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Abstract

:

Bioenergy crops such as Miscanthus × giganteus are foreseeable as an alternative source to replace fossil fuel and reduce greenhouse gas emissions. They are also assessed as an environment-friendly solution for polluted, marginal and low-quality agricultural soils. Several studies had been launched on soil organic carbon sequestration potentials of miscanthus culture along with its impacts on restoring soil functionality, most of which focus on the long-term basis of the plant’s cultivation. Nevertheless, information concerning the short term impacts as well as the situation in Czechia is still scarce. In this context, a field experiment was launched in 2017 in a poor-quality agricultural land in the city of Chomutov (North-Western Czechia) to compare the impacts of the perennial C4 miscanthus with an annual C3 forage crop (wheat) on the soil carbon stocks as well as enhancing its functionality. Results through the 0–30 cm soil profile examination showed that miscanthus plants played a role in improving the studied soil physico-chemical (bulk density and soil organic carbon concentrations) and biological (Phospholipid fatty acids stress indicator, basal respiration and fluorescein diacetate hydrolytic activity) parameters. The naturally occurring δ13C concentrations were used to evaluate the direct plant contribution to the total soil organic carbon (SOC) stocks and revealed considerable miscanthus contribution all over the detected soil layers (1.98 ± 0.21 Mg C. ha−1 yr−1) after only 3 growing seasons. It is thus suggested that the C4 perennial miscanthus possess remarkable prospects for SOC sequestration and restoring degraded lands.
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1. Introduction


In most European countries, fossil fuels (coal and gas) are still the main source of energy production and represent a major source of greenhouse gases and air pollution [1,2]. To combat the resulting negative environmental and health impacts, EU members modified their targets for 2030 to achieve at least 40% reduction of greenhouse gases (GHGs) emissions and reach a share of at least 32% in renewable energy compared with 1990 [3].



Bioenergy production, is an attractive renewable alternative to the traditional fossil fuel and is expected to compensate the increasing energy demand, alleviate energy crisis and mitigate climate change [4,5]. Corn cultivation and stover harvesting represent one of the largest annual crop-based biofuel feedstocks and are expected to meet the growing demand for biofuel [5]. Nevertheless, it is questionable how much biomass could be produced taking into consideration the competition with food and feed along with the adverse environmental consequences that are not yet fully understood [6,7]. Therefore, the shift towards the second-generation energy corps is gaining more popularity for several socio-economic and environmental reasons [8].



Second generation energy crops, with high yield biomass are considered a good alternative source of energy, as they possess high capacities to reduce GHGs emissions and mitigate climate changes [9,10,11]. These lignocellulosic rich feedstocks are mainly perennial grasses such as Miscanthus × giganteus or switchgrass [12,13]. Having in mind the limited area of agricultural land and to avoid the food production conflict, cultivation of such high biomass crops is becoming more favorable on marginal and less fertile lands unsuitable for arable crops [1,11,14]. Hence, the increase in their volume over the past 15 years is justifiable [15]. Beside their positive socio-economic and environmental impacts, perennial biomass crops play a pivotal role in enhancing the degraded soil quality by improving water and nutrient retention, reducing pollutants dispersion as well as augmenting soil biodiversity [16,17,18]. Another important feature is their long-term impact on the soil organic carbon (SOC) stocks, via carbon sequestration or emission [9]. The SOC pool is a decisive factor in carbon storage and plays a vital role in the global carbon cycle [19]. Land-use/management changes are key factors in affecting the SOC dynamics and may consequently contribute to fluctuations in the carbon sequestration potentials [19].



The C4 perennial lignocellulose rich, rhizomatous grass “Miscanthus × giganteus” hereafter termed miscanthus, is a good candidate for biomass production for energy purposes. This high-yield, sterile hybrid and noninvasive crop, has the potential to grow in various climates and adapt to diverse soil conditions, comprising low-quality agricultural and marginal lands [11,20]. Along with their high yield and low agricultural inputs, as a perennial grass, miscanthus has the capacity to increase SOC pool compared with annual crops due to the large quantities of belowground depositions of their extensive root system [21,22]. Moreover, with the adoption of late harvest (spring) strategy, leaf fall and litter accumulation on the surface also contribute to the soil carbon pool. Another reason for such prediction is the fact that soil disturbance resulting from annual ploughing processes is restricted only to the establishment phase and thereby SOC mineralization is reduced [9]. However, field work has shown a broad spectrum of results with both losses and gains in SOC following land-use conversion towards miscanthus cultivars [16,17,21]. For instance, Poeplau and Don [23] reported SOC change rates under miscanthus established on arable land ranging from −6.85 to + 7.70 t.ha−1.yr−1. Several site-specific interacting factors could be taken into consideration to justify the different outcome such as soil texture, age of the crop, mean temperature, management practices and initial SOC concentrations [24,25]. For instance, soil disturbance due to ploughing and increasing global temperatures are known to have negative impacts on the soil carbon stocks by stimulating the decomposition and release of soil carbon [16,23], whereas SOC tends to increase with the increase of clay content and as a result of the relatively large quantities of rootstock belowground and the translocation of considerable proportions of carbon to the root system or rhizomes [13,23]. In addition, some of the uncertainties regarding the effect of the bioenergy crop on SOC stocks are probably related to methodological difficulties in measuring SOC stock changes [9].



