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Abstract

:

Digestate from biogas production can be recycled to the soil as conditioner/fertilizer improving the environmental sustainability of the energy supply chain. In a three-year maize-triticale rotation, we investigated the short-term effects of digestate on soil physical, chemical, and microbiological properties and evaluated its effectiveness in complementing the mineral fertilizers. Digestate soil treatments consisted of combined applications of the whole digestate and its mechanically separated solid fraction. Digestate increased soil total organic C, total N and K contents. Soil bulk density was not affected by treatments, while aggregate stability showed a transient improvement due to digestate treatments. A decrement of the transmission pores proportion and an increment of fissures was observed in digestate treated soils. Soil microbial community was only transiently affected by digestate treatments and no soil contamination from Clostridiaceae-related bacteria were observed. Digestate can significantly impair seed germination when applied at low dilution ratios. Crop yield under digestate treatment was similar to ordinary mineral-based fertilization. Overall, our experiment proved that the agronomic recycling of digestate from biogas production maintained a fair crop yield and soil quality. Digestate was confirmed as a valid resource for sustainable management of soil fertility under energy-crop farming, by combining a good attitude as a fertilizer with the ability to compensate for soil organic C loss.
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1. Introduction


Interest in biogas production has grown significantly in the past two decades, following the need to reduce fossil fuel consumption in favour of renewable energy sources. To encourage biogas market penetration, EU policy issued financial incentives [1] which have led to a significant increase in the number of biogas plants. More than 18,000 biogas plants were registered by October 2020 [2] with an overall installed electric capacity (IEC) of 13,520 MW estimated at the end of 2019 [3]. Currently, in Europe, Italy and Germany rank first in terms of the number of active biogas plants, with most Italian plants (1900 units with an IEC of around 1000 MW) located in the Po Valley and other northern regions [4,5].



Biogas production from anaerobic digestion mainly relies on four types of biomass sources: (i) biomass wastes from farms (animal slurries and crop residues) and households (municipal solid waste and food waste); (ii) agro-industrial by-products; (iii) sewage sludges; (iv) biomass from dedicated energy crops [6].



The energy derived from anaerobic digestion is considered to be almost “carbon-neutral” and to bring environmental and social benefits, contributing to a reduction of greenhouse gas emissions (allowed by replacement of fossil fuels) and organic wastes [7], and supporting rural development and new employment opportunities [8]. Against these benefits, biogas production from energy crops generates several issues and conflicts that are under the political attention on a world scale, since the shift of farmland to non-food systems creates doubts concerning the security of food supply and the environmental impact of energy crops cultivation [9]. One main concern is the environmental sustainability of energy crop cultivation as large amounts of organic matter and plant nutrients are removed with the crop biomass from the field. Depletion of organic matter and plant nutrients from the agricultural system can lead to soil degradation if not balanced by appropriate replenishments. Secondly, since the number of biogas plants in many European countries has increased significantly in recent years, the disposal of residues from anaerobic digestion has become of growing concern [10]. From a sustainability perspective of the biogas supply chain, since a wide range of undecomposed organic compounds and plant nutrients removed from the field (mainly ammonia and phosphate) are retained in the digestate [11,12,13,14], the direct land application of digestate is an economical option for residues disposal and soil amendment/fertilization [15,16,17]. The risk of a potential transfer of organic pollutants, such as herbicides and fungicides, from digestate to rotational crops and feedstuffs is considered very low by the European Food Standards Agency [16].



A third concern is that energy crops require resources (land, water and energy) which inevitably become no longer available for food production [8,9,18,19]. For cereal crop-based productions, the “food vs. fuel” conflict would be overcome if the grain was excluded from the biogas feedstock and used for livestock feed, while in general, the conflict would not exist at all if energy-crop cultivation was carried out on soils unsuitable for food production (marginal land) [20]. In this context, energy crop farming is an effective and profitable strategy to prevent the land from abandonment and degradation while promoting rural investments and new job opportunities [8].



Digestate can be applied to the soil without further processing (whole digestate, WD) [17] or after mechanical separation to obtain a solid fibrous material (solid digestate, SD) which can be directly spread to the field, composted, or dried for intermediate storage and transport [17,21]. Both WD and SD are sources of organic carbon and plant nutrients but since they exhibit quantitative and qualitative differences, they are expected to contribute differently to soil organic matter turnover [22], plant nutrients availability, and soil physical properties [23]. Typically, SD exhibits a great percentage (38–75%) of highly stable organic matter and a low NH4-N to total-N (TN) ratio [23], which make it suitable for use as a soil conditioner rather than as a source of readily available N. The use of digestate as a soil amendment can contribute to soil carbon sequestration, especially in intensively cultivated soils where crop residues are removed [24]. Organic matter addition is beneficial to soil fertility, since it may improve soil structure, increase plant nutrient retention, and water holding capacity and stimulate microbial activity [25]. A higher microbial activity, in turn, may enhance the release of plant nutrients from added residues and soil organic matter itself [26]. Conversely, the low organic matter concentration and the high NH4-N/TN ratio in WD makes it more suitable for use as an N-fertilizer [22,23]. The efficiency of digestate as N fertilizer changes with the features of digestate itself, soil type, crop and time of spreading [4]. Like any other fertilizer, WD should be applied at appropriate rates and times during the crop growing season, to ensure optimum plant nutrient uptake and to avoid phytotoxic effect and pollution of groundwater [16].



Research on digestate suitability for land application is relatively recent and is focused, on the one hand, on agricultural benefits of digestate as soil fertilizer and/or improver, and on the other hand, on the environmental risks associated with digestate use. Overall, many studies have investigated the potential of digestate as N fertilizer and the fate of N in the soil after land application [27,28], as well as the effect of digestate on soil organic matter and chemical properties [28,29,30], while there is still little knowledge about the impact of digestate on soil physical [27,28,31] and biological properties (bacterial and fungal communities) [32,33], which are key factors of soil functioning. Knowledge gaps about appropriate rates and soil-digestate interactions still exist, and the research field is very broad and complex, involving different kinds of feedstocks, crops, soils, environments, and agricultural management.



The main goal of our research was to understand the short-term effects of digestate on soil properties through a holistic approach, investigating soil physical, chemical, and microbiological properties and their interactions. Furthermore, we evaluated the effectiveness of digestate in replacing mineral fertilizers and as a resource to compensate for carbon depletion due to biomass removal in a three-year energy crop rotation. The study included both the whole digestate and its mechanically-separated solid fraction.




