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Abstract

:

Water erosion is one of the major factors of soil degradation in the world. Various methods have been developed to prevent soil erosion. One of them is the use of anti-erosion belts on slopes, but it has both positive and negative effects. In order to minimize the negative effects, this study proposes the use of perennial grass in place of the most commonly used trees and shrubs. The paper presents studies on the erosion control effectiveness of a strip planted with Miscanthus x giganteus, established on a loess slope. Surface runoff of water and its constituents and erosion damage was studied on the experimental plot with a separate anti-erosion belt and the control plot. Obtained results indicate the anti-erosion efficiency of the established strip in the context of soil protection from water erosion and surface water protection from pollution, although, in the first years of vegetation, miscanthus has not yet reached the stage of full development. The average surface water runoff relating to precipitation causing the erosive event was 17.1% higher in the control plot than in the experimental plot. The volume of erosion damage in the form of rill erosion was 89.3% higher in the control plot. On the other hand, the volume of erosion damages in surface erosion and patches of deposited silts was lower by 14.7% and 21.6%, respectively. Soil losses from the control plot were 29% higher than those from the experimental plot. Dissolved plant nutrient runoff was also higher from the control plot by: 33.4% N-Ntot, 31.3% N-NH4, 42.7% N-NO3, 21.6% N-NO2, 22.9% P-Ptot, 24.1% K.
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1. Introduction


Water erosion is listed first among the factors degrading soils worldwide. Water erosion processes, besides transforming the relief [1], reduce humus compounds and plant nutrients from soils [2] and deteriorate the physical and chemical properties of soils [3]. It leads to reduced soil fertility [4] and decreased crop yields [5]. Water erosion also affects the deterioration of hydrological relations and increases flood risk and destruction of technical infrastructure facilities [6,7]. Nutrients eroded from agricultural land contribute to the eutrophication of surface waters [8,9,10]. Improperly used soil readily undergoes erosive degradation [11], and its restoration is complex, sometimes even impossible, because soil-forming processes are prolonged [12,13]. Soils formed from loess have been used agriculturally for years because they are among the most fertile soils globally [14], but they are characterized by potentially high susceptibility to water erosion [15].



Several methods have been developed to protect soil from water erosion. One of them is establishing mid-field erosion control strips constructed of appropriately selected tree and shrub species [16]. Studies have indicated a comprehensive, positive impact of strip plantings on mitigating climate change and preventing soil degradation [17]. There are also documented examples of their negative impact, e.g., decreased crop yields near established strips or weed infestation in adjacent farmland. A serious problem, especially in herbal production, is the contamination of crops with fallen leaves [18]. Therefore, farmers are reluctant to introduce anti-erosion strips on their cultivated fields despite their many advantages, including protecting soils from water erosion.



In connection with the above, a concept was developed to create anti-erosion strips on production fields, located on slopes where the soils are highly endangered by water erosion. Instead of traditional anti-erosion strips, consisting of trees and shrubs, it has been proposed to use Miscanthus x giganteus Greef & Deuter—perennial clump grass with a height of up to 4 m. Miscanthus is mentioned among other perennial plant species as potentially useful in reducing the negative effects of soil erosion [19,20,21,22,23]. This species is characterized by low soil and agrotechnical requirements and gives high yields of up to 30 tons of dry matter (d.m.) ha−1 [24]. The advantage of using this species to establish anti-erosion strips could be the lack of generative reproduction under Polish conditions (its seeds do not mature), which limits uncontrolled spread. The risk of miscanthus spreading to neighboring fields is also minimized because, as a bunchgrass, this species does not develop long rhizomes, as is the case with Miscanthus sacchariflorus [25]. The aboveground parts of this grass dry out in late fall, and the leaves do not fall until winter, which would avoid problems with crop contamination in crops adjacent to erosion control strips. At the same time, Miscanthus giganteus already in the first year of vegetation can produce a significant mass of underground organs: roots and short, vigorous rhizomes, which can rapidly strengthen the topsoil. More intensive growth of miscanthus organs is observed in subsequent years. As a plant from the grass family, miscanthus annually recreates the aboveground mass, so it is advisable to harvest the aboveground parts in winter or early spring, before vegetation starts (February/March). Most often, the aboveground mass of plants is used in the energy industry in thermochemical (combustion, gasification, pyrolysis) and biochemical processes (methane fermentation) [26,27,28].



This paper presents empirical results from 2018–2019 on soil erosion rates and the suitability of giant miscanthus (Miscanthus x giganteus Greef & Deuter) to establish erosion control strips in the zone of eroded loess slopes to protect soils from water erosion and waters from pollution.




2. Materials and Methods


2.1. Location of the Research Facility


The study site is located in southeastern Poland in Czesławice (51°18′10″ N, 22°15′09″ E) (Figure 1a) in the Lublin Upland (Figure 1b), in the central part of the mesoregion—Naleczow Plateau (Figure 1c) [29].



In terms of relief, this area is typical for the loess soil of Lublin Upland. The Naleczow Plateau is the northwestern part of the Lublin Upland. The top layer of the Earth’s surface is a thick loess cover, resting on the Upper Cretaceous strata, degraded moraine, sands, and gravels of glaciofluvial origin. Absolute heights here reach over 200 m (maximum 253 m). The Naleczow Plateau descends in two parallel steps from 20 to 30 m in the north towards the Lubartow Plateau and south towards the Belzec Plain. The Bystrzyca River valley is the eastern border, and the Vistula River valley is the western one. It covers an area of 625 km2. Three longitudinal river valleys cut it: the Bystra, the Ciemięga, and the Czechówka. Due to its fertile loess soils, almost entirely under cultivation, they are forestless and densely populated [29]. The conditions described above mean that the Naleczow Plateau is strongly threatened by water erosion, confirmed by the dense network of existing gullies. Around the village of Parchatka near the Vistula valley, the density of the gully network is 11.25 km km−2 (this is the highest indicator in Europe). Wind erosion hardly contributes to soil degradation in the study area.



