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Abstract

:

For the study of soil erosion it is important to set up the experiments well. In the experimental design one of the key factors is the choice of the measurement device. This is especially important when one part of the erosion process needs to be isolated, such as for splash erosion. Therefore, the main aim of this research is to list the general characteristics of the commonly used splash erosion devices and to discuss the performance, to be able to relate them, and make suggestions regarding their use. The devices we selected for this comparative comparison were: the splash cup, funnel, Morgan tray, Tübingen cup, tower, and the gutter. The devices were tested under the same conditions (rainfall characteristics, slope, and soil type) to assess their hydrological response under different intensities of simulated rainfall. All devices were installed on a sloping plot (10°) with sandy soil, and were exposed to 10 min. of simulated rain with intensities ranging from 60 to 172 mm/h to measure the splashed sediment, and to describe problems and differences among them. The results showed that the Tübingen cup was the best performing device to measure kinetic energy of the rain, but, because of its design, it is not possible to measure the detached splashed sediment under natural (field) conditions. On the other hand, the funnel device showed a significant relation with rain intensity because it loses little sediment to washing. In addition, the device is easy to use and cheap. Therefore, this device is highly recommended to estimated splash erosion. to the good performance measuring the actual splash erosion, because it loses little sediment by washing. The device is also cheap and easy to install and manage.
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1. Introduction


Splash erosion is the process of detachment of soil particles due to the impact of falling raindrops, and the deposit of those particles on adjacent sites [1,2,3]. Splash erosion is the first mechanism of soil erosion, and it is the one that produces most of the detachment work [4], and it affects other processes, such as infiltration [5], soil water repellency [6], overland flow [7], roughness [8], and the final soil erosion rates [9], as it changes the soil surface characteristics. The splash erosion process initiates movements that are concentrated at the surface and it affects the composition of the material on the soil, such as minerals and organic particles [10]. As a result, the transported material could be even rich in organic carbon [11], with splash erosion being one of the key factors that are responsible for the redistribution of the minerals on the soil surface [12]; however, the microtopography should be also considered as the key factor for soil erosion on small scales [13,14].



In arid and semi-arid areas, splash erosion also plays a major role in forming the landscape due to the control that exerts on shaping the landforms [15,16]. This is because the bare soils allow for the raindrop impact to develop a crust, and then to enhance surface runoff generation, which is a key process in the Mediterranean and temperate areas, such as Spain [17], Italy [18,19], Israel [20], or Iran [21]. The kinetic energy of the raindrops is responsible for breaking up soil aggregates and finer materials, such as fine sand, silt, clay, and organic particles that are detached by raindrops are carried away by runoff, leaving larger sand grains, pebbles, and gravel behind [22]. On a flat surface, the fine particles may clog up pores and facilitate ponding [23]. However, if the area is on a steep slope, the water that did not infiltrate may flow downslope as sheet erosion [24,25], carrying the soil particles that have been loosened by the raindrop impacts away [26]. Hills and ridges that are shaped by splash erosion use tend to have gently rounded tops that are very different from the sharper profiles that are created by other forms of water erosion [27].



Research in erosion processes is time-consuming and expensive [28]. To be effective, the erosion measurements should be precise, controlled, and replicable, and erosion measurement devices should be properly designed, constructed, well calibrated, and they also should be operated by a trained researcher or technician to assure effectiveness, [29]. The equipment is constantly redesigned, making the measurements not comparable and furthermore, creating a lack of available standardized devices because researchers try to improve old devices [30]. This lack of standardization is especially important in the case of splash erosion, as it is, by nature, a complex mechanism that is key for understanding soil erosion processes [31]. Moreover, it is very difficult to isolate the measurements of splash erosion from those of sheet and rill surface erosion since they all interact [32]. In general, soil erosion rates that are measured under simulated and natural rainfall by means of plots, erosion pins, silt fences, or flumes [33,34] can measure the soil erosion processes, but they cannot detect the individual mechanisms: splash, sheet surface wash, and rill flow. The information that is generated from experiments that separate individual soil erosion mechanisms, such as the one developed here, will be very effective in producing soil erosion models to foresee the soil loss changes in time and space.



There are many different types of devices that claim to measure splash erosion, and the number increases due to the contribution of new ideas. The objective of these changes in the designs are improving the sensitivity of the device with a little amount of splash erosion or changes in erosivity and precision shown in the standard deviation of the measurements under the same conditions [3]. However, all of the designs show important measurement limitations, which are yet to be well quantified. As a result, the research on splash erosion involves a high variability that is related to the different locations of the studies (i.e., soil and weather characteristics) and the different devices used for measurement (different design for reception and accumulation of the sample), which makes any comparison very difficult.



