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Abstract

:

During biogas production anaerobic digestion of plant material produces a nutrient-rich residue called digestate. The application of the nutrients present in the digestate should improve soil fertility, particularly in nutrient poor soils, and thus crop yield, promoting the closure of the nutrient cycle. This study evaluated the effect of digestate application on the germination and early stages of plant development since these are the first steps to be considered when studying the benefits on plant growth in low fertility substrates. A greenhouse experiment was conducted to evaluate the effects of three substrates of different texture and fertility (field loam, field sand, sand), as well as type and amount of fertilizer (pure maize digestate vs. inorganic nitrogen/phosphorus/potassium (NPK) fertilizer) on both germination and early plant performance of maize (Zea mays L. subsp. mays). While digestate and NPK fertilizer applications had no significant effect on germination in the two field soils, digestate applications significantly decreased the germination rate in sand (36–82% reduction) due to an increase of surface water repellency. In contrast, for aboveground biomass yield, the most positive fertilization effects of digestate application were found on sand (up to 3.5 times the biomass of the unamended control) followed by field sand (1.5 times), compared to no effect for field loam. Our findings suggest that digestate application have positive fertilization effects in low-fertility substrates, similar to NPK, even though digestate application may have a negative impact on the permeability in sandy substrates that could interfere with germination.
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1. Introduction


To promote a sustainable biomass production within a growing bio-based economy, the use of organic residues warrants consideration as fertilizers and soil conditioners. The use of residues from biogas production as bio-fertilizers should be seen as a highly valuable resource [1]. Besides providing a viable option for disposal, digestate represents a strategy to sustain or increase soil fertility and to foster plant biomass yields within the long-term goal to substitute mineral fertilizers [2,3].



The amount of digestates resulting from biogas production has increased rapidly in the last 10 years due to the growing number of biogas facilities. In Germany, the number of biogas plants increased from 1600 in 2002 to more than 7000 in 2011 [4] due to the German Act launched in 2002 that made renewable energy sources a high priority.



The application of digestates to field soils is already a common practice. During anaerobic digestion, dry matter is partially degraded, resulting in a volume reduction and concentration of nutrients in the digestates. Anaerobic digestion produces digestates having a higher ammonium:total nitrogen ratio, a decreased organic dry matter, an elevated pH value and a smaller C:N ratio than the undigested substrates [5]. Several field studies have previously reported as positive these changes in the composition of the digestate compared with non-fermented organic fertilizers, which are relevant for the plant availability of macro- and micronutrients that lead to increased biomass yields. These studies are mostly related to manure-based digestates [3,6,7,8], or from co-digestion with additional plant material [9,10,11]. However, little research has been conducted to evaluate if these positive effects on plant performance can also be observed when digestates are generated only from plant material [12,13] are used.



The use of digestate as a fertility enhancer in nutrient-poor sandy soils is scarcely studied even though a growing demand for agricultural land may promote the use of low fertility soils for plant biomass production [14]. In this scenario, digestate application to these soils would alleviate the fuel-versus-fuel controversy generated by the use of rich agricultural soils for energy plant production [15], allowing an improved plant biomass cultivation on marginal sandy soils [16,17,18].



The addition of digestate as a fertilizer and soil conditioner would be expected to have an overall beneficial effect on plant growth and biomass production. However, the application amount and certain components of the digestate may have negative effects either on the plant [5] or on the soil system due to a reduction of wettability and a promotion of soil dispersion [19], and may also cause plant mortality due to acidification of the soils, as reported by Alburquerque and co-workers [20].



The objective of our study was to evaluate a commercial digestate derived from maize-based biogas production for their effects on maize germination and early growth in field soils and silica sand under greenhouse conditions. We chose maize-based digestate since this plant species is the most commonly used in biogas plants in central Europe and testing effects of this type of digestate will improve our options for helping to close the nutrient cycle within energy plant production.




