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Abstract

:

Reed canary grass (RCG) is a native perennial grass with a wide range of uses that naturally occurs in moist habitats. The conducted research indicates the possibilities of RCG cultivation outside natural, humid habitats in monoculture on sandy soils in temperate climates to obtain biomass and seeds. The influence of two factors was analysed: (1) fertilisation with compost from urban greenery in doses of 0, 10, and 20 Mg·ha−1 and (2) mineral nitrogen fertilisation in doses of 0, 40, 80, and 120 kg·ha−1. Compost fertilisation (10 and 20 Mg·ha−1) increased dry matter yields in all years of the study, by 12.1% and 41.0%, respectively. Also, nitrogen fertilisation in doses of 40, 80, and 120 kg·ha−1 increased dry matter yield by 26.8%, 41.6%, and 65.0%, respectively. When harvesting RCG plants for energy biomass at their stage of full maturity, a significant seed yield of 242 to 600 kg·ha−1 can also be obtained in the first three years, while in the fourth year of use, the seed yield was almost three times lower (90–158 kg·ha−1). The obtained results indicate that, in sandy soils, the use of compost fertilisation in RCG cultivation can partially or entirely replace mineral fertilisation and ensure high and stable yields. An additional benefit may be the achievement of a high seed yield in the initial years of cultivation. The use of organic fertilisers and the independence from mineral fertilisers can significantly increase the profitability of bioenergy crops.
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1. Introduction


Alterations in the EU’s agricultural policy have resulted in a gradual decline in the extent of meadows and pastures in Poland. This decline is occurring in favour of agricultural land, urbanized regions, and forests [1,2]. In Poland, there is an observable trend of the reduction in the number of cattle on individual farms [2]. This shift is giving rise to a concerning alteration in the utilization of meadows and pastures. As a result, grasslands are being lost, often at the expense of areas that impose more significant environmental pressures, such as arable land, infrastructure investments, or transportation zones [1]. The transformation of meadows, for instance, into arable land, results in a reduced carbon sequestration in the soil, increased emissions of greenhouse gases, chemical and physical soil erosion, and a diminished biodiversity. The disappearance of grasslands in damp and low-lying areas leads to a decreased water retention, a heightened risk of flooding, and constraints on natural water purification possibilities [3,4].



The prevailing energy policy of the EU, along with the prevailing geopolitical situation, provides an opportunity to halt the decline in grassland areas and harness these spaces for energy purposes. Implementing suitable cultivation of grasslands and utilizing perennial native species of grasses are crucial to efficiently generate biomass, especially for energy production [5]. One of the primary objectives of the EU policy concerning climate change mitigation and enhanced energy security is the reduction in pollutant emissions from the combustion of fossil fuels by decreasing the reliance on fossil fuels for energy production in Europe [6,7,8,9]. Recent events, such as the conflict in Ukraine, have underscored the critical importance of diversifying energy sources for the energy security of Central and Eastern European countries. Furthermore, this underscores the emphasis on developing renewable energy sources (RESs) [8].



In 2021, the proportion of energy derived from renewable sources in the EU was 21.8%, while in Poland, it was 15.6%. The EU has set ambitious targets for the future, as outlined in the Directive 2018/2001 [9], which mandates a minimum of 32% renewable energy in the EU by 2030. However, the current geopolitical situation and the imperative to reduce dependence on Russian fossil fuels have necessitated an expedited energy transition. Consequently, the new goal for 2030 is to reach 42.5% of energy from renewable sources in the EU [10]. Solid biofuels are the most significant contributors among RESs in the EU, accounting for 41% of total renewable energy in 2021, with an additional 14% coming from liquid biofuels and biogas [10]. In Poland, the majority of energy production from renewable sources in 2021 was attributed to solid biofuels, representing 69.3%, while liquid biofuels and biogas together constituted 10.6% [11].



In Poland, biomass is currently viewed as the most promising avenue of renewable energy, owing to its wide availability and cost-effectiveness due to favourable climatic and habitat conditions. Biomass, along with solar and wind energy, exhibits a substantial growth potential [12,13,14]. Biomass can be utilised as a solid fuel, including wood chips and pellets, or it can be processed into gaseous and liquid fuels [12,15]. While energy production from agriculture has traditionally played a minor role in Poland, the goals outlined in legislative directives like Directive 2018/2001, coupled with EU and Polish strategies and the prevailing geopolitical landscape, have ignited growing interest in harnessing biomass from plant cultivation for energy production [13,15].



In the European climate, various plant species, including grasses grown on arable and marginal lands or degraded soils, serve as a valuable source of biomass for energy purposes [16]. Selecting the right plant species that can thrive in specific soil and environmental conditions in a changing climate is crucial for producing a substantial amount of biomass that can be easily converted into energy. Perennial grasses (PGs) are known for their ability to quickly adapt to local conditions, and the areas they occupy can be readily converted for arable land use [16,17]. PGs have a wide range of applications, primarily serving as animal fodder and sources of fibre and for renewable energy production. They are employed in the production of biofuels, biopolymers, biopharmaceuticals, biodegradable products, and materials for gardening, animal husbandry, and fertilisation [17,18,19,20]. The ecosystem services offered by PGs are also of great significance. They contribute to carbon sequestration and the dynamics of soil organic carbon, provide beneficial effects to soil organisms, protect against soil erosion, and enhance biodiversity, including an increase in pollinator populations and biological pest control [17,21,22]. In comparison to annual crops, PGs require a less frequent cultivation, have a longer lifespan (over ten years), have reduced chemical and nutrient demands, sequester 20–30 times more carbon dioxide, and enhance soil carbon content, porosity, and water-holding capacity. Moreover, PGs contain 6–18 times more energy than that required for their cultivation and transportation for energy processing [19,20].



Due to these exceptional properties, PGs can be utilised in areas where annual crops may not yield the expected results and are economically unviable. They are a fundamental component of multifunctional agriculture [18]. As noted by Zahorec et al. [18], Valentine et al. [23], and Nanda et al. [24], bioenergy production will play a crucial role in achieving renewable energy sources (RESs) and mitigating CO2 emissions. Furthermore, to maintain food security by preserving crops for food production, a shift from 1st generation biofuels (derived from food crops) to 2nd generation biofuels (sourced from non-food crops like PGs) is necessary. The cultivation and processing of PGs for biofuels also present an opportunity to promote rural development.



Commonly grown grass species for energy purposes are species introduced into Europe and Poland with a C4 photosynthesis cycle, i.e., silvergrass, prairie cordgrass, switchgrass, among other native tall grass species for the production of solid biomass, are valuable species with a high biomass yield, i.e., reed canary grass (RCG), Dactylis glomerata, Phragmites australis, Arrhenatherum elatiuscan, or Bromus inermis [25,26,27]. The growth cycle of indigenous grass species with a C3 photosynthesis process differs from that of the previously mentioned introduced species. Consequently, the cultivation techniques for these native species need to be suitably adjusted to align with their economic uses. As these native grass species reach their full morphological development, especially during their maturation phase, they exhibit their highest dry matter content, which is crucial for biomass production [25,27]. Additionally, these native grasses produce seeds that can be harvested, allowing for their reuse in subsequent sowings or for sale. Native grass species are frequently characterised by their greater resilience to changing environmental conditions. They exhibit superior winter survival rates and are more prolific in reproduction when compared to other introduced energy plants, such as mallow. This translates to reduced expenses in establishing a crop [22,28].