The experiment was established in Naleczow Plateau, on a convex–concave slope, in an eroded production field with a southeastern exposure. The experiment was located in the upper, convex part of the slope, where the slope exceeds 15%. The slope is about 60 m long and ends at the base with a drainage band ditch about 1.3 m deep and 3.5 m wide, which receives surface runoff water from the slope (Figure 2). Due to the presence of very fertile loess soils, intensive plant production is carried out in the production field, where the experiment was established. The soils have been arable for many years, dominated by the cultivation of cereals, rape, maize, and root crops, which poorly protect the soil against water erosion. Winter wheat was grown in the production field in 2018 and winter rape in 2019.




2.2. Description of the Experiment


Two adjacent plots of 300 m2 each (15 m × 20 m) were separated on the slope. In the upper part of one of the separated plots, at the beginning of May 2018, transverse to the slope of the terrain, a 15 m × 2 m anti-erosion strip was separated, on which a perennial grass—Miscanthus x giganteus—was planted (experimental plot). The planting was made in a 25 cm × 25 cm grid. Vegetative seedlings were planted manually. Manual weeding was used. No mineral fertilizers were used. Pesticides were also not used because no pathogens were observed. The second plot was left unplanted (control plot). Both plots were maintained in black fallow. Plots were deliberately located on one production field, thanks to which they had similar topographical, soil, agrotechnical, and meteorological conditions. The maximum slope in the experimental plot location was 15.6%, and in the control plot slope, it was 15.3% (Figure 2). The average slopes were 11.7% and 10.8%, respectively. There were differences in the slopes above the experimental and control plots, which amounted to 12.9% and 6.7%, respectively, which could differentiate some physicochemical properties of the soil, e.g., pH or P content. Due to the fact that the experiment was conducted in natural conditions, it was difficult to select objects with identical parameters in terms of terrain, and the focus was mainly on the location of plots on a slope with a similar slope.




2.3. Soil Research


Soil samples for the study were collected in early May 2018 during the installation of the runoff capture devices. In both plots (experimental and control), one soil discovery was made each. The descriptions of the soil profiles were done in the field based on stratifying the distinguished diagnostic levels [30]. Soil samples were collected from each diagnostic level and determined according to recommended methods [31,32]:




	-

	
Granulometric composition—by Bouyoucos’ areometric method as modified by Casagrande and Prószynski;




	-

	
The solid-phase density of soil—by pycnometry;




	-

	
Bulk density of soil—by weight (after collecting soil of intact structure into metal cylinders);




	-

	
Total porosity (   P o   ) was calculated from the formula:











   P o  =   ρ −  ρ o   ρ           



(1)




where:  ρ —solid-phase density,



   ρ o   —bulk density of soil,




	-

	
Water permeability coefficient—using the Eijkelkamp apparatus (after taking soil of intact structure to metal cylinders);




	-

	
Content of: total Kjeldahl nitrogen, available phosphorus (P), potassium (K), calcium (Ca), total organic carbon (TOC);




	-

	
pH.










2.4. Research on the Biomass of Giant Miscanthus


At the end of each growing season, measurements of shoot height, thickness and abundance, and root length were made on 20 randomly selected miscanthus plants. Biomass samples were taken from 3 randomly selected sites on the anti-erosion strip, each with an area of 1 m2, to determine fresh and dry matter yield and yield structure (leaves and stems). Biomass moisture content was determined according to EN ISO 18134-3:2015 [33].




2.5. Rainfall Research


Precipitation amounts were recorded during the growing season (from April to September) at a meteorological station equipped with a Hellmann’s rain gauge, which was established near the experimental field. Studies of runoff and erosion damage in the plots were carried out during their occurrence (a total of 13 periods: 6 times in 2018 and 7 times in 2019). The dates of occurrence of erosion events against the rainfall height are shown in Table 1. The average air temperature and wind speed during the research period against the background of the averages over many years, obtained from the meteorological station in Radawiec, located approx. 16 km from the research site, are summarized in in Section 3.3.




2.6. Water Research


Methods described in Mazur [2] were used to capture and test water from surface and intrasoil runoff. A schematic drawing of the runoff interceptors is shown in Figure 3. In May 2018, a catcher for the surface and subsurface runoff in the slope to a depth of 0.75 m was installed. The author’s catchers, structurally similar to a Gerlach catcher, was housed in the soil outcrop. Its volume was measured and taken in 1 L water bathymeters for laboratory analysis after the homogenization of the whole volume in the outflow presence. The content of suspensions in the collected water samples was determined according to Brański [34], employing the gravimetric method, and the nitrogen (total, ammonium, nitrate, and nitrite), phosphorus, and potassium were determined by applying the photometric method [35]:




	-

	
Total nitrogen (N-Ntot): WTW photometer model MPM 2010 (after oxidation of the test sample in thermo-reactor at the temperature 100 °C);




	-

	
Ammonium (N-NH4) and nitrite (N-NO2): WTW photometer model MPM 2010;




	-

	
Nitrate (N-NO3), phosphorus (P-Ptot), and potassium (K): Slandi photometer model LF 300.









Based on constituent concentrations and runoff volumes, loads of constituents transported with water were determined.




2.7. Erosion Research


Qualitative–quantitative studies of the intensity of geomorphological processes were conducted after each surface runoff of water, according to the methodology developed by Mazur and Pałys [36]. The basis of the field study was the recognition of erosion forms in the form of linear erosion, rill erosion, and patches of deposited silts and their tabulations to calculate the volume of displaced soil. The basis of the field research was the recognition of erosive forms in the form of:




	-

	
Linear (groove) erosion, which consists of a shallow, linear washing of the upper levels of the soil profile by water flowing down the slope in the form of small water streams;




	-

	
Surface erosion—this is the washing and washing of the top layers of soil by water flowing on the surface of the slope;




	-

	
Patches of deposited sediment, which are formed as a result of the deposition of eroded soil material.









The quantitative list of inventoried erosion damage was tabulated and the volume of displaced soil was calculated.





