] was fit to the measured retention curve. These parameters were considered the reference for further retention curve scaling in the region close to saturation. The van Genuchten’s empirical parameters of the reference soil water retention curve of the topsoil were: α = 0.05 cm−1 and n = 1.25.




2.2. Infiltration Experiments


The infiltration experiments were carried out at the experimental site with the use of automatic minidisk infiltrometers (MultiDisk). All measurements were performed with a pressure head h0 of −3 cm. The chosen pressure head represents the equivalent pore diameter of 1 mm, which ensures reliable elimination of preferential pathways for the soil in this study [41]. Thus, data collected during the infiltration experiments characterized flow in the soil matrix only. The reason for setting of h0 to −3 cm was mainly practical. Lower values prolong the experiments considerably and a pressure head closer to saturation (e.g., −1 cm) would not avoid the large pores (as also mentioned by Bodner et al. [23]).



Thirteen regular infiltration campaigns (72 individual tension infiltration experiments, as six infiltrations were terminated due to technical problems) were conducted during the growing seasons from March 2013 until July 2015. Agricultural activities and associated crop life cycles are summarized in Table 1. In general, the agricultural practices envelop the complete life cycle from sowing, through harvest, to postharvest stubble breaking.



A single experimental plot with an approximate size of 5 × 5 m was selected in the experimental catchment (Figure 1) and repeatedly used for all measurement campaigns. The plot was situated on a gentle slope (incline below 1%) in the middle part of the hillslope and at least 2 m from the tractor wheel tracks. The infiltration rate was measured on barren surfaces and in the rows between the sown crops. The soil crust was removed, if present, to ensure a flat soil surface which is essential for the correct course of infiltration run. No more than three centimeters of soil were removed (depending on the actual soil roughness) to guarantee that the infiltration rate measurements were representative of the topsoil and not influenced by the different hydraulic properties of the thin soil surface crust, or by the compacted subsoil. The soil was manually leveled, and a very thin layer (ca. 1 mm) of dry fine quartz sand (grain composition 0.10–0.63 mm) was added to ensure hydraulic contact between the disk and the soil. The sand was moistened with a fine sprinkler immediately before infiltration.



Moreover, three undisturbed soil samples (volume of 100 cm3) were taken before the infiltration experiment to determine the bulk density and the actual and saturated water content of the topsoil. Six smaller soil samples (volume of 26.5 cm3) were taken directly below each infiltrometer of the MultiDisk immediately after the experiments. Samples were analyzed for soil bulk density, water content and saturated water content with standard gravimetric methods. The specific volume of the smaller soil samples was selected on the basis of extensive numerical modeling of infiltration from the MultiDisk to ensure homogeneity and representativeness of excavated soil volume for a wide variety of soil types.



Infiltrations started when the preparation of each location was finished and when infiltrometers were applied on contact sand layers. Termination criteria for individual experiments were as follows: (i) infiltration time exceeded two hours, (ii) water reservoir storage became empty, or (iii), an unavoidable circumstance occurred (rainfall event, sensor failure, operator error, etc.).



The experiments were performed with the use of a newly developed infiltration device. The automated multipoint minidisk infiltrometer, “MultiDisk”, consists of six infiltrometer modules (see Figure 2) with stainless steel porous disks with a diameter of 4.45 cm and 3 mm thickness. The proposed device is automated using a high precision load cell with a mounted vertical bar which is immersed in water in the reservoir tube (with a maximum storage volume of 175 cm3). The volume of infiltrated water is measured via changes of buoyant force acting on the vertical bar [28]. The output signal of the load cell is recalculated to the actual cumulative infiltration; cumulative infiltration data are directly fitted using the Philip equation [42], and unsaturated hydraulic conductivity is evaluated using the modified Zhang method [43,44].



The automated multipoint minidisk tension infiltrometer (MultiDisk) consists of two separable identical aluminous frames and an enclosure containing the datalogger and battery. Each of the two frames is equipped with three infiltrometer modules and a single Mariotte bottle that allows for the application of a constant pressure head during the infiltration experiments. Figure 2 presents the single frame with three infiltration modules in an operational configuration. Bisection of the MultiDisk allows the preparation of each part independently (see Figure 3) at different locations, while another advantage is the possibility of setting different degrees of pressure head for both triplets of infiltrometer modules, ranging from −0.5 cm to −6.0 cm. All MultiDisk’s modules must have perfect hydraulic contact between the porous disc and soil surface. This can be achieved by leveling the frame into a ground plane using three leveling screws. The datalogger is placed in the transport box during the measurement.