2. Materials and Methods


2.1. Digestate


The whole digestate was obtained from the biogas plant of the Cooperativa Agroenergetica Territoriale (CAT) in Correggio (Reggio Emilia, Italy). The digester was fed with the above-ground biomass from energy crops, including maize, triticale and sorghum silages, combined with by-products from the agricultural industry (i.e., stalks of grapes and sugar beet pulps), and cattle slurry from Parmesan cheese farms [34]. The solid fraction (SD) was retrieved from the whole digestate (WD) through a mechanical solid/liquid separation system following the digestion. SD was rich in organic C (44.4% of air-dry digestate) but relatively poor in N, P and K, whereas WD had a very low organic C content (1.1% of air-dry digestate) and a low C/N ratio (3.1), with a large proportion of NH4-N in the total amount of N (about 60% of air-dry digestate) (Table S1).



For a more in-depth characterization of digestate, we performed molecular-level analyses of microbial communities (see the paragraph on soil sampling and analysis) on WD, SD and two additional fractions, one collected directly from the fermentation silos, the other one from the mechanically-separated liquor (LD).




2.2. Study Site and Experimental Design


The experimental field was a 35 × 130 m area belonging to the R.G.R. Farm (CAT cooperative partner) located in the lower Po Valley (Correggio, Reggio Emilia, Italy; 44°49′ N–10°45′ E). The land use of the area had been converted from sugar beet cultivation to a 2-year maize-triticale rotation to feed the biogas plant, according to the set-aside scheme introduced by the Common Agriculture Policy. The trial was carried out from January 2011 to October 2013, maize cultivated from spring to summer 2011 and 2013, and triticale from autumn 2011 to summer 2012. The effects of digestate application on soil properties were investigated in the two maize growing seasons, using the whole digestate (WD) as a partial or total replacement of mineral fertilizer, and the digestate solid fraction (SD) as a soil amendment. Nitrogen fertilization was performed during maize post-emergency stage as follows: D0 plots, with mineral fertilizer only (control); D50 plots, based on WD + mineral fertilizer; D100 plots, with WD only. The SD fraction was applied to the WD-fertilized plots (D50 and D100) between one crop cycle and the next.



The treatments were assigned to 4 × 10 m field plots according to a randomized block design with three blocks (replicates). 1 m between plots and 5 m between blocks were kept free to avoid disturbance during soil tillage and to allow machinery operations. During the trial period, the mean annual air temperature was 14.2 °C and precipitation 681 mm (Figure S1). The experimental soil was a Hypocalcic Hypovertic Calcisols [35], with a silty-clay texture (Table S2). The main soil physical and chemical characteristics at the start of the trial (time t0) are given in Table S2.



In September 2010, the field was ploughed and harrowed for seedbed preparation. On 2 April 2011, maize (Zea mais L., cv. Kalumet) was sown at a density of 7 plants/m2 and all plots fertilized with urea (125 kg N ha−1). At the plant emergence (20 May 2011), an additional N fertilization was applied as follows: D0 plots, urea (125 kg N ha−1); D50 plots, urea (62.5 kg N ha−1) plus WD (17,400 L ha−1 = 62.5 kg N ha−1); D100 plots, WD only (34,700 L ha−1 = 125 kg N ha−1). WD was spread on the soil surface along the maize rows using mobile equipment (Figure S2) specifically developed by CAT and Cavazzuti Franco (Carpi, Modena, Italy), consisting of a 1 m3 tanker mounted on a tractor and connected to a boom with 4 trailing hoses, with a 2.80 m working width. The tanker was equipped with a pump-loading apparatus for filling. Maize was irrigated on 26 May, 13 June and 6 July 2011, and harvested at the wax ripeness stage (17 August 2011). On 16 September 2011, the D50 and D100 plots received 40 m3 ha−1 SD (equivalent to 10 t ha−1), applied by a solid manure spreader (Vaschieri, Solignano di Castelvetro, Modena, Italy) and incorporated into the soil by ploughing and harrowing. Triticale (x Triticosecale Wittm., cultivar Agrano) was sown in November 2011 at a density of 240 kg seeds ha−1 and fertilized in a single operation in April 2012 by urea only (30 kg ha−1). Due to the high plant density and the lack of suitable equipment for WD application in the standing crop, no WD top-dressing treatment was possible for triticale. The option of a pre-sowing WD treatment was discarded because of the low N use efficiency in the autumn-winter period and the related risk of N leaching [4]. Triticale biomass was harvested on 24 June 2012. In October 2012, the D50 and D100 plots were amended with the SD fraction (40 m3 ha−1) and the whole field was prepared for maize sowing as previously described (19 April 2013). The trial continued with a maize cycle according to the same practices as for the first experimental year. Due to unfavourable weather conditions (Figure S1), sowing, fertilization and harvesting operations needed to be delayed for about one month, respectively. Maize was harvested at the wax ripeness stage on 3 September 2013.



The whole above-ground biomass yielded at the end of the crop cycles was harvested and used as feedstock for biogas production.



The combination of both SD and WD with the agricultural management (fertilization factor) and sampling data (time factor) were the factors considered for the evaluation of differences in soil physical-chemical and biological characteristics.




2.3. Seed Germination Bioassay


Extracts of the two digestate fractions (WD and SD) collected from biogas plant at the beginning of experimentation were prepared by adding 25 g digestate to 100 mL of sterile deionized water. The suspensions were shaken for two hours and then centrifuged at 5000 g for 30 min. The supernatants from each digestate were used to prepare test solutions with digestate concentrations of 100% (pure), 50%, 25%, 12.5% and 0% (distilled water as control). Petri dishes of 9 cm diameter were prepared, each containing twenty maize seeds placed upon two sheets of Whatman N. 1 filter paper pre-treated with 10 mL of the test solution. The dishes were transferred to a germination chamber under controlled temperature (20 °C) in the dark. There were five replicates for each treatment.



The number of seeds germinated in each Petri dish was counted after three days and after one week of incubation, and the germination index (GI) was calculated as a percentage relative to the control [26]. Seedling root elongation was measured after 1 week.




2.4. Crop Yield


Crop yield just before harvest (in August for maize and in June for triticale) was estimated by collecting biomass at ground level from three randomly selected point in each plot spaced 30 cm from the edges to avoid border effects. In each sampling point, maize was harvested from 1 m in length row sections (including 6–7 plants), while triticale was harvested from 0.5 m2 areas. After weighing, the biomass was oven-dried at 70 °C until constant weight (about 56 h for maize and 48 h for triticale) to determine the dry weight.