Within the devices that are used to characterize splash erosion, the first classification that can be made is whether the device is unbounded or bounded, depending on which surface the splashed sediment originates [3]. Bounded devices have a specific surface that is used to assess the soil erodibility, while the unbounded devices measure the amount of sediment that is received in the form of splashed sediment from the (unbounded) surrounding area. The unbounded devices that were selected for this study were: the funnel [35], the cup [36,37], and the gutter [38]. Another unbounded device, the tower of funnels, was also included in this research, although it has never been used before due to the different structure and data that can be obtained. All of the unbounded devices only measure a cumulative amount of splashed sediment (g) over the total measuring period, originated from an unknown area, which means that no traditional rate of splash (g m−2) can be determined. For the bounded devices, the most common devices selected were the Tübingen cup (Tcup) [9,39] and the Morgan tray [40,41], which allow for calculating the quantitative splash rates, because the amount of sediment can be related to a known surface.



Our hypothesis is that the measurements of the splash erosion that were obtained with any of these devices should be related by an equation to enable a good comparison of the data obtained with different splash erosion device. The main goal of this research was to compare the measurements that were obtained with six different splash erosion devices (using the same soil, slope angle, and rain characteristics), and to try to propose a relation among the obtained data that is able to help to make the results of earlier and new research comparable. Additionally, this study aims to describe the specific problems that a researcher needs to take into account when dealing with splash erosion, while paying special attention to the sensitivity, the cost, and the user-friendliness of the device.




2. Materials and Methods


2.1. Description of Selected Splash Devices


The selection of splash devices for this study intends to provide a wide representation of the main types of splash systems that are commonly used (Figure 1). Starting with the unbounded area devices, the splash cup (Figure 1a) is currently one of the most common devices to measure splash erosion [3]. It consists of an aluminium or PVC cylinder with a paper filter at 2 cm from the upper edge, placed between a metal mesh, which is fixed, and a coarser mesh on top of it. This cylinder has a standing height of 7 cm and a diameter of 10 cm, and the lower part is cut open to allow for runoff to flow freely underneath the cup. It is inserted in the ground until only 3 cm protrudes. When empty, this device usually acts as a receptor, but it could also be used to estimate erosion when it is initially filled with a known quantity of soil and the remaining amount of soil after the rain impact is measured [42]. It has a measuring area of 0.0079 m2.



The funnel device (Figure 1b) was specifically designed for minimizing the loss of particles that were already accumulated within the device by the washing out caused by raindrops that fall inside the device after the deposit of some particles [35]. It consists of a couple of piled-up funnels, with a filter paper in between that should be weighed before and after the rainfall event. The diameter of funnels is 12 cm, and they are inserted in the ground until only 3 cm protrudes. It has a measurement surface of 0.0095 m2.



The collection pipe or gutter [38] is a plastic gutter (Figure 1c) of 5.95 m long and 6.5 cm width with the upper part open, at a height of 3 cm, from the soil surface. This gutter is installed across the studied area and it allows for collecting the splashed soil particles in the lower part by filtering the water. It has a measurement area of 0.37 m2.



The tower of funnels (Figure 1d) was designed for this experiment as a device that enables the determination of the vertical transport of splash erosion. This system or the Leguédois tray only obtain this information [43]. 13 funnels that are attached to a vertical bar with an angle of 45 degrees, and the lower funnel at 7.5 cm from the surface form it. There is a filter paper inside each funnel. Each of the 13 funnels has an area of 0.011 m2.



In the group of bounded area, the Morgan tray and the Tübingen cup are the devices. The Morgan tray [44] collects all of the soil splashed from a well-defined eroding area, allowing for the calculation of the splash rate. This device (Figure 1e) consists of a 10 cm diameter cylinder that was placed directly on the soil, which is surrounded by plastic and closed circular plate of 30 cm in diameter. Raindrops impacting the bare soil surface in the inner circle detached soil particles, and later they jump over the rim and fall on the outer circle. The outer rim of the tray has a wall of 20 cm height to avoid the contamination of splashed material from the outside soil. The device has a source area of soil to be eroded of 0.0079 m2.



The Tübingen cup or Tcup [45] consists of a plastic flask that is filled with a known quantity of sand of 212.50 μm with a carrier system attached (Figure 1f). It measures the difference in weight of the sand before and after the rain, and therefore measures the splash erosion that is generated by the applied rainfall for a given particle size of quartz. A silk cover separates the flask and the carrier systems, which prevents the loss of sand and guarantees free drainage of water between the cup and the carrier. It does not estimate splash erosion rates of natural soil because it only measures the loss of sand. Nevertheless, the measurement of this sand can be related somehow to the raindrop impact on the soil or to the kinetic energy affecting the area. It has a source measuring area of 0.002 m2.