RCG is a tall (1.0–3 m high), native perennial grass species from areas of North America, Asia, and Europe that grows well on most kinds of soils and provides high yields ranging from 6 Mg·ha−1 to 20 Mg·ha−1 DM when adequately cultivated on fertile soil, and high yields of RCG are obtained on organic soils [18,20,21,26,29,30,31]. RCG, naturally occurring in wet areas (floodplains and shores) of temperate climates, tolerates flooding better than other cool season grasses, and nevertheless, it is more drought resistant than many other species, grows at temperatures of 5–30 °C, tolerates low temperatures well (even −20 °C), and requires a minimum growing season of 111 days [18,21,28,29,31]. RCG has an extensive root system, with roots reaching depths of over 3 m. The branches are relatively short and measure about 1 cm in thickness. In favourable conditions, RCG forms dense masses of broad foliage, and its panicles span from 7 to 40 cm. However, RCG’s small seeds (approximately 1000 seeds per gram) can be challenging to produce consistently due to its poor seed production and its seeds’ susceptibility to seed shattering [18,22]. The typical lifespan of a RCG plant is estimated to be around ten years [18,32]. RCG has historically been employed as fodder in North America and Northern Europe, but its usage as animal feed has been limited due to the presence of poisonous alkaloids. In contemporary times, it finds a greater utility in the production of various materials and energy [18,28,33]. Perennial grasses can also serve other purposes, such as water purification in cases of nutrient-contaminated waters, soil remediation, and stabilising areas like escarpments and slopes [18,22].



Using the RCG as an energy resource requires the knowledge of the variability of the above-ground biomass production in temperate climate conditions and light soils, which are predominant in Poland (about 60% of the area) and are primarily potential areas for energy crops [29,34,35]. Due to its yield, extensive root system, and drought resistance, RCG may be a promising energy crop for cultivation on light and marginal soils in temperate climate conditions [18,22,32]. The cultivation of RCG requires fertilisation with NPK in the establishment year and subsequent years to optimise its yield [14,22]. In the case of RCG cultivation, nitrogen fertilisation is recommended [18,22,28,29], to which plants react strongly and improve the quality and size of their yield, which are, among others, related to morphological features such as the number, length, and thickness of shoots. Particularly in sandy soils, where there are biophysical growth limitations related to low availability of nutrients and water, fertilisation is required to obtain appropriate efficiency and stability of RCG yields [18,22]. In addition to the critical mineral nitrogen fertilisation of RCG, in the case of cultivation on light soils, it is essential to improve their sorption and retention properties, and organic fertilisation is also crucial in the case of energy crops cultivated on sandy and marginal soils [18]. Due to the decreasing availability of natural fertilisers in the Baltic countries [36], the usage of compost from urban greenery may be a solution.



RCG reaches its maximum biomass when its seeds have ripened, and these plants exhibit strong winter hardiness [33]. Energy can be derived from RCG through various methods, including direct combustion, the production of biofuels and biogas, or thermochemical conversion [20,22]. The calorific value of RCG is higher than 17,000 MJ·kg−1 and is suitable for use in the energy sector. Moreover, RCG is useful for cellulose material production because it has a high concentration of cellulose and hemicellulose, which is a desired trait for a biofuel [18,20,22,25]. Delayed harvesting of PGs is recommended to improve the chemical properties of biomass in terms of its usefulness in the combustion process and in terms of the ash composition (lowering the content of ash, P, Cl, K, Ca, S, and Mg). The content of silica and the mentioned elements depends on the soil on which RCG is cultivated. The highest concentrations are recorded in heavy mineral soils [18,22]. RCG has a high adaptability to environmental conditions and is suitable for upscaling on marginality areas in temperate climates [18,22,31]. A recent study conducted by Ferdini et al. in 2023 [37] indicated that, due to climate change and global warming, the potential cultivation area for RCG is expected to significantly expand in Central Europe and the Baltic countries. These changes may lead to increased yields and a reduced yield variability, making RCG a promising bioenergy crop in this region, including Poland. While sowing is one of the most cost-effective methods for establishing energy crops, obtaining seeds, particularly for perennial grasses like RCG, can be challenging. A higher vegetative yield is often associated with a reduced seed yield [38]. Nonetheless, improved habitat conditions, including higher organic matter content and nutrient availability, have a positive impact on RCG seed’s germination capacity and yield [39].



The purpose of this study was to assess the possibility of obtaining the biomass for energy purposes and seeds of RCG cultivated in conditions of transitional temperate climate and varied pre-sowing fertilisation with compost and mineral nitrogen on light mineral soils, which occupy the largest area of agricultural land in Poland and can be easily used for harvest than organic soils. The research hypothesis is that the appropriate cultivation of RCG on light mineral soil in the conditions of Central European climate and fertilisation allows to obtain biomass suitable for energy use, and the additional benefit of this will be obtaining seeds for further sowing and establishment of RCG crops.




2. Materials and Methods


2.1. Experiment Design


The subject of the study contained results of field experiment implementation from the years 2012–2015. The experiment was established on 7 September 2011, by applying a random sub-blocks design (split-plot) in triplicate with a single plot area of 12 m2. Seeds of RCG were sown with pure sowing using a seed drill in the amount of 20 kg·ha−1 with a row spacing of 18 cm and a depth of 2 cm. The experiment was established in a post after oat (Avena sativa L.) was harvested there for seeds. Before sowing the plants, the following agrotechnical operations were carried out: After oat harvest, post-harvest tillage and medium ploughing were performed. Before ploughing, compost fertilisation was applied in the amount accepted in the first study factor. The compost was made from waste from the urban greenery care in Szczecin, which included a green mass of cut plants, leaves (trees and shrubs), and other plant waste (small branches, root remains, and moss).



The examined factors included factor I with compost doses of 0, 10, and 20 Mg∙ha−1 and factor II with nitrogen doses of 0, 40, 80, and 120 kg∙ha−1. Immediately before sowing the plants (in 2011), mineral fertilisation with nitrogen, phosphorus, and potassium in doses of 20, 80, and 100 kg·ha−1 was applied to all study objects. Ammonium nitrate, 19% superphosphate, i.e., P2O5, 60% potassium salt, i.e., K2O, were used. Nitrogen fertilisation in the form of ammonium nitrate in the years of the full use (2012–2015) was used once in spring, before the start of plant vegetation in the amount adopted in the II study factor.




2.2. Compost Chemical Properties


Table 1 provides the chemical composition of the compost. Compost pH was determined potentiometrically, and EC (electrical conductivity) was measured using the Slandi SC300 conductometer from Slandi Sp. z o. o. (Michałowice, Poland). The total C, N, and S content was analysed with the COSTECH ECS 4010 elemental analyzer from Costech Analytical Technologies Inc. (Valencia, CA, USA). The content of total K, Ca, Mg, Na, Fe, Mn, Cu, Zn, Cr, and Cd was determined after mineralization in a mixture of concentrated acids (HNO3 + HClO4) using the atomic absorption spectrophotometer Unicam Solaar 929 from Pye Unicam Ltd. (Cambridge, UK). Phosphorus (P) was determined colorimetrically using the Merck Vega 400 colorimeter from Merck (Darmstadt, Germany). The analysis revealed that the compost had a neutral pH. Total C, N, and Mg contents were low, while those of P, K, S, Ca, and Na were high. The trace element content (Cu, Fe, Mn, Cr, and Zn) remained within the permissible limits set by the industry standard [40].