2.5. Soil


2.5.1. Sampling


Soil samples were collected before maize sowing (25 March 2011 = t0; at the beginning of the trial); after maize harvesting (17 November 2011 = t1); before sowing in the second maize cycle (14 April 2013 = t2); at the end of the trial (3 October 2013 = t3).



For soil chemical, biochemical, microbiological and particle size analyses, each plot was sampled by auger to a depth of 20 cm in three selected points, collecting soil cores of 5 cm in diameter. The three cores were then mixed thoroughly providing a single composite sample per plot (3 replicates for each treatment, as a whole). Before chemical and biochemical analyses, the soil was air-dried, ground and sieved through a 2 mm mesh size. The samples for microbiological analyses were stored untreated at −80 °C until analysis.



For soil bulk density (BD) and macro-porosity measurements, three undisturbed soil samples were collected from the central part of each plot, at depth increments of 0–10 and 10–20 cm, using a hammer-driven linear sampler. Samples for BD were collected at each sampling time whereas those for macro-porosity analysis were taken only at t0 and t2.



Soil aggregate stability was determined at t0, t1 and t2 on a single composite sample per plot, obtained from three spatially separated sub-samples of soil aggregates collected down to 10 cm depth.




2.5.2. Chemical Analyses


Soil pH was measured potentiometrically in a 1:2.5 soil-water suspension. Soil cation exchange capacity (CEC) and exchangeable base concentrations (Ca, Mg, K and Na) were determined on BaCl2 triethanolamine (pH 8.2) extracts by flame atomic absorption spectrometry [36]. Soil available Cu, Zn, Fe and Mn were extracted and quantified according to Lindsay and Norvell [37]. Soil total organic carbon (TOC) and total nitrogen (TN) in the bulk soil were measured by dry combustion using a Thermo Flash 2000 CN elemental analyser (Thermo Fisher Scientific, Walthman, MA, USA). The analysis was performed on 20 to 40 mg of soil weighed into Ag-foil capsules and pre-treated with 10% HCl until complete removal of carbonates.




2.5.3. Biochemical Analyses


Microbial biomass carbon and nitrogen (MBC and MBN, respectively) were determined following the fumigation extraction method [38]. Two aliquots from each soil sample were brought to 60% of water holding capacity (WHC), 24 h before the analysis; a first aliquot was immediately extracted with K2SO4 (0.5 M) and then filtered with Whatman n. 42 filter paper; the second aliquot was fumigated for 24 h at 25 °C with CHCl3 and extracted as the first one. The organic C and N concentration in the extracts was then determined by Thermo Flash 2000 CN elemental analyser (Thermo Fisher Scientific). MBC and MBN were calculated as the difference between the C and N extracted from the fumigated samples and those extracted from non-fumigated samples, respectively.



Soil microbial respiration was determined according to Badalucco et al. [39]. Each sample was incubated at 28 °C in a flask sealed with a stopper. The CO2 developed during incubation was trapped in NaOH solution after 1, 3, 7, 10, 14, 21 and 28 days and then measured by titration with HCl (0.1 M). The cumulative amount of CO2 produced over 28 days of incubation (MRcum) was regarded as the potentially mineralizable C.




2.5.4. Microbiological Analyses


Soil RNA was extracted using the RNA PowerSoilTM Total Isolation Kit (MoBio, Solano Beach, CA, USA), following the manufacturer’s instructions with the minor modification of adding Na-EDTA (0.5 M) to the lyses solution to improve the DNA desorption from clay particles [40]. RNA was eluted in nuclease-free water (Promega, Madison, WI, USA) and then DNA was co-extracted by the RNA PowerSoilTM DNA Elution Accessory Kit (MoBio). The extracted RNA was subsequently subjected to DNase digestion using the RQ1 RNase-free DNase (Promega) and complementary cDNA was generated by reverse transcription (RT) using the ImProm-IITM Reverse Transcriptase System (Promega).



For Denaturing Gradient Gel Electrophoresis (DGGE) analysis of microbial communities, the extracted DNA and the generated cDNA were amplified using specific primers for bacterial and archaeal 16S rDNA, and for fungal 18S rDNA (Table S3). Amplification and DGGE procedures were carried out following Pastorelli et al. [41] and Lazzaro et al. [42].



Representative bands from archaea and Clostridiaceae-related DGGEs were excised, eluted from gels and screened according to Pastorelli et al. [43]. Selected bands were subjected to direct sequencing by Macrogen Service (Macrogen Ltd., Amsterdam, The Netherlands). The nucleotide sequences collected in this study were deposited in the GenBank database under the accession numbers MF415444-MF415489.




2.5.5. Physical Analyses


Soil texture was determined by the pipette method [44]. Soil bulk density (BD) was measured by the core method according to Blake and Hartge [45].



Soil macro-porosity was determined by the micro-morphometric method [46]. This method allows the characterization and quantification of soil macro-porosity according to pore shape, size distribution, irregularity, orientation and continuity from vertically oriented thin sections of 5.5 × 8.5 cm size, obtained from undisturbed soil samples. A 2.82 × 3.54 cm area of each thin section was captured with a video camera avoiding the edges where disruption could have occurred. The images collected were then analysed by Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA), set up specifically to measure pores larger than 50 µm. The total porosity and pore distribution were calculated from the measurement of pore shape and size [46]. From a functional point of view, the elongated pores of 50–500 µm were described as transmission pores and the pores with >500 µm size as fissures [47]. The thin sections were also examined by a Zeiss “R POL” microscope at a 25× magnification to characterize soil structure.



Soil aggregate stability was determined by the wet sieving method and the calculation of the mean weight diameter of water-stable aggregates (MWD) [48]. Soil aggregates from each composite sample were air-dried, weighed and separated into different size fractions (10–20, 4.75–10, 2–4.75, 1–2, <1 mm) using a vibrating sieve shaker (Retsch, Germany). The most representative aggregate size fraction was used to perform wet sieving. Twenty grams of aggregates from the most abundant size class (4.75–10 mm) were directly soaked for 5 min on the top of nests of 4.75, 2, 0.25- and 0.05-mm diameter sieves immersed in water (fast wetting). The nest of sieves with its content was then vertically shaken in water by an electronically controlled machine with a stroke of 40 mm per 10 min, at a rate of 30 complete oscillations per minute. For each sample, 3 repetitions were performed.





