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Abstract

:

The aim of this study was to assess the effect of a three-year application of digestate from an agricultural biogas plant on the physicochemical properties of highly acidic pHKCl 4.4 ± 0.23, silty loam soils with low macronutrient content and on the yield and nutritional value of switchgrass (Panicum virgatum L.) biomass harvested for green fodder. The experiment included the following treatments: (1) O (control)—no fertilisation, (2) NPK—mineral fertilisation with (in kg ha−1) 150 N, 53.0 P and 105 K, (3) biogas digestate at 30 m3 ha−1 and (4) biogas digestate at 60 m3 ha−1. The higher application rate of biogas digestate significantly reduced soil acidity to pHKCl 4.9 ± 0.18 and improved its sorption properties. It also increased the soil organic matter content from 5.6 ± 0.21 to 6.4 ± 0.22 g Corg kg−1 and of K and Zn. The higher level of biogas digestate significantly increased switchgrass yield to 5.15 ± 0.26 t ha−1. The lower application rate of biogas digestate resulted in forage yield of 4.30 ± 0.20 t ha−1 comparable to that obtained after mineral fertilisation (4.33 ± 0.22 t ha−1). Following application of mineral fertilisers and the higher level of biogas digestate, the number of panicles per plant (150 ± 2.49–157 ± 0.6.17), panicle height (107 ± 1.98–114 ± 2.08), crude ash content (61.2 ± 0.43–65.5 ± 0.38) and protein content (106 ± 0.59–92 ± 1.11) in the switchgrass biomass from the first cut were higher than in the case of unfertilised soil (110 ± 3.81, 93 ± 1.32, 55.5 ± 0.40, 80.3 ± 0.37). The use of mineral fertilisers and biogas digestate increased the content of protein, P and Mg in biomass from the second cut. The results suggest that the use of digestate improved the physicochemical properties of highly acidic soil and increased the yield of switchgrass forage without diminishing its nutritional value.
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1. Introduction


Climate change and increasingly frequent extreme weather events have a significant impact on crop growth and yield. An increase in temperature, a reduction in the amount of precipitation or its high irregularity and the resulting rapid rainfall and prolonged droughts, result in reduced yields of plants grown for both consumption and fodder purposes. These negative phenomena are also expected to intensify in Europe [1]. This makes it necessary to introduce new crop species, less sensitive to adverse environmental conditions, which can be a good source of feed for farm animals. One of these species is switchgrass. Switchgrass (Panicum virgatum L.) is a perennial plant of the C4 photosynthetic type, native to North America [2,3]. For more than 70 years it has been widely used in the US on the Great Plains and in the Midwest on pastures [4,5,6]. Cultivation of switchgrass is not widespread in Poland. However, according to Piłat et al. [7], switchgrass can be an alternative source of animal feed, especially in areas with severe water shortages during the summer. Switchgrass is also used in phytoremediation, soil protection against degradation, as an ornamental plant and a habitat for wild birds [3,8]. It is also considered to be one of the most important perennial energy crops. Switchgrass biomass can be used for direct combustion, and for the production of bioethanol or biogas [9,10,11,12,13]. Switchgrass is characterised by high biomass production potential, easy adaptation to unfavourable conditions, tolerance to water shortages and low nutrient content of soil [14,15]. Due to its well-developed root system reaching up to two metres deep, it is tolerant of drought conditions [16,17,18,19,20]. Although switchgrass is a plant with relatively low environmental requirements, studies show that it responds favourably to applied mineral, mainly nitrogen (N), fertilisation. Recommended N fertilisation rates vary depending on the soil conditions, the variety and the use of the plantation [16,21,22,23]. Fertilisation can affect not only the size but also the quality of the biomass obtained and its nutritional value [9,24], such as protein content [25,26], Ca, Mg and P concentrations [26].



The various types of gas biofuels include biogas. It is formed in the process of the biological decomposition of organic matter by methanotroph bacteria under anaerobic conditions. Biogas is principally produced in agricultural biogas plants, where the substrates are animal wastes, the biomass of plants specially cultivated for this purpose, and waste from the agricultural and food industry [27,28]. During the fermentation process, only a portion of the co-substrates undergoes transformation into biogas. The transformations the charge undergoes during fermentation are the removal of easily-transformable carbon compounds, leaving behind compounds more difficult to decompose, the transformation of nitrogen compounds into ammonia nitrogen, the destruction of pathogenic bacteria and viruses and parasite eggs, an increase in amino acid and B12 vitamin content, no significant changes in the content of macro- and micronutrients and a change in the C/N ratio. A by-product of biogas production is the digestate. Digestate composition depends on the fermentation process and on the substrates used and may have varied fertilising value [29]. Agricultural plant digestate is a relatively new type of waste, which can be used to fertilise soil as it contains a high amount of organic matter and other nutrients necessary for the healthy growth of plants and other soil organisms. Digestate is most commonly used to fertilise field crops and pastures. Biogas residue has high organic carbon and total N content and can have a beneficial effect on soil fertility [30,31,32,33,34]. It was observed that application of biogas digestate significantly increased soil pH, content of organic carbon, total N and available forms of P, K, and Mg [31,35]. According to Smith et al. [36], biogas digestate has great potential to increase soil C sequestration. This is the result of stabilisation of organic matter by anaerobic digestion through degradation of the most labile fraction [37]. However, this is not always the case [29]. Garg et al. [38] showed that the application of digestate from agricultural waste reduced bulk density and increased saturated hydraulic conductivity and moisture retention capacity of soils. We were unable to find studies on the impact of digestate on the sorption properties of soil. Furthermore, direct comparison of results between studies is often difficult due to variation in feedstocks, the anaerobic digestion process and digestate properties, as well as the rates and methods of digestate application. Moreover, many studies are based on a single growing season or on short pot experiments under controlled conditions [27,29].



The incorporation of organic waste into the soil may not only change its chemical composition and physical characteristics but may also affect living organisms. Ecotoxicological tests conducted by Różyło et al. [30] and Stefaniuk et al. [31] suggested that application of biogas digestate had a positive or insignificant effect on the test organisms (V. fischer, Microbacterium ssp., Staphylococcus warneri or Pichia anomala) as compared to the control soil. Odlare et al. [39] found that soil microbial biomass and metabolic activity are stimulated by the application of digestate, which is attributed to increased C and nutrient availability. According to Insam et al. [40], digestate is likely to enhance microbial activity and biomass, not only compared to mineral fertilisation but in most cases also compared to undigested manure. We found only one opinion stating that food-based digestate application decreases numbers of earthworms observed in the field [29]. This was most likely linked to the large amount of ammonium-N introduced with the digestate.