In Czechia, fossil fuels still account for the bulk of energy supply and domestic energy production (>70%) [26]. Along with this serious economic and environmental issue, the state has been suffering from the deterioration of agricultural soil quality during the past 25 years [27]. Indeed, 51% of the agricultural land is threatened by erosion, compaction, contamination and principally loss of organic matter [28]. To offset fossil fuels and to enhance the degraded soil quality, there is an increase in perennial biomass crops implementation as alternative energy source from 2% in 2000 to almost 10% in 2018 [26]. In spite this increase, papers that shed light on the contribution of perennial biomass crops to soil quality improvement and SOC dynamics are still scarce. Accordingly, the low-quality soil of the agricultural experimental site at the Crop Institute in Chomutov is a vivid example on the land-use shifting towards the perennial bioenergy grass Miscanthus × giganteus. A field experiment was set to determine the potentials of miscanthus to grow and proliferate on the low-quality soil. This paper evaluates on short term basis the impacts on the agricultural soil upon converting the land-use towards the perennial bioenergy grass Miscanthus × giganteus in comparison with adjacent control sites cultivated with annual forage crop. Precisely, we measured the (i) changes in soil biological parameters, (ii) physicochemical parameters and (iii) changes in the total SOC stocks including the 13C/12C carbon ratios which indicate the input of carbon from plant photosynthesis.




2. Materials and Methods


2.1. Field Selection and Design


An experimental research field was established at the Crop Research Institute in Chomutov, North-Western Czechia. The field is located in the terrestrial Paleogene and Neogene of the Bohemian massif (50.4607750 N, 13.3855908 E), with mean annual precipitation of 525 nm and annual temperature of 7.6 °C. According to the basic soil survey from 1967, the agricultural area in the site is classified as low quality, mainly because the soil is shallow, less structural, relatively acidic pH (pH/KCl about 5.5) and a weakly humic with low ratio of humic to fulvic acids (<1) (Table 1). Historically (19th century) there were few small individual brown-coal mines on the site; residua of the mining were detected in soil until recently. During the WWII the area suffered from bombing aiming to the nearby railway station (Details about the site history are presented in Supplementary Material).



The current miscanthus field area is 450 m2. Prior to miscanthus cultivation, annual crop rotation was taking place. In April 2017, 100 m2 was cultivated by miscanthus rhizomes after soil ploughing and weed mechanical removal. Initially, the main purpose of the research was to determine the miscanthus capacity to grow on low-quality soils as well as to determine and compare biomass calorific values upon PGR treatment (ongoing research, results will be published later). For this sake, half of the rhizomes were treated with plant growth regulator (PGR, Stimpo) and were cultivated in an area of 50 m2. The other half (referred to as control, 50 m2) was cultivated by untreated rhizomes (1 rhizome per m2). In April 2018, same treatments were performed (with and without PGR) and rhizomes were planted on the other 350 m2. In both plots neither fertilizers nor pesticides were applied. In November 2018 (end of first and second growing season respectively), miscanthus samples were collected from every plot and measured for biomass (0.5 t.ha−1 for the 2017 control plot).



In the current work, soil and miscanthus samples were collected from the 2017 control plot (i.e., without rhizome treatment, 50 m2) as the soil was less disturbed and the root and rhizome system was more developed compared to the 2018 plot which was recently ploughed. The avoidance of possible PGR impacts was considered while planning. For the sake of comparison and to reply to the research objectives, an adjacent field cultivated by an annual forage crop C3 photosynthesis type wheat (Triticum aestivum L.) of an area 35,000 m2 was selected. Prior to wheat cultivation, the C3 perennial grass Phalaris arundinacea was cultivated for approximately 10 years. The wheat field was also 3 years old and neither fertilizers nor pesticides were applied. Due to the relatively large area of the wheat field (35,000 m2) in comparison with targeted miscanthus plot (50 m2), an adjacent subplot of similar area (i.e., 50 m2) was framed in the wheat field, from which samples were collected. That was done to ensure the homogeneity of the soil parameters in both fields and to avoid possible variations or heterogeneity originating from the wheat field. Moreover, as soil information prior to the miscanthus and wheat cultivation was lacking, unplanted soils were collected from the so-called unplanted pathway separating the two fields and taken as reference corresponding to the initial soil state.