2.6. Statistical Analyses


The results of soil physical, chemical and microbiological (richness and α-diversity indices) analyses were processed by analysis of variance (ANOVA) followed by Fisher’s least significant difference (LSD) test at the significance level p ≤ 0.05, using the Statistica software (Palo Alto, CA, USA). Pearson correlation analysis was performed among physico-chemical properties of soil by Statistica software.



Band migration distance and intensity for each DGGE profile were obtained using the Gel Compare II software v 4.6 (Applied Maths, Saint-Martens-Latem, Belgium). The number of bands (species richness) and their relative abundance (Shannon index, H’ and Simpson index, D) were used as proxies of richness and α-diversity of soil microbial communities, as described by Pastorelli et al. [43]. The banding patterns of bacterial and fungal DGGE profiles were converted into presence/absence band matching tables and imported into PAST3 software [49]. Non-metric multidimensional scaling (MDS) based on the Dice coefficient was performed to represent the distance between the DGGE profiles in the two-dimensional space. Analysis of similarity (ANOSIM) based on Dice similarity coefficient and 9999 permutational tests were run to assess the statistical significance in microbial community structure due to fertilizer/amendment treatments.



Nucleotide sequence chromatograms were edited using Chromas Lite software v2.1.1 (Technelysium Pty Ltd., Tewantin, Old, AU) to verify the absence of ambiguous peaks and to convert them to FASTA format. The DECIPHER’s Find Chimeras web tool [50] was used to uncover chimaeras hidden in nucleotide sequences. The Web-based BLAST tools was used to identify closely related nucleotide sequences within those stored in the GenBank database.in order Microbial taxonomic identification was achieved by means of different sequence similarity thresholds as described by Webster et al. [51].





3. Results


3.1. Germination Index Bioassay


GI was lowest when maize seeds were treated with undiluted SD and WD soluble extracts (57% and 34.9%, respectively; Table 1) but increased with increasing dilution ratio. According to McLachlan et al. [52], GI values above 70%, as those observed under 50%, 25% and 12.5% digestate concentrations, indicate the absence of toxicity.



After one-week incubation there were significant differences in rootlet lengthening between SD and WD treated maize seeds, as well as between the different digestate used concentrations. The rootlet length was lowest in the undiluted extracts and greatest under 12.5% (SD) and 25% (WD) concentrations (Table 2). With a 12.5% SD concentration, the root elongated more than in the control, although not significantly.




3.2. Crop Biomass Yield


Neither maize nor triticale biomass showed significant differences between treatments (Table 3). In 2013, due to abundant rainfall (Figure S1), the growth of maize suffered a marked delay compared to 2011, along with a reduction in the biomass yield irrespective of treatment (8.8–12.8 t ha−1 against 19.6–22.1 t ha−1, respectively).




3.3. Soil Chemical Properties


As reported in Table 4, the average TOC content in the plots under digestate treatment generally showed slight increases compared to that of the control plots, with no difference between the application rates.



TN followed a different trend but, overall, it was well correlated with TOC (0.723 ***), confirming a positive digestate effect in the third experimental year (t2 and t3 sampling). The TOC to TN ratio did not change with treatment, except for t1 sampling which showed lower C/N values under digestate application (Table 4).



Soil CEC values, exchangeable Ca and exchangeable Mg concentrations did not differ among treatments for the entire duration of the trial (Table 5). In contrast, at the end of the first year (t1) the exchangeable K concentration was increased by D50 and D100 regardless of the application rate. At t2, K showed a significant decrease in all plots as compared to t0 and t1 contents. The available Cu, Zn, Fe and Mn contents were not affected by treatments (Table 5).




3.4. Soil Physical Properties


Soil BD did not change significantly with treatments and was stable over time (Figure 1).



Macro-porosity ranged within moderate levels in the surface layer (10–25%) while it averaged less than 5% in the deeper layer, indicating a very compact soil, as defined according to the micro-morphometric method [53] (Figure 2). Differences between treatments were significant in the surface layer only. The t0 sampling showed a certain degree of field variability for soil macro-porosity, with D0 plots showing a higher macro-porosity than D50 and D100 plots (related to a larger number of fissures) and D50 plots featuring a higher proportion of irregular pores compared to D0 and D100 plots. In the t0–t2 time frame, soil total macro-porosity increased under D100 with an increase in the percentage of >500 µm elongated pores (fissures) and a reduction in that of 50–500 µm elongated pores. Over the same period, macro-porosity remained quantitatively unchanged under D50, showing a decrease in the 50–500 µm elongated pores.



Soil aggregate stability was very low at the beginning of the trial (MWD < 2.5 mm, against a theoretical MWD maximum of 7.375 mm for the 4.75–10 mm size class aggregate) but increased over time regardless of treatment (Figure 3). The effect of digestate treatment was significant only at t1, soon after WD distribution. After two years (t2), the differences in soil aggregate stability between treatments were not significant.




3.5. Soil Microbial Biomass and Respiration


Soil MBC was relatively stable over time with a small but significant increase (p ≤ 0.05) only in D50 plots. The MBN decreased from t1 to t2 regardless of treatments (Table 6).



The C mineralization potential (after 28 days of incubation) did not change significantly either in relation to treatment or time, except for D50 plots where it was higher than in the control plots at t1 (Table 6).




3.6. DGGE Analysis of Total Bacterial and Fungal Communities


The abundance (richness) and α-diversity (Shannon–Weiner and Simpson indices) calculated from DGGE profiles showed that the soil bacterial community was overall richer and more diverse than the fungal community (Table S4). When considering all groups independently (12 groups: 4 sampling time combined with three digestate treatments), there were significant differences between soil samples for both bacterial and fungal communities (Table S4). Multifactorial ANOVA (Table S4) showed that the species richness and α-diversity indices of the bacterial community were significantly influenced by the interaction between sampling time and digestate treatment. Differently, only the sampling time had a significant effect on the species richness and α-diversity indices of the fungal community (Table S4).



At t0, MDS ordination showed a low inter-specific variation between the bacterial communities from the differently treated plots (Figure 4A). At t1, the D50 and D100 bacterial communities were clearly separated from the D0 ones, which grouped with t0 communities. Bacterial communities at t2 and t3 grouped together regardless of treatment and were well separated from the t0 and t1 ones (Figure 4A). Conversely, at t0 the fungal community showed a higher inter-specific variation than bacterial community. In the following sampling, the fungal community showed a progressive change of its structure, which seems to be independent of the treatments (Figure 4B).