2. Materials and Methods


2.1. Experimental Setup and Treatments


The pot experiment was conducted in a research greenhouse (located in Jülich, Germany, 50.89942° N 6.39211° E) covered with low-iron float glass with a predominant diffuse light transmission. Additional assimilation lighting (SON–T AGRO 400, Philips, Koninklijke Philips N.V., Netherlands) was used whenever natural light intensity was below 400 µ mol s−1 m−2, providing a total daily light period of 16 h. Average temperature during the course of the experiment was 19 °C during the day and 17 °C at night, with 60% relative humidity during the day, and 50% at night as the standard controlled operation temperatures for day and night of the greenhouses at IBG-2: Plant Sciences, Forschungszentrum Jülich GmbH, Germany.



Our experiment followed a factorial completely-randomized design: The first factor being substrate type and the second factor being fertilizer addition. The substrate type had three levels: Two soils excavated from the ploughing layer (0–30 cm depth) in the region around Jülich: (i) An arable field soil (Endogleyic Stagnosol) developed from loess, with a silty-loamy texture (hereafter called field loam) considered as a high-nutrient content agricultural soil, (ii) a Gleyic Cambisol from the field site at Kaldenkirchen—Hulst (51°18′40″ N, 6°12′10″ E) near the Forschungszentrum Jülich, Germany, considered as a marginal, low-nutrient content agricultural soil (hereafter called field sand); and (iii) a nutrient-free silica sand (silica particle size 0.71–1.4 mm). Information on substrate properties before treatment applications are given in Table 1. The fertilizers used were (i) digestate and (ii) a mineral NPK fertilizer; both were compared to no-fertilizer addition as an unamended control. Digestate is the by-product obtained during biogas production after the anaerobic digestion of pure maize silage and originated from a commercially operating, thermophilic biogas facility (NaturPower GmbH and Co. KG, Titz-Ameln, Germany) with a fermenter volume of 2500 m3 and a hydraulic retention time of the biomass of 72 days.



The three different substrate types were treated with 7 different combinations of fertilizer type and fertilizer application amount as follows: digestate high (DG high), digestate regular (DG regular), digestate low (DG low); positive control: NPK high, NPK regular, NPK low; negative control (control): no fertilizer application. The digestate was obtained from the digestate storage tank at the biogas plant and was analyzed by the agricultural research laboratory of North-Rhine Westphalia, Germany, in accordance with analytical standards (LUFA NRW). All values given in the following refer to the fresh digestate as received, without previous solid–liquid separation. The digestate contained 0.53% total nitrogen (including 0.32% ammonium-N), 0.19% phosphate (P2O5), and 0.71% potassium (K2O). Considering the true elemental P and K content and not their oxidized forms, the NPK ratio for 0.53% N, 0.08% P, 0.58% K is 1.0:0.15:1.11, respectively. The digestate contained 6.9% dry matter (consisting of 41.1% total carbon), and had a pH value of 7.9 (CaCl2). In addition, 0.14% CaO and 0.06% MgO were determined in the fresh digestate. To compare the nutrient availability and fertilizing effects of the digestate with the application of easily plant-available nutrients, a commercial NPK fertilizer consisting of 16% N (composed of 6.3% NH4; 9.7% NO3), 8% P2O5, 22% K2O, and 3% MgO (with a NPK ratio of 1.0:0.22:1.14, when considering the elemental values accounting for 16% N, 3.44% P, 18.26% K, respectively) was used. The specific composition of the commercial fertilizer used had the most similar NPK ratio compared with the digestate among 17 other commonly-available mineral fertilizers.



Three different application amounts (high, regular, and low) of digestate and NPK fertilizer were used in the experiment. The applied amounts of digestate were calculated in accordance with a regular agricultural field application of 40 t ha−1 of fresh digestate as received from the biogas plant. This was considered in the experiment as a regular application, as was also found a suitable dosage for the fertilization of the non-food energy crop Sida hermaphrodita (L.) Rusby in a sandy marginal substrate [21]. The regular application amount of NPK fertilizer used in the experiment was chosen based on an agricultural application of 200 kg N ha−1. Double the amount of the regular application amount of digestate or NPK fertilizer was considered a high application and half the amount of the regular amount applied was considered a low application. The amounts of N, P, and K applied in the experiment (calculated in kg ha−1) are given in Table 2 and were adjusted to the pot surface areas (11 × 11 cm) used.