2.2. The Wageningen Rainfall Simulator


The rainfall simulator of Wageningen University and Research consists of a 6 m long and 2.5 m wide plot, with a 2.8 m high metal lateral frame (Figure 2). The rainfall is produced from two mobile central nozzles that are situated at 3.5 m height. The slope that can be adapted from 0 to 15.5° was fixed at 10° for this study. The bottom is freely drained and it is subdivided into six segments, which were covered by a permeable geotextile to allow infiltration. The plot was filled with air-dried sand 369 μm in diameter, which allows for a very constant infiltration (mini-disk infiltrometer tests done on 10 different positions showed an average value of K = 0.024 cm s−1 with a standard deviation of 0.0014) and can act as a homogenous soil source that can be splashed. The sides were covered with a plastic curtain, and a tube along the sides of the plot was installed to collect water that was dripping from the curtains.



Lassu et al. [46] extensively described the characteristics of this rainfall simulator, which is regulated by changing the pressure of the pump, the flow of the water, and the type of nozzles. In their study, Lassu et al. [46] selected two Lechler nozzles (nr. 460.788 and nr. 461.008) to produce low and high-intensity rainfall, respectively, and a pressure of 2 bars as the best conditions to work with the Wageningen simulator. Their results showed rainfall characteristics that were steady in time and reproducible. Moreover, they also found that the intensity of the rainfall slightly varies along the area, and the position of the nozzles, which is crucial for the spatial distribution of the rainfall, concentrating higher intensities under the nozzles, and lower intensities on both sides (Figure 3). The size and speed of the raindrops that were produced by the Wageningen rainfall simulator were measured using a disdrometer Thies Laser Precipitation Monitor to determine that intensities from 38 to 160 mm/h produce steadily kinetic energy values from 25.7 to 29 J m−2 mm−1. In the current study, we reproduced exactly the same conditions that in this above-mentioned research (pressure, position of the nozzles and slope), also measuring very similar intensities (60–160 mm/h with only one measurement done at 172 mm h−1), which allows for us to assume that the kinetic energy values of a hypothetical study area under extreme rainfall conditions. This will allow for obtaining the maximum potential of each studied device.



Additionally, it is important to remember that fixing a value of pressure, water flow, and specific nozzle, in this simulator, there will be one value of kinetic energy that is related to each value of intensity, because the drop size distribution (DSD) will be constant under such conditions. Drop size distribution represents the number of drops that are measured as a function of diameter in one sample [47]. This is different in the natural rain, where it is possible to obtain different kinetic energies from the same intensity due to the different DSD of rains that were more convective or stratiform [37,48].



The Wageningen rainfall simulator is very sensitive to small changes in the flow, so the intensity values in every specific experimental spot of the area were checked before and during every simulation. Additionally, a modification of the Christiansen Uniformity Coefficient (CUC) was used to assign a value of intensity to every point of the rainfall simulator area. This is a commonly used statistic for the evaluation of sprinkling systems, and a value of 80 is usually considered to be acceptable in sprinkling systems [49]. It can be calculated with Equation (1).


CUC=100×(1−∑i=1n|Xi−X¯|nX¯)



(1)




where CUC is the Christiansen’s Uniformity Coefficient (%), Xi is the depth (mm) or the mass of water precipitated in each collector (g), X¯ is the mean depth (mm) precipitated in the collectors, and n is the number of collecting container.



This method consists on recovering the rainfall of 10 min. with rain gauges being installed every 40 cm (96 containers along the area), obtaining the intensity in every point (Figure 3), and only in the experimental positions (places where the splash devices were settled), obtaining a mean value of uniformity of 78.9. This value was used as a reference to set the experimental spots in the experiments. However, in any case, the values of rainfall intensity in every experimental spot were measured prior using each splash device. The goal was to confirm the stability of the parameters of the simulated rainfall in these specific spots between different experiments with the rainfall simulator that is characterized by the same flux, pressure, position of the nozzles, and inclination. We measure a value directly related to the kinetic energy because the artificial drops produced by the rainfall simulator will show the same DSD and speed. The reason is that there will be one unique value of kinetic energy for each value of intensity if the rest of the parameters of the rainfall simulator stay constant (flux, pressure, the position of nozzles, and slope).




2.3. Experimental Design


The measurement of the intensity of the rain in every experimental spot before each splash-measurement was considered as one of the most important steps as the aim of this study is to compare splash devices performance. Assuring the same rainfall intensity value, no matter what the intensity value is, compared all of the used devices. Additionally, we rely on the hypothesis that a certain relationship exists between rainfall intensity and the amount of splash that is recovered by each splash erosion device; therefore, this relationship will be shown in the results that are obtained with different devices.