2.3. Estimation of K in Soils with Changing Structure


In the present study, we assume that gradual topsoil consolidation (change of bulk density) induced by mechanical compression, stubble breaking, raindrop impacts etc. can be characterized by measured saturated water content. To prove the correlation between the bulk density and the saturated water content, we analyzed 217 undisturbed soil samples from the topsoil. The sampling was conducted during the growing seasons of 2013 and 2014. The samples, each with a volume of 100 cm3, were collected from fields within the Nučice experimental catchment, no further than 400 m from the infiltration experiments.



We adopted the suggestion of Nimmo [45] who hypothesized that the pore size distribution and therefore the soil water retention curve varies due to agricultural practice predominantly in the region of large pores, i.e., low-pressure heads. This key hypothesis is also supported by the results of Ahuja et al. [46] who showed that tillage influences mainly larger pore-sizes and that the topsoil saturated water content increases after tillage. As the volume of the large pores in the topsoil varied for each infiltration experiment, we modified the retention curves accordingly. The modification was done based on the measured actual saturated water content.



Soil samples were taken after each infiltration experiment. Experiment-specific retention curves resulted from the fitting of resampled points to the reference retention curve across the range of pressure heads (−100 cm to −10,000 cm) and the measured saturated water content. The only optimized retention parameter was van Genuchten’s empirical parameter α (cm−1). Residual water content and empirical van Genuchten’s parameter n, often associated with the pore size distribution (e.g., [47]) rather than changes in macroporosity, exhibited very low sensitivity to the θs variability and therefore remained fixed. Thus, experiment-specific retention curves were obtained for each infiltration experiment. For presentation, in Figure 4 the soil matrix parameters are scaled using scaling factors of pressure head and water content [48]. Scaling factors allow each of the experiment-specific retention curves to be characterized by a unique set of scaling factors representing a single measurement campaign (IE1 to IE13, see Table 1).



Subsequently, we utilized the two parameter infiltration equation by Philip [42], which was originally derived for one-dimensional flow. The same equation with a different interpretation of coefficients was used for three-dimensional flow:


IC=C1t1/2+C2t



(1)




where IC is the cumulative infiltration rate (m), t is time (s), and C1 (m s−1/2) and C2 (m s−1) are coefficients which can be determined by fitting Equation (1) to the measured infiltration data. Zhang suggested that hydraulic conductivity is dependent on the value of C2, the van Genuchten’s retention parameters n (-) and α (cm−1), the disk pressure h0 (m) and the radius of the infiltration disk r0 (m) [43]. For near-saturated hydraulic conductivity and n < 1.35 [44] Equation (2) holds:


Kh0=C2(αr0)0.611.65(n0.82−1) exp [34.65(n−1.19)αh0]



(2)




where Kh0 (cm s−1) is the unsaturated hydraulic conductivity corresponding to the pressure h0. The set of experiment-specific retention curves allows for determination of experiment-specific near-saturated hydraulic conductivity, which reflects changing soil structure over time.




2.4. Rainfall Kinetic Energy Calculation


Measured rainfall intensity was used for the calculation of cumulative rainfall kinetic energy. Rainfall kinetic energy was calculated based on the empirical exponential expression [15]:


ke=28.3(1−0.52exp(−0.042i))



(3)




where ke stands for kinetic energy per unit rainfall depth (J mm−1 m−2) and i stands for rainfall intensity (mm h−1). The cumulative kinetic energy, to which the surface was exposed, is based on the accumulated kinetic energy between two seedbed cultivations. It is assumed that after each seedbed cultivation, the topsoil pore size distribution recovers to its initial state. The cumulative kinetic energy is the sum of kinetic energies per unit rainfall height (Equation (3)) and corresponding rainfall intensities:


KEn=∑i=1nIikei



(4)




where KEn (J m−2) stands for kinetic energy the soil surface exposed to between 1st and nth rainfall record of a given period delineated by subsequent seedbed cultivations, Ii stands for the ith rainfall amount (mm) and kei stands for kinetic energy per unit of rainfall height of the ith rainfall record based on Equation (3). The seedbed cultivation dates are shown in the Table 1. The second infiltration measurement (IE2 in Table 1) was performed in the period when rainfall data was missing due to a power failure at the meteorological station. The last rainfall data were recorded seven days prior to the measurement.