3. Results and Discussion


3.1. Soil Properties


In the study site, there are soils formed from loess of the Haplic Luvisols type. These are poorly eroded soils of the Ap-B1t-B2t-BC-Cca profile structure, in which the arable and pristine horizon was formed from the B1t horizon. The location of the soil outcrops in the slope relief is shown in Figure 2. No skeletal fractions and very coarse sand were found in their composition. The remaining sand fractions (coarse, medium, fine, and very fine) account for 13% to 19% of the composition (Table 2). The dominant fraction in the granulometric composition is the dust fraction, which accounts for about 66% to 72% of the volume of soil samples, of which coarse dust constitutes from 41% to 48%.



On the other hand, the clay fraction represents 10% to 19% of the volume of the tested samples. The investigated soils of both plots have very similar granulometric composition, resulting from their vicinity. These soils can be classified as a granulometric group—dust, granulometric subgroup—clay dust (horizon Ap), and deeper layers—clay dust. The granulometric composition of the studied soils turned out to be typical for soils developed from loess in the Lublin Upland [2,37].



Water erosion hazard is highly dependent on soil physical properties [3,38,39]. The specific density of the studied soils was close to the value of 2.6 Mg m−3. Its lower value was found in the plow-podzolic horizon (Ap) and it was higher in deeper levels (Table 3). A similar distribution was obtained for bulk density. The highest total porosity was found in the Ap horizon. It decreased with increasing depth. In terms of physical properties, the soils studied are typical of loess soils in the Lublin Upland [37,40]. The results in Table 3 indicate no adverse compaction of the solid phase below the reach of the working bodies of tillage implements, called plow sole. The formation of a plow sole in the production field was prevented by subsoiling to a depth of 50 cm every 4 years. The plow sole reduces water infiltration and accelerates water runoff [2,41,42], especially during heavy rainfall. In the arable layer, the water permeability coefficient was 6.452·10−6 m s−1. In deeper layers, it decreased and oscillated between 3.348 and 3.748·10−6 m s−1.



The plow-podzolic horizon (Ap) of the investigated soils showed the highest abundance of nutrients (Table 4). Significant differences in phosphorus content were observed between plots and diagnostic levels. In the experimental plot, its maximum content in the Ap horizon was 11.3 mg P/100g soil (very high abundance), while in the control plot, it was 6.2 mg P/100g soil (medium abundance). Phosphorus content decreased with increasing depth and ranged from 1.9 to 5.7 mg P/100 g soil (deficient to medium abundance) in the deeper diagnostic levels. The potassium (1.5 to 3.0 mg K/100 g soil) and calcium (1.33 to 1.82 mg Ca/100 g soil) contents and pH values (5.2–5.7—slightly acidic reaction) varied to a lesser degree. Nitrogen content ranged from 0.009 to 0.101% and decreased with depth, as did TOC (0.35 to 1.21%).




3.2. Parameters of Miscanthus Biomass


Miscanthus seedlings in the first year after planting developed appropriately. Most plants produced single, delicate shoots that did not exceed 100 cm in height. In the second year of vegetation, the number of shoots produced from one seedling increased to 7.3 on average, and their heights exceeded 2 m (Table 5). It is a typical course of miscanthus development, which in subsequent years grows, produces a higher number of shoots, and forms a dense canopy [24]. The underground parts of the plants, consisting of roots and rhizomes, were primarily located in the arable layer, reaching an average depth of 16.9 and 20.1 cm in the first and second year of vegetation, respectively. The root system of miscanthus, also in subsequent years of development, is not very deep [43].



In contrast, in the arable layer of soil, numerous roots and rhizomes provided with growth buds were tangled, which on the one hand makes it difficult to obtain material for propagation, and on the other hand, binds the soil and does not allow it to be carried away by water or wind erosion. Monti and Zatta [43] observed that soil penetration by miscanthus roots was extremely shallow—almost 90% of the total roots were in a layer ≤0.35 m. In a study by Mann et al. [44], miscanthus roots, after reaching a depth of slightly less than 50 cm, did not penetrate deeper soil layers. In contrast, Neukirchen et al. [45] found that 28% of miscanthus root biomass was located in the upper 0.30 m of soil.



The soil-protective function of Miscanthus giganteus is also to protect the soil surface against splash erosion—the initial stage of water erosion. It is the effect of various plants taking over the kinetic energy of falling raindrops [46,47]. This effect persisted in the autumn–winter period because the leaves of Miscanthus, despite drying out, remained on the plants, protecting the soil against rainfall. The leaves remaining on the stems for a long time did not pollute the adjacent fields. Undesirable spread of miscanthus plants to adjacent fields was not observed.



Yearly miscanthus plants produced a small aboveground mass averaging 340.21 g m−2 fresh matter (234.88 g m−2 dry matter). The dominant component of the yield was leaves, whose percentage share in fresh and dry matter was 64.45% and 72.41%, respectively. Miscanthus in the second growing year had a higher yield: an average of 1183.53 g m−2 fresh weight (939.14 g m−2 dry matter) and a stronger dominance of shoots, which accounted for 71.33% and 67.39% of the fresh and dry matter yield, respectively (Figure 4). Despite the end of the growing cycle, giant miscanthus was characterized by relatively high moisture content, especially of the stems, at harvest time. The average dry matter content in the first year was 69.38% in whole plants, 76.36% in leaves, and only 56.58% in stems, while in the second year, it was higher at 79.30%, 92.00%, and 76.33%. Similar data were presented by Clifton-Brown et al. [24], who found that Miscanthus giganteus in the second year of vegetation developed a higher number of shoots, which gave a higher yield compared to the first year, and their moisture content was lower.