Accordingly, the first important step was to install a set of six splash devices of the same type in well-defined positions of the rainfall simulator area (Figure 3) and to assign a rainfall intensity value to each position. We set containers in the six positions of the devices, and measured the intensities among repetitions, previously, to assure the stability of the rainfall intensity values prior to conducting each rainfall simulation. In the case of the gutter device, because of its different design, the determination of the rain intensity was done by measuring all the squared area with the gauges while taking into account that this area was situated at the same positions of the other devices (Figure 3). The difference in the area has been taken into account and the gutter results have been independently analysed. After 10 min of simulated rain, the splashed soil was collected from each device to evaluate the differences among the measurements. The distance between devices was always larger than 1 m to avoid interferences between them following the recommendations of Geißler et al. [39].




2.4. Comparison of Measurements


The experiments were repeated under controlled conditions, conducting at least 30 measurements with each device in order to compare the device measurements (Table 1), only varying the intensity of simulated rainfall values that were measured prior conducting each experiment in every spot. The measurements are organized in classes of 5 mm/h each, the average and deviation of splash erosion recovered in each interval of the intensity of rain can be also seen in Figure 4 (left graph).



The data that were recovered from the devices were analysed and compared based on their sensitivity and reproducibility, following the methodology that was proposed by Thomsen et al. [50]. The sensitivity is related to the response of the device to changes in the rainfall intensity. The reproducibility compares the results that were obtained with each device after several simulations using the same intensity. It is important to keep in mind that only the devices operating in a similar way can be directly compared. Accordingly, unbounded devices are compared first and bounded ones afterwards.



It is still possible to obtain the same units (g m−2) with both types of devices, being conscious of the difference in the performance of bounded and unbounded devices. Obviously, the same units do not represent the same physical process, but they allow for comparing the relation that they have with the changes in intensity.



The design of the bounded devices is generally divided into two parts: one inside, with a certain amount of soil susceptible of being eroded, and one outside, with a deposit to collect the splashed soil. This means that the soil that is collected in the outside area will come from the inner deposit, and absolutely all of the soil moved from the inside deposit to the outside deposit will be measured. Accordingly, the soil lost from the inner deposit (g), divided by the area of this deposit (less than 0.01 m2, depending on the device), represents the splash rate (g m−2).



In the unbounded devices, as it was explained in the introduction, the calculation of the splash rate is not possible. The soil source area is not precisely established (it is not possible to know the origin of the soil collected), and the devices will not collect a lot of mobilized splash sediment from this undefined area. However, to give the same units of bounded ones, the number of sediments collected in each unbounded device can be divided by its collection area. In both kinds of devices, an increase in the rain intensity should be logically related to an increase in the soil mobilized per area. However, it should be taken into account that the sample that was collected by an unbounded device will be much less than in the bounded one, which collects all of the mobilized soil.



In conclusion, the amount of splashed soil measured are very different, always being bigger in the bounded devices, but the relationship between splash and intensity of rain should be positive in both types, because both types of devices are measuring differently. These differences in absolute values should be not a problem for conducting statistical analysis, because both types of measurements are calculated while using the same units (g m−2). However, this issue should be considered during the interpretation of the results, and the comparison of bounded and unbounded devices. Additionally, even while taking into account the different capacity that those devices have in recovering splashed soil, we have the possibility to compare the data by calculating the standard score or typifying data, by extracting the mean score from each score and dividing the result by the standard deviation.



Additionally, to study the consistency of the response of the studied devices under different rainfall intensities, the splash rate that was obtained with each splash device was also divided by the rainfall intensity used in each experiment in g h m−2 mm−1 relating a splash rate per mm of rain. Table 2 shows the average obtained with all of the repetitions of the six types of devices used in the experiments.



The normal distribution of data was checked using the Shapiro–Wilk test. Parametric statistics and tests were used, as the null hypothesis was not rejected in most cases. Pearson’s correlation coefficients were used to analyse possible linear relations between devices as well as Spearman’s in the cases of non-parametrical distributions (Table 2). With these tests, we may confirm the linear relation between the compared data, although these analyses cannot measure the relationships in the data. To assess these relations, it is necessary a test that usually needs data that can be used as a reference of the real values, but, in this case, it is not known which data should be used as a reference device. Therefore, it was necessary to use the Bland–Altman plot test that is designed for a comparison between methods when it is not possible to know the reference base method. The Bland–Altman plot test defines the intervals of agreement within which 95% of the differences of a method fall as compared to another one. It does not confirm whether those limits are acceptable or not. Moreover, a regression analysis was conducted while using the rainfall intensity and each studied device as parameters. If the devices react with the intensity of the rain, some relation should be found, and if the devices correctly measured the splash erosion, some relation should be found with the results taken by several devices.