The effects of digestate fertilising on the composition and quality of wheat (Triticum aestivum L.) grain [41], soy (Glicyne max (L.) Merr) yields and bean (Phaseolus vulgaris L.) composition [42], yields of various grass, i.e., perennial ryegrass (Lolium perenne L.) and creeping red fescue (Festuca rubra subsp. rubra) [43], corn (Zea mays L.) [44] and other annual species cultivated to obtain biomass for energy production [28] have also been studied. In a study by Różyło et al. [41], winter wheat yield following digestate application was similar to that obtained with mineral fertilisation. In addition, biogas digestate increased the content of protein, wet gluten, and phenols in wheat grain compared to NPK fertilisation. Three-year application of waste did not result in exceedances of international standards for heavy metal content in grain. Abbubaker et al. [45] reported that biomass yields of spring wheat following application of digestate was higher than for the control soil but lower than after application of undigested pig slurry. Andruschkewitsch et al. [43] conducted five-month pot experiments with three different grass species (Lolium perenne, Trisetum flavescens and Festuca rubra subsp. Rubra) fertilised with digestate or mineral nitrogen fertiliser. Digestate application increased biomass of all grass species, but only the yield of L. perenne increased with the rate of digestate. Long-term application of digestate could lead to a shift in species composition in grasslands. Walsh et al. [46] reported that application of organic fertilisers derived from anaerobic digestion resulted in similar yields of grass to those obtained when an NPK (nitrogen, phosphorus, potassium) compound fertiliser was applied, and statistically greater yield than when straight N inorganic fertiliser was applied. The effect of digestate on the content of protein in forage and its digestibility was insignificant. However, digestate application decreased the percentage of clover in the harvested biomass. This may be important because of the dietary benefits to livestock of the presence of clover in grass swards and silage. Numerous studies confirm the beneficial effect of digestate on the yield of other grass species, i.e., for Dactylis glomerata [47], Phalaris arundinacea and (x Festulolium pabulare) [48,49].



One disadvantage of using digestate as fertiliser is the risk of introducing pollutants, including heavy metals. In addition, inappropriate storage or application of anaerobic digestates can lead to gaseous nitrogen emissions and/or nutrient leaching and runoff into surface and ground waters [49]. Another problem associated with the use of digestate is the emission of odours [50]. The environmental risk potential following application of anaerobic digestates depends on factors such as fertilisation strategies, soil texture, topography, precipitation and cropping systems. Other important factors include the properties of the digestate and the application rates.



Literature indicates that in general, digestate is highly suitable for use in soil fertilising, it does not constitute a toxicological hazard, and its fertilising and crop generation effects depend on the dose applied and digestate properties, which differ greatly among individual biogas plants. However, the studies mentioned are mostly short-term projects, to a large degree, pot experiments conducted under controlled conditions. Few studies investigate the issue of digestate fertilising of perennial crops. We found no research on the effect of digestate on the forage yield and nutritional value of switchgrass.



The objective of the presented studies was to assess the effect of a three-year application of digestate from an agricultural biogas plant on the physicochemical properties of very acidic soils with low mineral content and on the yield and nutritional value of the biomass of switchgrass harvested for green fodder. An additional objective was to compare the effectiveness of the application of the digestate with traditional mineral fertilisation.




2. Materials and Methods


2.1. Site Description and Experimental Design


The field experiment was established in 2016 in the Field Station of the University of Life Sciences in Lublin (51°13′21″ N, 22°37′55″ E). The experiment was assumed as one-factor in the arrangement of completely randomised blocks, in 3 replications. The experiment was located on mineral soil with the granulometric composition of silty loam: 18.5% sand, 1.0–1.1 mm; 74.0% silt, 0.1–0.02 mm and 7.5% clay, <0.02 mm [51]. It was very acidic soil pHKCl 4.4, low in organic matter Corg—5.6 g kg−1, low in available phosphorus—32.6 mg kg−1 and magnesium—42.8 mg kg−1, and very low in potassium—44.1 mg kg−1. In spring 2016, six soil sub-samples for soil characterisation were taken from the experimental field, from a depth of 0–20 cm. The samples were air-dried, passed through a 2 mm sieve, and then mixed to prepare a representative sample (about 0.5 kg). The following parameters were determined in the sample: pH, Corg., content of available P, K and Mg. The soil pH was determined by potentiometric method (in the suspensions of soil and 1 M solution of KCl 1:2.5, pH-meter CP 505, Metron; according to PN-ISO 10390:1997) and Corg. was determined by the Tiurin method (concentrated sulfuric acid, potassium dichromate, Mohr salt, heating plate CAD H30/45, according to KQ/PB-34). The content of available P and K was determined by the Egner–Riehm method (according to PN-R-04023:1996 and PN-R-04022:1996 + Az1:2002), after extraction with calcium lactate (using P-Spectrophotometer GENESYS 6, K-flame photometer Sherwood 410). The Mg content was determined using Spectrometer AS3 after extracting from the soil with CaCl2 solution (by the Schachtschabel method, according to PN-R-04020:1996 + Az1:2004). For these extraction methods, refer to the limit numbers defining the degree of soil richness in P, K and Mg used in Chemical and Agricultural Stations in Poland. Winter rapeseed had previously been cultivated in this field. For the rapeseed crop, mineral fertilisation was applied as follows (kg ha−1): N—240, P—53, K—150, S—20. Organic fertilisation had not been used for at least 10 years.



The experiment includes the following treatments: (1) O (control)—no fertilising, (2) NPK—mineral fertilising with the following doses (kg ha−1): N-150, P-53.0, K-105, (3) POF1—agricultural biogas plant digestate in a dose of 30 m3 ha−1 and (4) POF2—agricultural biogas plant digestate in a dose of 60 m3 ha−1. The dose of digestate was determined taking into account the permissible amount of nitrogen which, according to the Act on ‘Fertilisers and Fertilisation’, can be introduced once with natural fertilisers [52]. The following amount of dry matter was brought with the higher dose of digestate, in subsequent years of experiment (in t ha−1 d.w.): 2016—19.3, 2017—53, 2018—56. The following amount of N, P and K was brought with these doses (in kg ha−1): 2016—39, 9, 22, 5; 2017—159, 58, 61; 2018—174, 58, 69.



Switchgrass cultivar Alamo was planted in the first ten days of May 2016. The distance between rows was 0.90 m, while the spacing between plants within a row was 0.4 m. The area of a single plot was 15 m2. Plots were 3 m wide and 5 m long. Switchgrass was propagated vegetatively. Rhizome cuttings obtained from the Department’s own plantation were used for planting.



In the year when the experiment was established (2016), due to slow plant growth and the very small amounts of biomass produced, only half of the intended mineral fertiliser doses and half of the assumed digestate dose (15 m3 ha−1 and 30 m3 ha−1, respectively) were applied. In the second (2017) and the third (2018) years, full doses of the assumed mineral fertilisers and digestate were used. Switchgrass was fertilised when it broke dormancy (12–15 May). Fertilisers were incorporated by disking using petrol tiller. Phosphate and potassium fertiliser were applied once in the whole dose (P—triple superphosphate, K—potassium salt 60% K2O). Nitrogen was split-applied, 75 kg N ha−1 was applied at the start of the growing period and another 75 kg N ha−1 was applied just before canopy closure. Nitrogen was applied in the form of ammonium nitrate (34% N). In the first years after switchgrass planting, plant care treatments were also performed by weeding of inter-rows to control the number of weeds emerging in the culture. Table 1 summarises the dates of the various activities performed in the experiment.