3.3. Meteorological Conditions


The intensity of water erosion depends on climatic conditions, especially the amount and intensity of precipitation [48], as well as air temperature and wind speed. Precipitation recharge during the growing season of plants at the study site is presented in Table 6. During the study period, the highest monthly precipitation was recorded in May 2019 (95.2 mm) and was about 64.7% higher than the multi-year average monthly precipitation. In contrast, the lowest rainfall was recorded in June 2019 (18.8 mm) and accounted for 26.9% of the average monthly rainfall. During the growing season, both 2018 and 2019 precipitation was lower than the multi-year average precipitation by 13.4% and 18.8%, respectively. The highest average monthly air temperature during the study period was recorded in August 2018 (20.2 °C) and was approximately 9.8% higher than the multi-year average. On the other hand, the lowest temperature was recorded in April 2019 (9.4 °C) and was 9.3% higher than the multi-year average. In terms of average air temperature, the growing season in 2018 was warmer by approx. 20% compared to the multi-year average, and in 2019 by approx. 8.6% (Table 6). The average wind speed in the region where the research was conducted was not very differentiated in individual months and during the research period (as well as in many other years) it ranged from 2.1–3.4 m s−1 (Table 6).



The course of meteorological conditions significantly affects the intensity of soil erosion, especially the amount of precipitation, its intensity, and kinetic energy [2,48,49]. In the study, no high precipitation was recorded during which strong water erosion processes would be activated. Studies on the outflow of water and matter components and records of erosion damage in plots were carried out in the rainfall range from 13.5 to 26.8 mm (Table 1). The calculated coefficient of precipitation variation was 23.9% (Table 7)—average variability [50]. According to the study conducted by Mazur [2], single erosive precipitation can reach up to 63.6 mm. It is already catastrophic precipitation, during which sizeable erosive damage occurs. Erosive rainfall occurred most frequently in May (30.1%) and September (23.1%). Their frequencies were 15.4% in June and August, and in April and July, 7.7% (Table 1).




3.4. Water Outflow and Selected Matter Components


Surface runoff and analyzed water quality indicators of surface runoff from the plots are presented in Table 7. Intrasoil runoff was not observed.



The variability of surface water runoff was 40% in the experimental plot (average variability) and 43.9% in the control plot (high variability) [50]. Surface water runoff from the experimental plot ranged from 1.0 to 5.4 mm (Table 7), accounting for 7.4% to 20.6% of the precipitation causing the erosion event. In the control plot, the runoff was higher, ranging from 1.1 to 6.6 mm, accounting for 9.3% to 25.2% of the precipitation. These rates were low compared to the maximum surface runoff on arable land, accounting for more than 40% of the precipitation causing an erosion event [32]. The experimental plot received a total of 45.6 mm of water column runoff during the study period, and the control plot received 52.7 mm. The study results show that not consistently high rainfall gives high surface runoff (Figure 5a,b). However, the obtained correlation coefficients r = 0.82 and r = 0.76 in the experimental and control plots, respectively (determination coefficients R2 = 0.67 and R2 = 0.60, respectively), show that the amount of surface runoff is very strongly correlated with the amount of precipitation. Studies conducted by Kim et al. [51] and Zhang et al. [52] demonstrated that several other factors, such as precipitation intensity, vegetation cover, and soil moisture, affect the amount of runoff. However, it is mainly the amount and intensity of precipitation that initiates surface runoff.



Surface runoff water from the slope carries dissolved or suspended matter components [53]. Under the conditions of the present study, the concentration of soil-suspended solids contained in the runoff water from the experimental plot ranged from 2.321 to 75.312 g dm−3 (Table 7) and was characterized by high variability (74.9%) [50]. In the control plot, soil-suspended solid concentrations ranged from 1.331 to 88.325 g dm−3, and the variability was 72.5% (high variability) [50]. The maximum values of soil suspended solid concentrations in waters flowing away from the slope are not the highest. Żmuda’s study [49] showed that the concentration of soil-suspended solids can be as high as 236.228 g dm−3. Figure 6 shows the relationships between soil surface scour and the amount of precipitation that causes erosion events. It shows that the response of soil to precipitation varies greatly, and the amount of soil scour cannot be inferred from precipitation volume. However, the mass of eroded soil appeared to be highly correlated with the amount of precipitation. In the experimental and control plots, the correlation coefficient was r = 0.89 and r = 0.87, respectively (coefficient of determination R2 = 0.80 and R2 = 0.76, respectively). The relationship between rainfall and mass eroded soil was the subject of research of many authors. Experiments in simulated conditions [54] showed that an increasing rainfall intensity had a larger effect on the sediment yield than an increasing slope. Other laboratory research [55] has suggested that the collected sediment yield and eroded soil volume increased with rainfall duration and slope.



Soil runoff on the slope during single erosion events varied widely and ranged from 0.030 to 2.386 Mg ha−1 in the experimental plot and from 0.383 to 4.066 Mg ha−1 in the control plot. Studies conducted by Żmuda [49] have shown that in root crops on the Trzebnickie Hills, the maximum surface soil washout during a single event can be as high as 60.132 Mg ha−1. However, in the study carried out by Rejman [37] in the Lublin Upland, this value reached 20.640 Mg ha−1. During the study period, soil surface washout on the experimental plot was 20.510 Mg ha−1, while on the control plot, it was statistically significantly higher (about 29%) and amounted to 26.475 Mg ha−1 (Figure 7). The results of the research prove that the anti-erosion strip used reduced the leaching of soil from the slope and limited the development of modern morphodynamic processes. The results obtained from field tests regarding soil loss are difficult to relate to other results. This is due to differences in the inclination of slopes and soil conditions, but mainly due to the erosive nature of rainfall. Research conducted by Gil [56,57] showed that even the average ten-year size of soil loss can differ by up to 140% for cereal crops and 50% for potato cultivation.