Finally, a qualitative analysis comparing the cost, the installation limitations, soil collection, and any extra information given by each splash device was also done by means of the Leopold matrix that is commonly used for the selection of methodologies and decision making [51,52].





3. Results


3.1. Splashed Soil Measured with the Different Devices


The values presented in Table 2 correspond to the average of the total amount of splashed soil, measured with each device, divided by the surface of the device and the rain intensity previously collected to every experiment in each spot. It is possible to observe the variability among some of these results. Funnel, cup, gutter, and tower are unbounded devices and they show similar values, though the tower device collected less soil per area. The tower device has a larger surface divided into different height levels; some of them (the upper ones) collect very little soil, reducing the average. Out of the other three devices with a similar design, the cup collected much less splashed soil than the funnel. Regarding the bounded devices, the Tübingen cup accumulated much more splashed soil than the Morgan tray (Figure 4—right graph).



The gutter is separately analysed because of the difference in the total area covered by this device. These results show consistently more splash erosion in the gutter on the left side of the rainfall simulator plot, where the rainfall intensity was slightly higher. Accordingly, there was 10% less of splashed soil than on the left side on the right side of the plot (Figure 5).



In Figure 6, the results that were obtained with the tower of funnels showed that, with rainfall intensities up to 150 mm h−1, more than 90% of the total splash erosion reached up to 0.405 m height. At higher elevations, the arrival of splashed soil is scarce or even negligible. If the distribution of collected splashed soil at each height is analysed, it is possible to observe that 73% of the total sediment was collected at a height of 0.075 m, 10% at 0.185 m, around 5% at 0.295 m, and only 1% or less at higher heights.



Table 2 also presents the standard deviation of the measurements of each device, data that may be used to calculate the standard deviation related to the average calculated for each device. Gutter presented the lowest value of (17.7%) and Tcup, the highest one (32.7%). The large percentage that was obtained for the splash tower (248.7%) responds to the intrinsic deviation of the measurements more than to the variation between experiments.



Correlation analyses were carried out in order to find the possible relations between device measurements and rain intensities (Table 3). The algorithm runs through all the possible combinations of independent variables (device measurements) to select the model with the best goodness of fit (highest correlation coefficient). Only the results from the Tcup, Morgan tray, and funnel showed significant correlations with the rain intensities, with the relations of the latter being significant at 99%. Similar relations can be observed when plotting the splashed soil measured with each device vs. the rainfall intensities (Figure 4). The highest regression coefficient was obtained for the funnel, followed by Tcup and Morgan tray (Table 3).




3.2. Relations between Splash Erosion Devices


While searching for relations between devices (Table 4), there was a significant correlation between cup and gutter, which was likely because both of the devices collect splashed soil from an unbounded area, without any protection against the loss of sample by raindrops. Tcup and funnel also showed a significant correlation that may respond to the capacity of both to react influenced by the rain intensity (Table 3). The similar response to the rain intensity on both of the devices can be observed in Figure 4. On the other hand, the gutter was significantly correlated with the cup, Tcup, Morgan tray, and the tower. The relation that was found between the Morgan tray and the tower is very difficult to explain.



When devices with a similar source of soil, like cup and funnel, were compared and the results the were obtained with them were different (Table 2 and Figure 7), it is necessary to think which one represented the reality better and whether the different results can be explained by the different sizes of the different design of the devices. Figure 7 showed the relations between the measurements of both devices and a linear relationship with a very low coefficient of determination (R2) among them. This weak relation can also be observed in the Bland Altman plot, where the results showed an agreement interval that is extremely large (Figure 8—left), where a large bias between the two devices has been found, similarly to the result from the regression analysis (Figure 7).



Similarly to the results with unbounded devices, when the analysis is done on the splash erosion that was collected from bounded areas, using both the Morgan tray and the Tcup, the splash erosion increases with rainfall intensity, but in the Morgan tray very smoothly (Figure 9). The different value given by the two different measuring devices is due to their different peculiarities, and, if the tendency is the same, this cannot be considered as a relevant result. However, in addition, there are other differences, for example, the accuracy of the data that were obtained with the Tcup is not very high. This result, together with the large disagreement interval detected by the Bland Altman method (Figure 8—right), points out the great differences between methods.



Linear regression analyses have been performed, with a confidence level of 95%, while looking for a model that is able to relate the splash results that were obtained with the different devices (Table 5). Significant relations with the rain intensity could only be established for the funnel, cup, Tcup, and Morgan tray, confirming the correlation results (Table 3 and Table 4). However, the regression coefficients were, in the best case, slightly higher than 0.5, which means that there is a low agreement between the results that were obtained with the different devices and between the devices and the rain intensity.