2.2. Sampling and Sample Preparation


Soil cores were randomly collected by a soil auger (Ø 7 cm, Edelman auger by Eijkelkamp—Giesbeek, Netherlands) under 4 different miscanthus and wheat clusters in the selected sub-plots. Another 4 soil cores were also collected in the unplanted pathway which represents the initial soil state prior to cultivation (Figure S2a–c, respectively). Soil sampling took place on the 20th of June 2019 (corresponding to the third growing season).



The cores were divided into 3 layers (0–10, 10–20 and 20–30 cm). At each layer, a standard-size steel cylinder (113 cm3) was pushed into the soil for the bulk density determination. Four replicates were taken from each location. Soil samples were collected into plastic bags and transported to the laboratory on the same day. Subsample from the 0–10 cm layer was stored at −40 °C for PLFA analysis. Another subsample was sieved to 2 mm and conserved at 4 °C for further biological analysis. The remaining portion of the 0–10 cm layer and the entire 10–20 and 20–30 cm collected samples were dried at 40 °C, sieved to pass 2 mm mesh and ball milled before the physico-chemical and 13C/12C analysis.



On the same day, miscanthus plants parts (leaves, stems, rhizomes, roots as well as the surface litter layer) were collected from the same locations from which soil samples were taken and stored in plastic bags. Rhizomes were visible until 15 cm depth, while roots went deeper until 30 cm depth. Wheat (above and belowground) samples were collected as well. However, no litter was collected due to annual ploughing activities. Samples were also transported to the laboratory, oven dried at 40 °C, cut into smaller pieces and then ball milled for the 13C/12C analysis.



It is important to mention that 10 g of each of the soil and plant samples, were oven dried at 105 °C for 48 h to determine their corresponding residual humidity which was used as a correction factor in further calculations.




2.3. Soil Physico-Chemical and Biological Analysis


Soil pH (H2O) was determined via Lab pH meter (inoLab® pH 7110-WTW, by Xylem Analytics – Weilheim in Oberbayern, Germany) upon stirring a mixture of soil and deionized water according to ISO 10390 standard. Soil organic carbon was measured by a TOC analyzer (SKALAR PrimacsSLC). Soil bulk densities were determined at each depth by collecting the soil in standard-size steel cylinders (113 cm3) and weighing the sample before and after oven drying for 48 h at 105 °C.



Phospholipid fatty acids (PLFA) analysis was performed to determine the soil microbial biomass and microbial community structure according to the ISO/TS 29843-2. PLFAs extraction from soil samples is described by Holík et al. [29]. Briefly, soil was extracted by mixture of chlorophorm, methanol and phosphate buffer. The polar lipid fraction was separated on silica columns and fatty acid methyl esters (FAMEs) were prepared by alkaline methanolysis. PLFAs were quantitatively analyzed by Varian 3800 gas chromatograph with DB-FFAP capillary column (60 m × 0.25 mm × 0.50 µm, Agilent); helium as carrier gas (constant flow 0.8 mL/min); splitless injection (1 µL, 0.2 min, 240 °C); oven program 100 °C, 2 min, 4 °C/min to 240 °C, 5 min, and Varian 4000 ion trap mass spectrometer (external ionization source at 180 °C, transferline at 240 °C, ion trap temperature at 180 °C, manifold temperature at 40 °C, monitored mass range from 33 to 450 amu). Total PLFA concentration was determined as the sum of peaks in total ion chromatogram (TIC) eluting in retention window determined from a standard Bacterial Acid Methyl Esters CP Mixture (Matreya LLC, Pennsylvania, USA). Quantification was carried out using 11 calibration PLFAs curves from standard GLC-10 Mixture (Matreya LLC) and GLC-80 Mixture (Matreya LLC). Methyl nonadecanoate (Matreya LLC) was used as the internal standard particularly abundant. FAMEs were identified by comparison to commercial PLFAs standard (Matreya LLC).



Soil basal respiration (BR) and fluorescein diacetate hydrolytic activities (FDHA) were quantified according to methods stated by Al Souki et al. [30].




2.4. Soil and Plant δ13C Analysis


In order to determine and compare the contribution of the C4 photosynthesis perennial grass (Miscanthus × giganteus) and the C3 photosynthesis forage crop (T. aestivum L.), the stable isotopic composition of 13C was measured in all soil layers and different plant organs following tcarbonate removal from the ball milled samples. A Thermo Flash 2000 elemental analyzer connected to a Thermo Delta V Advantage isotope ratio mass spectrometer in a Continuous Flow IV system (Thermo Fisher Scientific) was used. All of the standards were referenced to the international standard Pee Dee Belemnite (PDB).