The chemistry of waters draining from the slope varied widely, both among years and during periods of runoff occurrence (Table 7). Concentrations of total nitrogen in surface runoff water from the experimental plot ranged from 5.023 to 15.854 mg dm−3 N-Ntot. Concentrations of other forms of nitrogen were as follows: ammonium 2.498–7.534 mg dm−3 N-NH4, nitrate 1.215–4.613 mg dm−3 N-NO3, nitrite 0.956–2.325 mg dm−3 N-NO2. The concentration of phosphorus runoff in dissolved form was 0.539–1.241 mg dm−3 P-Ptot, and potassium was 4.124–14.128 mg dm−3 K. Analyzing the obtained results of the chemistry of waters flowing away from the control plot (Table 7), it can be stated that the concentration of most of the examined chemical indicators of water quality was higher than in waters flowing away from the experimental plot. It applies to the maximum as well as average values. Concentrations of total nitrogen ranged from 6.123 to 16.621 mg dm−3 N-Ntot. The concentration of other forms of nitrogen was on the level of ammonium 3.512–7.985 mg dm−3 N-NH4, nitrate 1.115–4.954 mg dm−3 N-NO3, and nitrite 0.756–2.325 mg dm−3 N-NO2. Dissolved effluent phosphorus concentration was 0.583–1.273 mg dm−3 P-Ptot, and potassium was 4.984–15.228 mg dm−3 K. Similar values were obtained by Mazur [2] and Żmuda [49]. The studied chemical indicators of water quality, determined in waters flowing away from the experimental and control plots, were characterized by variability from 26.0% to 37.9% (Table 7)—average variability [50]. However, the average contents of biogenic components (phosphorus, total nitrogen, ammonium, and nitrite nitrogen) exceeded the limit values corresponding to a good class of surface water (Table 8) [58].



During single erosion events, the following flowed out of the experimental plot with water in the dissolved form: from 0.087 to 0.651 kg ha−1 N-Ntot, 0.039–0.318 kg ha−1 N-NH4, 0.019–0.133 kg ha−1 N-NO3, 0.016–0.104 kg ha−1 N-NO2, 0.005–0.044 kg ha−1 P-Ptot, and 0.143–0.514 kg ha−1 K. From the control plot, plant nutrient runoff was higher during the study period and ranged from 0.104 to 0.853 kg ha−1 N-Ntot, 0.046–0.428 kg ha−1 N-NH4, 0.022–0.241 kg ha−1 N-NO3, 0.021–0.116 kg ha−1 N-NO2, 0.007–0.056 kg ha−1 P-Ptot, and 0.087–0.623 kg ha−1 K. The concentrations of the studied chemical indicators of water quality were similar to the results obtained by Mazur [2] and Żmuda [49]. The experimental plot drained during the study period: 4.655 kg ha−1 N-Ntot, 2.314 kg ha−1 N-NH4, 1.158 kg ha−1 N-NO3, 0.745 kg ha−1 N-NO2, 0.362 kg ha−1 P-Ptot, and 4.046 kg ha−1 K (Figure 8). Plant nutrient losses were higher from the control plot: 6.209 kg ha−1 N-Ntot, 3.038 kg ha−1 N-NH4, 1.652 kg ha−1 N-NO3, 0.906 kg ha−1 N-NO2, 0.445 kg ha−1 P-Ptot, and 5.021 kg ha−1 K (Figure 8). The test results show that the anti-erosion strip that was used limited the loss of nutrients from the slope and turned out to be an effective solution in preventing, among others, contamination of surface waters with area pollution from agricultural land. The complexity of the problem makes it difficult to directly compare the results obtained with the results of erosion studies on other sites. The intensity of water erosion is determined by many local factors, e.g., erosivity of precipitation, erosive susceptibility of soils, relief, vegetation cover, land use, etc. [51,59,60]. These factors are interrelated and can enhance or reduce soil erosion. Kim et al. [51] determined nutrient losses of N-Ntot 5.63–13.97 kg ha−1 and P 0.96–11.00 kg ha−1, depending on the location and method of use. On the other hand, studies conducted by Mazur [2], Żmuda [49], Koc [61], and Rajda et al. [62] showed that annual nutrient losses due to erosive processes can be: 4.5–20 kg ha−1 N-Ntot, 0.5 kg ha−1 P, and 2–17 kg ha−1 K.



The Pearson correlation coefficients between nutrient losses (N-Ntot, N-NH4, N-NO3, N-NO2, P-Ptot, and K) and rainfall and surface water runoff were calculated (Table 9). The analysis of the relationship, at the significance level of α = 0.05, showed statistically significant correlations between the analyzed factors at the high and very high levels [63].




3.5. Erosion Damage


Under the conditions of the present study, the recorded erosion damages in the experimental plot in the form of rill erosion, surface erosion, and patches of deposited silt varied between 0.05–0.36 m3 ha−1, 0.06–0.72 m3 ha−1, and 0.03–0.31 m3 ha−1, and had a variability from 66.7% to 83.3% (Table 7)—high variability [50]. In the control plot, the erosion damage was, respectively: 0.03–0.78 m3 ha−1, 0.09–0.48 m3 ha−1, and 0.03–0.17 m3 ha−1. Their variabilities ranged from 50.0% to 79.4%—also high variability [50]. During the two-year study period, the volume of inventoried erosion damage in the form of rill erosion in the experimental plot was 2.33 m3 ha−1 (Figure 9). Surface erosion was estimated at 3.67 m3 ha−1, and the volume of patches of deposited silt was 1.62 m3 ha−1. In the control plot, the recorded volume of rill erosion was statistically significantly higher (about 89.3%) than in the experimental plot and amounted to 4.41 m3 ha−1. On the other hand, the surface erosion was smaller by 14.7% and amounted to 3.13 m3 ha−1. The volume of deposited silts was also smaller by 21.6% and amounted to 1.27 m3 ha−1. The slope above the control plot was almost two times smaller than that above the experimental plot (Figure 2). It is related to lower velocity and volume of surface water runoff and its lower eroding force [64,65]. Nevertheless, the volume of the eroded material in the form of groove and surface erosion was 26% higher in the control plot than in the experimental plot (Figure 9). Also, the mass of the eroded soil was 29% higher in the control plot than in the experimental plot (Figure 7). The results obtained show that the erosion control belt dispersed streams of water flowing down the slope, reducing the erosive energy. It is also visible in inventoried erosion damage, where in the control plot the dominant form was groove erosion, and in the experimental plot, surface erosion was, to a lesser extent, degrading the soil. The greater eroding power of flowing water in the control plot than in the experimental plot is also evidenced by the smaller volume of deposited sediments, as the flowing water in dense streams lifted the eroded soil material beyond the control plot. With concentrated water runoff, the eroded soil material is carried outside the slope zone and settles at their bases and in the bottoms of denudation valleys, which has also been described by other researchers [37,49,65,66]. The obtained indices characterizing the size of inventoried erosion damages were lower in relation to the data included in the bibliography, which was influenced by the lack of high-intensity precipitation. The study by Mazur [67] showed that in agricultural catchments, the annual volumes of erosion damage can amount to: 3.1 m3 ha−1—rill erosion, 2.2 m3 ha−1—surface erosion, 2.3 m3 ha−1—deposited silts. Considering that the study by Mazur [67] was carried out in the whole catchment area (including forested, sodded, and built-up areas, where the intensity of erosion is low), the obtained erosion rates per arable land only would be higher.