3. Results


3.1. Temporal Variability of Bulk Density and Saturated Water Content


The dataset from the long-term topsoil physical characteristics monitoring shows large variability (Figure 5) with statistically significant dependence of bulk density on saturated water content, as the zero-slope hypothesis was rejected at the α = 0.05 level of significance (p < 0.0001). In general, the saturated water content of the topsoil decreased with the increasing bulk density (as a result of the topsoil consolidation).




3.2. Tension Infiltration Experiments


The infiltration experiments were carried out during the vegetation season across various states of topsoil, various initial soil moisture conditions and different climatic conditions. The timing of the experiments is depicted in Figure 6 by symbols representing soil water content before and after each experiment. Initial soil water content ranged from 0.04 cm3 cm−3 to 0.37 cm3 cm−3, with dry topsoil typically in June and July and wet topsoil in the spring and autumn. Measured saturated water content ranged from 0.46 cm3 cm−3 to 0.55 cm3 cm−3 with an average of 0.50 cm3 cm−3. The unsaturated water content temporal variability ranged between the saturated and initial water content variability, with an average of 0.33 cm3 cm−3, minimum of 0.24 cm3 cm−3 and maximum of 0.39 cm3 cm−3. The meteorological, hydropedological and infiltration data are published together with the manuscript as the Supplementary Materials.



Note the low water content and high air temperatures in July 2015, when the last infiltration experiments were performed. The summer of 2015 was characterized by exceptionally high temperatures and below average precipitation in Central Europe [49].



Observed unsaturated hydraulic conductivity (Kh0) during three growing seasons shows high temporal variability (Figure 7). The difference between the blue (Kh0 calculated without retention curve scaling) and the green box-plots (Kh0 calculated with retention curve scaling) varies for each infiltration experiment.



Unsaturated hydraulic conductivity was lowest in early spring and increased at the beginning of summer in the years 2013–2014. During the summer and autumn (2013–2014), the unsaturated hydraulic conductivity remained relatively unchanged. In contrast, results in the year 2015 showed the opposite trend—the highest hydraulic conductivity was observed in early spring and gradually decreased until the end of July. In 2015 the measured hydraulic conductivity was twice as high as previous seasons.



Differences in trends of unsaturated hydraulic conductivities in the years 2013–2014 and year 2015 were probably caused by different precipitation regimes (2013 and 2014 were average, 2015 was very dry), agricultural management and the timing of the first spring measurement. The first two infiltration experiments (IE1, IE2) in the year 2013 took place before the spring seedbed cultivation. In 2013 and 2015, plowing was conducted in the previous year, but the first measurement was performed a few days after seedbed preparation. In 2014, plowing and sowing were carried out in the previous year and the first infiltration experiment (IE4) was conducted after winter, into the sown soil. However, the exact impact of individual agricultural procedures was not fully apparent in the dataset.



Proportionality between the soil bulk density and hydraulic conductivity for three seasons (13 experiments) was not detected at the α = 0.05 level of significance (Figure 7 and Table 2). The t-test did not show a significant non-zero slope for individual years either (Table 2). Measured unsaturated hydraulic conductivity was not dependent on initial soil water content, or on the saturated and quasi-saturated water content, with the exception of the year 2015 for the latter.




3.3. Effect of Rainfall on Unsaturated Hydraulic Conductivity


Development of the cumulative rainfall’s kinetic energy during three monitored seasons is shown in Figure 8, Figure 9 and Figure 10. It is assumed that each seedbed cultivation interrupts the topsoil consolidation effect of the previous rainfall period. In the years 2013 and 2015, seedbed cultivation was performed twice, once in spring (before sowing) and once in late summer (after the harvest). For the 2014 season, the winter wheat was previously sown at the end of 2013. During the winter of 2013–2014 the rainfall impact could have been reduced due to snow precipitation and snow cover, and this winter period was not taken into account.