3.3. Complementary Information about the Splash Devices


The difficulty of installation in the field is one of the factors that can determine the selection of a splash device (Table 6). All of the devices selected for this study can be used in the field, with the only limitation of the gutter, which is not advisable to use in fieldwork, because its large area can easily be polluted by particles that are transported by air when installed. The weight and size are also classified into categories, where the funnel, cup, and Tcup are the best devices, because their smaller sizes simplify the installation. There is also very little disturbance in the soil surface with the selected devices, except the hole required by the funnel in the soil, and the removal of some vegetation from the surface for the Morgan and the gutter devices (the disturbances will be minimal in bare soils). All of the chosen devices were very cheap to build (Table 6), except the tower of funnels that was a little more expensive because it demands a structure to maintain the funnels in their position.



The easiness in retrieving the splashed soil and the probability of losing the sample during this process are also important factors. The funnel and the Tcup are the devices that better protect the sample as well as those of easiest use by one single researcher. Finally, the last characteristic that is useful to compare devices is the capacity for providing additional information. Thus, the tower of funnels can tell the height that a splashed particle can achieve, or the Morgan is able to differentiate between upslope and downslope splash erosion. In Table 6, all of these features are scored from 1 (lowest value) to 3 (highest value), which provides additional information regarding the performance of the different devices. According to this, the funnel and the cup are the best splash devices from a functionality point of view.



In any case, there is a lot of research done with the different splash devices, and a summary of the lack of standardization in the values and units reported in the published studies carried out until now can be observed in Table 7.





4. Discussion


4.1. The Rainfall Simulator and Laboratory Sensitivity


There are two potential causes of error in this comparative research—potential changes in the rainfall and errors with the sample collection. The rainfall simulator that was used in this study is a very stable instrument, with less than 5% variance between the average rainfall intensities among repetitions [46]. A great effort in getting similar intensities along the simulations with the different devices was done, but small differences between repetitions could happen (because of the simultaneous use of the rainfall simulator by other researchers). In any case, the intensity that was used on each device was always perfectly known.



Other sources of error can be the transport of the soil samples to the laboratory (to weigh them) where the loss of soil can occur. Additionally, the filter papers that are used for collecting the splashed soil can absorb some humidity from the air. Accordingly, after drying the filters in the oven, it is very important to keep them in a desiccator until they have an adequate temperature to operate with them. Filters were kept for 30 min. in the desiccator before weighing them, to ensure a stable weight of the samples in order to make the experiment reproducible.




4.2. Splash Devices Measurements: Lack of Standardization


It is surprising that it is not common for the comparison between device results to have been done so far. The reason may be based on the difficulty of designing a proper experiment that is able to compare data that are sensitive to soil samples, rainfall characteristics (simulated or real), duration of events, etc. in a way that supports the achievement of general conclusions.



Although, in the experiment, the main factors that are involved in the variability of measurements with splash devices were controlled (homogeneous soil (sand), reproducible rainfall and constant slope), the results obtained, presented a high variability (Table 2). This is in agreement with other studies [49,50], for example, devices like the cup used under the simulated rain or in field conditions with similar intensities (31.5 and 38 mm h−1, respectively) showed very different results (Table 7). These studies showed higher splash rates in funnels than in cups in spite of their similar design, similarly to our experiment.



4.2.1. Bounded vs. Unbounded Devices


One analysis was carried out comparing the devices working with an unbounded source of soil, and another one, with those performing with bounded areas. The bounded devices produced higher values of splash erosion than the unbounded ones. Devices like the Morgan and the Tcup may lose some sand by wash-off effect, because they are completely filled with sand and some grains of sand suspended in the water deposited on the top may fall from the device. This means that raindrops falling on the surface can pond and cause some particles to move with the surface flow instead of by splash transportation. On the contrary, devices like the cup and the funnel have a bound of 3 cm high to avoid the particles coming from processes different to splash erosion. In this case, only the splashed particles that are ejected higher than 3 cm will be able to enter into the device. Another effect that may appear is the rim effect or the lowering of the soil surface in relation to the solid rim of the cup, but this was not detected in this study.




4.2.2. Size of the Sampling Area and Design


In relation to unbounded devices, funnels, which have a similar design to cups, showed higher splash rates than cups, as was also reported in other studies [35,37]. The devices with a larger sampling area, like the gutter or collection through, seem to have high splash rates, but these values cannot be used for comparison, because the data about the intensity or total rainfall producing the splash are not described (only the flow is given). For the bounded devices, the data that were collected with Morgan or Tcup also showed large variability [39,40,56]. In this study, the Tübingen cup presented much more splashed soil than the Morgan tray. The reason for this difference could be related to the loss of sample from the Morgan device during its collection, bigger than the loss from the cup in Tcup. The loss of sample in both cases, together with the difference in sand-size (in Tcup sand is 212.50 μm, while in Morgan is 369 μm) increased the difference in the average of the loss sample between them. The analysis of these results confirms the difficulty in comparing data coming from different researches and/or devices. Data that were obtained from the tower of funnels showed that splashed soil above 0.5 m is negligible. However, we observed some particles to reach a height of 1.395 m.