2.2. Soil Treatment and Cultivation Practices


The different amounts of digestate and NPK fertilizer were applied to each individual substrate, and were thoroughly mixed in an end-over-end mixer for 10 min to allow an even distribution of the fertilizers. The fertilized substrates were left undisturbed in closed containers for a period of one week prior to experimental application for equilibration and nutrient distribution. Subsequently, each pot (11 × 11 × 11 cm; n = 7) received 1 L of the field loam (equaling 1.1 kg), field sand (1.3 kg), or silica sand (1.5 kg) with one specific fertilizer application of digestate or NPK fertilizer. For each substrate, unamended controls (n = 7) were also established for comparison. All pots were kept at 50% water-holding capacity using an automated watering system.



Pre-tests of the maize seeds used (Zea mays L. subsp. mays, Hybrid LG 30.222LG, Limagrain, Deutschland GmbH, Edemissen, Germany) without any fertilizer treatment showed a germination rate of 98% after seven days. To determine the effects of the digestate or NPK fertilizer application on the germination in our experiment, four maize seeds were sown in each pot at a depth of 2 cm. To minimize potential local abiotic effects, all pots were re-randomized in position weekly throughout the experiment.



During the first ten days after sowing, germination of the four seeds sown in each pot was counted. Subsequently, the oldest plant was kept per pot (while the others were entirely removed) giving one plant per pot in order to focus on the fertilizer effects on single plant performance.



The experiment was terminated when the plants reached 45 days after germination, and plants were cut at ground level, weighed for fresh weight, and dried at 70 °C until constant weight. Root material was washed manually, and was dried at 70 °C until constant weight.




2.3. Additional Experiments Related to Germination


A pre-experiment, using ten replicates, was conducted to evaluate the effects of a single amount of surface-applied digestate (corresponding to 40 t ha−1 digestates) and NPK fertilizer on the germination and performance of juvenile maize plants in the different substrates and treatments. This approach was necessary since surface application of the digestate led to clogging of the substrates, and a resulting reduction of hydraulic conductivity and germination. This pre-experiment, thus, provided the necessary information on the best way to apply the fertilizers in the main experiment.



A complementary germination experiment was conducted three months later than the main experiment, under the same greenhouse conditions, using two lower amounts of digestate in field sand and silica sand, in order to define if the phenomenon of water repellency previously observed in the silica sand could also be observed with lower amounts of the digestate. To do so, five replicates of each application for each substrate with ten seeds per pot were used. The treatments were as follows: (1) High application of digestate (half amount of the low application used in the main experiment; i.e., equivalent to 10 t ha−1); (2) low application of digestate (half amount of the above mentioned high application; i.e., equivalent to 5 t ha−1), and (3) unamended control.




2.4. Data Collection on Plant Performance


The germination rate for maize in all treatments was calculated by counting the number of emerged seedlings per pot during the first ten days after sowing and calculating percentage germination.



As an indicator of growth and development, the greenness of the leaves was measured at regular intervals using a soil plant analysis development chlorophyll meter (SPAD-502, Konika-Minolta, Marunouchi, Japan), as the green color of the leaves is an indicator of the chlorophyll content and SPAD values thus provide indirect information on plant nitrogen status [22]. In addition, plant maximum height in cm was measured 10, 16, 25, 30, 35, and 45 days after emergence. We measured SPAD weekly from all emerged leaves of each remaining plant and height of plants in order to follow changings in growth and chlorophyll dynamics over time, as these parameters often vary over time.



After harvesting, fresh and dry weights of stems and roots were determined. Since the pre-experiment revealed a plant biomass distribution of 80% stem and 20% leaves for all treatments and substrates tested, leaves and stem biomass were not separately measured. The hydraulic conductivity (Ks) of both field substrates at both treatments was measured to consider potential effects of digestate application on the permeability of the substrates. The substrate permeability was measured in digestate-treated and unamended silica sand using the water drop penetration time (WDPT) method [23,24], since water repellency was observed in the silica sand treated with digestate.