The 13C abundance in the analyzed samples was expressed in the delta units (δ13C ‰) referring to the following equation [21,31]:


δ13C = [(Rsample/Rstandard) − 1] × 1000,








where Rsample is the isotope ratio 13C/12C of the sample and Rstandard is the 13C/12C ratio of the PDB. The fraction of the soil C that is derived from the miscanthus (FM) or the wheat (FW) plants was determined according to the following equation:


FM or FW = (δ2 − δ0)/(δ1 − δ0),








where δ2 is the δ13C of the soil under miscanthus or wheat, δ0 is the δ13C of the soil before introduction of either miscanthus or wheat (as δ0 was undetermined at the beginning of the experiment, the unplanted soil in the present study was used instead as the reference), and δ1 is the δ13C of the plant material entering the soil (leaves, stems, roots for both plants and rhizomes in the miscanthus case).



Finally, the SOC was also expressed as the amount of C per unit crop surface (Mg C. ha−1) based on the average bulk density of the soil under both plantations. The annual contribution was calculated as well.




2.5. Statistical Analysis


Data were first subjected to Jarque-Bera normality test. Analysis of variance (one way or multiple in case of interactions) was performed for modalities comparison. In the few cases where the significant Levene’s test showed inhomogenity of variance, the Kruskal-Wallis was used. If statistically significant (p ≤ 0.05) differences were present, Fisher (LSD) test was carried out for pair-wise comparisons. The results of tests and interaction graphs were used for interpretation of uncovered differences. Spearman coefficients of order correlation along with their ρ values were calculated in order to explain dependences between quantitative variables. All statistical analyses were performed using XLSTAT software, Statgraphics Centurion 18 and PAST 4.02.





3. Results


3.1. Soil Physico-Chemical Parameters


The upcoming results present the variations and comparisons detected among the different soil plantations at different depths.



The highest pH results presented in Figure 1. were detected in the unplanted soil. Values ranged between 6.43 and 6.65. A significant decrease was detected in the wheat (annual crop) cultivated soil, except for the 0–10 cm depth. In comparison with the unplanted control soil, the decline ranged between 2.7 and 7.4%. On the other hand, significant differences were detected at all soil depths under miscanthus culture (perennial grass). In comparison with the unplanted control soil, the decline ranged between 9.4 and 10.6%.



The highest bulk density was recorded in the unplanted soil recording 1.27, 1.39 and 1.32 g.cm−3 in the 0–10, 10–20 and 20–30 cm depths respectively (Figure 2). Values were significantly lower under both cultures, with miscanthus-cultivated soil possessing the minimal values. The average rate of decline was 13.8 and 29.7% under the wheat and miscanthus cultivated soils respectively.



As demonstrated in Figure 3, the lowest SOC concentrations were detected in the unplanted soils recording 21.68, 20.18 and 17.58 g.kg−1 at 0–0, 10–20 and 20–30 cm depths respectively. The most significant increase was detected in the miscanthus cultivated soil at 0–10 cm depth (25.68 g.kg−1), with a concentration 18.5% higher than its corresponding unplanted reference.




3.2. Soil Biological Parameters


Due to the fact that the soil biological activity and biomass are most elevated and most representative globally at the top 0-10 cm layer and decrease with depth [29,32], and since the miscanthus roots were highly dense and intensified in this layer regarding other layers, it is noteworthy to mention that the soil biological parameters were only measured at 0–10 cm depth.



The total PLFA, their composition and the stress indicator under the unplanted, wheat and miscanthus cultivated soils are presented in Table 2. Despite that the concentrations of the total PLFA, quantitative indicator of living microbial biomass, were higher in the planted soils (29.35 and 26.53 mg.kg−1 corresponding to wheat and miscanthus cultivated soils respectively), no significant variations were detected among the different treatments. As for the other PLFA indicators, no differences were recorded in the fungal portion under the 3 different studied soils. Concerning the remaining PLFA (G+, G−, actino- and other bacteria), significant differences were always and only detected between the miscanthus cultivated soils and the un-planted ones, without any differences with the wheat cultivated ones. Finally, the values of cy/pre ratio, indicator of microbial transition to stationary growth phase, revealed the least stressed microorganisms under the miscanthus cultivated soils (0.58), followed by those under the wheat and unplanted soils (0.62 and 0.67 respectively).



The lowest respiration activity was registered in the bare soil (2.09 mg C.kg−1 dry soil) as shown in Figure 4. An increase was detected in both wheat and miscanthus planted soils, with the latter recording the highest increment (10.05 mg C.kg−1 dry soil).



The weakest FDHA was detected in the unplanted soil (0.41 mg fluo.g−1 dry soil.h−1) as shown in Figure 5. The activity increased significantly under both the perennial and annual plants, with miscanthus scoring the highest augmentation by 45.3% (0.59 mg fluo.g−1 dry soil.h−1).