2.3. Study Site and Soil Properties


The experiment was established in the NW region of Poland with a transitional temperate climate, in Lipnik near Stargard (N 53°20′35.8″, E 14°98′10.8″) (Figure 1), in the area of the Agricultural Experimental Station of the West Pomeranian University of Technology in Szczecin. The experiment was conducted on a light soil, specifically a loamy sand, which falls under the category of Haplic Luvisols (Humic) [41]. The soil had the following texture composition: 59% sand, 28% silt, and 13% loam. The soil exhibited an acidic pH (pHKCl: 5.2). Prior to the experiment, the content of total macroelements in the soil was as follows: 8.10 g C per kg of dry matter (DM), 0.92 g N per kg of DM, 0.02 g S per kg of DM, 0.91 g Mg per kg of DM, 0.66 g K per kg of DM, and 0.45 g P per kg of DM. Soil pH was determined using potentiometric methods, while the determination of total C, N, and S content was conducted through the use of an elementary analyzer, COSTECH ECS 4010 from Costech Analytical Technologies Inc. (Valencia, CA, USA). The content of total Mg and K was determined after mineralization in a mixture of concentrated acids (HNO3 + HClO4) using an atomic absorption spectrophotometer, Unicam Solaar 929 from Pye Unicam Ltd. (Cambridge, UK), whereas P content was obtained through a colorimetric analysis using the Merck Vega 400 colorimeter from Merck (Darmstadt, Germany).




2.4. Climatic Conditions


Meteorological data from the Agricultural Experimental Station in Lipnik (distance from the field trial of about 500 m) for the years 2012–2015 and 1980–2008 (Figure 2) indicate differences in precipitation and air temperatures. In each year, the average air temperature of the growing season was higher than the long-term average. The warmest years were 2014 and 2013, in which the average air temperature during plant growth was 16.7 and 16.4 °C. The warmest months in 2014 were July, August, and September, and in 2013, were June and July.



The wettest year was 2014, which had the highest precipitation of 622.3 mm. This amount was 38 mm more than the long-term annual average, especially during the growing season, which was 64 mm above average. In 2014, the most significant rainfall occurred in July, May, and August, with the respective total precipitation of 100.6 mm, 94.0 mm, and 88.1 mm. On the other hand, the driest year in the study period was 2012, with a total precipitation that was 81 mm lower than the average, and during the growing season, it was 98 mm below the long-term average.




2.5. Harvest and Plant Analysis


Plants were harvested for seeds using a plot harvester, Wintersteiger Classic (Ried, Austria), during the full ripening phase of RCG by cutting the inflorescence parts of plants in the first half of July of each year (2012–2015). The remaining biomass was then sheared with a rotary mower Samba 160 from Samasz Sp z o.o. (Zabłudów, Poland). Autumn RCG growths that were collected in each year of research were not presented. Throughout the plant’s growing season, we evaluated its development and growth, taking biometric measurements from 25 plants or shoots. These measurements included shoot length (cm), shoot thickness (mm), inflorescence length (cm), the number of seeds in a single inflorescence, yield structure (pcs), and seed and plant biomass yield (dt∙ha−1). The above results are presented as the average for the years of the study. The energy value of DM was determined on the KL-10 calorimeter in accordance with the PN-81/G-04513 standard [42].




2.6. Statistical Analysis


The results were statistically processed with the classic analysis of variance at the significance level of p = 0.05 (ANAWAR 5.3 software by Franciszek Rudnicki). ANAWAR 5.3 is based on computational programs for orthogonal data from single, multiple single, double, and tree-factor experiments. To determine significant differences in the results, Tukey’s test at the level of p = 0.05 was used. Principal component analysis (PCA) was also performed for selected results, in addition to the projection of the results on the plane used and was conducted with STATISTICA 12.5 from StatSoft Polska Sp. z o.o. (Kraków, Poland).





3. Results and Discussion


3.1. Biometric Parameters


3.1.1. Above-Ground Vegetative Organs


Biometric parameters of RCG depend on the genotype of the plant, habitat, climate conditions, and the methods of cultivation and fertilisation [33]. After the emergence and spreading of plants before winter, the number of shoots per plant was lower than in the following years, and no significant differences were detected. RCG shows higher numbers of shoots compared with Miscanthus species and a similar, large number of shoots as Panicum virgatum L. and Spartina pectinata [43,44,45]. In the years of full use (2012–2015), the number of shoots produced by reed canary grass plants was 19.8–33.6 pieces (Table 2), and the range obtained was slightly higher than in the multi-genotype study conducted in England by Christian [33]. In plants fertilised with compost at doses of 10 and 20 Mg·ha−1, the number of shoots per plant was higher by 24.7% and 30.6%, respectively, compared to the plants not fertilised with compost.



Mineral nitrogen fertilisation positively affects the growth of RCG [18,28,46]. The favourable reaction to nitrogen fertilisation was also found in the RCG morphology studies (number, length, and thickness of shoots) (Table 2, Table 3 and Table 4). Nitrogen fertilisation in doses of 40, 80, and 120 kg·ha−1 in both years of use contributed to a significant increase in the number of shoots on one plant. On average, from the years of study, the plants produced more shoots when nitrogen fertilisation was applied and were higher by 9.1%, 20.2%, and 30.6%, respectively, compared to the number of shoots produced by non-fertilised plants. The height of the RCG can be from 0.8 to 2.0 m [20], and in exceptional conditions, even up to 3 m [18,47]. In studies of the effect of fertilisation on the length of RCG shoots, their differentiation from the dose of applied fertilisation was found (Table 3, Figure 3). Plants fertilised with compost in doses of 10 and 20 Mg·ha−1 during the years of use had shorter lengths of shoots by 5.3% and 11.3%, respectively, than plants grown without compost fertilisation. However, plants fertilised with nitrogen at doses of 40, 80, and 120 kg·ha−1 had longer lengths of shoots by 4.3%, 8.2%, and 12.5%, respectively, than plants without nitrogen fertilisation.



Considering the years of study, plants in the third year of vegetation had the most considerable length of shoots, which resulted from a greater water availability in the growing season of 2014 (the year with the highest annual rainfall throughout the research period). RCG is a species occurring in humid habitats [14,22]; therefore, when grown on sandy soils with deep groundwater, water availability may be a factor limiting the growth of RCG. The average shoot lengths during studies (Table 3) were slightly longer than in the case of the RCG cultivation (avg. 102–129 cm depending on the diversity of phenotypic features) on Humic Gleysol in Quebec (Canada) [48]. In spite of the presence of ample water due to soil type and higher precipitation levels, the shorter and colder growing season, along with the harsher winters characteristic of Quebec’s continental climate, may have limited plant growth compared to the transitional temperate climate found in the Baltic countries [49]. Nevertheless, when compared to plants in the wet habitats of floodplains in Poland [39] and habitats with heavier and more fertile soils in Poland [50], the studies still resulted in shorter shoot lengths of RCG. Additionally, in England [33], where RCG was cultivated on heavy soils and received nitrogen fertilisation at a rate of 120 kg, the shoot length was slightly longer. However, this increase in shoot length did not correspond to a higher dry matter yield. In an experiment conducted in Finland [49], RCG varieties achieved an average maximum height of 160 cm when grown on clay and organic soils with nitrogen fertilisation ranging from 40 to 70 kg per hectare. The variations in height depended on the specific variety and the year of cultivation, as noted by Sahramaa and Jauhiainen in 2003 [49]. The height of RCG is influenced by the variety itself and phenotypic characteristics arising from the selection of varieties and their natural habitat. For example, native RCG populations in habitats situated north of Finland tend to have shorter heights compared to cultivated varieties.