2.5. Statistical Analysis


Statistical analyses were performed using the statistical program R.2.12.2 (R: A Language and Environment for Statistical Computing (2012) http://www.R-project.org/). Biomass yield, germination rate, height, and SPAD measurements were compared with two-way analysis of variance (ANOVA), using substrate type and fertilizer treatment as factors.



The factor substrate type had three levels (field loam, field sand, and silica sand), and the fertilizer factor had seven levels (digestate high, digestate regular, digestate low, NPK high, NPK regular, NPK low, and unamended control). Any data that did not conform to homogeneity of variance were log-10 transformed before analysis. Note that figures show non-transformed data. All time-series measurements (SPAD, plant height, germination rate) were also analyzed using repeated measures ANOVA (RMANOVA) with a greenhouse-Geisser correction, using SPSS (IBM, NY, USA) to take into account that time intervals were not always equal. We used Tukey’s honestly significant difference (HSD) posthoc test after ANOVAs at a significance level of p < 0.05, to see which level of a factor differs from one another. Data were calculated as arithmetic means ± standard error of the mean of seven replicates.





3. Results


3.1. Germination


Germination measurements during the first eight days after sowing (Figure 1) showed that substrate type (p < 0.0001) and fertilizer treatment (p = 0.005), as well as the interaction between the two (p = 0.032), had significant effects on germination (using repeated measures ANOVA). Posthoc tests showed that the significant effect of substrate type was due to differences between silica sand and the field substrates (p < 0.0001). Germination in field loam and field sand was significantly higher than in silica sand (p < 0.0001). The effects of substrate type and fertilizer treatment on germination changed over time (p < 0.001 and p < 0.0001, respectively), as well as the interaction effect between substrate type and fertilizer (p = 0.035).



Comparing fertilizer effects on germination by substrate over time (RMANOVA with different substrate types analyzed separately) showed that for the field loam, fertilizer effects were initially positive (p = 0.028), and this was found to be due to differences between the unamended control and regular digestate application. At day five after sowing, for example, see Figure 1a, the germination in field loam was more than 90% in regular application of digestate (p = 0.001 for ANOVA of all fertilizer treatments on day five) compared to 20% for unamended control. At day eight, ANOVA tests of fertilizer effects on germination (separated by field soil type) no longer showed any significant effects on germination (p > 0.05) in the field loam. In contrast, in the field sand there was no overall significant effect of fertilizer treatment on germination over the whole timespan (RMANOVA, p = 0.203).



For the silica sand, fertilizer effects on germination were found to be very significant between the fertilizer treatments (p < 0.0001; posthoc tests showed that all treatments were significantly lower than the unamended control except for NPK low and regular; see Figure 1c for details). In contrast to the positive effect of digestate application on germination in the field soils, larger amounts of digestate in silica sand resulted in a significant (p < 0.0001) reduction in germination, accounting for −82% compared with the unamended control.




3.2. Complementary Germination Experiments


Germination in the post-experiment was measured ten times over the first 15 days after sowing in the field sand and silica sand, testing the lower end of the digestate application gradient. Data showed that substrate type (p < 0.0001) and fertilizer treatment (p < 0.0001), as well as the interaction between the two (p < 0.0001), had a significant effect on germination. The effect of fertilizer treatment was analyzed in both substrates daily from day five until day 15.



In the field loam, all the treatments reached >90% of germination after six days; however, in the silica sand the differences between the treatments were very significant. Five days after sowing the percentage of germination under low digestate application (94%) to the silica sand was significantly higher (p < 0.05) than for the high application (10%) or the control (24%). By one week after sowing, the low application already presented 100% germination, which was significantly higher than the control (with 62%; p < 0.05) or the high application (with 32%; p < 0.05). By 11 days after sowing, the germination rate of the low application was similar to that of the control (p > 0.05) whereas the high application of digestate in the silica sand was still significantly lower than low application and control. Overall, this showed that the low digestate application was below the threshold of the negative substrate permeability effect.