Due to the poor reliability of MDS ordination results, especially for 18S-DGGE (stress = 0.282), DGGE profiles were further analysed by multivariate analysis. When testing all groups independently (sampling time × fertilizer treatment), the one-way ANOSIM global test revealed significant differences in both bacterial and fungal DGGE profiles (Table 7), although R values were not sufficiently reliable. According to the outcomes of the two-way crossed ANOSIM test, the differences in both bacterial and fungal community composition were greater in relation to the sampling time (R = 0.822 and 0.808 for bacteria and fungi, respectively) than in relation to the digestate treatment (R = 0.448 and 0.275 for bacteria and fungi, respectively) (Table 7).




3.7. DGGE Analysis of Total Active Bacterial Community


The active bacterial community was analysed by matching the t0 DGGE profiles with those obtained at t1 (different seasons within the same year: March vs. November) and t2 (different years under the same field conditions: before maize sowing, 2011 vs. 2013).



The abundance (richness), α-diversity (Shannon–Weiner and Simpson indices), and composition of the active bacterial community were more influenced by sampling time than by digestate treatment or sampling time × digestate treatment interaction (Data not shown). The separation between active bacterial communities was stronger when they were compared according to the different season (t0 vs. t1) than to the different year (t0 vs. t2) (Table 8).




3.8. DGGE Analysis of Archaea and Clostridiaceae-Related Communities


The DGGE profiles from the different digestate fractions were very similar to each other and quite different from those of the soil (Figure S3). Digestate-based treatments had no substantial effect on soil archaeal (Figure S3a) and Clostridiaceae-related bacterial (Figure S3b–e) communities. Some additional dominant bands were found at t1 in D50 and D100 DGGE profiles obtained with the primer sets specific for Clostridiaceae-cluster I and -cluster IV. In particular, a group of γ-Proteobacteria-related bands appeared in the Clostridiaceae-cluster I DGGE profiles (Figure S3b), while a group of bands phylogenetically related to Caproiciproducens galactitolivorans (similarity ranged from 93% to 94%) appeared in the Clostridiaceae-cluster IV DGGE profiles (Figure S3d). These bands were almost undetectable in the t2 DGGE profiles.



Overall, the digestate DGGE profiles were characterized by one or more all-time dominant bands related to Clostridiacea (Figure S3b–e; Table S5). However, none of the primer sets was specific enough to detect only Clostridium-related species, since several DGGE bands revealed to be related to β-, δ- and γ-Proteobacteria divisions, Acidobacteria group or Actinobacteria phylum (Table S5).





4. Discussion


4.1. Effects of Digestate on Soil Chemical, Physical and Microbiological Properties


In this trial, digestate treatments provided consistent results in the two years of maize cultivation. The soil TOC tended to be slightly higher in plots treated with digestate than in plots under mineral fertilization, in agreement with results obtained using digestate or other different bioenergy by-products as a soil amendment or fertilizer [28,29]. It is possible that, to some extent, soil organic C enrichment was limited by tillage practices, due the dilution of the organic matter across the ploughed layer and the exposure of physically protected organic compounds to enhanced mineralization [54].



Functional properties of organic residues as amendments are related to the organic matter stability, i.e., the ratio of recalcitrant to labile organic fractions [55] and how these interact with soil features, climate and crop management. There is consistent laboratory evidence of lower carbon mineralization of digestate compared to undigested feedstock, due to an increase of the recalcitrance of organic matter during digestion [28]. However, results from previous short-term experiments on the effects of digestate on soil carbon and nitrogen and crop yield are contrasting, probably due to the various chemical characteristics of digestate and different type of soil used in the experimentations [13,33,56,57].



Overall, the role of soil organic matter in soil fertility and plant nutrition may be summed up in its ability to supply and store plant nutrients [58]. This role is expressed through the release of organically-bound plant nutrients by microbial mineralization and the contribution of organo-mineral complexes to the retention of plant nutrients as available cations [58]. As indicated by the close similarity between soil TN and TOC distribution patterns, soil organic matter contributed to the overall N pool. In addition, the determination coefficient of the relationship between soil TN and TOC (R2 = 0.723 ***) suggests that additional factors may account for TN variations, namely the dynamics of mineral N supplied by fertilizers (WD, urea) and soil organic matter mineralization.



According to crop yield performances, digestate treatments were at least as effective as mineral fertilization in supporting crop requirements. There was no evidence of a significant contribution of the organic fraction of the digestate to the cation exchange capacity of the soil, which is explained by the modest TOC variations found after digestate treatments and the fine-textured composition of the soil mineral fraction [59]. This agrees with previous studies showing that the effects of organic amendment on soil CEC were generally more pronounced in coarse-textured soils than in clayey soils [59].



The whole digestate (WD) also proved to be a valuable source of K, by increasing the available K pool of the soil by 22% during the first year of trial. To further support the high potential of digestate as a substitute for mineral K-fertilizers, numerous experimental evidences demonstrate very high rates of K recovery during anaerobic digestion (above 94%) from a wide range of feedstock materials [60].



The unexpected decrease in soil K and Na content across the experimental field before sowing in the second maize cycle (compared to their average content in the previous sampling times) can be ascribed to a leaching effect (Figure S1), which conversely left Ca and Mg concentrations unchanged due to their lower water-solubility and the buffering effect of soil carbonates [61].



Soil BD was not affected by digestate treatments, which disagrees with results by other authors who found a reduction of BD under organic amendments in both compacted and uncompacted soils [62]. BD and organic matter are linked by a close relationship involving physical and chemical interactions between organic substances and soil mineral particles [63]. Usually, due to a lower density of the organic matter compared to that of the mineral fraction, the average BD of a mixture mineral fraction/organic matter decreases as the organic matter content increases. In the present experiment, several factors may have interfered with these relationships, i.e., an experimental period too short compared to the time required for soil structure formation and a contrasting effect of soil tillage on aggregates formation and stabilization. This was reflected in the pattern of soil pore size distribution, with a decrease in the amount of transmission pores, which are of primary importance for optimal soil–water–plant relationships, and an increase in the proportion of fissures mainly involved in water and air flows but related to poor structure and physical degradation when they are (as in D100) over 70% of total porosity [64].



The stability of soil aggregates is a key indicator of soil physical quality, affecting the ability of the soil to retain its structure and the related physical and hydraulic functions against degradative forces [65]. Soil aggregate stability relies on a complex range of factors involving soil texture and mineralogy, the chemistry of soil cations and soil organic matter content and quality [64]. At the beginning of the trial, aggregate stability (expressed as MWD) was quite low possibly due to the high silt proportion and the low organic C content [66,67]. However, aggregate stability was improved by digestate treatment during the first experimental year, consistently with findings of other authors [27,31]. In addition, it correlated positively with TOC (Figure 5), in line with the role of soil organic C as a driver of soil aggregate formation [66,67,68].