3.3. δ13. C Values and Plant Contribution to the Total SOC Stocks


The δ13C values, indicator of photosynthesis-based carbon input to the soil organic matter, (Figure 6) were influenced by the plant species. There was no significant difference among the unplanted and C3 annual crop (wheat), where values ranged between −26.90 and −26.37‰. On the other hand, the soil under the perennial C4 grass M. x giganteus witnessed remarkable increase in the total δ13C concentrations at the 0–10, 10–20 and 20–30 cm depths recording −25.26, −25.66 and −25.74‰ respectively. Moreover, the input of the C4 derived C from the miscanthus was mainly located in the 0–10 cm soil layer, with a contribution of 12.5% of the total C in that layer (Figure 7). This amount decreased in the lower layers to reach 7.9 and 7.1% in 10–20 and 20–30 cm depths respectively. Depending on these numbers, and after 3 years of miscanthus cultivation, the amount of the C4- derived organic carbon in the entire profile was 5.96 ± 0.63 Mg C. ha−1, averaging 1.98 ± 0.21 Mg C. ha−1.yr−1. On the other hand, the C3 annual wheat crop contribution to the total SOC stock was lower than that of the miscanthus, yet more evenly distributed throughout the different layers ranging between 3.1 and 5.3% at the 20–30 and 0–10 cm layers respectively (Figure 7). Overall, the total wheat contribution was estimated by 3.26 Mg C. ha−1, averaging 1.08 Mg C. ha−1.yr−1.





4. Discussion


This study was conducted on a low-quality agricultural field, during the establishment phase of the Miscanthus × giganteus plants (2–3 years old). The initial plan was to collect soil samples reaching 60 cm depth. However, as plants were still young, the root system was recognized at the 0–30 cm layer and not deeper. Therefore, the sampling plan was changed on spot to 30 cm depth only. Interestingly, several research papers took also the same choice. For instance, Dondini et al. [31], Zimmermann et al. [13] and Zatta et al. [11] collected soil samples until 30 cm depth and the miscanthus were either in the establishment phase or 6–7 years old. Finally, Ferchaud et al. [9] stated that during 5-year period, SOC concentrations under perennial crops increased in the surface layer (0–10 cm) and that changes in δ13C showed that C inputs were mainly located in the 0–18 cm layer. Therefore, in our context of newly grown miscanthus, 0–30 cm soil depth choice was the more practical and logic choice.



The results obtained thus represent the short-term impact of this perennial grass on the soil physico-chemical and biological properties, principally the total SOC stocks and the direct contribution of the cultivar in comparison with an adjacent annual forage crop (wheat, Triticum aestivum L.). It is also essential to state that the weeds in the miscanthus field were removed on regular basis and kept on the soil surface, and therefore the results represent mainly the miscanthus contribution to the soil quality.



4.1. Impact on Soil Physico-Chemical Parameters


Taking into consideration that there was no significant difference between the unplanted soil pH values and the one cultivated with wheat, the miscanthus impact on the soil pH was assessed. Our results of soil pH under miscanthus showed a trend of acidification, which is in harmony with the work of Jezowski et al. [33] and Hu et al. [34] who witnessed a decrease in the soil pH values especially in the topsoil upon miscanthus plantation. Indeed, several factors can play a role in determining the soil pH within the soil-plant interaction in the rhizosphere, among which are the protons (H+) or hydroxyl (OH−) at the root surface upon nutrients uptake [35,36]. Another factor which might explain the results obtained could be the root exudate composition and the ionic forms, that might lead to the soil acidification [36]. In a low soil quality, the modifications in the exudates and ionic forms in the rhizosphere are considered as one of the mechanisms the miscanthus plants apply to obtain optimal growth conditions and nutrient mobility and thus uptake [30,36]. In spite the fact that the pH values under miscanthus were still within acceptable range for agriculture, nevertheless, these results suggest that miscanthus cultivation holds potentials to cause soil acidification. On long term basis, such increased acidity might impact the soil sustainability and possibly have consequences on the crops following miscanthus removal at the end of its life cycle [13,34].



The soil bulk density decreased under both the miscanthus and wheat crops yet it was more evident under the former (18.5% lower). This decline agrees with the field experiments of Zatta et al. [11], Clifton-Brown et al. [24] and Hansen et al. [37] who recorded lower bulk soil densities under miscanthus plots in comparison with annual C3 crops. According to Guzman et al. [38], soil disturbances such as ploughing decrease soil permeability and increase soil bulk density by modifying its structure and aggregation. Moreover, the higher SOC concentrations in the miscanthus soils could play a role in the difference of bulk density values (Figure 8, ρ: −0.53, Table S2), since increased SOC positively improves soil porosity and thus decreases the bulk density [38,39]. The development of the roots and rhizomes especially in young plants could also explain the significant soil bulk density reduction under the miscanthus plants [11].