3.3. Hydraulic Conductivity and Permeability Analyses in the Substrates


High water repellency in silica sand treated with digestate was found. In addition, soil permeability analysis with brilliant blue solution gave evidence of preferential water flow in digestate-treated silica sand, resulting in limited wetting of the bulk sand and the seeds.



The hydraulic conductivity (Ks) was analyzed for both soil treatments (Table 3). According to the standard values of Ks digestate treatment increased the permeability in the loamy field soil, changing its classification, from low to medium permeable soil. In field sand, samples treated with digestate had a higher permeability than the respective control, considering the soil in all conditions medium permeable. Digestate treatment decreased the Ks values in field loam and field sand, resulting in an increased permeability in these soils. Due to the high permeability, the Ks value could not be determined for the silica sand.




3.4. Plant Growth and SPAD Measurements


With decreasing nutrient levels in the experimental substrates, the benefits of digestate application for plant performance were more pronounced. Significant differences on plant height over the whole experimental period (tested using RMANOVA) showed that substrate type (p < 0.0001) and fertilizer treatment (p = 0.0001), as well as their interaction (p = 0.0001), had significant effects on plant growth. Posthoc tests showed that the significant effect of substrate type was again due to differences between silica sand and the field soils (p < 0.0001). The effect of fertilizer treatment and substrate type on plant height changed over time (p < 0.0001), as well as the interaction effect between substrate type and fertilizer (p < 0.0001).



The effect of fertilizer treatment on height was analyzed for each substrate at specific time points. We only found significantly lower heights of digestate-treated plants compared with the mineral NPK fertilizer in the field soils 25 days after germination (p < 0.001, see Table 4). In field loam, considered as the most fertile substrate, equal effects on plant growth were only observed for DG low compared to NPK low treatments (p < 0.05), whereas the effects of NPK high and NPK regular were more pronounced (not significantly for the high amount) compared to the DG high and DG regular treatment. In these cases, plant heights reached 90% to 80%, respectively, compared to the plants treated with the NPK fertilizer.



However, in field sand, considered as a low-nutrient content soil, the fertilizing effect of the applied digestate on plant height was more pronounced compared to the NPK fertilizer treatments. In field sand, DG regular and DG low showed the same effects on plant performance as the easily plant-available NPK regular and NPK low fertilizer applications. In contrast, the fertilizing effect of NPK high treatments was pronounced compared to DG high treatments (p < 0.05). Significant differences on plant maximum height between the two fertilizers were observed only after 35 days, when plants treated with high amount of digestate reached 85% of the plants treated with NPK fertilizer.



In silica sand, plants with high and low digestate treatments tended to be taller compared to plants with NPK treatments (although not necessarily significantly), and all treatments were significantly (p < 0.05) higher compared to the unamended control, accounting for an increase of 46%, 40%, and 56% at DG low, DG regular, and DG high treatments, respectively.



SPAD analyses also indicated the beneficial use of digestate for plant performance in low fertility substrates, and were in accordance with the findings described above for the height. SPAD data obtained over the entire duration of the experiment showed that substrate type (RMANOVA p < 0.0001) and fertilizer treatment (p = 0.0001), as well as the interaction between the two (p = 0.0001), had significant effects on SPAD values of the leaves (see Table 4 for statistically significant results at specific time points). Posthoc test showed that the SPAD values obtained for plants with the three substrates were significantly different from one another (p < 0.01), compared to height data where the field soils were different from the silica sand.



In field loam, differences in SPAD values (p < 0.05 for field loam analyzed alone at each time point) between digestate and NPK fertilizer treatments increased during the experiment until the final harvest, when high and regular application of digestate reached 60% to 70% of the greenness measured in the leaves of the NPK treated plants. Low amounts between the fertilizers did not show significant differences.



In the field sand, SPAD values with high DG treatments reached 60% of the SPAD values of the high NPK treatment at the end of the experiment, and were 10% higher than the unamended control.



In silica sand, digestate treatments improved SPAD values significantly compared with the unamended control at the beginning of the experiment, with no significant differences between NPK treatments (p < 0.05). However, 28 days after sowing, SPAD values of the digestate-treated plants were higher compared to both the unamended control and the NPK treatment. In this substrate SPAD values were equal at termination of the experiments for all treatments.