Linear regressions between cumulative kinetic energy KE, unsaturated hydraulic conductivity Kh0, van Genuchten’s parameter α and bulk density ρb are shown in Figure 11. Hydraulic conductivity exhibited a negative correlation with the corresponding cumulative KE as shown in Figure 11A. In 2015, the negative trend was stronger compared to the overall trend as depicted by the trend line and the value of the correlation coefficient. In Figure 11B, the relationship between parameter α and the corresponding cumulative KE is shown, and the trend line exhibited a weak positive correlation. The trend, however, differs among the years. Although the data show an increase of α with cumulative KE in 2013 and 2015, the trend in 2014 is the opposite. It has to be noted that α and hydraulic conductivity Kh0 are not independent variables, as α is used to derive Kh0.



Bulk density was positively correlated with the cumulative KE (Figure 11C), with the only exception in 2013 where the data points corresponding to the lowest cumulative kinetic energy exhibited larger values. An increasing trend corresponds with the idea of gradual compaction between consecutive seedbed cultivations due to a complex set of factors including the impact of the rainfall. In Figure 11D, the trend between saturated water content and the corresponding cumulative KE is negative. A gradual increase of the topsoil saturated water content during the growing season is visible in all the years up to the cumulative kinetic energy of 3000 J m−2, then the θs decreases. For our interpretation of the results, the changes in the saturated water content serve as a proxy for macroporosity.



The dataset shown in Figure 11 was further tested to determine whether there was a significant linear relationship between the variables. Where the slope of the regression line is significantly different from zero, with the use of Student’s t-test it is possible to conclude that there is a significant relationship. The results of the test are shown in the Table 3. Based on the test, the slope of all trend lines is not significantly different from zero. Only bulk density and saturated water content showed smaller p-values, however none reached the level of significance, 0.05.





4. Discussion


4.1. Tension Infiltration Experiments


The key problems relating to the tension infiltration experiments are the long duration of a single infiltration and the high spatial variability of unsaturated hydraulic conductivity, as it is strongly dependent on actual pore geometry. The selection of an appropriate method for the given conditions and soils is important to obtain representative values of hydraulic conductivity [50]. We have shown that the use of the MultiDisk, consisting of two triplets with automated infiltration modules, is a very effective way to perform a large number of infiltration experiments. The obtained values of the unsaturated hydraulic conductivity were within the range of previously published results measured in agricultural tilled soils, e.g., [51,52,53,54].



The temporal variability of Kh0 was approximately ten times higher than the spatial variability observed during each infiltration campaign (Figure 7). A similar conclusion was presented by Moret and Arrue [54] who observed a significant impact of tillage on soil hydrophysical properties in both short-term and seasonal scales, which outweighed the effects of spatial variability. The main driver of Kh0 temporal variability on the tilled soil studied is attributed to the actual state of the topsoil structure; namely the macropores, mesopores and large inter-aggregate void proportion and connectivity changes, as also suggested by, for example, [10,41,55,56]. Additional explanations for the increase of the hydraulically active pores during the season are biological activity, carbon content, root growth, and wetting/drying cycles [57].



In 2013 and 2014, the Kh0 was increasing as topsoil was consolidating after tillage, which is in agreement with other studies [57,58]. This trend suggests that the loose soil after tillage has a high proportion of larger inter-aggregate voids that decrease water flux during unsaturated conditions [20]. Also, high precipitation resulted in a higher soil water content throughout the seasons (compared to 2015) which was the driver for the slightly increasing Kh0. We can exclude the effect of the surface soil crusting; the crust, if present, was always removed before the experiments. The Kh0 trend was different in 2015 when compared to the previous years. Surprisingly, in 2015 the Kh0 increased throughout the season, and the measured Kh0 values were significantly higher than in previous years. Similar trends were observed in previous studies, but usually due to the surface clogging or because lower suction pressure was applied during the infiltration [59]. Decreasing unsaturated hydraulic conductivity through the growing season has been reported as well due to clogging of pores by fine soil particles detached from aggregates by rainfall impact [36] or rainfall induced soil surface sealing [60]. The reason for the different outcome in our case is not clear; however, a possible explanation could lie in the specific weather conditions in 2015, which resulted in exceptionally dry topsoil conditions before the spring tillage and throughout the season. Soil moisture conditions and soil aeration affect the amount and properties of macropores [61]. Tillage of very dry soil could also lead to lower stability and differing sizes and arrangement of soil aggregates. The unstable soil aggregates could break down and regroup, even during tension infiltration, so that the fine particles fill the inter-aggregate voids. A high water pressure gradient due to very low initial soil moisture, caused rapid water fluxes and probably resulted in a slightly overestimated Kh0 for the experiments performed in July. Different year-on-year trends in hydraulic conductivity that cannot be easily explained were also observed by Jirku et al. [62].