The digestate used in the experiment comes from the agricultural biogas plant located in the Lubelskie voivodeship. The following feedstock were used for energy production: corn silage (70%), sugar bagasse beet (15%), pomace of fruit (5%), waste from dairy (5%) and manure (5%). Each year, samples from the digestate batch were collected and used to determine dry weight content (by weight method, according to CLA/PSO/13/2013), total organic carbon content (by spectrometry method, according to CLA/SR/26/2012), total nitrogen content (by the Kjeldahl method, according to CLA/PSO/13/2013, using Tecator Digestor Auto 20 firmy FOSS and Kjeltec 2300 firmy FOSS) and the content of the following elements: P (by spectrophotometry method, according to CLA/PLC/28 Spektrofotometer Shimadzu 1800), K, Ca, Mg, Zn, Fe, Cu, Mn, Pb, Ni, Cr, Cd (by Atomic Absorption Spectrometry with flame atomisation, after mineralisation with HNO3 (V), using the CEM, Model: Mars Xpress Varian and SpektrAA 280FS model with SPS-3 autosampler and SIPS diluter) (Table 2). The assays were performed in the Agro-environmental Laboratory of the University of Life Sciences in Lublin.




2.2. Meteorological Conditions


The weather conditions during the research period are shown in Figure 1. Based on the meteorological data, the Selyaninov hydrothermal coefficient was calculated (Figure 2), according to the following formula: k = (p × 10)/Ʃt, where: p is the sum of monthly precipitation (mm) and Ʃt is the sum of average daily temperatures from a month (°C). Designations for ranges of coefficient values were adopted according to the scale developed by Skowera et al. [53].



The amount of rainfall in the first and second growing seasons was lower than the long-term average in May and June. For every year of the experiment, particularly abundant rainfall was recorded in July. The sum of rainfall for the period April–October was similar for three growing seasons and was higher in comparison to the long-term average. In 2016, very low rainfall was recorded in September. The Selyaninov index indicates that for all three growing seasons, the period from June to September, except for July, was dry or rather dry. July was quite moist in every growing season. The temperature sum in the period from April to October ranges from 3131 °C in the second growing season to 3554 °C in the third growing season, while the long-term average was 2782 °C.




2.3. Measurements


2.3.1. Biomass Yield and Morphological Traits


In the first year, the plants were harvested at the end of switchgrass vegetation, in the second half of November. In 2017 and 2018, the plant harvest was conducted on two dates: (1) First half of July, (2) first half of October (Table 1). The first cut was conducted before the onset of the generative phase. In plant biomass harvested in 2017 and 2018 (on the first and second cut date), the following measurements were made: number of tillers per plant, tiller height, dry matter content, percentage share of leaves in the biomass, fresh weight yield and dry weight yield. Before harvest, two plants were taken separately from each plot. The plants were weighed, and the number of tillers was determined. Then, 20 tillers were randomly selected, and their height was measured. To determine the proportion of leaves and stems, 4 tillers were selected, and the leaves were separated from the stem and weighed. The leaves and stems were finely cut and dried, first for 4 days at room temperature and then for 4 h in a dryer at 105 °C. Then the samples were weighed, and the proportion of leaves and stems was calculated. One tiller per plot was also selected for determination of dry matter content by the oven-drying method. The remaining biomass of two harvested plants was finely cut, air-dried and was used for laboratory analysis. After harvest, the yield of fresh (by the gravimetric method) and dry switchgrass weight from each plot was determined (taking into account the weight of the plant taken for determinations).




2.3.2. Laboratory Analysis


Representative dry biomass samples were ground in a laboratory mill and stored in sealed jars for analysis. Then, the content of dry matter (oven-drying method), crude ash (incineration in a muffle furnace FCF 22 SM Czylok at a temperature of approximately 550 °C) and crude fibre (H2SO4 0.13 mol/L, KOH 0.23 mol/L, Fibre Analyzer Ankom 220), fat content (Fat extractor (Soxhlet apparatus) SER 148 Solvent Extraction Unit, Velp® Scientifica) and crude protein (by the Kjeldahl method, H2SO4, HCL, using UDK 132 SemiAutomatic Distillation Unit, Velp® Scientifica) content were determined in the switchgrass samples. In biomass, the content of acid detergent fibre (ADF), neutral detergent fibre (NDF) and ADL (lignin) fraction were also determined (Fibre Analyzer Ankom 220). The content of dry matter, ash, crud protein, crud fat, and ADF and ADL were determined using standard analytical Association of Official Analytical Chemists (AOAC) procedures [54] (procedure numbers 934.01, 942.05, 954.01, 920.39 and 973.18, respectively). Neutral detergent fibre (NDF) and crude fibre were determined according to Van Soest et al. [55]. Hemicellulose content was calculated from the difference between NDF and ADF, while cellulose content was calculated from the difference between ADF and lignin. The analyses were carried out in the laboratory of the Institute of Animal Nutrition and Bromatology, University of Life Sciences in Lublin.



In dry biomass samples, the content of macronutrients, i.e., phosphorus (by spectrophotometry according to CLA/PLC/28, Spektrofotometr Shimadzu 1800), potassium, magnesium, calcium and sodium (by Atomic Absorption Spectrometry with flame atomisation, after mineralisation with HNO3 (V), using CEM, Model: Mars Xpress Varian and SpektrAA 280FS model with SPS-3 autosampler and SIPS diluter, according to CLA/ASA/2), were determined. The results were converted to dry weight. The analyses were carried out at the Central Agroecological Laboratory of the University of Life Sciences in Lublin.



After the experiment was completed, in November 2018, soil samples were taken from each plot. The sub-samples were taken from a 0–20 cm layer using Egner’s soil sampler. Five subsamples from each plot were taken and mixed to obtain a representative (1 kg) soil sample from each plot. The soil samples were homogenised, air-dried, and passed through a 2-mm sieve. The following parameters were determined in the samples collected: pHKCl, (by potentiometric method), Corg., by Tiurin method, content of available phosphorus and potassium (by the Egner–Riehm method) and available magnesium (by the Schachtschabel method). Determination were performed according to the methods described above (in Section 2.1. Site Description and Experimental Design). Content of total nitrogen was determined by the Kjeldahl method (KjelFlex K-360, BUCHI, according to KQ/PB-42). Hydrolytic acidity (Hh) was determined by the Kappen method (PN-R-04027:1997, KQ/PB-36). The air-dried soil sample (40 g) was treated with 100 cm3 of 0.5 mol dm–3 C4H6CaO4 solution. The suspension was shaken in a rotary shaker and filtrated. The filtrates were titrated with 0.1 mol dm–3 NaOH solution in the presence of phenolphthalein indicator. Hydrolytic acidity values were calculated from the amount of NaOH solution consumed. The exchangeable cations (EAC) were extracted from soil with 1 M solution of C2H7NO2. The analysed elements in the resulting extracts were determined by using Flame Fotometer Sherwood 410 (KQ/PB-08). Cation exchange capacity (CEC) and the sorption complex saturation with exchangeable cations (BS) percentage were then calculated as follows: CEC = Hh + EAC and BS (%) = (EAC/CEC) × 100. The assays were performed at the laboratory of the Regional Chemical and Agricultural Station in Lublin.





2.4. Statistical Analysis


The results were statistically analysed by an analysis of variance using STATISTICA 13 PL software (Tulsa, USA). A three-way analysis of variance (ANOVA) was carried out to determine the effect of year, cut date and fertiliser treatment on the variability of switchgrass yield, nutritional value and mineral composition. Year, fertiliser treatment and cut date were considered fixed effects. Replication was considered a random effect. Prior to analysis of variance, the Shapiro–Wilk test was used to determine whether the variables had a normal distribution [56]. The data of the features which did not have a normal distribution were log-transformed and analysis of variance was carried out using the transformed data. The effects of year, cut date and fertiliser treatment, and their interactions, were analysed. A one-way analysis of variance (ANOVA) was carried out to determine the effect of fertilisation treatment on the soil properties. Fertiliser treatment was considered a fixed effect, replication was considered a random effect. Differences between averages were determined using Tukey’s test, with 95% confidence intervals.