3.5. Biomass Yield


Shoot and root biomass yields were measured at the end of the experiment 45 days after sowing (Figure 2). The beneficial effects of digestate application to low fertility substrates (as described above with regard to plant height and chlorophyll content) were even more pronounced regarding the biomass yield.



Data showed that substrate type (p < 0.0001) and fertilizer treatment (p = 0.0001) as well as the interaction between the two (p = 0.0001) had significant effects on shoot biomass yield. Posthoc tests showed that the significant effect of substrate type was due to differences between silica sand and the field soils (p < 0.0001).



Comparing fertilizer effects on shoot biomass by substrate showed that NPK treatment was only better at fertilizing in the higher application levels (regular and high treatments) in field substrates (p < 0.05).



In field loam, no significant differences between digestate treatments and unamended control were observed. However, in the field sand the positive effect of digestate on shoot biomass yield was observed up to a factor of 1.5 compared with the unamended control. The NPK treatment was only better than the unamended control at high application amounts.



In silica sand, digestate treatments increased shoot biomass yield by a factor up to 3.5 compared to the unamended control, and showed no significant differences compared to the biomass yield in the NPK treatment.



Root biomass distribution between different treatments was similar to the above ground biomass distribution. Shoot:root biomass ratios were high in both field soils due to an increase of shoot biomass (Figure 2) (4.1:1 in field loam, 4.9:1 in field sand), while in the silica sand the ratio was less pronounced (2.2:1) due to increased root biomass yield.



Shoot biomass yield was compared with the maximum height of plants with a linear regression. Values for both field substrates showed a high correlation (p < 0.05) between plant height and biomass (field loam: r = 0.99, field sand: r = 0.96). The correlation was less pronounced for the silica sand (r = 0.76) since digestate application increased biomass yield in a range of 2.2 to 3.5 compared with the unamended control, while the height increased in a range from 1.1 to 1.5.





4. Discussion


4.1. Fertility of the Substrate after Digestate Application


The addition of digestate is expected to increase the fertility and quality of poor substrates [2,25,26]. A number of previous studies have tested the possible beneficial effects of digestate on plants, but all these studies included digestates from co-digestion rather than from pure plant material, as used in our experiment [1,9,10,27]. We hypothesized that adding pure maize digestate from biogas production would have a fertilizing effect on plant performance broadly comparable to that of NPK fertilizer addition and that the effect would be modulated by the original fertility of the substrate used, observing in the lower fertility substrates the more significant effect of the digestate. In our study, although the ratio of P and K was slightly lower in the digestate than in the mineral fertilizer, the fertilizing effect of maize digestate was surprisingly high overall. Indeed, the digestate was equivalent in its fertilizing effect in the field substrates and performed better than mineral NPK on the silica sand, where the initial nutrient content was close to zero. We assume that organic matter added with the digestate not only provides nutrients for crops, but also increased the water-holding capacity [28], facilitating the maintenance of structure, drainage, and aeration, leading to a beneficial environment for nutrient availability and plant growth [29]. The organic matter mineralization process increases the amount of ammonium and nitrate in the soil; however, the NO3–N is minimally adsorbed by the soil particles because it is very mobile and is susceptible to losses [30]. Therefore, the application of digestates may reduce nitrogen leaching compared to the NPK fertilization, as digestates contain a high amount of mineralized nitrogen mainly as ammonium [27], but, in contrast, in mineral NPK fertilizer (as employed in our study) nitrogen is mostly conserved as nitrate. The higher mobility of nitrate compared to ammonium (due to its negatively charged ions that are not attracted to soil particles) could move the N from NPK fertilizers easily to the root zone, making it more available than the N in the digestate. That could be the reason why we found a better plant performance with high levels of NPK fertilizer in the substrates with higher nutrient content and higher cation exchange capacity during the first weeks after application. This finding is not observable in long term experiments, with slow and constant mineralization in digestates, often without raising the nitrate leaching to groundwater, as observed in another study on ryegrass over a longer time scale (>6 months), where no differences between NPK and digestate application treatments on final biomass yield were observed [12].