In the studied soils, the organic carbon concentration was more elevated than the initial concentrations under the miscanthus cultivars mainly in the upper 0–10 cm layer. These results are consistent with the work of Ferchaud et al. [9] and Hu et al. [34]. Similar results were also mentioned by Cattaneo et al. [21], who stated that the top soil layer (0–15 cm) showed the highest SOC content among the other 15–30 and 30–60 cm layers after 9-year conversion from annual crop system to the perennial miscanthus. In their pot experiment, Al Souki et al. [30] also obtained similar results with an increase in the SOC in miscanthus cultivated pots in comparison with the non-cultivated ones. In the present study, the increase of SOC under the miscanthus plot could be related to its perennial nature, in which tillage occurred only in the year of cultivation, and thus the soil erosion was reduced and the carbon content increased due to mineralization reduction [21,40]. Another reason might be the plant root exudates constituents (carbohydrates, proteins and amino acids) which are regarded as the main source of organic carbon [30,33,41] (Figure 8, ρ: 0.42, Table S2). Moreover, the return of the leaf residues and their subsequent incorporation into the soil (mainly the 0–10 cm layer) could be also a potential source of the significant SOC augmentation [42]. Another factor that could be taken into consideration, is the increase in the soil microbial biomass [43]. For instance, under field conditions Stępień et al. [44] found that in the miscanthus rhizosphere, the number of heterotrophic bacteria was more than three times higher compared to bulk soil. However, in the current work, this correlation was not confirmed.




4.2. Impact on Soil Biological Parameters


Microorganisms are essential players in the soil ecosystem functions and services [45,46]. It has been proved that land use change alters the soil microbial community composition [46,47,48]. In this work we used the PLFA profiling; well established method for characterization of soil microbial communities and assessment of their changes upon external factors [49]. Generally, the PLFA values (Table 2) corresponded to standard agricultural soils with the indication of slight disturbances. The total PLFA concentrations ranged between 22.6 ± 3.1 and 29.4 ± 2.0 mg.kg−1 dwt, which is common in low-tillage agricultural soils or grasslands; intensively used soil often possess lower values [50,51]. The proportion of fungal biomass was lower (4.9 ± 1.3% to 6.1 ± 1.0%), which is also common in agricultural soil [52]. Slight disturbances were indicated by the increased proportion of G− bacterial PLFA compared to G+ and the stress indicator values (cy/pre) compared to the normal average value of 0.4 [53]. Nevertheless, under both wheat and miscanthus, the microbial characteristics were significantly improved compared to bare soil. The decreased proportion of G− PLFA in favor of other dominant microbial groups which are supposed to be less resilient to harsher conditions than G− bacteria is interestingly remarked [52,54]. This observation confirms the usefulness of permanent soil coverage and tillage reduction. Moreover, miscanthus achieved significantly better improvement than wheat in some parameters. Of special interest is the stress indicator value (cy/pre ratio), often considered as an indicator of insufficient nutrients [52]. In fact, when it comes to the degradation of the simple and recalcitrant organic compounds, there exists a competition between the fungal and bacterial strains “niche differentiation” [55]. The outcome (cy/pre ratio) obtained in the present work supports this theory, suggesting that the bacterial strains were more active in cycling the recent and simple compounds within the rhizosphere under the miscanthus plots (Figure 8, ρ: −0.86, Table S2). Similar results were realized by Elias et al. [46], who observed the higher 13C concentrations in G+ and G− biomarkers in comparison with the fungal ones under the miscanthus. Some other papers also mentioned the rapid allocation of C to rhizosphere inhabiting bacteria [56], with G− bacteria playing the fundamental role in the decomposition of the labile C compounds from the exudates [57,58].



As for the global enzymatic activities expressed by the soil basal respiration and fluorescein diacetate hydrolytic activity, results showed that the highest activities were expressed in the miscanthus soil, opposing those obtained in the unplanted and wheat plots. These results are in harmony with the work of Al Souki et al. [30]. Some of the factors standing behind the variation between the activities could be the vegetation type (miscanthus in our case) that plays a decisive role in rendering the soil a suitable environment for the microbial communities and activities to prosper [59,60,61]. Miscanthus derived carbon could be the main driving component in the bacterial activity stimulation (Figure 8, ρ: 0.98 and 0.92 corresponding to BR and FDHA respectively, Table S2), via the easily metabolizable root exudates (sugars, amino acids, fatty acids, growth factors and nucleotides) or the easily available organic compounds of the incorporated miscanthus leaves [42]. These supplied elements enhance the enzymatic synthesis and simultaneously microbial development [62].