3. Results and Discussion


3.1. Biomass Yield and Morphological Traits


The year, the fertiliser treatment and the cut date significantly differentiated the biomass yield of switchgrass and some of the morphological traits’ yield structure (Table 3). On average, biomass yield was significantly higher in 2018 (third year of the study), compared to 2017—second year of the study (Figure 3).



The biomass of switchgrass of the first cut date (early July) was three times higher than that of the second cut date (second half of October). The significantly lower yield from the second switchgrass cut, is confirmed by the study of Vogel et al. [17]. Similarly, Koshi et al. [57] reported that the second cut in November represents only 28% of the annual yield of switchgrass.



On average, the lowest annual yield from the two cuts 5.74 t ha−1 d.w. (dry weight) within the experiment was obtained on the control without fertilisation. The highest yield in the amount of 10.32 t ha−1 d.w. was collected from specimens where a higher dose of digestate was applied. However, the yield-forming effect of mineral fertilisation and digestate applied in the amount of 30 m3 ha−1 was similar. The influence of fertiliser treatment on the number of tillers per plant was significant only on the first cut date, where the plants of the control produced the smallest number of shoots (Table 4). The highest number of tillers was observed after mineral fertilisation and after a higher dose of digestate. The plants of the control produced the lowest tillers, and the highest ones were produced after applying a higher dose of the digestate. The higher proportion of leaves in switchgrass biomass, about 74%, was observed on the second cut date, in comparison to the first cut — 30%. Rancane et al. [48] also reported a greater percentage of leaves in the second cut of reed canary grass and festulolium.



The yield of switchgrass depends on variety, fertilisation and harvest system [58]. Although switchgrass is generally considered not to have high requirements for soil fertility, nitrogen fertilisation is recommended to increase and maintain its yields on a good level. Vogel et al. [16] report that after applying a dose of 120 kg N ha−1, they obtained a yield of 10.5–12.6 t ha−1 at a single harvest in the generative phase. On the other hand, in the Lemus et al. [14] study, the yield of switchgrass biomass increased from 3.9 t ha−1 with no nitrogen fertilisation to 5.2 t ha−1 after the application of 224 kg ha−1 of N. According to Gerutzky et al. [58], the effectiveness of nitrogen fertilisation depends on the date of harvest and the highest yields can be obtained with doses of 135–180 kg N ha−1. In addition, higher nitrogen doses are optimal when harvesting twice. During the single harvest, there is a lower uptake of nitrogen and other nutrients with the harvested biomass, because after the end of the growing season, they are moved from the stems and leaves to the root system and can be used in the next year of cultivation [57]. Brodowska et al. [3] reported that switchgrass uses K and P effectively. The reaction of the switchgrass to K and P fertilisation is dependent on the content of these elements in the soil. Switchgrass reacts positively to phosphorus fertilisation when the element content of the soil is low [59]. Mohamed et al. [60] observed a significant increase (about 49%) in switchgrass yield after the introduction of NPK fertilisation compared to the control. This shows the importance of improving soil fertility for a high yield of switchgrass. Biogas digestate can have good fertiliser value because during methane fermentation, changes in the C:N ratio occur due to the fact that carbon is absorbed by the resulting biomethane, which increases the nitrogen and mineral content. The resulting forms are much easier to be assimilated by plants, as nitrogen is converted to NH4+. High NH4+ content is easily accessible to plants [61]. The control soil had low or very low content of available macroelements. Bringing in a significant amount of easily available nutrients with the digestate biomass significantly increased the yield of switchgrass biomass. At a lower dose of the digestate, switchgrass yield was at a similar level as after NPK fertilisation. The application of a higher dose had a significantly higher yield-forming effect than mineral fertilisation. Nitrogen fertilisation also affected the stock density of tillers and stimulated stem growth in another experiment [62]. We found no research on the effect of digestate on the forage yield of switchgrass, but, Tilvikiene et al. [47] reported that for long-term fertilisation, the organic matter of digestate may play a significant role in the increase in cocksfoot biomass production.




3.2. Nutritional Value


Year, but not cut date or fertiliser treatment, had a significant effect on crude fibre content and fibre fractions (Table 5 and Table 6).



A higher content of crude fibre (Table 4) and ADF, hemicellulose and cellulose fractions (Figure 4B,D,E) was found in 2017 as compared to 2018. In this year, the rainfall in May and June was lower than in 2018 (Figure 1). The influence of the year on the other parameters of the feed value of switchgrass biomass was not significant (Table 5). Fibre, i.e., structural carbohydrates, is a very important component of the ruminant diet. It is not only a source of energy, but also regulates digestive processes and ensures proper gastrointestinal motility. Significantly more crude fibre and all indicated fractions except cellulose were found in the biomass harvested in the first cut date in comparison with the second cut. The applied fertilisation had no significant impact on the crude fibre content in the biomass from the first cut. On the second cut date, however, the lowest content fibre was found in the plants grown with mineral fertilisation while the highest levels were found in the control plants and in plants fertilised with a lower dose of digestate. Mineral fertilisation favoured the highest content of NDF and hemicellulose fractions in biomass from the first cut. Significantly more NDF fraction was found in the biomass harvested on the second cut date from the plots with a higher dose of digestate than from the control and where mineral fertilisation was applied (Figure 4A).



There is a significant relationship between the NDF content of cattle feed and the digestibility of organic matter. There is also a relationship between NDF and dry matter intake by cattle. In the diet of ruminants, the neutral fibre is particularly important, filling the rumen, providing an energy source for the microorganisms living in it and giving the feed its desired structure. The optimal concentration of NDF in the dry matter of forage should be from 400 g kg−1 to 450 g kg−1 [63]. However, if the optimum values are exceeded, the feed will be less digestible, less efficient and more reluctantly consumed by the animals. On the other hand, if the NDF and ADF content of the plant is below the desired amount, this means a low fibre energy content. In Mohamed et al.’s [60] research, both mineral and organic fertilisation increased the content of cellulose in the switchgrass biomass and did not significantly affect the hemicellulose content. The amount of crude fibre for dairy cows, depending on the phase of the production cycle and productivity, should be between 18% and 22% of the dose, and the amount of NDF and ADF should be between 28% and 40% and 19% and 30%, respectively. These values were exceeded in the switchgrass, especially on the first date. The biomass from the second cut had a fibre fraction content lower than from the first cut. This confirms the opinion of other authors that switchgrass intended for animal feed should be collected during the vegetative phase [60,64].



The fertiliser treatment had a significant effect on the dry matter content in switchgrass biomass (Table 5). Across cut date and year, switchgrass in the control treatment accumulated the most and switchgrass in the mineral fertiliser treatment the least amount of dry matter (Figure 5).



In each fertiliser treatment, the crude ash content was significantly higher in the biomass from the second cut date. A significant interaction was found between fertilisation and cut dates. The biomass from the control without fertilisation collected in the first date contained less ash than from other fertiliser treatment. In the second cut, a significantly higher ash content was found in the biomass from the plants without fertilisation. Both on the first and second cut date, the ash content in switchgrass after mineral fertilisers was lower compared to that after digestate (Table 4).