Our findings support previous studies where a pronounced fertilizing effect of digestate has been observed for substrates with structural or fertility problems [31]. As shown, the digestate increased the fertility of the poor sandy substrate providing sufficient nutrients for early maize growth, assuming that also the physical structure, water-holding capacity, and cation-exchange capacity of the substrate were also improved [28]. Giusquini and co-workers [32] also found that similar digestates increased the total porosity of the substrates, and that was correlated with an increase in the water-holding capacity. Overall, the highest nutrient substrate (field loam) required a high application of digestate to produce a significantly better fertilizing effect on the plants compared with NPK, whereas in lower nutrient content substrates (field sand and silica sand) lower amounts of digestate were enough to significantly increase plant growth (Figure 2). The NPK-mineral fertilizer showed similar or better effects than the digestate when applied to soils with a naturally given nutrient content. However, the digestate improved the general condition of the soil better in the very low fertility soils compared to NPK.



Our results suggest the potential for digestate to increase the fertility of soils with low nutrient content. This effect of the maize digestate suggests that not only the easily available nutrients are important for plant growth, but also the contribution of digestate to improve physical properties or to increase organic content in the soils. Organic compounds present in the sand will increase the cation-exchange capacity making ammonium attached to the soil more available, rather than the nitrate from the NPK that leaches easily.




4.2. Dose Effect of the Digestate


We secondly hypothesized that the fertilizing effect of the digestate would be modulated by the amount applied. This contribution of the digestate to improve soil physical properties in addition to the nutrient supply could explain why the effect on plant performance of different amounts of one fertilizer type (e.g., DG high versus DG regular and DG low) for one specific substrate was less pronounced compared to the effect within the same application amount across fertilizer types (e.g., DG high versus NPK high).




4.3. Effect of Digestate on SPAD


SPAD readings in plants growing in the silica sand, as a nitrogen deficient substrate, were lower compared to plants grown on the field soils. This not very surprising result is confirmed by other authors [33] who also found lower leaf chlorophyll content (determined via SPAD readings) in plants growing on nitrogen-deficient soils, whereas higher values were observed in more nitrogen-rich soils. The differences in the SPAD readings between digestate-treated plants and NPK-treated plants decreased as the fertility of the substrates decreased, which we also found for aboveground biomass, indicating also that the digestate increased the fertility of soils with low nutrient content. These results are supported by other studies reporting that digestate application increased plant height and SPAD measures [34,35]. In contrast, a previous investigation with digestates from animal manures added to sand showed that N content of the plant (calculated by SPAD) decreased when applying digestates as an alternative to mineral fertilizers [36]. In the present study with silica sand, no difference was found among treatments in leaf nitrogen content (as SPAD measures) at the end of the experiment, as was also found in a previous study over longer time scales [37], indicating that maybe the organic materials were utilized in the short term period.




4.4. Effect of the Digestate on the Hydraulic Conductivity of the Soil, Germination, and Plant Performance


We also hypothesized that effects of digestate would differ depending on whether one focusses on germination and plant establishment or the plant biomass production. In silica sand, digestate had a negative effect on germination but clearly improved plant performance (biomass, plant height, and SPAD measures). In field sand, no clear effect of digestate application on either germination or plant biomass yield was observed. In field loam, however, the patterns were opposite to those found on silica sand: The digestate improved germination but did not have a clear effect on biomass yield. Possible reasons for these findings could include different hydraulic conductivity characteristics of the substrates used. The hydraulic conductivity (or permeability) can affect the hydrology and moisture condition of the substrates and hence germination. Confirming this, a recent study found that the effect of the addition of digestates on the soil-wetting behavior was mainly influenced by the soil texture and soil moisture content [19]. In our study, the silica sand treated with digestate showed a phenomenon of water repellency at the surface and a preferential water flow resulting in an inhomogeneous wetting of the substrate and, consequently, a decline in the germination rate. Similarly, a previous study [38] found that when water potential decreased, the time for germination of wheat was slow or halted. The increase in the degree of water repellency with higher digestate applications in the silica sand might be associated with an increased content of organic matter in this fertilizer, leading to a higher hydrophobicity, as has been previously reported [39,40], and to the fact that digestates contain large quantities of monovalent salts and long-chained fatty acids, that can consequently increase water repellency [19]. The decomposition of hydrophobic organic materials originating from digestates can coat soil particles preventing the infiltration of water into the soil profile [41,42].