The relationship between the amount of erosion damage and precipitation, and surface water runoff was best described by linear equations (Table 10). The obtained correlation coefficients 0.70 ≤ r ≤ 0.90 (coefficients of determination 0.52 ≤ R2 ≤ 0.81) show that, according to the classification of Stanisz [63], the magnitude of erosion damage was high and very highly correlated with the amount of precipitation and the amount of water runoff in the experimental plot. Also, a high and very high correlation between the analyzed variables was obtained in the control plot, but the calculated correlation and determination coefficients were lower (0.53 ≤ r ≤ 0.87; 0.28 ≤ R2 ≤ 0.75). The high correlation between water erosion rate and rainfall and runoff parameters has also been indicated by studies of other authors [2,48,49].





4. Conclusions


Studies conducted on loess slope on the usefulness of Miscanthus x giganteus for the establishment of erosion control strips to protect soils from water erosion and waters from pollution proved that even in the first two years of vegetation, when miscanthus has not yet reached the stage of full development, a beneficial effect of the planted plants could be observed. The average surface water runoff relating to the precipitation causing the erosion event in the experimental and control plots was 17.4% and 20.4%, respectively. The volumes of inventoried erosion damage, in the form of rill erosion, were 89.3% higher in the control plot than in the experimental plot. However, the volumes of erosion damage in the form of surface erosion and patches of deposited silt were lower by 14.7% and 21.6%, respectively. Soil losses during the study period were 29% higher from the control plot than from the experimental plot and amounted to 26.475 Mg ha−1 and 20.510 Mg ha−1, respectively. Furthermore, concentrations of most of the studied chemical indicators of water quality in runoff from the control plot were higher than in runoff from the experimental plot. The outflow in the dissolved form of plant nutrients was higher from the control plot by 33.4% N-Ntot, 31.3% N-NH4, 42.7% N-NO3, 21.6% N-NO2, 22.9% P-Ptot, 24.1% K than from the experimental plot.



The results obtained in the first two years of the experiment are promising and allow us to assume that the establishment of erosion control strips of miscanthus will enable adequate protection of soils from water erosion and waters from surface pollution originating from areas used for agricultural purposes. The continuation of the research will allow us to assess the usefulness of this new method of soil and water protection in the following years when miscanthus can reach its full development (both above and below ground). Continuation of the research in subsequent years will allow to verify the effectiveness of the method in the years with average and high rainfall, if any.
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Figure 1. Location of the research facility (a) in Naleczow commune; (b) in Poland; (c) in Lublin Upland. 
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Figure 2. Cross-sections of the slope where the experimental plot with miscanthus planting (a) and the control plot (b) were established; 1—ground ordinates in meters, 2—distances in meters. 






Figure 2. Cross-sections of the slope where the experimental plot with miscanthus planting (a) and the control plot (b) were established; 1—ground ordinates in meters, 2—distances in meters.



[image: Resources 10 00066 g002]







[image: Resources 10 00066 g003 550] 





Figure 3. Schema of the catcher surface and subsurface runoff [2]. 






Figure 3. Schema of the catcher surface and subsurface runoff [2].



[image: Resources 10 00066 g003]







[image: Resources 10 00066 g004 550] 





Figure 4. Fresh matter (f.m.) and dry matter (d.m.) yield of giant miscanthus. 
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Figure 5. Surface runoff of water depending on the rainfall amount; (a) experimental plot, (b) control plot. 
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Figure 6. Soil loss in dependence on the rainfall amount; (a) experimental plot, (b) control plot. 
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Figure 7. Soil losses during surface runoff; (a) experimental plot, (b) control plot. 
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Figure 8. Mass of eroded chemical components; (a) experimental plot, (b) control plot. 
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Figure 9. Inventory erosion damage; (a) experimental plot, (b) control plot. 






Figure 9. Inventory erosion damage; (a) experimental plot, (b) control plot.



[image: Resources 10 00066 g009]







[image: Table] 





Table 1. Date of occurrence events and amount of erosive precipitation.
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Month

	
2018

	
2019




	
Day

	
Rainfall (mm)

	
Day

	
Rainfall (mm)






	
April

	
-

	
-

	
28

	
16.9




	
May

	
16

	
14.0

	
15

	
22.7




	
17

	
26.0

	
20

	
24.6




	
June

	
28

	
21.3

	
21

	
17.5




	
July

	
16

	
18.4

	
-

	
-




	
August

	
-

	
-

	
12

	
26.2




	
20

	
18.6




	
Sepetmber

	
4

	
13.5

	
2

	
26.8




	
24

	
15.2
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Table 2. Granulometric composition of soils in the experimental and control plots.
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Horizon

	
Depth

(cm)

	
Percentage of Fractions with Diameter (mm)