The protein content in the biomass of switchgrass from the first cut ranged from 80.3 to 106.2 g kg−1, while from the second cut, it ranged from 73.0 to 108.1 g kg−1 (Table 4). Generally, it was comparable to or higher than that reported for switchgrass in numerous studies, mainly conducted in the United States [65]. Piłat’s et al. [7] research showed that the protein content of switchgrass grown in Poland, harvested at the stage of the beginning of panicle removal, was 76.8–82.2 g kg−1, while at the stage of the beginning of bloom it was 55.3–71.7 g kg−1. Mineral fertilisation as well as a higher dose of digestate significantly increased the protein content in the biomass from the first cut (Table 4) and the protein yield per hectare (Figure 6), compared to the control without fertilisation (Table 4). In the biomass from the second cut, the protein content increased significantly after mineral fertilisation and after digestate, regardless of its dose. An increase in protein content along with an increase in nitrogen fertilisation was also found in other studies [58,65,66]. An increase in protein content after digestate from biogas plants was also found in winter wheat [41]. The significant differences in protein content depending on the cut date were observed only after application of the digestate. In these combinations, the biomass from the first cut contained less protein than from the second cut. On the other hand, the protein yield harvested with the first cut was much higher compared to the second cut, in all fertiliser treatments. In the experiment conducted by Giannoulis et al. [67], the switchgrass protein content was at the level of 62.5 g kg−1 with low nitrogen fertilisation. According to the authors, this confirms the possibility of growing switchgrass on less fertile soils and producing feed at low inputs. This content is higher than in the straw of wheat (3.5%), oats (4.4%) or pea (6.5%) [68].



The fat content in the biomass of switchgrass from the first cut ranged from 20.6 to 25.8 g kg−1 and from the second—from 12.6 to 14.8 g kg−1 (Table 4). In the first cut, the least amount of fat was in switchgrass fertilised with a higher dose of the digestate, and the most from the control specimen. On the second cut date, the effect of fertilisation on the fat content of biomass was not significant. In a typical ration for dairy cows, the fat content should be less than 2.5% of dry matter.




3.3. Mineral Composition


The year, the fertiliser treatment and the cut date significantly affected the content of some macroelements (Table 7).



The changes in P content under the influence of fertiliser treatment and the cut date were generally small (Table 8). The least amount of the element was found in the biomass from the control, both on the first and second cut date. Significantly more P was in the biomass harvested in the second cut from plants where biogas digestate was used. The K content in switchgrass from the first cut in combination without and with mineral fertilisation was significantly lower than after digestate. An inverse relationship was observed on the second cut date. After biogas digestate, the K content was significantly lower than in the control or after mineral fertilisation. In the three fertiliser treatments, apart from the control combination, the K content in the biomass from the first cut was significantly higher than from the second. In general, the Ca and Mg content in all fertiliser treatment was significantly higher in the biomass from the second cut. As regards the biomass collected on the first cut date, significantly more Ca was observed in the specimen with mineral fertilisation compared to the control. On the second cut, the most Ca was accumulated by switchgrass plants of the control treatment, the least after applying a lower dose of the digestate.



The use of mineral fertilisation favoured a higher Mg content in the switchgrass from the first cut. In the second cut, a higher Mg content was found after higher doses of digestate. Sodium content was little affected and without clear trends. The total uptake of macroelements, which is the resultant of the biomass yield and component content in the biomass, was the lowest in the control combination. The organic and mineral fertilisers increased total uptake of P, K, Ca and Mg (Figure 7A–D).



Kering et al. [65] observed an increase in the P, K, Ca and Mg content in the switchgrass biomass under the influence of increasing nitrogen fertilisation. According to Marschner [69], the increase in vigour and growth of plants under the influence of better nitrogen supply may explain the increase in P, K and Mg. The faster growth associated with higher nitrogen fertilisation may stimulate root development and increase the potential of plants to obtain macroelements from the soil. Moreover, significant amounts of easily assimilable minerals were introduced with the digestate mass [30,70], which probably had an impact on increasing their content in the biomass of switchgrass. Besides the observed beneficial effect of the digestate on the physicochemical properties of the soil, especially the reaction and sorption capacity, determining the availability and uptake of the nutrients by plants, may also be of great importance.




3.4. Soil Properties


The three-year application of the tested fertiliser treatment had a significant impact on the soil properties (Table 9). A higher dose of the digestate increased soil pH from very acid pHKCl 4.5 to acid pHKCl 4.9 and decreased hydrolytic acidity. The NPK fertilisation and the lower biogas digestate dose did not influence soil pH. Soil pH is one of its most important properties, as it regulates to a large extent the availability of minerals that affect the growth and development of plants. At low pH (<5.0), the availability of macronutrients, i.e., N, P, K, Ca, Mg, and micronutrients, i.e., Mo, B, is lower for plants. However, the uptake of trace elements, i.e., Fe, Mn, Zn, Cu, is increased. The beneficial effect of the digestate on the reduction of soil acidity was observed by Różyło et al. [30] and by Piątek and Bartkowiak [70]. This is very beneficial as soil acidification is a serious problem worldwide and in Poland about 58% of soils have an acidic reaction pH < 5.5 [71]. The higher rate of biogas digestate was also shown to increase Corg. content relative to the unfertilised control and mineral fertilisation (Table 9). Biogas digestate can be considered a valuable source of organic matter in plant fertilisation. Studies by other authors confirm the influence of digestate on the increase of organic carbon content in the soil, which is very important for maintaining or improving its fertility [30,72]. During the anaerobic digestion process, the organic matter of the substrates is decomposed and the carbon is converted into CH4 and CO2, as a result of which, the digestate has a narrow C:N ratio [31,61] and its application resulted in narrowing the ratio of carbon to nitrogen in the soil in the described experiment. But the lowest value of C:N ratio was observed when mineral fertilisation was applied. The C:N ratio has an effect on nitrogen mineralisation. At low C:N ratios less than 20:1, microorganisms quickly mineralise organic nitrogen while releasing inorganic forms, whereas higher C:N ratios reduce the rate of mineralisation [61,73].



The application of mineral fertilisation as well as both doses of the digestate increased the total nitrogen content in the soil and the sorption capacity, the sum of exchangeable alkaline cations and the degree of saturation of the sorption complex with alkaline cations. The higher dose of digestate had the most favourable impact on soil properties. The degree of alkaline saturation is an important indicator of agricultural soil quality. The value of this characteristic below 50% indicates a degraded soil (fertilisation, crop rotation), at the level of 50%–75%, also agrotechnical errors, only values above 85% indicate a good physicochemical condition of the soil. As emphasised by Brodowski et al. [74] and Cheng et al. [75], this parameter plays a crucial role in the retention of water and nutrients for plants. Cation exchange capacity is important for maintaining adequate quantities of plant-available Ca, Mg, and K in soils. The applied fertilisation also influenced the share of cations in the sorption complex, generally decreasing the share of H+ ions and increasing slightly the share of Ca2+ ions and more clearly increasing the share of Mg2+ and K+ cations (Figure 8). The optimal Ca to Mg ratio should be 7:1 [76]. According to Sanik et al. [77], the Ca:Mg ratio has an impact on the solubility of cations in the soil solution. In our studies, the soil was very low in Mg and although it was not possible to obtain such favourable relations, the introduction of both mineral fertilisation and the digestate, especially a higher dose, resulted in a clear narrowing of the Ca:Mg ratio from 15:1 to 11.5–11.0:1.