With respect to soil biological parameters, biochemical analysis revealed just a slight (statistically not significant) increase over time in the soil MBC under digestate treatment. This increase was consistent with the trend of TOC, suggesting that part of the organic C supplied by digestate could have been converted into MBC [69]. The small extent of MBC increase was expected from a short term digestate treatment, due to the relatively high recalcitrance of the organic matter in SD and the low organic C concentration in WD [26,70]. This evidence confirms SD application as a valuable tool to improve soil C sequestration [71] and to compensate for C depletion associated to crop biomass removal.



Microorganisms are crucial for soil fertility [25]. They drive the turnover of organic substrates and their abundance and diversity can be affected by soil management as well as by the quality of soil amendments/fertilizers. A reduction in microorganism number and diversity may impair their ability to perform specific functions as well as to withstand soil perturbations from a long-term perspective [72]. In this trial, “time” was the main factor affecting the α-diversity of soil microbial communities. Differences in the microbial community structure in response to digestate addition were showed when t0 and t1 were compared. Conversely, the microbial community structure remained quite similar when t2 and t3 were compared. In addition, active bacterial communities resulted more affected by season than by digestate treatments, contrasting many reports which indicated an enhanced soil microbial activity after field applications of digestates [32,33]. Calbrix et al. [73], in a study dealing with the impact of organic amendments on soil bacterial communities over a 12-month period, observed that changes in soil bacterial community structure were only temporary and that seasonal variations had the greatest effect on microbial community composition. Accordingly, in our study, digestate showed to have only a transient effect on the microbial community structure. Successively, the soil microbial communities developed new stability and equilibrium over time in both digestate treatments, thus strengthening the hypothesis of a resilience of microbial communities to anthropogenic changes [74,75,76]. Likewise, the Archaea and Clostridiaceae-related bacteria revealed remarkably stable soil resident communities, with negligible and temporary changes after the introduction of allochthones species (Figure S3).




4.2. Effects of Digestate on Seed Germination and Crop Yield


The GI bioassays revealed that highly concentrated SD and WD extracts impaired seed germination, whereas <50% digestate concentrations had no phytotoxicity. This suggests that the use of digestate should follow appropriate rates and timings of application to avoid the direct contact with seeds, as also described by Alburquerque et al. [26]. According to our experimental plan, we can exclude any phytotoxic interference of digestate with maize seed germination under field condition, as the SD fraction was applied several months before sowing and WD in the post-emergence stage.



Interestingly, the 12.5% SD concentration increased the germination index and the relative root elongation as compared to the control, which can be explained by assuming a stimulating effect of plant nutrients, growth enhancers or even phytormone-like compounds contained in SD as suggested by other authors [26,77].



In the first two years of the trial, both maize and triticale biomass yields were consistent with the average yields in the area [78], which is promising in the perspective of agricultural use of digestate, alone or combined with mineral fertilizers. The implementation of conservation tillage management [79] may further improve the efficiency of digestate as an amendment and/or fertilizer.



With regard to the pronounced decrease in maize yield across the whole experimental field in the third experimental year (second maize growth season), it was most likely due to a combination of adverse climate and soil physical conditions arising from the abundant rainfall between January and April (Figure S1), which caused a shift of the entire growing season. At the same time, the fine texture of the soil combined with the low organic matter content might have led to a stronger impact of the heavy machinery on soil structure and hydrological behaviour, resulting in insufficient drainage, extended water stagnation and overall poor soil physical conditions for seed germination and shoot development [80].





5. Conclusions


With a focus on the environmental sustainability of the bioenergy supply chain, the application of digestate to the soil can meet the need to safely dispose and recycle the residues coming from anaerobic digestion and, at the same time, to compensate for soil C and plant nutrient depletion due to crop biomass removal.



From our results, digestate application in a three-year maize-triticale rotation cycle proved to be as effective as 100% mineral fertilization in maintaining crop productivity level. Moreover, the increase in soil TOC following digestate treatments confirmed digestate effectiveness to compensate for carbon depletion.



Further research is needed to increase the knowledge about the optimum dose of digestate to be applied in relation to soil/crop specificities and the best application method to minimize potential negative effects of digestate to the soil and environment quality. The pattern and extent with which the effects of digestate treatments were expressed and their temporal fluctuations underline complex dynamics of chemical, physical and biological processes affecting the material brought to the soil. This suggests that a more or less long period of time is needed during which the achievement of a new stable equilibrium in the soil functions is regulated by the interaction between the amount and quality of biomass supplied, the impact of mechanical operations associated with crop management and climate trend.



Further expected benefits from digestate as amendment, such as improvement of soil bulk density and porosity, were not observed, possibly due to a counteracting interference of soil tillage operations. The effectiveness of a soil amendment and the sustainability of the use of digestate can be strongly conditioned by the crop management system as a whole, and in particular, by those cultivation practices that have a direct impact on the soil and the dynamics of the organic matter and nutrients supplied with the treatment. For this reason, to fully exploit digestate potential, its use should be integrated within an overall more conservative soil management system, involving reduced soil mechanical disturbance. This would be essential to prevent soil physical degradation and excessive organic matter mineralization, thus allowing the organic compounds of digestate to perform their chemical, physical and biological functions and minimize the risk of N loss by leaching and/or gas emissions.



Additional considerations regard the cultivation of energy crops in marginal lands or set-aside areas; this could be a solution to the “food vs. fuel conflict” and, at the same time, would promote rural investments and new job opportunities.
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Figure 1. Soil bulk density (BD; g cm−3) at 0–10 and 10–20 cm depth, under the different treatments and at the different sampling times. 
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Figure 2. Soil macroporosity (pores size >50 µm) expressed as a percentage of area occupied by pores of different shape (regular, irregular and elongated pores) at 0–10 cm (A) and 10–20 cm (B) depth and at two different sampling times (t0 and t2). Different letters above bars indicate statistically significant differences between the % of fissures (elongated pores, size > 500 µm) in relation to the total macro-porosity; different letters inside the bars indicate significant differences within each shape or size class of pores at p ≤ 0.05 (Fisher LSD test). 
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Figure 3. Soil aggregate stability as expressed by the mean weight diameter index (MWD; mm), under the different treatments and at the different sampling times. Different letters indicate statistically significant differences between treatments and sampling times at p ≤ 0.05 (Fisher LSD test). 
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Figure 4. MDS ordination plots of bacterial 16S rDNA (A; stress = 0.218) and fungal 18S rDNA (B; stress = 0.282). Symbols: circle = D0 treatment; triangle = D50 treatment; square = D100 treatment. Colours: white = time t0; red = time t1; blue = time t2; black = time t3. 
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Figure 5. Correlation between soil aggregate stability based on the mean weight diameter (MWD) and total organic carbon (TOC) (** p ≤ 0.01). 
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Table 1. Relative seed germination index (GI) of maize under different digestate concentrations, expressed as the percentage of germinated seeds relative to the control GI (distilled water).
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Digestate Concentration (%)