The assessment of the RCG shoot thickness is presented in Table 4. Organic compost fertilisation (10 and 20 Mg·ha−1) applied to the ground had a significant impact on increasing the thickness of the shoots produced by RCG plant, on average from the years of study, with an increase of 0.20 and 0.42 mm, i.e., of 5.4% and 11.4%. The analysis of the impact of the applied doses of mineral nitrogen fertilisation (40, 80, and 120 kg·ha−1) showed that it had a significant effect on the thickness of shoots of RCG plants, and the increase in shoot thickness was by 5.4%, 7.1%, and 10.9%, respectively, compared to that of non-nitrogen-fertilised plants. As indicated by other studies [39,48,49], habitat conditions and nutrient availability have a positive effect on the morphology of RCG, e.g., the length of leaves, shoots, and panicles increases. Morphological features can be changed by the method of cultivation. The level of fertilisation notably boosts plant height, including the length of leaves, stems, and inflorescences. However, it may also increase the proportion of leaves relative to the overall shoot yield, similar to the impact of frequent mowing. Conversely, delaying the harvest date leads to an increase in the proportion of shoots and is influenced by the frequency of mowing on the development of plant organs [22,28,33].




3.1.2. Inflorescence and Number of Seeds


The inflorescence length of RCG is from 7 to 40 cm [47], most often 8 to 12 cm [39,48,50]. The assessment of the length of RCG inflorescence indicates that they were dependent on the studied factors (Table 5). Organic compost fertilisers (10 and 20 Mg·ha−1) applied to the ground had a significant impact on the length of an inflorescence of an RCG plant; their average length (for the years of study) increased by 4.3% and 9.4%. Analysis of the impact of the applied doses of nitrogen mineral fertilisation (40, 80, and 120 kg·ha−1) showed that it had a significant impact on increasing the length of RCG inflorescence (Table 6, Figure 3) by 9.2%, 16.5%, and 22.9%, respectively.



The assessment of the number of seeds in one inflorescence of RCG plants indicates their dependency on the studied factors (Table 6). Compost fertilisation levels (10 and 20 Mg·ha−1) applied to the ground had a significant impact on the number of seeds produced in a single inflorescence of RCG, and their number increased by 8.4% and 17.4%, on average, in the years of research.



Application of nitrogen mineral doses (40, 80, and 120 kg·ha−1) revealed that they had a significant impact on the number of seeds developed from one inflorescence of RCG, and their number increased by 25.9%, 54.6%, and 68.7%, respectively, compared to the quantity obtained from non-nitrogen-fertilised plants.





3.2. Seed Yield


The seed yield of RCG depended on the research factors that were evaluated (Table 7); PCA analysis (Figure 3) indicates that seed yield in the conducted research may also depend on climatic conditions; higher rainfall and temperature may have a beneficial effect on seed yield. In the case of grasses, temperature and day length are necessary to induce flowering; RCG requires a double induction: primary, with a temperature of 3–12 °C for a day length below 12 h, and secondary, with a higher temperature and a more extended day [38]. For example, in the Nordic countries, autumn with long days and low temperatures causes this primary induction at a low level, which results in low seed yield in the following year [39]. Moreover, RCG, depending on the variety, requires a specific level of temperatures (737 degree days) to achieve the ripeness of its beans. According to Kieloch et al. [40] and Sahramaa and Hömmö [39], insufficient water availability limits seed yield; therefore, a higher water availability in sandy soils with a deep groundwater table will have a positive effect on seed yield. The applied doses of pre-sowing fertilisation with compost positively influenced the increase in RCG seed yields, on average, from 13.8% at a fertilisation of 10 Mg·ha−1 and by 30.6% at 20 Mg·ha−1 compared to the yield from plants not fertilised with the compost. The use of increasing doses of nitrogen fertilisation of plants, compared to plants without fertilisation with this factor, contributed to the increase in RCG seed yield, on average for the years of the study by 8.6% at 40 kg N·ha−1, 20.2% at 80 kg N·ha−1, and 31.7% at 120 kg N·ha−1. The assessment of the study years’ impact on the seed yield of RCG showed that, in the first year of full use (2012), yields were, on average, regardless of research factors, at the level of 386 kg·ha−1. In the second year (2013), in comparison to the first year, seed yields exhibited an average increase of 22.7%. However, in the following years, the yield saw a decline, first by 14.1% and subsequently by 65.2%. The reason for the decrease in seed yield in 2015, apart from the age of cultivation, was also unfavourable weather conditions, i.e., a low precipitation in the growing season, which was 59 mm lower than the long-term average for this period. PCA analysis (Figure 3) suggests that the seed yield of RCG in this research may be influenced by climatic conditions, with higher rainfall and temperature potentially exerting a positive impact on seed yield.



The yield of PG seeds depends on the species, species variety, applied agrotechnical operations, or weather conditions that affect their growth and development, as evidenced by the high correlation coefficients of hydrothermal indices with the number of generative shoots [39,48]. The increase in the production of vegetative parts of RCG is associated with a reduction in the yield of generative parts and seeds [39]. An additional essential element is the ability of individual varieties to retain seeds in ears, which depends on both the RCG variety and the harvest date [48]. According to Sahramaa and Hömmö [39], RCG’s seed yield stability, in subsequent years of use, is a more species-specific rather than a variety-specific feature. The initial year of harvest typically delivers the highest yields for most species. In the subsequent years, yields consistently diminish, mainly due to the influence of external environmental factors. In our own research, we observed stable seed yields in the first two years of utilization, followed by a decline in the quantity of harvested seeds, particularly in the third and fourth years of harvest. Sahramaa and Hömmö [39] obtained a lower RCG seed yield in less favourable years, especially in dry vegetation periods. The amount of harvested yield depends on many factors, e.g., the year of use, and ranges from 100 to even over 500 kg·ha−1 [39,48], which entirely coincides with the number of seeds collected in the production of energy biomass. Leaving plants until late autumn and, consequently, having one harvest during the growing season are not economical because the delay in harvest results in an increase in biomass yield, but simultaneously, it reduces the efficiency of biogas and energy concentration in 1 kg of dry matter due to a decline in the share of highly digestible organic matter and an increase in the content of insoluble crude fibre and an increase in the amount of lignin and thus of the lignification of cell walls with age [22,46,47]; thus, some authors [22,47,48,51] recommend harvesting the plant every year in spring for energy purposes, i.e., for direct combustion. One of the explanations for the reduced yield when harvesting RCG only once is its tendency to undergo lodging, particularly after reaching full maturity. This lodging can lead to plant decay and even plant loss. Our own observations of this study align with this perspective. Consequently, it is advisable to harvest RCG plants for biomass when they have fully matured. This approach also allows for the collection of seeds, which can serve as an additional source of income. As Kieloch et al. [40] point out, seeds obtained from plants growing in better conditions are characterised by a higher germination capacity.