The unfertilised soil was characterised by a low concentration of P and very low K. All fertiliser treatments increased the content of available forms of P and Mg in the soil to the level of average concentration. The K content increased from very low to low, but only as a result of three years of using a higher dose of the digestate. Changes in the microelement content were less pronounced. An increase in Cu content was observed under mineral fertilisation and under the higher dose of the digestate. An increase in Zn content was observed only after a higher dose of digestate. The increase in soil content of basic macroelements (P, K, Mg), also observed in other studies [30,70], can be attributed to their high content in the waste material used. The range of changes is determined by the elemental content of the digestate and the dose applied. The composition of the digestate depends on the substrates used for biogas production and the fermentation process [3,78,79]. It contains the biomass of methane fermentation microorganisms and non-fermented organic compounds and minerals. These components are present in quantities comparable to their content in substrates used in biogas. It is worth noting that the application of digestate to soil reduced the amount of available manganese, which is probably related to the improvement of soil sorption properties. One of the factors limiting the use of organic waste in soil fertilisation is the risk of introducing pollutants, including heavy metals. The content of trace elements mainly depends on the substrates used in the biogas plant. The digestate used in our research came from a biogas plant with maize silage as the primary substrate. Furthermore, the area where the biogas plant operates and maize is grown is not industrialized. Hence, as shown in Table 2, the content of trace elements in the digestate was very low, well below the permissible level in organic waste adopted in various EU countries [29]. The application of such digestate does not pose a risk of soil contamination. However, for anaerobic co-digestion with cattle and pig slurries, anaerobic digestates may pose a long-term threat to soil health through the accumulation of heavy metals [49].





4. Conclusions


The results obtained showed that three-year application of the digestate improved soil properties. It reduced its acidification, improved its sorption properties and increased its organic matter content and macroelement abundance.



The improvement of soil properties and the introduction of easily assimilable nutrients with digestate significantly increased the yield of switchgrass biomass and generally had a positive effect on its quality.



The effect of biogas digestate on switchgrass yield was comparable or higher than mineral fertilisation. Therefore, it can be concluded that the use of digestate in fertilising soils, especially in soils with low fertility, allows the production of large amounts of biomass while limiting the use of mineral fertilisers. It is also a way to manage the digestate produced during biogas production and at the same time, probably a cheaper way to fertilise plants.
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Figure 1. Rainfall (a) and air temperature (b) as compared to the long-term means (1951–2010), according to the Meteorological Station in Felin, Poland. 
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Figure 2. Selyaninov’s coefficient for vegetation period (April–October) compared to the long-term averages (1951–2010) according to the Meteorological Station in Felin, Poland. 
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Figure 3. The influence of (A): years, (B): fertiliser treatment, and (C): cut date on the yield of switchgrass biomass. O—no fertilising, NPK—mineral fertilising (respectively N-150, P-53.0, K-105 kg ha−1), POF1—biogas digestate 30 m3 ha−1, POF2—biogas digestate 60 m3 ha−1. Bars mean SE, d.w.— dry weight. 
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Figure 4. The influence of years, fertilisation and cut date on the fibre fraction: (A1,A2)—NDF (neutral detergent fibre), (B1,B2)—ADF (acid detergent fibre), (C1,C2)—ADL (lignin), (D1,D2)—hemicelulose, (E1,E2,E3)—cellulose. O—no fertilising, NPK – mineral fertilising (respectively N-150, P-53.0, K-105 kg ha−1), POF1—biogas digestate 30 m3 ha−1, POF2—biogas digestate 60 m3 ha−1. Bars mean SE. 
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Figure 5. Dry matter content in switchgrass biomass. O—no fertilising, NPK—mineral fertilising (respectively N-150, P-53.0, K-105 kg ha−1), POF1—biogas digestate 30 m3 ha−1, POF2—biogas digestate 60 m3 ha−1. Bars mean SE. 
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Figure 6. The influence of the cut date and fertilisation on the yield of protein in switchgrass. O—no fertilising, NPK—mineral fertilising (respectively N-150, P-53.0, K-105 kg ha−1), POF1—biogas digestate 30 m3 ha−1, POF2—biogas digestate 60 m3 ha−1. Bars mean SE. 
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Figure 7. The influence of cut date and fertilisation on the uptake of: (A)—phosphorus, (B)—potassium, (C)—calcium, (D)—magnesium. O—no fertilising, NPK—mineral fertilising (respectively N-150, P-53.0, K-105 kg ha−1), POF1 – biogas digestate 30 m3 ha−1, POF2 – biogas digestate 60 m3 ha−1. Bars mean SE. 
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Figure 8. Percentage of ions in the sorption complex. O—no fertilising, NPK—mineral fertilising (respectively N-150, P-53.0, K-105 kg ha−1), POF1—biogas digestate 30 m3 ha−1, POF2—biogas digestate 60 m3 ha−1, (mean ± SE, n = 3). 
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Table 1. Activities performed in the experiment.
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Activity

	
Year of the Experiment




	
2016

	
2017

	
2018






	
Mineral fertilisation

	
24 April

	
13 May

	
10 May




	
Planting

	
29 April

	
-

	
-




	
Biogas digestate application

	
25 May

	
15 May

	
12 May




	
Mineral nitrogen application

	
27 May

	
30 May

	
28 May




	
Weed control

	
14 June

	
-

	
-




	
First cut

	
Only One on 16 November

	
13 July

	
10 July




	
Second cut

	
10 October

	
14 October
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Table 2. Properties of biogas digestate (mean ± SE, n = 3).
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Parameters

	
Years




	
2016

	
2017

	
2018






	
Dry matter (g kg−1)

	
42.9 ± 1.72

	
62.4 ± 3.12

	
65.6 ± 3.94




	
pH (in 1 mol−1 KCl)

	
7.8 ± 0.39

	
8.2 ± 0.35

	
8.5 ± 0.39




	
Corg (g kg−1)

	
343.8 ± 15.5

	
339.0 ± 11.9

	
357.0 ± 15.0




	
Ntot. (g kg−1)

	
2.0 ± 0.07

	
3.0 ± 0.12

	
3.1 ± 0.15




	
C:N

	
17.19 ± 0.62

	
11.30 ± 0.46

	
11.52 ± 0.05




	
P (mg kg−1)

	
460 ± 18.8

	
1090 ± 39.2

	
1040 ± 55.1




	
K (mg kg−1)

	
1167 ± 61.8

	
1155 ± 54.3

	
1225 ± 53.0




	
Ca (mg kg−1)

	
552.5 ± 23.8

	
1140 ± 58.1

	
1900 ± 100.7




	
Mg (mg kg−1)

	
366.5 ± 18.7

	
131.5 ± 6.4

	
272 ± 14.1




	
Na (mg kg−1)

	
498.3 ± 16.9

	
536.2 ± 23.1

	
597.5 ± 23.3




	
Cu (mg kg−1)

	
7.00 ± 0.27

	
18.7 ± 0.94

	
12.5 ± 0.54




	
Zn (mg kg−1)

	
44.2 ± 2.25

	
71.8 ± 3.50

	
93.9 ± 4.40




	
Fe (mg kg−1)