	
1.0–0.5

	
0.5–0.25

	
0.25–0.1

	
0.1–0.05

	
0.05–0.02

	
0.02–0.002

	
≤0.002






	
Experimental plot




	
Ap

	
0–30

	
0.2

	
0.8

	
1.3

	
14.7

	
47

	
25

	
11




	
B1t

	
30–48

	
0.2

	
0.2

	
0.7

	
12.9

	
44

	
27

	
15




	
B2t

	
48–75

	
0

	
0.2

	
0.6

	
14.2

	
42

	
25

	
18




	
BC

	
75–120

	
0

	
0.1

	
0.3

	
12.6

	
41

	
29

	
17




	
CCa

	
>120

	
0

	
0.1

	
0.2

	
12.7

	
40

	
30

	
17




	
Control plot




	
Ap

	
0–34

	
0.3

	
0.7

	
1.5

	
16.5

	
48

	
23

	
10




	
B1t

	
34–46

	
0.2

	
0.3

	
0.8

	
14.7

	
46

	
22

	
16




	
B2t

	
46–79

	
0.1

	
0.2

	
0.5

	
15.2

	
44

	
22

	
18




	
BC

	
79–124

	
0

	
0.2

	
0.2

	
13.6

	
42

	
25

	
19




	
CCa

	
>124

	
0

	
0.1

	
0.2

	
13.7

	
41

	
27

	
18
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Table 3. Selected physical properties of the studied soils.
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Horizon

	
Depth

(cm)

	
Specific Density

(Mg m−3)

	
Bulk Density

(Mg m−3)

	
Total Porosity

(%)

	
Water Permeability

(×10−6 m s−1)






	
Experimental plot




	
Ap

	
0–30

	
2.54

	
1.42

	
44.1

	
6.452




	
B1t

	
30–48

	
2.62

	
1.55

	
42.1

	
3.351




	
B2t

	
48–75

	
2.63

	
1.51

	
42.6

	
3.410




	
BC

	
75–120

	
2.66

	
1.60

	
39.8

	
3.687




	
CCa

	
>120

	
2.65

	
1.65

	
37.7

	
3.745




	
Control plot




	
Ap

	
0–34

	
2.58

	
1.42

	
45.0

	
6.551




	
B1t

	
34–46

	
2.64

	
1.52

	
40.6

	
3.512




	
B2t

	
46–79

	
2.66

	
1.59

	
40.2

	
3.348




	
BC

	
79–124

	
2.63

	
1.58

	
39.9

	
3.541




	
CCa

	
>124

	
2.64

	
1.64

	
37.9

	
3.748
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Table 4. Macronutrient contents, total organic carbon (TOC), and pH-KCl values in soils.
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Horizon

	
Kjeldahl Nitrogen

(%)

	
P

	
K

	
Ca

	
pH-KCl

	
TOC

(%)




	
(mg/100 g Soil)






	
Experimental plot




	
Ap

	
0.101

	
11.3

	
2.98

	
1.65

	
6.3

	
1.16




	
B1t

	
0.074

	
9.9

	
1.72

	
1.33

	
5.2

	
0.44




	
B2t

	
0.017

	
4.8

	
2.52

	
1.82

	
6.1

	
0.48




	
BC

	
0.011

	
2.0

	
2.30

	
1.58

	
6.3

	
0.48




	
CCa

	
0.009

	
2.1

	
2.21

	
1.59

	
6.3

	
0.35




	
Control plot




	
Ap

	
0.080

	
6.2

	
2.51

	
1.57

	
5.6

	
1.21




	
B1t

	
0.079

	
5.7

	
2.45

	
1.56

	
5.2

	
1.21




	
B2t

	
0.012

	
1.9

	
1.51

	
1.40

	
5.7

	
0.76




	
BC

	
0.012

	
2.0

	
2.05

	
1.74

	
5.7

	
0.62




	
CCa

	
0.010

	
2.0

	
1.95

	
1.68

	
5.8

	
0.54
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Table 5. Biometric parameters of giant miscanthus in the first (I) and second (II) year of vegetation.
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Parameter

	
Mean

	
Standard Deviation

	
Variability

	
Minimum

	
Maximum






	
Shoot height (cm)

	
I

	
98.4

	
17.0

	
0.17

	
75.0

	
128.0




	
II

	
202.0

	
11.7

	
0.06

	
184.0

	
226.0




	
Shoot number (pcs.)

	
I

	
1.5

	
0.7

	
0.46

	
1.0

	
3.0




	
II

	
7.3

	
2.8

	
0.39

	
1.0

	
12.0




	
Shoot thickness (mm)

	
I

	
4.3

	
1.2

	
0.28

	
2.0

	
6.5




	
II

	
5.1

	
0.9

	
0.18

	
3.0

	
6.6




	
Root length (cm)

	
I

	
16.9

	
3.4

	
0.20

	
12.0

	
23.0




	
II

	
20.1

	
4.1

	
0.20

	
13.0

	
27.0








I—the first year of vegetation, II—the second year of vegetation.













[image: Table] 





Table 6. Meteorological conditions during study years and multi-year averages.






Table 6. Meteorological conditions during study years and multi-year averages.





	
Year

	
Month

	




	
IV

	
V

	
VI

	
VII

	
VIII

	
IX

	
X






	

	
Precipitation (mm)

	
∑ IV-X




	
2018

	
54.6

	
49.4

	
48.1

	
84.6

	
23.6

	
51.6

	
42.9

	
354.8




	
2019

	
32.1

	
95.2

	
18.8

	
26.5

	
81.6

	
48.6

	
30.1

	
332.9




	
Average 1961–2010 *

	
41.6

	
57.8

	
69.9

	
77.3

	
66.6

	
56.5

	
40.2

	
409.9




	

	
Temperature (°C)

	
   x ¯   




	
2018

	
13.0

	
16.7

	
18.3

	
19.9

	
20.2

	
15.3

	
9.8

	
16.8




	
2019

	
9.4

	
12.8

	
21.3

	
18.3

	
19.7

	
14.1

	
10.5

	
15.2




	
Average 1961–2010 *

	
8.6

	
13.6

	
16.9

	
18.9

	
18.4

	
13.4

	
8.2

	
14.0




	