Unfortunately, neither the soil aggregate stability nor imaging techniques to measure the macroporosity and pore connectivity were implemented. Therefore, the proposed explanation remains a hypothesis that cannot be proven with the available data. CT imaging, especially, would be a great asset, as similar studies have proved [59,63,64,65].




4.2. Temporal Variability of Physical Properties of the Soil


It is a known fact that tillage changes the topsoil characteristics, generally leading to a decrease in bulk soil density and an increase in the soil aggregate size and macroporosity. The soil aggregate arrangement is unstable, so the topsoil eventually reverts to its former state [3,46,66].



We observed an anticipated gradual increase in the topsoil bulk density and decrease in saturated water content after each seedbed preparation. Similar results with a comparable scale of temporal changes have already been published by, for example, [62,67,68].



None of the monitored soil physical characteristics were recognized as being the significant cause of the measured unsaturated hydraulic conductivity variability. As suggested by Sandin et al. [59], the reasons for Kh0 temporal variability are complex and the pore connectivity and macroporosity also need to be evaluated. As Leij et al. [69] noted, the data on soil structural dynamics needed to propose a reliable model that would explain its effect on the water dynamics are still lacking.




4.3. Effect of Rainfall on Soil Water Regime


The impact of rainfall on topsoil consolidation and soil structure has been already studied, but rainfall kinetic energy is often missing from the rainfall properties tested. Detailed rainfall properties, including kinetic energy, are commonly analyzed in soil erosion studies, especially when evaluating splash erosion [70,71,72]. It has been shown that rainfall intensity and duration affect the degree of topsoil compaction (increase of bulk density and decrease of macroporosity) and surface seal formation [8,73]. The inverse relationship between rainfall event kinetic energy and saturated hydraulic conductivity has also been observed [74].



The analysis of our dataset did not show a significant relationship between the cumulative rainfall kinetic energy and monitored soil physical properties, but it needs to be emphasized that we did not evaluate the changes in the upper 1–3 cm, where the consolidation effects are stronger [10], and we did not evaluate the changes after every significant rainfall. Only during the 2014 season did we observe the expected relationship for bulk density (p-value of 0.0072) and saturated water content (p-value of 0.0068). Trends for the soil moisture retention curve and unsaturated hydraulic conductivity were not detected. The significant relationship can be partly explained by the high number and well-distributed timing of the infiltration experiments during 2014, so we were able to detect gradual changes between the seedbed preparations.



The measured data do not clearly show the variable seasonal gradient of alterations in the topsoil properties, which is mainly due to the limited number of infiltration experiments. In addition, the analysis considers kinetic energy of rainfall, but the kinetic energy of the raindrops hitting the soil surface is attenuated due to growing crops (oat, wheat, mustard) during the season, especially between May and July. Also, during this period, other factors such as roots and soil fauna strongly influence the soil water regime. One would expect that the largest changes would be detected after heavy rainfall events, especially when the soil surface is bare (spring and early summer). Bryk et al. [75] observed the largest soil structure alterations during spring under similar climate and soil conditions to ours, and they also did not find a statistically valid correlation with precipitation.





5. Conclusions


The newly developed, automated, multi-point infiltrometer (MultiDisk) was successfully used for long-term unsaturated hydraulic conductivity monitoring of intensively cultivated topsoil. The device proved to be reliable, with 72 out of 78 (over 90%) infiltration experiments recorded and analyzed successfully.



The topsoil Kh0 varied during the growing season. Kh0 had an increasing trend between the seedbed preparation and harvest in 2013 and 2014, but a decreasing trend was observed in 2015. We attribute this different outcome to the distinct climatic conditions in 2015, which resulted in very dry topsoil during most of the season. The temporal Kh0 variability, within the single seasons and across the years, was higher than the spatial variability under the studied conditions. The topsoil bulk density and saturated soil water content changed as expected with the gradual topsoil consolidation during the growing season.