3.3. Dry Matter Yields and Morphological Structure of Yield


The applied study factors (organic fertilisation with compost and mineral nitrogen fertilisation) affected the amount of dry matter yields of RCG plants harvested for biomass that is intended for combustion (Table 8). The applied levels of compost fertilisation (10 and 20 Mg·ha−1) provided yields of 95 and 190 kg N·ha−1, 20 and 40 kg P·ha−1, and 35 and 70 kg K·ha−1, respectively, and had positive effects on the obtained dry matter yields. Organic fertilisation provides essential nutrients (NPK) and other minerals necessary for plant nutrition. Compost is a source of slow-release nutrients that depends on the rate of mineralisation, which can last up to several years [28,52]. Research by Bélanger et al. [51] indicates that, with organic fertilisation (pig slurry and municipal biosolid) containing 40, 80, and 120 kg N·ha−1, RCG’s DM yield is comparable to that with the same doses of mineral fertilisation. Therefore, organic fertilisation can be a suitable replacement for mineral fertilisers in the cultivation of bioenergy crops. However, according to Lord [28], in the first year, approximately 6% of total N, 15% of total P, and up to 80% of total K are available. Therefore, the availability of fertilisers from compost should be taken into account and possibly supplemented with mineral fertilisation. Organic fertilisation is vital in the case of sandy soils; it improves the physical and chemical properties of the soil, among others, enables the development of a better soil structure, increases water retention and the availability of fertiliser ingredients, and improves the microbiological activity of soils [53,54]. In all the years of study, the increase in yield of fertilised plants was significant compared to the yield from plants not fertilised with compost, which averaged 14.8% and 71.6% in the first, 9.9% and 17.4% in the second, and 14.9% and 55.2% in the fourth year of study, which is related to the slow release of fertiliser ingredients [28]. Despite the lowest rainfall in the first year of cultivation, the highest increase in yield of plants fertilised with compost at a dose of 20 Mg·ha−1 was obtained, which indicates that organic fertilisation on sandy soils can lead to the increase and stabilisation of RCG yield even with a lower water availability. The average of four years of the experiment showed that the applied compost fertilisation caused a significant increase in dry matter yields by 8.4% and 26.1%, respectively, compared to the yields obtained from plants not fertilised with compost.



The average annual dry matter yield over the entire research period with single fertilisation with compost at doses of 10 and 20 Mg·ha−1 was 8.2 and 10.6 DM Mg·ha−1, respectively. The obtained results of dry matter yield were higher than those obtained in studies conducted in Canada on silty clay soils [51], where, with organic and mineral fertilisation, calculated N doses were from 40 to 120 kg N·ha−1 dry matter yield ranged from 3.8 to 8.0 DM Mg·ha−1, respectively. In studies conducted in England on degraded sandy clay loam, clay, and clay loam soils, compost was used at doses of up to 500 Mg·ha−1, which, after taking the N content and its availability in the first year of cultivation into account, resulted in a yield of 190 kg N·ha−1, and in the next year, of 50–100 kg N·ha−1. The applied fertilisation allowed to obtain an average dry matter yield (oven dried at 105 °C) of 3.5–6.7 DM Mg·ha−1. Research conducted on sandy loam soils in Latvia [54] confirms the beneficial effect of organic fertilisation (fermentation residues every year in doses of 30–150 kg N ha−1) on the dry matter yield of RCG. In these studies, dry matter yields in the range of 5.8–13.9 DM Mg·ha−1 were obtained, depending on the N dose and the year of cultivation. Fertilisation, in the form of fermentation residues, provides readily available nutrients for RCG, and ammonium is produced during fermentation, which plants easily absorb. The beneficial effect of organic fertilisation was also demonstrated by studies carried out with sewage sludge on clay loam soil in Poland by Antonkiewicz [54]. In this experiment, RCG with sewage sludge content was fertilised once before sowing to obtain 74.5 g N·kg−1 DM with doses 10, 20, 40, and 60 Mg·ha−1; the obtained biomass yield ranged from 5.3 (control) to 13.4 Mg·ha−1 (sewage sludge in a dose of 40 Mg·ha−1). Research conducted on sandy loam with digestate in the Czech Republic [55] allowed to obtain a dry matter yield of RCG in the range of 3.9–6.1 Mg·ha−1 at an annual dose of digestate corresponding to 100 kg N·ha−1. The yield of RCG biomass obtained with the same dose of nitrogen from mineral fertilisers was similar. However, Kopecký et al. indicate a better effect of organic fertilisation with digestate compared to mineral fertilisation on light soils. After analysing the impact of the applied doses of nitrogen mineral fertilisation (40, 80, and 120 kg·ha−1) on the dry matter yield of RCG in light soil conditions, it is noteworthy that this factor significantly increases the yield of plants in all years of the study; however, the plants’ reaction towards this study factor varied over the years. The lowest yield (6.4 Mg·ha−1) with mineral fertilisation at a dose of 40 kg N·ha−1 was obtained in the year with the lowest precipitation (2012). In comparison, with the same level of fertilisation, the biomass yield was 11.3 DM Mg·ha−1 in 2013. Higher doses of N from mineral fertilisers resulted in reduced differences in yields between the first year of cultivation and subsequent years. However, fertilisation with compost, in 2012, at a dose of 20 Mg·ha−1 made it possible to obtain one of the highest biomass yields (11.0 DM Mg·ha−1) in the entire research period. The reduction in yield variability with increasing N fertilisation is also confirmed by Strašil et al. [46], who indicate significant fluctuations (4.0–14.6 DM Mg·ha−1) in the dry matter yield of RCG with mineral fertilisation at doses of 30 and 60 kg N·ha−1 on clay loam and sandy loam soils. The greatest fluctuation in yields in individual years occurred on sandy soils. The highest yields were obtained on clay loam soil, while in the control, the difference in yields depending on the location and soil was as much as 45%, and in the variants with fertilisation (60 kg N·ha−1), it was 33%. The authors indicate that this variability was related to the distribution of precipitation and temperature during the growing season. Also, Bélanger et al. [51] obtained lower yields and a greater variability on poor-quality soil with mineral fertilisation at doses ranging from 40 to 120 kg N·ha−1. The obtained results may indicate that, in the case of sandy, poor, and marginal soils, it is necessary to use organic fertilisation to obtain a satisfactory and stable yield because mineral fertilisation alone may turn out to be less effective in dry years. The average annual yield of RCG without fertilisation was 7.0 Mg·ha−1, while mineral fertilisation allowed obtaining a yield in the range of 8.8–12.8 DM Mg·ha−1, with the increasing dose of N clearly influencing the increase in the obtained yield, which is also confirmed by other studies [33,49,51,56,57]. Compared to the obtained dry matter yields from plants not fertilised with nitrogen, the increases in dry matter yields in plants fertilised with nitrogen were 19.2%, 44.9%, and 69.2% in the first, 35.5%, 49.5%, and 81.7% in the second, and 35.4%, 41.8%, and 65.8% in the fourth year of nitrogen fertilisation. The results of average yields of RCG dry matter from the research years showed that the plants exhibited significantly higher yields with nitrogen fertiliser, and the increase in yield compared to the control (without mineral nitrogen fertilisation) was 26.7% (with fertilisation of 40 kg N·ha−1), 41.9% (at 80 kg N·ha−1 fertilisation), and 65.1% (at 120 kg N·ha−1 fertilisation). Similar fluctuations in RCG dry matter yield (up to 72%) with mineral fertilisation at a dose of 120 kg N·ha−1 compared to the control were obtained in studies conducted in Canada [51], with the average biomass yield (from 4.2 to 8.0 DM Mg·ha−1) being significantly lower and fluctuating for the variants fertilisation (40, 80, and 120 kg N·ha−1). RCG in this experiment obtained significantly lower yields in the site with lower average temperatures and precipitation during the growing season. The notably lower yield of dry matter in the RCG experiment, despite similar fertilisation practices, can be attributed to the less favourable continental climatic conditions as opposed to the more conducive temperate climates [48,49]. Nevertheless, research conducted in Lithuania [58] revealed a significantly more substantial impact of mineral nitrogen fertilisation on RCG yields. In the case of acidic moraine soils with a clay content of less than 15%, the application of 120 kg N·ha−1 in mineral fertilisation led to a remarkable yield increase, up to 146% more than the control group. Average annual yields over the entire research period amounted to 6.1–9.9 DM Mg·ha−1, but the authors indicate that rainfall conditions also influenced the yield, and, for example, with high rainfall, it was possible to obtain 11.1 DM Mg·ha−1. When assessing the amount of RCG dry matter yields obtained in the years of study, it should be stated that in light soil conditions and applied experimental factors, in the first year of plantation use, a dry matter yield of 5.3–15.9 Mg·ha−1 was obtained, and in subsequent years, a 26.6% higher yield was obtained in the second year of research (2013), and a 11.7% higher yield in the third year. Contrastingly, the average yield of plants was 3.2% higher in the fourth year than in the first year of study.