The size of the device is an important factor to keep in mind when comparing the results in splash studies. On the one hand, and according to measurements of this research, devices with a larger size—like funnels (12 cm in diameter)—have shown higher splashed soil than smaller ones—cups (10 cm in diameter). These results are not in agreement with Poesen and Torri [42], who reported an inverse influence of device size in the reception of the splashed sample. Although, indeed, it is not a consequence of the size, but of the funnel design that avoids surface wash of the sample [37]. It was observed that many of the splashed particles that had already been splashed inside the cup were moved outside again after the impact of new raindrops. On the other hand, the Tcup with the smallest area (only 19.63 cm2) is the device that collects the highest quantity of splashed soil (Table 2), probably because its measurement depending on the lost soil is more exact. For this reason, and because the Tcup is more sensitive to very low intensities [39], it has been selected for splash experiments under plants. However, the largest device used here, the gutter, showed splash values from 30 up to 60 g m−2, which are between the values of splashed soil that were collected with cups and funnels. These quantities seem logic because the gutter can also be affected by surface wash processes, losing sample from re-splash of the soil deposited on the gutter. In any case, these values cannot be compared with those that were obtained with other devices because of gutter’s design (6 m long), which make very difficult to determine the rain intensity over the whole surface of the gutter (particularly in cases as ours, in which the rainfall intensity was different along the surface of the studied plot, Figure 3).



Other factors affecting the splash erosion measurements, like soil moisture [5], acidic components in the rain [57] structure and size of soil aggregates [6], or the presence of rock fragments [58] are not considered in this study, because both the composition and the conditions of soil (sand) were homogeneous along the experiments. However, the duration of simulated rainfall could also have some influence on the outcomes when comparing the results that were obtained with those of other authors. Mermut et al. [59] simulated rainfall during 120 min. and observed a decrease in the splash erosion after 50 min. In this study, some trials were done simulating the rain for 20 min., but significant differences with regard to 10 min were not found (data not shown). This result contradicts that of Katebikord et al. [60], who found that even five minutes of change between simulations might influence the erosion processes and the gathering of sediments from splash erosion. After the first drop, there is a change in the conditions in the place impacted by the drop, because a micro-pool appears [5], and the changes in the humidity also have very little effect when there is saturation.





4.3. Influence of Rainfall Intensity on Measured Splash Erosion


The splash measurements that were obtained with the studied devices showed different relations with rain intensities, being only Tcup, Morgan tray, and funnel results in those presenting significant correlations (Figure 4). It seems that the response of the funnel to changes in the rain intensity is higher than cup’s one, which is nearly unappreciable. Indeed, close observation of the cup showed that the amount of splashed soil is not changing after some time. This means that there is a threshold after which the cup always gives the same splash rate, regardless of the intensity, because it reaches a balance. The main reason for this balance is the removal of splashed particles deposited already on the filter paper when washed by new raindrops.



The funnel obtained the highest regression coefficient, followed by the Tcup and Morgan tray. These results indicate that both of the devices measuring splash erosion rates from a defined soil source represent the movement of soil particles that are produced by different rain intensities in a similar way, probably because they lost fewer sediments by surface wash. According to these results, the funnel is the best device that is able to measure the soil splashed at different rain intensities, because its lateral protection prevents surface wash of the sample reducing the loss of collected soil, as its low percentage of deviation from the mean confirms (Table 2).




4.4. Specific Problems and User Recommendations


Properties like weight and volume of the device are also very important when evaluating the possibility of using it in the field (Table 6). Some devices are small and easy to carry, while larger devices, like the Morgan or the gutter, need to be transported by car. Another important aspect to have in mind is the disturbance that is produced by the device over the experimental surface. In splash erosion research, measurements in highly sensitive areas, like burnt zones, agricultural terraces, or mines, are very common, and disturbances that are related to the measurement technique may produce inaccurate results. In general, the devices that were selected for this study do not generate negative impacts on the studied soil surface, although the funnel, gutter, and Morgan devices can have a higher impact than the others can.