Based on the seasonal dataset we could not observe a statistically significant trend between topsoil physical characteristic changes and cumulative rainfall kinetic energy, nor between KE and Kh0. We assume that analysis performed on a single rainfall events basis could provide better results. Such a study requires Kh0 monitoring after every significant rainfall event, which is very labor intensive in the field conditions but would be feasible to perform with the use of the multi-point automated MultiDisk. More detailed data could better explain how changes in topsoil hydraulic characteristics over time are the main drivers of the topsoil temporal variability. This information would be beneficial for detailed hydrological models that need to include topsoil temporal variability.
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Figure 1. Geographic position and a map of the Nučice catchment. 
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Figure 2. Scheme of one triplet of the MultiDisk infiltrometer modules held by an aluminum frame viewed, (a) from the top and (b) from the side (View A). Note that one apparatus-MultiDisk-consists of two identical triplets. 
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Figure 3. The MultiDisk infiltrometer performing an infiltration in the Nučice catchment. 
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Figure 4. Scaled retention curves of fitted experiment-specific retention curves from individual infiltration campaigns. 
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Figure 5. Saturated water content and bulk density as measured on 217 undisturbed topsoil samples during two growing seasons. The gray area represents the 95% confidence interval of the fitted line; r stands for correlation coefficient. 
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Figure 6. Meteorological and pedological conditions during experiments. Air temperature was measured at a height of 200 cm. 
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Figure 7. Seasonal variation of unsaturated hydraulic conductivity at the pressure head of −3 cm (blue boxes before retention curve scaling, green boxes after scaling). The bottom and top of the box are the first and third quartiles and the band inside the box represents the weighted average of Kh0 weighted by inverse values of the RMSE. Ends of whiskers represent minimal and maximal values of Kh0. Dashed lines stand for bulk density, saturated water content and fraction of empty pores at the pressure head of −3 cm. 
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Figure 8. Seasonal variability of the van Genuchten’s parameter α related to cumulative rainfall kinetic energy. Seedbed cultivation (dashed line) is assumed to interrupt the effect of the previous rainfall. 
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Figure 9. Seasonal variability of the bulk density (ρd) related to cumulative rainfall kinetic energy. Seedbed cultivation (dashed line) is assumed to interrupt the effect of the previous rainfall. 
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Figure 10. Seasonal variability of the scaled unsaturated hydraulic conductivity related to cumulative rainfall kinetic energy. Seedbed cultivation (dashed line) is assumed to interrupt the effect of the previous rainfall. 
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Figure 11. Correlation between cumulative rainfall kinetic energy and unsaturated hydraulic conductivity Kh0 (A), van Genuchten’s parameter α (B), bulk density ρb (C) and saturated water content θs (D). The correlation coefficient r is calculated based on all data points in each graph. The color, which distinguishes data from different years, only serves for visual interpretation of the data. 
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Table 1. General overview of the agricultural activities and infiltration experiments (lines highlighted in grey), seedbed cultivation (s.c.) is marked in the Notes column.
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Date

	
Crop

	
Agricultural Activity

	
Notes






	
October 2012

	

	
stubble breaking

	
depth 10–12 cm (s.c.)




	
6 April 2013

	

	
fertilization

	
nitrogen fertilizer




	
22 April 2013

	

	
Tension infiltration experiments—IE1




	
27 April 2013

	
naked oat

	
sowing

	
chisel plowing, depth 14 cm (s.c.)




	
17 May 2013

	
naked oat

	
crop-spraying

	
herbicide




	
1 July 2013

	
naked oat

	
crop-spraying

	
fungicide and herbicide




	
25 July 2013

	
naked oat

	
Tension infiltration experiments—IE2




	
17 August 2013

	
naked oat

	
harvest

	




	
19 August 2013

	

	
stubble breaking

	
depth 10–12 cm (s.c.)




	
10 September 2013

	