The amount of harvested dry matter yield of native grass species intended for biomass varies greatly and is predicated on the tested species, weather conditions, habitat, harvest time, and fertilisation level. However, when it comes to RCG, numerous studies confirm a significant favourable response to nitrogen fertilisation [22,28,33,39,45,46,47,49,53,54,55,56,57,58].



The average dry matter yield of RCG obtained in our study, utilizing only mineral fertilisation with similar N and K doses, exceeded that reported in a Swedish study with a slightly lower P fertilisation. This is observed across light, medium, and heavy mineral soils, as well as for varying biomass harvest timings [52]. For instance, some studies observed a decrease in yield during the growing season as the crop aged, while others found no such correlation [56]. In the Czech Republic, lower RCG yields were recorded on mineral soils with a lower mineral nitrogen fertilisation, with the highest values achieved on heavy soils [46,57]. Estonia reported lower RCG dry matter yields, particularly on organic soils, in contrast to mineral soils with fertilisation [56]. Similarly, in Lithuania, lower yields, even with two harvests per season, were observed on clay soils with similar N and P fertilisation, along with slightly lower K levels [58]. This research also illustrated the positive impact of N fertilisation on increasing RCG dry matter yield. In England, studies indicated lower yields of RCG dry matter, especially with similar N and K fertilisation on clay soil [33]. The genotype of the plant and the timing of harvest had a significant influence on the obtained dry matter yield, with harvest delay having an adverse effect. Similar yields with equivalent mineral fertilisation were reported in Poland [59]. Research conducted by Lewandowski and Schmidt [60] in Germany, which analysed RCG yield with N mineral fertilisation, also highlighted the dependence of RCG yield on soil type. Significantly higher yields were achieved on heavy soils compared to light soils, even in cases of lower precipitation. Multiple studies [18,28,39,46,47,48,55] have suggested that water scarcity in the environment can limit RCG yield. However, Krzyżaniak and Stolarski [20] indicated that RCG can thrive in dry soils, provided these soils are sufficiently fertile. Based on the cited studies and the obtained results, it can be concluded that it is possible to obtain high RCG yields on light mineral soils in temperate climate conditions with compost fertilisation, and outstanding results are obtained with a combination of organic and mineral fertilisation, even with periodic moisture deficits.



An essential element of biomass yield quality is its structure, when RCG is used as a fodder or for the production of biogas or combustion [23,33,48,52,58]. For biogas and fodder production, 3–4 cutting per year with a large proportion of leaves and young shoots are recommended, while burning is usually recommended only once a year, and is often delayed [57]. The morphological structure of RCG crop yield in the years of use was similar; hence, its average over the years of the study is presented in Figure 4 In the years of the study, the share of stems in the dry matter yield ranged from 63.1% to 70.9%. The share of leaves ranged from 19.1% to 23.2%, and inflorescence from 10.0% to 13.7%. In the years of study, the used compost fertilisation levels (10 and 20 Mg∙ha−1) only slightly affected the reduction in the share of stems in the annual yield of RCG dry matter by 1.4% and 2.1%, respectively, and the effect of nitrogen fertilisation on reducing the share of shoots in the yield structure was also confirmed by other studies [48,52]. There was also no apparent impact of the applied nitrogen doses on this characteristic. Instead, there was merely a tendency for a slight decrease in the proportion of stems, favouring a higher proportion of leaves and inflorescences in the yield. Over the course of the research years, this difference amounted to 2.7–5.9%. The share of inflorescence in the dry matter yield was, on average, 12.2%. According to Landström et al. [52], a large number of RCG stems in yield structure is desirable because they contain less undesirable elements like Cl, S, K, Ca, and Mg for combustion [47,48,52] and better-quality fibres for pulp production. Reducing the levels of these elements can also be achieved by postponing the harvesting of biomass until winter or even early spring [18,47,48,52]. However, Christian et al. [33] and Ustak et al. [47] suggest that a higher number of shoots, which may be influenced by the abundant supply of nitrogen and rising average temperatures, can lead to a decline in the biomass quality required for combustion. This is because the shoots may contain a significant quantity of minerals and water.




3.4. Energy Properties


The energy value of the harvested biomass in the years of research ranged from 16.9 to 17.4 MJ·kg−1 DM. The analysis revealed no substantial impact of the examined factors on its concentration in plants (as shown in Table 9). It is evident that the energy efficiency of RCG plants exhibited a slight decrease when grown on sites fertilised with compost, while nitrogen fertilisation resulted in an average increase of 1.8% in its concentration.



The suitability of grass biomass for energy applications depends on more factors than just its yield. Factors such as the heat of combustion, calorific value, and chemical composition also play a crucial role as they significantly impact the technological processing conditions and the quality of the end product [20,58,60]. The calorific value of the tested plant ranged from 16.9 to 17.4 MJ·kg−1DM. Similar results were also obtained in other studies [25,28,45,46,55,58]. Comparing the obtained results to other species, it can be stated that they were similar to the calorific value (16.8–17.4 MJ·kg−1 DM) of Virginia fanpetals (Sida hermaphrodita) cultivated on light soils (under the same climatic conditions) [61], and a similar caloric value was also obtained in the studies on Miscanthus sacchariflorus, Miscanthus x giganteus [62,63], Dactylis glomerata, Bromus inermis, and Arrhenatherum elatius as well as on Phragmites australis, RCG, and Spartina pectinata [25,64,65,66,67]. The obtained calorific value for RCG was slightly lower than Salix ssp. [68]. The examined grasses, under the influence of a dose of 40 kg N·ha−1, did not show any differentiation in terms of calorific value. Only an increase in the dose to 80 and 120 kg N·ha−1 caused an increase in the calorific value of RCG. Similar results showing favourable reactions to nitrogen fertilisation were also obtained in other studies on RCG [57,59] as opposed to Strašil’s [46] studies. According to Kacprzak et al. [59] and Allison et al. [67], nitrogen fertilisation can increase lignin content and RCG calorific value and improve crop yields, but it may have a negative effect on energy production in anaerobic digestion.



A crucial parameter of biomass is also the share of dry matter, which is vital in biomass storage and energy production processes [18,22,33,47,58]. Elevated moisture levels in biomass can result in self-ignition when stored, reduced combustion efficiency, and the degradation of carbohydrates due to microbial activity [22,47]. For instance, it is recommended to maintain a moisture content of less than 23% when storing RCG biomass for direct combustion [47]. The dry matter content of RCG plants harvested every year showed that they were similar in the years of the study (Table 9). The dry matter content in the examined years and under the influence of the applied research factors (organic fertilisation with compost and mineral nitrogen) ranged from 69.8% to 72.4%, and the applied study factors only indicate a slight increase in this content from 0.8% (when fertilised with compost at a dose of 20 Mg∙ha−1) to 2.9% (when fertilised with nitrogen at a dose of 120 kg N∙ha−1).