The easiness in the sampling of the splashed soil collected, and the probability of losing the sample during this process, is another important factor in the comparison among the devices. It is indeed one of the most important features to take into account, because the success of the experiment depends on the feasibility of collecting the splashed soil, with the least personal and economic effort. In this aspect, the funnel and Tcup look at the best devices because one single researcher can do the sampling. The Morgan device is the most sensitive and difficult-to-handle apparatus.



For the future, the next mandatory step will be to carry out new attempting to assess device performance in the open or beneath crop or plant canopies in order to compare our results under real conditions when considering variable inclinations, different rainfall intensities (time-space), and roughness.





5. Conclusions and Future Recommendations


In this study, we compared six different devices that were designed to measure splash erosion. The analysis of the devices shows that the funnel and the cup are the best devices because of their functionality, which includes low-cost, easy installation, sampling, and the information that they provide. However, only the funnel shows a significant relation with the rain intensity. This can be related to the design of the funnel device that prevents the loss of sample by washing. For all of these reasons, the use of the funnel is highly recommended to estimate splash erosion. However, the use of the Tcup is advised to measure the kinetic energy of the rainfall, because it is a contrasting method, which can be used in isolated places as well as being very easy to transport and cost-effective. The Morgan tray and the tower of funnels present a more complex use and demand more work to collect the samples than the others do; however, the acquired data provide information about distance and potential erosivity power of the rain to move natural soil, which other methods do not provide.



The height that splash erosion is able to reach can be detected with the tower of funnels; however, this method does not properly measure the splashed soil and it should only be used as a complement of other devices, such as the funnel.



Another interesting conclusion is that the researcher should decide in advance whether the calculation of a splash rate is necessary for his or her research, selecting a bounded splash device if this is indeed needed. Unfortunately, in this study, it was not possible to establish a relation between the different splash devices, because of the high variability and low agreement of the results. For future research in splash erosion, the recommendation is to exclusively make comparisons with studies that use the same methodology, because the transformation of the results from one device to another is uncertain and the comparison is unclear.
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Figure 1. Splash devices used in this study: (a) cup, (b) funnel, (c) gutter, (d) tower of funnels, (e) Morgan tray, and (f) Tübingen cup (Tcup). 
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Figure 2. Rainfall simulator of Wageningen University and Research; (a) Rainfall simulator plot during one experiment; (b) splash cups; and, (c) sediment collector. 
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Figure 3. Schema of the plot used for rainfall simulation with the mean intensity distribution along the area, and the position of the splash devices individual on the left and gutter on the right. The symbol “+ “means the position of the gauges to measure the intensity of the rain. 
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Figure 4. Comparison of the splashed soil recovered at different rainfall intensities using the funnel, cup, Morgan, and Tcup devices. 
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Figure 5. Splashed soil recovered in the gutter device (in relation to different mean intensities observed in the left and right side of the plot). 
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Figure 6. Splashed soil recovered with the tower of funnels using different rainfall intensities. 
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Figure 7. Relationships between splash erosion measured with cup and funnel devices (only the mean values per each intensity are presented for both devices). 
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Figure 8. Bland Altman plot to represent a comparison between the average and the difference of cup and funnel measurements (left part) and Morgan and Tcup ones (right part). 






Figure 8. Bland Altman plot to represent a comparison between the average and the difference of cup and funnel measurements (left part) and Morgan and Tcup ones (right part).



[image: Water 11 01228 g008]







[image: Water 11 01228 g009 550]





Figure 9. Correlation of splash erosion recovered with Tcup and Morgan system. 
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Table 1. Rainfall experiments conducted with bounded and unbounded splash devices, including the number and intervals of coincidence of rainfall intensities.
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Types

	

	
Funnel

	
Cup

	
Tcup

	
Morgan

	
Total




	
n

	
P

	
I

	
P

	
I

	
P

	
I

	
P

	
I

	
P

	
I




	

	
n

	
mm/h

	
n

	
mm/h

	
n

	
mm/h

	
n

	
mm/h

	
n

	
mm/h






	
Funnel

	
48

	
48

	
60–176

	
23

	
69–172

	
15

	
69–173

	
20

	
69–142

	
15

	
69–116




	
Cup

	
48

	
23

	
69–173

	
48

	
69–173

	
15

	
69–173

	
19

	
69–142

	
15

	
69–116




	
Tcup

	
40

	
15

	
69–173

	
15

	
69–173

	
50

	
66–204

	
20

	
66–144

	
15

	
69–116




	
Morgan

	
42

	
20

	
69–142

	
19

	
69–142

	
20

	
66–144

	
42

	
69–144

	
15

	
69–116








n: number of repetitions; P: points; I: intensity. Note: Gutter has 15 measurements recording 121 mm/h and 15 measurements with 135.86 mm/h. Tower of funnels has six measurements with intensities from 108 to 162.8 mm/h (13 levels of height per measurement).
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