	
crop-spraying

	
herbicide and insecticide




	
25 September 2013

	
winter wheat

	
sowing, fertilization

	
chisel plowing—depth 14 cm, combined fertilizer




	
4 October 2013

	
winter wheat

	
Tension infiltration experiments—IE3




	
10 October 2013

	
winter wheat

	
crop-spraying

	
herbicide and insecticide




	
20 February 2014

	
winter wheat

	
fertilization

	
nitrogen fertilizer




	
3 March 2014

	
winter wheat

	
fertilization

	
fertilizer containing sulfur




	
13 March 2014

	
winter wheat

	
Tension infiltration experiments—IE4




	
17 March 2014

	
winter wheat

	
fertilization

	
nitrogen fertilizer




	
9 April 2014

	
winter wheat

	
fertilization

	
morphoregulators, fertilizers containing B, Cu, Mn, Mg




	
10 April 2014

	
winter wheat

	
Tension infiltration experiments—IE5




	
22 April 2014

	
winter wheat

	
crop-spraying, fertilization

	
herbicide, fungicide, wetting agent, nitrogen fertilizer




	
15 May 2014

	
winter wheat

	
Tension infiltration experiments—IE6




	
9 June 2014

	
winter wheat

	
crop-spraying

	
fungicide, insecticide, wetting agent




	
19 June 2014

	
winter wheat

	
Tension infiltration experiments—IE7




	
17 July 2014

	
winter wheat

	
crop-spraying

	
herbicide




	
6 August 2014

	
winter wheat

	
Tension infiltration experiments—IE8




	
9 August 2014

	
winter wheat

	
harvest

	




	
10 August 2014

	

	
stubble breaking

	
depth 10–12 cm (s.c.)




	
24 September 2014

	

	
fertilization and plowing

	
manure, depth of plowing 22 cm




	
October 1 2014

	

	
Tension infiltration experiments—IE9




	
3 November 2014

	

	
plowing

	
deepening to 25–28 cm (s.c.)




	
22 March 2015

	
white mustard

	
sowing, fertilization

	
chisel plowing—depth 14 cm, fertilizer (s.c.)




	
26 March 2015

	
white mustard

	
Tension infiltration experiments—IE10




	
8 April 2015

	
white mustard

	
fertilization

	
fertilizer containing sulfur




	
25 April 2015

	
white mustard

	
crop-spraying, fertilization

	
herbicide, nitrogen fertilizer




	
12 May 2015

	
white mustard

	
crop-spaying, fertilization

	
fungicide, morphoregulator, fertilizer containing boron




	
12 May 2015

	
white mustard

	
Tension infiltration experiments—IE11




	
6 June 2015

	
white mustard

	
crop-spaying, fertilization

	
fungicide, fertilizer containing boron and copper




	
2 July 2015

	
white mustard

	
Tension infiltration experiments—IE12




	
30 July 2015

	
white mustard

	
Tension infiltration experiments—IE13




	
3 August 2015

	
white mustard

	
harvest
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Table 2. t-test of the linear regressions assessing the relationship between unsaturated hydraulic conductivity at the −3 cm pressure head (Kh0) and bulk density (ρb), initial water content (θinit), saturated water content (θs) and water content under the pressure head of −3 cm (θh0). N stands for number of data points, a for the slope and b for the interception.
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Model

	
Time Period

	
N

	
Slope (a)

	
Slope p-Value






	
Kh0 = aρb + b

	
All

	
13

	
0.0021

	
0.69




	
2013

	
3

	
0.0140

	
0.44




	
2014

	
6

	
0.0008

	
0.81




	
2015

	
4

	
0.0009

	
0.51




	
Kh0 = aθinit + b

	
All

	
13

	
−0.0016

	
0.65




	
2013

	
3

	
−0.0058

	
0.56




	
2014

	
6

	
−0.0001

	
0.97




	
2015

	
4

	
−0.0068

	
0.07




	
Kh0 = aθs + b

	
All

	
13

	
−0.0018

	
0.85




	
2013

	
3

	
−0.025

	
0.50




	
2014

	
6

	
−0.0051

	
0.38




	
2015

	
4

	
−0.050

	
0.23




	
Kh0 = aθh0 + b

	
All

	
13

	
0.007

	
0.32




	
2013

	
3

	
0.004

	
0.86




	
2014

	
6

	
0.0027

	
0.69




	
2015

	
4

	
0.012

	
0.03











[image: Table]





Table 3. Results of statistical hypothesis testing using Student’s t-test of the non-zero slope of the regression line between cumulative kinetic energy KE and soil physical properties: unsaturated hydraulic conductivity Kh0, van Genuchten’s α, bulk density ρb and saturated water content θs. 13 data points were used for every test. The a stands for the slope and b for the interception.
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	Model
	Slope (a)
	Slope p-Value





	Kh0 = aKE + b
	−1.602 × 10−7
	0.31



	α = akE + b
	1.135 × 10−6
	0.46



	ρb = aKE + b
	1.302 × 10−5
	0.13



	θs = aKE + b
	−7.329 × 10−6
	0.11
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