The energy yield of the harvested biomass from RCG plants increased in all years of the study under the influence of the applied levels of compost fertilisation. This increase was primarily attributed to the higher biomass yield that was obtained, with the concentration of energy in the harvested crop contributing only to a limited extent (as indicated in Table 10). The average energy yield of plants fertilised with compost in doses of 10 and 20 Mg∙ha−1 was higher by 6.7% and 24.0% than the energy yield of plants not fertilised with compost. The obtained energy yield results under the influence of the applied doses of nitrogen mineral fertilisation (40, 80, and 120 kg N·ha−1) prove that the energy yield was significantly higher in fertilised plants than in non-fertilised plants, which is also confirmed by other studies [28,39,46,48,52,55]. The average increase in energy efficiency over the course of the experiment was 20.6%, 33.3%, and 49.9%, respectively. The energy yield achieved was noteworthy, surpassing the results obtained in the studies on RCG by Lord [28] and Strašil [46]. Moreover, it exceeded the energy yield in similar climatic conditions, particularly light soils, when compared to Virginia fanpetals (Sida hermaphrodita) [61]. According to Krzyżaniak and Stolarski [20], the energy consumption of RCG cultivation is approximately 8.8 GJ·ha−1 (seed material, fuel, fertilisers, and machine production), and NPK mineral fertilisation accounts for as much as 50% of the demand. Therefore, the complete or partial replacement of mineral fertilisation with cheaper compost will significantly reduce production costs and improve the profitability of RCG cultivation.





4. Conclusions


Organic compost and mineral nitrogen fertilisation increased the height and thickness of shoots of RCG. The applied levels of compost fertilisation (10 and 20 Mg∙ha−1) had a positive effect on the obtained dry matter yields in all years of the study compared to plants not fertilised with compost, and their yield was higher, respectively, by 12.1% and 41.0%, on average, for the years of research. Nitrogen fertilisation in light soil conditions (in doses of 40, 80, and 120 kg·ha−1) significantly increased RCG yield in all years of research. Compared to the obtained dry matter yields of non-nitrogen fertilised plants, the increase in this yields of fertilised plants was higher by 26.8%, 41.6%, and 65.0%, respectively. The highest energy value of RCG dry matter yield per unit area was determined for plants subjected to the most extensive fertilisation with organic compost and mineral nitrogen. When harvesting RCG plants for energy biomass at the stage of full maturity, a significant seed yield of 242 to 600 (kg·ha−1) can also be obtained in the first three years, while in the fourth year of use, the seed yield was almost three times lower (90–158 kg·ha−1). According to these investigations, RCG can thrive in moderate climate conditions on light soils, and the application of both organic and mineral fertilisation strategies enables the attainment of substantial biomass yields in such environments. In the initial years of cultivating RCG for biomass, an added advantage that was noted is the potential for achieving a significant seed yield, which can be utilised when establishing subsequent crops. When grown on light mineral soils in the context of a Central European climate, the combination of organic fertilisers (compost derived from urban greenery) and mineral nitrogen fertilisation is employed to secure high yields of both biomass and seeds.



Implementation of RCG-based biomass-to-bioproduct-pathways requires SWAT and stakeholders analyses, an economic assessment (the average costs of fertiliser, working hours, and application technique) and life cycle analyses. In plant life cycle research, it will be important to determine the impact of RCG cultivation on the environment with the analyses of GHG emissions and the CO2 equivalent and the migration of fertiliser ingredients into the soil and water environment, among others.
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Figure 1. Experiment location and various development stages of reed canary grass (RCG, Phalaris arundinacea L.). 
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Figure 2. Average monthly air temperature and monthly precipitation during the experiment. For comparison purposes, the long-term data are also shown. 
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Figure 3. The principal component analysis (PCA) for RCG’s energy yield, biometric parameters, and climatic conditions. 
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Figure 4. Effect of the level of compost (Mg·ha−1) and nitrogen (kg·ha−1) fertilisation on the structure (%) of RCG plant yield grown in light soils, an average over the years of research. 
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Table 1. Physicochemical properties of the compost used in this study and total doses of minerals brought in with compost fertilisation.






Table 1. Physicochemical properties of the compost used in this study and total doses of minerals brought in with compost fertilisation.





	
Parameter

	
pH in

H2O

	
pH

in

1 M KCl

	
EC 1

	
Ctot 2

	
Ntot 3

	
C/N 4

	
Total Content of Elements




	
Ca

	
K

	
P

	
Mg

	
Na

	
S

	
Fe

	
Mn

	
Cu

	
Cr

	
Zn

	
Cd




	
µS·cm−1

	
g·kg−1

	
g·kg−1

	
mg·kg−1






	
Value

	
7.08

	
6.78

	
624.1

	
142.0

	
9.5

	
14.9

	
35.0

	
3.5

	
2.0

	
2.9

	
0.34

	
0.74

	
8698.3

	
312.2

	
26.4

	
12.1

	
172.5

	
1.26








1 electrical conductivity, 2 total carbon, 3 total nitrogen, and 4 total carbon and total nitrogen ratio.













 





Table 2. Effects of fertilisation with compost and mineral nitrogen on the number of shoots of RCG during the years of 2012–2015.
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Compost Fertilisation

(Mg·ha−1)

	
Nitrogen Fertilisation (kg·ha−1)

	
Average Number of Shoots




	
0

	
40

	
80

	
120




	
Number of Shoots






	
0

	
19.8

	
20.7

	
24.7

	
28.9

	
23.5




	
10

	
25.3

	
28.6

	
30.9

	
32.3

	
29.3




	
20

	
27.6

	
29.9

	
31.8

	
33.6

	
30.7




	
Average

	
24.2

	
26.4

	
29.1

	
31.6

	
27.8




	
LSD0.05 for:

	
2012–2015




	
Compost fertilisation—I

	
3.65




	
Seeding amount—II

	
3.68











 





Table 3. Effects of fertilisation with compost and mineral nitrogen on the length of RCG shoots (cm) during the years of 2012–2015.
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Compost Fertilisation

(Mg·ha−1)

	
Nitrogen Fertilisation (kg·ha−1)

	
Average Length of Shoots (cm)




	
0

	
40

	
80

	
120




	
Length of Shoots (cm)






	
0

	
121.2

	
126.5

	
133.1

	
137.5

	
129.6




	
10

	
129.1

	
135.9

	
136.9

	
143.9

	
136.5




	
20

	
135.8

	
140.5

	
147.5

	
153.,1

	
144.2




	
Average

	
128.7

	
134.3

	
139.2

	
144.8

	
136.8




	
LSD0.05 for:

	
2012–2015




	
Compost fertilisation—I

	
3.74




	
Seeding amount—II

	
2.34











 





Table 4. Effects of fertilisation with compost and mineral nitrogen on the thickness of RCG shoots (mm) during the years of 2012–2015.
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Compost Fertilisation

(Mg·ha−1)

	
Nitrogen Fertilisation (kg·ha−1)

	
Average Thickness of Shoots (mm)




	
0

	
40

	
80

	
120




	
Thickness of Shoots (mm)






	
0

	
3.5

	
3.7

	
3.6

	
3.9

	
3.7




	
10

	
3.7

	
3.8

	
3.9

	
4.1

	
3.9




	
20

	
3.8

	
4.1

	
4.3

	
4.2

	
4.1




	
Average

	
3.7

	
3.9

	
3.9

	
4.1

	
3.9




	
LSD0.05 for:

	
2012–2015




	
Compost fertilisation—I

	
0.18




	
Seeding amount—II

	
0.35











 





Table 5. Effects of fertilisation with compost and mineral nitrogen on the length of RCG inflorescence (cm) during the years of 2012–2015.
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Compost Fertilisation

(Mg·ha−1)

	
Nitrogen Fertilisation (kg·ha−1)

	
Average Length of Inflorescence (cm)




	
0

	
40

	
80

	
120




	
Length of Inflorescence (cm)