	
371 ± 21.9

	
688 ± 1.72

	
699.5 ± 37.9




	
Mn (mg kg−1)

	
31.5 ± 1.92

	
72.2 ± 37.8

	
96.5 ± 6.8




	
Pb (mg kg−1)

	
<0.1 ± 0.00

	
<0.1 ± 0.00

	
<0.1 ± 0.00




	
Ni (mg kg−1)

	
<0.1 ± 0.00

	
<0.1 ± 0.00

	
<0.1 ± 0.00




	
Cr (mg kg−1)

	
<0.1 ± 0.00

	
<0.1 ± 0.00

	
<0.1 ± 0.00




	
Cd (mg kg−1)

	
0.20 ± 0.01

	
0.27 ± 0.02

	
0.18 ± 0.01








Corg. – organic carbon, Ntot. – total nitrogen,.SE—Standard error of the mean.
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Table 3. Results of analysis of variance (ANOVA) analysis for biomass yield and some morphological traits.
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Biomass

	
Number of Panicles per Plant

	
Panicles Height

	
Leaf Percentage




	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p






	
Year (Y)

	
12.59

	
**

	
13.9

	
**

	
23.0

	
***

	
0.84

	
n.s.




	
Cut (C)

	
2437.1

	
***

	
7420.5

	
***

	
1845.0

	
***

	
20.86

	
***




	
Fertilisation (F)

	
116.3

	
***

	
1.0

	
n.s.

	
131.0

	
***

	
0.79

	
n.s.




	
Y × C

	
0.22

	
n.s.

	
1.3

	
n.s.

	
23.0

	
***

	
0.99

	
n.s.




	
Y × F

	
0.35

	
n.s.

	
0.3

	
n.s.

	
0.0

	
n.s.

	
1.02

	
n.s.




	
C × F

	
0.46

	
n.s.

	
40.2

	
***

	
8.0

	
**

	
0.96

	
n.s.








p *0.05, **<0.01; ***<0.001, n.s.—not significant.
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Table 4. The influence of cut date and fertiliser treatment on switchgrass morphological traits and nutrient content. Means followed by the same letter are not statistically different at the α = 0.05 level. Small letters for cut date × fertilization, capital letters for years. The standard error of the mean is given after the mean (n = 6, for year, n = 24).






Table 4. The influence of cut date and fertiliser treatment on switchgrass morphological traits and nutrient content. Means followed by the same letter are not statistically different at the α = 0.05 level. Small letters for cut date × fertilization, capital letters for years. The standard error of the mean is given after the mean (n = 6, for year, n = 24).





	
Cut Date

	
Fertili-sation

	
Number of Tillers per Plant

	
Height (cm)

	
Content in Switchgrass Biomass (g kg−1 d.w.)




	
Crude Ash

	
Crude Protein

	
Crude Fat

	
Crude Fibre






	
First

	
O

	
110b ± 3.81

	
92.9d ± 1.32

	
55.5a ± 0.40

	
80.3ab ± 0.37

	
25.8d ± 1.40

	
351.6c ± 2.44




	
NPK

	
152d ± 2.49

	
107.2e ± 1.98

	
61.2b ± 0.43

	
106.2e ± 0.59

	
23.7cd ± 1.06

	
352.5c ± 3.52




	
POF1

	
126c ± 6.12

	
111.0ef ± 2.00

	
65.9c ± 0.38

	
86.2bc ± 0.87

	
23.8c ± 0.75

	
351.1c ± 3.81




	
POF2

	
157d ± 6.17

	
113.8f ± 2.08

	
65.5c ± 0.38

	
92.0cd ± 1.11

	
20.6b ± 0.61

	
346.6c ± 4.30




	
Second

	
O

	
20a ± 0.98

	
71.1a ± 0.97

	
122.6g ± 1.30

	
73.3a ± 0.64

	
13.0a ± 0.73

	
321.3b ± 7.50




	
NPK

	
15a ± 0.76

	
77.7b ± 0.82

	
92.8d ± 1.17

	
108.1e ± 5.86

	
14.3a ± 0.36

	
303.3a ± 2.83




	
POF1

	
18a ± 0.43

	
81.5c ± 0.72

	
117.4f ± 1.87

	
106.5e ± 1.35

	
14.8a ± 0.51

	
325.8b ± 3.58




	
POF2

	
16a ± 0.67

	
84.1c ± 0.87

	
106.2e ± 1.16

	
103.5de ± 1.58

	
12.6a ± 0.23

	
317.3ab ± 4.27




	
Years

	
2017

	
74.0A ± 12.4

	
90.6A ± 2.86

	
86.50A ± 5.60

	
94.25A ± 3.00

	
17.6A ± 1.07

	
340.6B ± 4.11




	
2018

	
79.2B ± 13.1

	
94.2B ± 3.58

	
85.20A ± 5.00

	
94.80A ± 2.70

	
18.1A ± 1.06

	
326.8A ± 3.84








O—no fertilising, NPK—mineral fertilising (respectively N-150, P-53.0, K-105 kg ha−1), POF1—biogas digestate 30 m3 ha−1, POF2—biogas digestate 60 m3 ha−1.; d.w.—dry weight.
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Table 5. Results of ANOVA analysis for nutritional elements.
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Dry Matter

	
Crude Ash

	
Crude Protein

	
Crude Fat

	
Crude Fibre




	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p






	
Year (Y)

	
0.70

	
n.s.

	
0.70

	
n.s.

	
0.10

	
n.s.

	
0.853

	
n.s.

	
32.7

	
***




	
Cut (C)

	
0.10

	
n.s.

	
9426.2

	
***

	
14.2

	
**

	
143.6

	
***

	
195.6

	
***




	
Fertilisation (F)

	
12.8

	
***

	
119.6

	
***

	
52.7

	
***

	
6.3

	
**

	
4.2

	
*




	
Y × C

	
0.00

	
n.s.

	
25.0

	
***

	
0.50

	
n.s.

	
0.05

	
n.s.

	
0.0

	
n.s.




	
Y × F

	
1.2

	
n.s.

	
0.50

	
n.s.

	
0.04

	
n.s.

	
0.01

	
n.s.

	
0.2

	
n.s.




	
C × F

	
0.90

	
n.s.

	
196.3

	
**

	
10.1

	
***

	
58.4

	
***

	
5.4

	
**








p *0.05, **<0.01; ***<0.001, n.s.—not significant.
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Table 6. Results for ANOVA analysis for fibre fraction.
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NDF

	
ADF

	
ADL

	
Hemicelulose

	
Celulose




	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p






	
Year (Y)

	
120.0

	
***

	
48.3

	
***

	
5.32

	
*

	
68.0

	
***

	
56.0

	
***




	
Cut (C)

	
873.0

	
***

	
304.2

	
***

	
258.6

	
***

	
592.0

	
***

	
220.0

	
***




	
Fertilisation (F)

	
16.0

	
***

	
10.7

	
***

	
11.51

	
***

	
6.0

	
*

	
13.0

	
***




	
Y × C

	
0.0

	
n.s.

	
n.s.

	
n.s.

	
0.00

	
n.s.

	
0.0

	
n.s.

	
0.0

	
n.s.




	
Y × F

	
1.0

	
n.s.

	
n.s.

	
n.s.

	
0.04

	
n.s.

	
0.0

	
n.s.