	
GI (%)




	
SD

	
WD






	
100

	
(undiluted)

	
57.0

	
34.9




	
50

	
(1:2)

	
75.6

	
75.6




	
25

	
(1:4)

	
84.9

	
84.9




	
12.5

	
(1:8)

	
104.7

	
81.4








SD = solid digestate; WD = whole digestate.
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Table 2. Root length (mm) of maize seedlings after 1 week of incubation under different digestate concentrations (means followed by standard error in brackets). Different Latin letters within a column indicate statistically significant differences between digestate concentrations at p ≤ 0.05 (Fisher LSD test); different Greek letters within a row indicate statistically significant differences between digestate types at p ≤ 0.05 (Fisher LSD test).
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Digestate Concentration (%)

	
Root Length (mm)




	
SD

	
WD






	
0

	
(water)

	
25.4 (1.8)

	
ab

	

	
25.4 (1.8)

	
a

	




	
100

	
(undiluted)

	
11.2 (1.5)

	
d

	
α

	
3.6 (0.7)

	
d

	
β




	
50

	
(1:2)

	
19.8 (2.1)

	
c

	
α

	
12.3 (1.4)

	
c

	
β




	
25

	
(1:4)

	
22.9 (2.0)

	
bc

	
α

	
16.4 (1.5)

	
b

	
β




	
12.5

	
(1:8)

	
30.5 (2.0)

	
a

	
α

	
15.9 (1.8)

	
bc

	
β








SD = solid digestate; WD = whole digestate.
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Table 3. Maize and triticale above-ground biomass (t dry weight ha−1) under different experimental treatments (means followed by standard error in brackets).
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Maize

	
Triticale

	
Maize




	

	
2010–2011

	
2011–2012

	
2012–2013






	
D0

	
22.1

	
(1.0)

	
12.7

	
(0.4)

	
11.9

	
(2.3)




	
D50

	
20.4

	
(2.7)

	
11.6

	
(0.7)

	
12.8

	
(3.7)




	
D100

	
19.6

	
(1.2)

	
11.9

	
(0.4)

	
8.8

	
(2.2)








D0 = 100% N as urea; D50 = 50% N as urea + 50% N as WD; D100 = 100% N as WD.
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Table 4. Soil total organic carbon (TOC), total nitrogen (TN) and C/N ratio under the different experimental treatments at different sampling times (means followed by standard error in brackets). Different letters indicate statistically significant differences at p ≤ 0.05 (Fisher LSD test).
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TOC

	
TN

	
C/N




	
Plots

	
Time

	
g kg−1

	
g kg−1

	






	
D0

	
t0

	
10.6

	
(0.2)

	
abcd

	
1.15

	
(0.03)

	
bcde

	
9.2

	
(0.1)

	
abc




	

	
t1

	
11.2

	
(0.4)

	
abcd

	
1.25

	
(0.02)

	
abcd

	
9.0

	
(0.2)

	
abcd




	

	
t2

	
11.4

	
(0.2)

	
abc

	
1.17

	
(0.08)

	
bcde

	
9.8

	
(0.6)

	
a




	

	
t3

	
9.7

	
(0.2)

	
d

	
1.10

	
(0.01)

	
de

	
8.8

	
(0.2)

	
abcd




	
D50

	
t0

	
9.8

	
(0.8)

	
cd

	
1.07

	
(0.08)

	
e

	
9.2

	
(0.1)

	
abc




	

	
t1

	
12.2

	
(0.6)

	
a

	
1.28

	
(0.08)

	
ab

	
9.6

	
(0.2)

	
ab




	

	
t2

	
11.0

	
(0.5)

	
abcd

	
1.30

	
(0.04)

	
ab

	
8.5

	
(0.7)

	
cd




	

	
t3

	
11.1

	
(0.2)

	
abcd

	
1.26

	
(0.03)

	
abcd

	
8.8

	
(0.1)

	
abcd




	
D100

	
t0

	
10.3

	
(0.9)

	
bcd

	
1.12

	
(0.07)

	
cde

	
9.2

	
(0.3)

	
abc




	

	
t1

	
12.2

	
(0.6)

	
a

	
1.27

	
(0.03)

	
abc

	
9.5

	
(0.2)

	
ab




	

	
t2

	
11.0

	
(0.3)

	
abcd

	
1.34

	
(0.05)

	
a

	
8.2

	
(0.2)

	
d




	

	
t3

	
11.7

	
(0.9)

	
ab

	
1.28

	
(0.07)

	
abc

	
9.2

	
(0.4)

	
abc








D0 = 100% N as urea; D50 = 50% N as urea + 50% N as WD; D100 = 100% N as WD.
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Table 5. Soil cation exchange capacity (CEC), exchangeable bases (K, Na, Mg, Ca) and available metal content (Cu, Zn, Fe, Mn) in the soil (depth = 0–20 cm) under different fertilization treatments (D0, D50, D100) and at different sampling times (t0, t1, t2) (means followed by standard error in brackets). Different letters indicate significant differences between soil samples at p ≤ 0.05 (Fisher LSD test).
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CEC

	
K

	
Na

	
Mg

	
Ca

	
Cu

	
Zn

	
Fe

	
Mn




	
Plots

	

	
cmol(+) kg−1

	
mg kg−1

	
mg kg−1

	
mg kg−1

	
mg kg−1

	
mg kg−1

	
mg kg−1

	
mg kg−1

	
mg kg−1






	
D0

	
t0

	
21.3

	
(0.7)

	
274.5

	
(3.1)

	
b

	
20.6

	
(2.1)

	
bc

	
196.6

	
(8.9)

	
3781.0

	
(157.9)

	
28.4

	
(7.4)

	
1.8

	
(0.3)

	
15

	
(0.8)

	
a

	
16.6

	
(1.4)

	
a




	

	
t1

	
21.2

	
(0.6)

	
269.6

	
(9.8)

	
b

	
24.1

	
(1.5)

	
abc

	
207.8

	
(7.4)