4.3. Plant δ13C Values and Contribution to the Total SOC Stocks


The most elevated δ13C values were observed under the perennial miscanthus crop at 0–10 cm depth (−25.26‰) in comparison to −26.60 and −26.90‰ under the annual wheat and unplanted soils. The lower values of δ13C obtained under the wheat crops in comparison with the miscanthus results are in harmony with several other papers [9,21,37]. According to these authors, this outcome could be referred to several factors such as the removal of the recoverable residues (straws), annual tillage of the field in the wheat case, versus accumulation of the aboveground plant residues which are later incorporated into the soil by the activity of soil organisms, absence of tillage and the strong root/rhizome development and deposition in the case of miscanthus. Similar results were also obtained by Zatta et al. [11] who demonstrated the increase in δ13C after 6 years of miscanthus cultivation. Schneckenberger and Kuzyakov [63] obtained similar results as well. Zimmermann et al. [13] also stated that after 2–3 years of conversion to miscanthus, there was a trend towards higher soil carbon contents originating directly from the plant in the upper 10 cm layer, which confirms the high potential of the perennial miscanthus to improve soil carbon stocks [13,64,65]. Moreover, Hu et al. [34] also found that the δ13C composition at all soil layers on the miscanthus fields had lower negative values than those from the grasslands (−24.46‰ versus −28.04‰ respectively) after 5 years of cultivation in the 0−10 cm layer. The fractions of miscanthus-derived SOC concentrations were higher than those of the wheat plants specifically in the upper 0−10 cm layer (12.5 versus 5.3%, corresponding to 1.98 and 1.08 Mg C. ha−1.yr−1 respectively). The tendency of decreasing with soil depth was presented in both plots, however values under miscanthus plants were always more elevated mostly due to the high annual inputs of miscanthus C as a consequence of the extensive root/rhizome mass and deposition along with the accumulation, incorporation and decomposition of the leaf litter on the upper layer of the soil [17,66]. These results are in agreement with the results obtained by Zimmermann et al. [13] who stated a miscanthus contribution to the SOC stock by 1.82 and 2.17 Mg.ha−1 after 2−3 years of miscanthus cultivation under former tilled and grassland fields. Another similar result was referenced in the work of Borzecka-Walker et al. [67], who compared the contribution of the C4 miscanthus and the C3 coppice willow to the net soil carbon sequestration and stated that the former accumulated 2 times more than the latter after 3 years of cultivation (0.64 versus 0.30 Mg C. ha−1.yr−1 respectively). It is clear that the shift towards the perennial C4 Miscanthus × giganteus has augmented the δ13C portion in the soil’s upper layer (0−10 cm), along with enriching to the total SOC. It should be noted that the differences between miscanthus and wheat cannot be explained by history of the locality. Indeed, the 13C carbon indicates relatively recent input originating from the plant photosynthesis. Prior to wheat plantation in 2016, the locality was covered by perennial C3 grass Phalaris arundinacea, which is considered as a soil-meliorating plant, whereas the miscanthus plot was cultivated by rotating annual crops. Thus, based on the history the lower SOC should be expected under miscanthus, however our results indicated the opposite. On the other hand, it should be noted that planting of wheat for four years on one place is not considered sustainable and negative effect on the soil could be expected.



The amount of annual carbon gain in our experiment is relatively intermediate between the ones obtained by Dondini et al. [30] (3.2 Mg C. ha−1.yr−1) and those mentioned by Hansen et al. [37] (0.6 and 0.9 Mg C. ha−1.yr−1 after 9 and 16 years of the grass cultivation). These outcome variations could be related to several factors such as the climate differences, soil types, sampling depths and mainly the initial SOC levels [21]. Several characteristics of the perennial miscanthus (as mentioned previously in the paragraph) should be also taken into consideration while explaining the variations, including the quantity of the aboveground biomass accumulated on the soil surface and its rate of decomposition/incorporation into the soil by the soil organisms, in addition to the root/rhizome biomass which is considered one of the most important factors predicting potential SOC stocks along with their corresponding depositions (quantity and composition) [17,66,67,68].