	
Wind (m s−1)

	
   x ¯   




	
2018

	
3.3

	
2.4

	
2.2

	
2.7

	
2.2

	
2.2

	
2.7

	
2.5




	
2019

	
3.4

	
2.9

	
2.6

	
2.8

	
2.0

	
2.7

	
2.1

	
2.6




	
Average 1961–2010 *

	
3.2

	
2.7

	
2.6

	
2.5

	
2.4

	
2.5

	
2.9

	
2.7








* Source—Institute of Meteorology and Water Management—National Research Institute, Warsaw.
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Table 7. Indicators characterizing rainfall, surface runoff, and erosion damage.
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Indicator

	
Medium

	
Standard Deviation

	
Variation

	
Minimum

	
Maximum






	
Rainfall (mm)

	
20.1

	
4.8

	
23.9

	
13.5

	
26.8




	
Outflow

(mm)

	
a

	
3.5

	
1.4

	
40.0

	
1.0

	
5.4




	
b

	
4.1

	
1.8

	
43.9

	
1.3

	
6.6




	
Soil suspension

(g dm−3)

	
a

	
36.184

	
27.115

	
74.9

	
2.321

	
75.312




	
b

	
40.547

	
29.384

	
72.5

	
1.331

	
88.325




	
N-Ntot

(mg dm−3)

	
a

	
10.439

	
3.528

	
34.0

	
5.023

	
15.854




	
b

	
11.871

	
3.356

	
28.3

	
6.123

	
16.621




	
N-NH4

(mg dm−3)

	
a

	
5.152

	
1.662

	
32.3

	
2.498

	
7.534




	
b

	
5.770

	
1.646

	
28.5

	
3.512

	
7.985




	
N-NO3

(mg dm−3)

	
a

	
2.644

	
1.176

	
44.5

	
1.215

	
4.613




	
b

	
3.109

	
1.179

	
37.9

	
1.115

	
4.954




	
N-NO2

(mg dm−3)

	
a

	
1.649

	
0.521

	
31.6

	
0.956

	
2.325




	
b

	
1.747

	
0.471

	
27.0

	
0.756

	
2.325




	
P-Ptot

(mg dm−3)

	
a

	
0.818

	
0.232

	
28.4

	
0.539

	
1.241




	
b

	
0.872

	
0.227

	
26.0

	
0.583

	
1.273




	
K (mg dm−3)

	
a

	
9.051

	
2.441

	
27.0

	
4.124

	
14.128




	
b

	
9.783

	
2.559

	
26.2

	
4.984

	
15.228




	
Volume of rills

(m3 ha−1)

	
a

	
0.18

	
0.12

	
66.7

	
0.05

	
0.36




	
b

	
0.34

	
0.27

	
79.4

	
0.03

	
0.78




	
Surface wash

(m3 ha−1)

	
a

	
0.28

	
0.21

	
75.0

	
0.06

	
0.72




	
b

	
0.24

	
0.16

	
66.7

	
0.09

	
0.48




	
Mud volume

(m3 ha−1)

	
a

	
0.12

	
0.10

	
83.3

	
0.03

	
0.31




	
b

	
0.10

	
0.05

	
50.0

	
0.03

	
0.17








a—experimental plot, b—control plot.
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Table 8. The threshold values of water quality indices.






Table 8. The threshold values of water quality indices.





	
Index

	
Threshold Values




	

	
I quality class

	
II quality class






	

	
I quality class

	
II quality class




	
N-Ntot (mg dm−3)

	
≤1.8

	
≤3.0




	
N-NH4 (mg dm−3)

	
≤0.13

	
≤0.30




	
N-NO3 (mg dm−3)

	
≤1.3

	
≤2.0




	
P-Ptot (mg dm−3)

	
≤0.13

	
≤0.25
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Table 9. Correlation between loss of nutrients and rainfall and surface water runoff.
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Indicator

	
Nutrient




	
N-Ntot

(kg ha−1)

	
N-NH4

(kg ha−1)

	
N-NO3

(kg ha−1)

	
N-NO2

(kg ha−1)

	
P-Ptot

(kg ha−1)

	
K

(kg ha−1)






	

	
Experimental plot




	
Rainfall (mm)

	
0.73

	
0.75

	
0.70

	
0.65

	
0.65

	
0.54




	
Outflow (mm)

	
0.75

	
0.77

	
0.63

	
0.76

	
0.78

	
0.73




	

	
Control plot




	
Rainfall (mm)

	
0.73

	
0.73

	
0.68

	
0.76

	
0.60

	
0.52




	
Outflow (mm)

	
0.85

	
0.84

	
0.81

	
0.85

	
0.79

	
0.75
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Table 10. Equations of the dependence of the size of erosion damage on the amount of precipitation and surface water runoff.






Table 10. Equations of the dependence of the size of erosion damage on the amount of precipitation and surface water runoff.





	
Parameter

	
Rainfall (mm)

	
R2

	
r

	
Runoff of Water (mm)

	
R2

	
r






	
Experimental plot




	
Volume of rills (m3 ha−1)

	
y = 0.0182x − 0.1872

	
0.53

	
0.73

	
y = 0.0767x − 0.0896

	
0.81

	
0.90




	
Surface wash

(m3 ha−1)

	
y = 0.0366x − 0.4541

	
0.69

	
0.83

	
y = 0.125x − 0.1556

	
0.71

	
0.84




	
Mud volume

(m3 ha−1)

	
y = 0.0147x − 0.1713

	
0.52

	
0.72

	
y = 0.0568x − 0.0745

	
0.68

	
0.82




	
Control plot




	
Volume of rills (m3 ha−1)

	
y = 0.0364x − 0.394

	
0.42

	
0.65

	
y = 0.1316x − 0.1942

	
0.75

	
0.87




	
Surface wash

(m3 ha−1)

	
y = 0.0248x − 0.2583

	
0.56

	
0.75

	
y = 0.0592x + 0.0003

	
0.44

	
0.66




	
Mud volume

(m3 ha−1)

	
y = 0.0057x − 0.0181

	
0.28

	
0.53

	
y = 0.0223x + 0.007

	
0.58

	
0.76
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