Additional studies found an interaction between the texture of the soil and the hydrophobic substances present in the digestate [43,44]. Soils with a small surface area (e.g., silica sand) are more prone to water repellency compared to other substrates, such as silt or clay, after the application of digestates [45], due to the fact that individual small particles become more completely covered by hydrophobic substances.



In contrast, on field loam and field sand (finer textured soils) the increase of the permeability after digestate application (see Ks values in Table 3) was related to improved moisture status and this, in turn, positively affected germination. This is in line with other studies showing that digestate can be an enhancer of soil structure [25] and water-holding capacity [19]. In our study we found a relation in the increase of plant yield with the application of digestate and an improved hydraulic conductivity (Table 3) and moisture retention. This positive effect on the germination rate was also previously observed in field loam and field sand [46]. However, other studies have also hypothesized that application of manure-based digestates could have a negative effect on germination in these soils due to phytotoxicity effects, if the digestate is not completely digested [47]. Seemingly a toxic effect on germination using pure maize digestate did not occur in our study.



To our knowledge, no comparable data on the effect of pure maize digestate applied as a fertilizer for plant biomass production are available to date. Therefore, the findings of our study provide important additional information on the effect of maize digestate on plant performance, particularly on low fertility soils.





5. Conclusions


Digestate from plant material, which commonly contains large amounts of mineralized N in ammonium form and no heavy metals, presents a promising alternative to mineral fertilizers that require substantial energy input for its production. Digestate addition to soils does not only provide nutrients for crops, but also supply organic matter to the soils that facilitates the maintenance of its structure and improves the water-holding capacity. Digestate application did not always affect soil properties in the same way, and it depended on the substrate used, showing a negative effect in the silica sand reducing the permeability and hence the germination of maize, not observable in the field substrates. These findings can contribute to further understanding of the economic and environmental benefits of the use of digestate as fertilizer and soil conditioner in low fertility soils. The extent to which digestate application of pure plant biomass origin can facilitate biomass production on nutrient-poor soils still needs scientific field-scale investigation.
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Figure 1. Germination rate of maize in field loam (a), field sand (b), and sand (c) with the application of maize digestate (DG) or NPK inorganic fertilizer/positive control (NPK) at different levels: no-fertilizer/negative control (C), high application (H), regular application (M), low application (L). Values are means ± standard error of the mean (n = 28). 
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Figure 2. Maize shoot and root biomass production in field loam, field sand, and sand after the application of maize digestate and NPK fertilizer at various amounts: No-fertilizer/negative control (C), digestate (DG), NPK inorganic fertilizer (NPK)/positive control, low application (L), regular application (M), high application (H). Different letters above shoot bars indicate significant differences (p < 0.05) between treatments within the same substrate for the whole plant. All values are means ± standard error of the mean (n = 7). 
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Table 1. Chemical properties of the substrates used in the experiment. TOC, total organic carbon; TC, total carbon; TN, total nitrogen; WHC, water-holding capacity. Mean variation n = 3: For concentration >1% = ±3%; for concentration <1% and >0.1% = ±10%, and for concentration <0.1% = ±20%.
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	Analysis
	Field Loam
	Field Sand
	Sand





	TOC (%)
	1.09
	0.92
	<0.005



	TC (%)
	1.12
	0.95
	<0.005



	TN (%)
	0.12
	0.09
	<0.01



	K (%)
	1.64
	0.78
	0.047



	P (%)
	0.085
	0.087
	<0.05



	Al (%)
	4.05
	1.57
	0.062



	Ca (%)
	0.470
	0.210
	0.042



	Fe (%)
	1.79
	1.00
	0.016



	Mg (%)
	0.30
	0.11
	<0.05



	Na (%)
	0.65
	0.24
	<0.01



	Mn (%