	
0

	
10.3

	
11.2

	
12.1

	
13.0

	
11.7




	
10

	
11.1

	
11.9

	
12.5

	
13.4

	
12.2




	
20

	
11.2

	
12.6

	
13.5

	
13.9

	
12.8




	
Average

	
10.9

	
11.9

	
12.7

	
13.4

	
12.2




	
LSD0.05 for:

	
2012–2015




	
Compost fertilisation—I

	
0.27




	
Seeding amount—II

	
0.47











 





Table 6. Effects of fertilisation with compost and mineral nitrogen on the number of seeds in a single RCG inflorescence during the years of 2012–2015.
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Compost Fertilisation

(Mg·ha−1)

	
Nitrogen Fertilisation (kg·ha−1)

	
Average Number of Seeds in Single Inflorescence




	
0

	
40

	
80

	
120




	
Number of Seeds in Single Inflorescence






	
0

	
171

	
236

	
285

	
323

	
254




	
10

	
194

	
250

	
318

	
338

	
275




	
20

	
237

	
272

	
328

	
355

	
298




	
Average

	
201

	
253

	
310

	
339

	
276




	
LSD0.05 for:

	
2012–2015




	
Compost fertilisation—I

	
4.9




	
Seeding amount—II

	
8.4











 





Table 7. Effects of fertilisation with compost and mineral nitrogen on the seed yield of RCG (kg·ha−1) during the years of 2012–2015.
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Compost Fertilisation (Mg·ha−1)

	
Nitrogen Fertilisation

(kg·ha−1)

	
Year of Study

	

	
Average Seed Yield

(kg·ha−1)




	
2012

	
2013

	
2014

	
2015




	
Seed Yield (kg·ha−1)






	
0

	
0

	
242

	
367

	
300

	
090

	
250




	
40

	
258

	
400

	
333

	
113

	
276




	
80

	
317

	
425

	
358

	
125

	
306




	
120

	
368

	
492

	
425

	
131

	
354




	
Average

	
296

	
421

	
354

	
115

	
297




	
10

	
0

	
300

	
417

	
350

	
111

	
295




	
40

	
333

	
458

	
392

	
127

	
328




	
80

	
358

	
483

	
417

	
138

	
349




	
120

	
458

	
492

	
425

	
144

	
380




	
Average

	
362

	
463

	
396

	
130

	
338




	
20

	
0

	
383

	
483

	
417

	
190

	
368




	
40

	
483

	
500

	
433

	
134

	
388




	
80

	
550

	
567

	
500

	
151

	
442




	
120

	
583

	
600

	
533

	
156

	
468




	
Average

	
500

	
538

	
471

	
158

	
416




	
Average

(2012–2015)

	
0

	
308

	
422

	
356

	
130

	
304




	
40

	
358

	
453

	
386

	
125

	
330




	
80

	
408

	
492

	
425

	
138

	
366




	
120

	
442

	
507

	
440

	
144

	
383




	
LSD0.05 for:

	

	

	

	

	

	




	
Compost fertilisation—I

	
30

	
48

	
28

	
10

	
29




	
Seeding amount—II

	
38

	
61

	
42

	
12

	
37











 





Table 8. Effects of fertilisation with compost and mineral nitrogen on the dry matter yield of RCG (Mg ha−1) during the years of 2012–2015.
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Compost Fertilisation (Mg ha−1)

	
Nitrogen Fertilisation

(kg ha−1)

	
Year of Study

	

	
Average Dry Matter Yield

(Mg ha−1)




	
2012

	
2013

	
2014

	
2015




	
Dry Matter Yield (Mg ha−1)






	
0

	
0

	
5.3

	
7.8

	
8.3

	
6.8

	
7.0




	
40

	
6.4

	
11.3

	
9.6

	
7.8

	
8.8




	
80

	
8.9

	
12.9

	
10.8

	
9.1

	
10.4




	
120

	
11.7

	
16.4

	
11.9

	
11.4

	
12.8




	
Average

	
8.1

	
12.1

	
10.1

	
8.7

	
9.8




	
10

	
0

	
7.0

	
9.8

	
9.2

	
6.8

	
8.2




	
40

	
8.1

	
12.8

	
10.6

	
9.1

	
10.2




	
80

	
10.0

	
14.0

	
11.9

	
10.8

	
11.7




	
120

	
12.1

	
16.5

	
13.2

	
13.1

	
13.7




	
Average

	
9.3

	
13.3

	
11.2

	
10.0

	
10,9




	
20

	
0

	
11.0

	
10.3

	
11.0

	
10.0

	
10.6




	
40

	
13.4

	
13.8

	
12.9

	
15.3

	
13.8




	
80

	
15.0

	
14.8

	
14.4

	
13.9

	
14.5




	
120

	
15.9

	
17.9

	
15.5

	
15.0

	
16.1




	
Average

	
13.9

	
14.2

	
13.5

	
13.5

	
13.8




	
Average

(2012–2015)

	
0

	
7.8

	
9.3

	
9.5

	
7.9

	
8.6




	
40

	
9.3

	
12.6

	
11.0

	
10.7

	
10.9




	
80

	
11.3

	
13.9

	
12.4

	
11.2

	
12.2




	
120

	
13.2

	
16.9

	
13.6

	
13.1

	
14.2




	
LSD0.05 for:

	

	

	

	

	

	




	
Compost fertilisation—I

	
1.50

	
1.36

	
0.32

	
0.99

	
0.51




	
Seeding amount—II

	
1.90

	
1.74

	
0.41

	
1.27

	
0.65











 





Table 9. Effects of fertilisation with compost and mineral nitrogen on the calorific value of RCG (MJ·kg−1 DM) and the per cent share of dry matter (%) during the years of 2012–2015.
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Compost Fertilisation

(Mg·ha−1)

	
Nitrogen Fertilisation (kg·ha−1)

	
Average Calorific Value (MJ·kg−1 DM)




	
0

	
40

	
80

	
120




	
Calorific Value (MJ·kg−1 DM)






	
0

	
16.9

	
17.1

	
17.2

	
17.4

	
17.2




	
10

	
16.7

	
16.9

	
17.2

	
17.1

	
17.0




	
20

	
16.7

	
16.8

	
17.1

	
17.0

	
16.9




	
Average

	
16.8

	
16.9

	
17.2

	
17.2

	
17.0




	

	
Share of dry matter (%)

	
Average share of dry matter (%)




	
0

	
69.8

	
70.6

	
71.4

	
71.7

	
70.9




	
10

	
70.0

	
71.2

	
71.8

	
72.3

	
71.3




	
20

	
70.4

	
71.4

	
71.9

	
72.4

	
71.5




	
Average

	
70.1

	
71.1

	
71.7

	
72.1

	
71.2











 





Table 10. Effects of fertilisation with compost and mineral nitrogen on the energy yield of RCG (GJ·ha) during the years of 2012–2015.
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Compost Fertilisation

(Mg·ha−1)

	
Nitrogen Fertilisation (kg·ha−1)

	
Average Energy Yield (GJ·ha−1)




	
0

	
40

	
80

	
120




	
Energy Yield (GJ·ha−1)






	
0

	
187.56

	
226.83

	
258.34

	
306.19

	
244.73




	
10

	
209.12

	
245.58

	
278.36

	
311.43

	
261.12




	
20

	
245.88

	
302.61

	
319.97

	
345.33

	
303.45




	
Average

	
214.19

	
258.34

	
285.56

	
320.98

	
269.77




	
LSD0.05 for:

	
2012–2015




	
Compost fertilisation—I

	
7.03




	
Seeding amount—II

	
12.10
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