	
0.0

	
n.s.




	
C × F

	
63.0

	
***

	
4.2

	
*

	
13.09

	
***

	
124.0

	
***

	
2.0

	
n.s.








p *0.05, **<0.01; ***<0.001, n.s.—not significant.
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Table 7. Results of ANOVA analysis for the content of macroelements.
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P

	
K

	
Ca

	
Mg

	
Na




	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p






	
Year (Y)

	
0.02

	
n.s.

	
22.2

	
***

	
4.73

	
*

	
14.61

	
***

	
1.90

	
n.s.




	
Cut (C)

	
2.33

	
n.s.

	
77.06

	
***

	
302.0

	
***

	
306.1

	
***

	
44.5

	
***




	
Fertilisation (F)

	
3.17

	
*

	
17.78

	
***

	
0.865

	
n.s.

	
27.4

	
***

	
4.95

	
**




	
Y x C

	
0.09

	
n.s.

	
9.73

	
**

	
1.85

	
n.s.

	
4.73

	
*

	
0.01

	
n.s.




	
Y x F

	
0.19

	
n.s.

	
9.67

	
***

	
0.99

	
n.s.

	
2.81

	
n.s.

	
1.34

	
n.s.




	
C x F

	
4.92

	
**

	
74.31

	
***

	
9.13

	
***

	
41.28

	
***

	
10.4

	
***








p *0.05, **<0.01; ***<0.001, n.s.—not significant.
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Table 8. The influence of cut date and fertiliser treatment on the content of macroelements in switchgrass biomass. Means followed by the same letter are not statistically different at the α = 0.05 level. Small letters for cut date × fertilization, capital letters for years. The standard error of the mean is given after the mean (n = 6, for year, n = 24).






Table 8. The influence of cut date and fertiliser treatment on the content of macroelements in switchgrass biomass. Means followed by the same letter are not statistically different at the α = 0.05 level. Small letters for cut date × fertilization, capital letters for years. The standard error of the mean is given after the mean (n = 6, for year, n = 24).





	
Cut Date

	
Fertilisation

	
Macronutrient Content (g kg−1 d.w.)




	
P

	
K

	
Ca

	
Mg

	
Na






	
First

	
O

	
1.92ab ± 0.05

	
9.15a ± 0.43

	
1.65a ± 0.14

	
1.00a ± 0.03

	
0.35ab ± 0.01




	
NPK

	
2.15abc ± 0.03

	
14.33d ± 0.27

	
2.26b ± 0.07

	
1.50bc ± 0.05

	
0.48c ± 0.01




	
POF1

	
2.02abc ± 0.35

	
12.30b ± 0.30

	
1.98ab ± 0.05

	
1.03a ± 0.02

	
0.43bc ± 0.02




	
POF2

	
1.99abc ± 0.35

	
14.26cd ± 0.20

	
1.95ab ± 0.15

	
1.02a ± 0.04

	
0.41bc ± 0.02




	
Second

	
O

	
1.80a ± 0.24

	
12.54bc ± 0.33

	
4.51d ± 0.23

	
1.34b ± 0.07

	
0.27a ± 0.03




	
NPK

	
2.13abc ± 0.02

	
11.40b ± 0.48

	
3.62cd ± 0.19

	
1.62cd ± 0.05

	
0.39b ± 0.02




	
POF1

	
2.61bc ± 0.99

	
8.67a ± 0.58

	
3.47c ± 0.15

	
1.83d ± 0.07

	
0.34ab ± 0.02




	
POF2

	
2.32c ± 0.08

	
9.31a ± 0.80

	
4.06cd ± 0.27

	
2.18e ± 0.16

	
0.28a ± 0.03




	
Years

	
2017

	
2.11A ± 0.07

	
11.01A ± 0.52

	
2.79A ± 0.20

	
1.36A ± 0.07

	
0.36A ± 0.02




	
2018

	
2.03A ± 0.07

	
11.98B ± 0.43

	
3.10B ± 0.25

	
1.52B ± 0.10

	
0.38A ± 0.01








O—no fertilising, NPK—mineral fertilising (respectively N-150, P-53.0, K-105 kg ha−1), POF1—biogas digestate 30 m3 ha−1, POF2—biogas digestate 60 m3 ha−1. d.w.—dry weight.
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Table 9. Effect of fertiliser treatments on mean physicochemical soil properties after three years. Means followed by the same letter are not statistically different at the α = 0.05 level. The standard error of the mean is given after the mean (n = 3).
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Parameters

	
Autumn 2018




	
O

	
NPK

	
POF1

	
POF2






	
pHKCL

	
4.5a ± 0.20

	
4.6a ± 0.22

	
4.6a ± 0.21

	
4.9b ± 0.23




	
Corg (g kg−1)

	
5.7a ± 0.24

	
5.9ab ± 0.28

	
6.2bc ± 0.27

	
6.4c ± 0.28




	
Nog. (g kg−1)

	
0.64a ± 0.02

	
0.77b± 0.11

	
0.73b ± 0.10

	
0.76b ± 0.11




	
C:N

	
9.06c ± 0.38

	
7.92a ± 0.34

	
8.08ab ± 0.31

	
8.16b ± 0.34




	
Hydrolytic acidity (Hh) (mmol H+ kg−1)

	
31.5b ± 1.74

	
30.2b ± 1.58

	
30.1b ± 1.36

	
25.1a ± 1.31




	
Cation exchange capacity (CEC) (mmol (+) kg−1)

	
104.1a ± 5.83

	
129.2bc ± 6.98

	
123.5b ± 6.05

	
133.2c ± 6.93




	
The sum of exchangeable cations (EAC) (mmol (+) kg−1)

	
74.0a ± 3.48

	
99.0c ± 5.05

	
92.0b ± 4.78

	
108.1d ± 5.73




	
Sorption complex saturation with exchangeable cations (BS) (%)

	
71.1a ± 3.25

	
76.6b ± 3.68

	
74.4b ± 3.30

	
81.2c ± 4.22




	
Content of available nutrients




	
P (mg kg−1)

	
34.3a ± 1.77

	
51.1b ± 2.30

	
51.5b ± 2.58

	
52.8b ± 2.75




	
K (mg kg−1)

	
40.7a ± 2.36

	
55.6b ± 3.00

	
56.4b ± 3.22

	
70.6c ± 4.20




	
Mg (mg kg−1)

	
43.0a ± 2.19

	
70.0c ± 4.13

	
63.0b ± 3.28

	
66.0bc ± 3.37




	
Cu (mg kg−1)

	
1.4a ± 0.06

	
1.9b ± 0.07

	
1.3a ± 0.05

	
1.9b ± 0.08




	
Zn (mg kg−1)

	
5.6a ± 0.33

	
6.0b ± 0.29

	
5.8ab ± 0.31

	
7.4c ± 0.34




	
Fe (mg kg−1)

	
903ab ± 31.5

	
933c ± 34.5

	
877a ± 29.7

	
914b ± 34.6




	
Mn (mg kg−1)

	
189.0c ± 9.07

	
179.0b ± 8.06

	
171.0ab ± 8.04

	
166.0a ± 7.99








O—no fertilising, NPK—mineral fertilising (respectively N-150, P-53.0, K-105 kg ha−1), POF1—biogas digestate 30 m3 ha−1, POF2—biogas digestate 60 m3 ha−1.
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