	
3752.0

	
(118.5)

	
27.7

	
(7.5)

	
1.9

	
(0.2)

	
14.6

	
(0.2)

	
abc

	
15.1

	
(0.5)

	
ab




	

	
t2

	
20.7

	
(0.4)

	
225.7

	
(20.2)

	
c

	
15.9

	
(1.6)

	
d

	
201.1

	
(8.8)

	
3691.9

	
(74.4)

	
27.5

	
(7.7)

	
1.7

	
(0.3)

	
14.0

	
(0.7)

	
bcd

	
13.2

	
(4.8)

	
bc




	
D50

	
t0

	
20.1

	
(1.1)

	
275.7

	
(6.8)

	
b

	
25.9

	
(4.1)

	
abc

	
212.3

	
(46.2)

	
3583.3

	
(292.3)

	
26.9

	
(3.0)

	
1.9

	
(0.3)

	
15.3

	
(0.3)

	
ab

	
16.1

	
(0.3)

	
ab




	

	
t1

	
21.4

	
(0.3)

	
330.0

	
(20.4)

	
a

	
29.9

	
(2.2)

	
a

	
236.3

	
(34.3)

	
3705.2

	
(73.1)

	
25.1

	
(1.6)

	
1.9

	
(0.3)

	
14.2

	
(0.6)

	
abcd

	
16.7

	
(1.6)

	
a




	

	
t2

	
21.0

	
(0.4)

	
220.0

	
(12.2)

	
c

	
17.3

	
(2.7)

	
d

	
200.3

	
(27.2)

	
3747.1

	
(92.3)

	
24.9

	
(1.5)

	
1.6

	
(0.2)

	
13.3

	
(0.5)

	
cd

	
11.5

	
(2.3)

	
c




	
D100

	
t0

	
21.3

	
(0.2)

	
285.7

	
(12.7)

	
b

	
19.6

	
(1.5)

	
cd

	
196.1

	
(17.9)

	
3788.5

	
(20.2)

	
28.9

	
(6.0)

	
1.6

	
(0.1)

	
15.0

	
(0.3)

	
ab

	
16.1

	
(1.0)

	
ab




	

	
t1

	
21.1

	
(0.7)

	
328.8

	
(11.1)

	
a

	
26.5

	
(1.5)

	
ab

	
210.9

	
(10.8)

	
3683.6

	
(131.0)

	
27.8

	
(6.2)

	
2.2

	
(0.3)

	
14.4

	
(0.7)

	
abcd

	
17.3

	
(1.0)

	
a




	

	
t2

	
20.9

	
(0.1)

	
216.9

	
(12.2)

	
c

	
16.3

	
(1.3)

	
d

	
192.8

	
(15.2)

	
3750.1

	
(36.5)

	
28.7

	
(6.1)

	
1.8

	
(0.0)

	
12.8

	
(0.1)

	
d

	
10.2

	
(0.4)

	
c








D0 = 100% N as urea; D50 = 50% N as urea + 50% N as WD; D100 = 100% N as WD.
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Table 6. Soil microbial biomass C (MCB), microbial N (MBN) and cumulative microbial respiration (MRcum) under different fertilization treatments (D0, D50, D100) and at different sampling times (t0, t1, t2) (means followed by standard error in brackets). Different letters indicate significant differences between soil samples at p ≤ 0.05 (Fisher LSD test).
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MBC

	
MBN

	
MRcum




	
Plots

	
Time

	
µg g−1

	
µg g−1

	
µg C-CO2 g−1






	
D0

	
t0

	
159.8

	
(27.4)

	
ab

	
20.1

	
(8.1)

	
abc

	
426.5

	
(28.1)

	
b




	

	
t1

	
135.5

	
(23.7)

	
ab

	
32.4

	
(6.6)

	
ab

	
424.4

	
(15.9)

	
b




	

	
t2

	
157.5

	
(26.6)

	
ab

	
7.0

	
(2.7)

	
c

	
482.8

	
(17.8)

	
ab




	
D50

	
t0

	
137.1

	
(10.1)

	
ab

	
19.8

	
(1.7)

	
abc

	
443.0

	
(26.8)

	
ab




	

	
t1

	
143.6

	
(17.5)

	
ab

	
33.0

	
(7.5)

	
ab

	
507.8

	
(47.8)

	
a




	

	
t2

	
203.5

	
(31.1)

	
a

	
16.2

	
(3.7)

	
c

	
469.1

	
(7.9)

	
ab




	
D100

	
t0

	
133.3

	
(32.5)

	
b

	
35.4

	
(5.9)

	
a

	
462.2

	
(21.3)

	
ab




	

	
t1

	
153.4

	
(10.7)

	
ab

	
18.4

	
(5.7)

	
bc

	
470.5

	
(25.4)

	
ab




	

	
t2

	
174.4

	
(14.4)

	
ab

	
11.8

	
(2.4)

	
c

	
508.3

	
(20.3)

	
a








D0 = 100% N as urea; D50 = 50% N as urea + 50% N as WD; D100 = 100% N as WD.
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Table 7. Summary of ANOSIM analysis based on 16S- and 18S-rDNA Dice similarity matrices. In the one-way ANOSIM groups were analysed independently (three digestate treatments vs. four sampling time), whereas the two factors (sampling time and digestate treatments) were analysed by a two-way analysis.
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One-Way Global Test

	
Two-Way Crossed




	

	

	
Sampling Time

	
Digestate Treatment




	
DGGE

	
R

	
P

	
R

	
P

	
R

	
P






	
16S-rDNA

	
0.575

	
0.0001

	
0.822

	
0.0001

	
0.448

	
0.0001




	
18S-rDNA

	
0.637

	
0.0001

	
0.808

	
0.0001

	
0.275

	
0.0009
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Table 8. Summary of ANOSIM analysis based on the 16S-cDNA Dice similarity matrices. In the one-way ANOSIM groups were analysed independently (three fertilizer treatments vs. four sampling time), whereas the two factors (sampling time and fertilizer treatments) were analysed by a two-way analysis.
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One-Way Global Test

	
Two-Way Crossed




	

	

	
Sampling Time

	
Digestate Treatment




	
DGGE

	
R

	
P

	
R

	
P

	
R

	
P






	
t0 vs. t1

	
0.686

	
0.0001

	
0.901

	
0.0016

	
0.467

	
0.0005




	
t0 vs. t2

	
0.404

	
0.0001

	
0.494

	
0.0032

	
0.267

	
0.0050
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