5. Conclusions


After 3 years of miscanthus cultivation in a poor-quality agricultural soil, the soil physico-chemical parameters (SOC and BD) were enhanced throughout the surface soil profile (0−30 cm) in comparison with the adjacent annual wheat crop, and mainly in the upper 0−10 cm layer. However, a trend of soil acidification was under miscanthus plants was detected as well. In addition, biological parameters were boosted too. Through the δ13C estimation, miscanthus represented considerable potentials to sequester C in the soil and contributed to the increase in the total SOC stocks by means of its extensive root system. This study is the first in Czechia, and shows that the miscanthus is a good candidate to replace arable crops especially in low-quality soils as well as marginal lands, thus growing these cultivars in such degraded areas could be a promising and sustainable answer, not only for energy production, but also for restoring the soil fertility and increasing the C pool. Further investigations concerning the mid and long-term impacts of miscanthus on soil quality should be carried out in the future to validate the obtained results.
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Figure 1. pH values of unplanted soil (CS), soil cultivated by wheat (CW) and soil cultivated by miscanthus (CM) at depths (0–10, 10–20 and 20–30 cm). Values are presented as means ± SD. Different letters refer to significant differences in soils (Fisher LSD test, n = 4, p ≤ 0.05). 
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Figure 2. Bulk density (g.cm−3) of unplanted soil (CS), soil cultivated by wheat (CW) and soil cultivated by miscanthus (CM) at depths (0–10, 10–20 and 20–30 cm). Values are presented as means ± SD. Different letters refer to significant differences in soils (Fisher LSD test, n = 4, p ≤ 0.05). 
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Figure 3. Soil organic carbon concentrations (g.kg−1) of unplanted soil (CS), soil cultivated by wheat (CW) and soil cultivated by miscanthus (CM) at depths (0–10, 10–20 and 20–30 cm). Values are presented as means ± SD. Different letters refer to significant differences in soils (Fisher LSD test, n = 4, p ≤ 0.05). 
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Figure 4. Basal respiration (mg C.kg−1 dry soil) in unplanted soil (CS), soil cultivated by wheat (CW) and soil cultivated by miscanthus (CM) at 0–10 cm depths. Values are presented as means ± SD. Different letters refer to significant differences in soils (Fisher LSD test, n = 4, p ≤ 0.05). 
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Figure 5. Fluorescein diacetate hydrolytic activity (mg fluo.g−1 dry soil.h−1) in unplanted soil (CS), soil cultivated by wheat (CW) and soil cultivated by miscanthus (CM) at 0–10 cm depths. Values are presented as means ± SD. Different letters refer to significant differences in soils (Fisher LSD test, n = 4, p ≤ 0.05). 
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Figure 6. δ13C values (‰) of unplanted soil (CS), soil cultivated by wheat (CW) and soil cultivated by miscanthus (CM) at depths (0–10, 10–20 and 20–30 cm). Values are presented as means ± SD. Different letters refer to significant differences in soils (Fisher LSD test, n = 4, p ≤ 0.05). 
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Figure 7. Miscanthus and wheat derived carbon content (g.kg−1) at soil depths (0–10, 10–20 and 20–30 cm). Values are presented as means ± SD. 
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Figure 8. Spearman correlation matrix between studied soil parameters (ρ: −1 strong negative, ρ: +1 strong positive). SOC: Soil organic carbon; δ13C: Ratio of carbon isotopes; OC: Organic carbon; BR: Basal respiration; FDHA: Fluorescein diacetate hydrolytic activity; PLFA tot: total PLFA (living microbial biomass); G+: Ratio of Gram-positive bacteria; G−: Ratio of Gram-negative bacteria; cy/pre stress: Indicator of cyclopropylated fatty acids to their precursors, indicator of transition of bacteria to stationary growth phase. 
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Table 1. Soil parameters in the experimental field at the Crop Research Institute in Chomutov, North Western Czechia. Results are expressed as means ± SD (n = 4).
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pH (KCl)

	
5.4 ± 0.1




	
pH (H2O)

	
6.3 ± 0.3




	
Dry matter (%)

	
97.9 ± 3.7




	
Available nutrients (dwt, mg.kg−1)

	
P

	
96.0 ± 3.9




	
K

	
358.8 ± 14.3




	
Ca

	
2024.6 ± 25.9




	
Mg

	
228.4 ± 11.3




	
C tot (%)

	
2.2 ± 0.1




	
Humus (%)

	
3.8 ± 0.2




	
H (%)

	
0.6 ± 0.0




	
CaO (q.ha−1)

	
4.6 ± 0.1




	
N tot (%)

	
0.3 ± 0.0




	
N tot (mg.kg−1)

	
2518.0 ± 41.6




	
N-NH4 (mg.kg−1)

	
4.1 ± 0.2




	
N-NO3 (mg.kg−1)

	
5.5 ± 0.1
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Table 2. Total PLFA concentrations (mg.kg−1), microbial community structure (%) based on indicator fatty acids and the cy/pre stress indicator in unplanted soil (CS), soil cultivated by wheat (CW) and soil cultivated by miscanthus (CM) at 0–10 cm depths. Values are presented as means ± SD. Different letters refer to significant differences in soils (Fisher LSD test, n = 4, p ≤ 0.05).
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Soil Treatment

	
Total PLFA

	
Indicator PLFA (%)

	
Stress Indicator




	

	
mg.kg−1 dwt

	
Fungi

	
G+

	
G-

	
Actino

	
Other

	
cy/pre






	
CS

	
22.6 ± 3.1

	
4.9 ± 1.3

	
22.3 ± 0.8 b

	
51.3 ± 1.1 a

	
8.4 ± 0.2 b

	
13.1 ± 0.9 b

	
0.67 ± 0.04 a




	
CW

	
29.4 ± 2.0

	
6.1 ± 1.0

	
24.2 ± 1.4 ab

	
42.6 ± 2.4 b

	
13.6 ± 1.4 a

	
13.5 ± 0.9 ab

	
0.62 ± 0.00 b




	
CM

	
26.5 ± 2.8

	
4.9 ± 1.0

	
25.0 ± 1.9 a

	
41.6 ± 4.3 b

	
13.4 ± 2.3 a

	
15.2 ± 1.5 a

	
0.58 ± 0.02 c
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