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Abstract

:

The short-term effects of soil amendments on the structure, diversity and function of a nematode community of Miscanthus × giganteus was investigated. Crop was cultivated on marginal, nutrient-poor land amended with biochar in single and double doses (BD1 and BD2), biogas digestate (D), sewage sludge (SS), and hemicellulose waste (HW). Sampling was done after planting, in the middle and end of vegetation; morphology-based approach was used. 28 nematode taxa were identified, including 5 bacterivores genera, 4 fungivores genera, 5 herbivores genera (11 species), 2 omnivores genera, 5 predators genera. The general linear models, correspondence analysis and clustering were applied for evaluation. The total abundance of nematode taxa Filenchus, Dorylaimus, Cephalobus, Panagrolaimus, Aphelenchus, and Ditylenchus was depended on the sampling time and amendments. The incorporation of amendments affected nematode food web and resulted in suppression of plant-parasitic nematodes (PPNs). It was revealed that community structure was more mature for SS, less stable for D and had inconclusive effects for BD1, BD2, and HW. Using amendments ensured pest control benefits which is important given concern that PPNs can inflict crop damage during increased cultivation of M × g. Further research is needed to examine amendments which can minimise PPNs without reducing populations of nitrogen-fixing bacterivores and fungivores.
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1. Introduction


The soil organic amendments produced from biomass or living organisms typically include compost, biochar, wood chips, charcoal, animal manure, straw, husk, geotextiles, sewage sludge, digestate, and hemicellulose waste from paper production [1,2,3,4,5,6,7]. These compounds are rich in plant nutrients and contain high levels of organic matter, macro- and microelements that improve soil fertility by enhancing microclimatic conditions and providing microbial growth substrates [8,9,10,11,12,13,14,15,16,17]. The incorporation of soil amendments can be beneficial in the production of Miscanthus × giganteus J.M. Greef & Deuter ex Hodkinson & Renvoize (Angiospermae: Poaceae) (M × g) in poor soils by increasing soil fertility and maximising crop yield [1]. M × g has a relatively high biomass yield and cellulose content compared with other lignocellulosic bioenergy crops [18], which makes it one of the most promising feedstocks for the production of biofuels [19] and bioproducts: fibres, insulation materials, and papers [20]. The cultivation of M × g on the slightly contaminated or marginal lands has environmental and economic benefits: in addition to the remediation potential [21,22], the plant demonstrates high efficiency in carbon sequestration [23].



Sewage sludge is a widely used soil amendment of M × g cultivation proposed to improve the biomass production on agricultural, marginal and slightly contaminated by trace elements land [2,3,4]. The application of this amendment ensures high crop yields and biomass quality that can be used as raw material for energy and bio-products and improves soil health.



There is a close connection between biochar and bioenergy production: this amendment can be produced from the residues of bioenergy crops, generated during biochar production, and biochar can be applied to fields where energy crops including M × g are grown [5,6]. Due to the ability of biochar to restore and remediate deteriorated soils [7], it is widely touted as a valuable land management tool with great potential to mitigate climate change [8]. Its application can improve soil quality in a variety of ways, including increasing soil water holding capacity and crop yield, raising pH, and increasing crop yield [8]. Biochar amendment affects soil structure and function [9], mainly by altering nutrient cycling [10] and influencing soil microbial communities [11].



During the production of energy crops on marginal land, another substance positively influencing soil fertility and biomass is the digestate from agricultural biogas plants [12]. It can be used directly or processed into the amendment, the latter approach is more sustainable and beneficial to the environment [13].



The use of paper mill sludge to improve soil quality and increase crop yield has been reported [14,15,16], but caution should be exercised when using it as an amendment. The main concern of using the sludge is related to its content of industrially-derived contaminants of trace elements. As a result, the incorporation of this amendment may lead to new (secondary) contamination of the soil by contaminants presented in the sludge [17].



While using soil amendments to increase M × g production on marginal land, it is necessary to investigate the regulation of soil quality, which can be done by studying the soil biota. Nematodes are a dominant component of the soil biota and serve as primary, secondary, and tertiary consumers in soil food webs, thus reflecting their complexity. These organisms, which live in soil microecosystems, are sensitive to environmental changes and can be proposed as valuable bioindicators for soil health assessment [24,25]. The abundance and diversity of soil nematode communities can be used to holistically assess biotic and functional soil conditions due to the use of organic amendments [26].



Subterranean nematodes are represented by two groups: plant-parasitic nematodes (PPNs) or herbivores that parasitise and damage plants and free-living nematodes (FLNs) [27] providing the various ecosystem services, e.g., nutrient cycling [28,29], microbial redistribution in the soil profile [30], and insect control [31]. FLNs are classified as fungivores, bacterivores, predators, and omnivores that can be beneficial for soil fertility and ecosystem function [27,32].



Numerous studies have investigated the effects of organic amendments and fertilisers on soil nematodes [33,34,35,36,37]. Organic amendments were proposed for the management of PPN populations [38,39]. Composted sewage sludge and fly ash from coal combustion had the potential to control populations of root-knot [40] and cyst nematodes [41,42]. Some studies on the effects of biosolids on nematode communities illustrated existed disparity in results. Nematode abundance and diversity were significantly affected by five different sewage sludge treatments in five soil types [43]. The most evident response to sewage sludge application was seen in bacterivores, with a negative correlation between the sewage sludge dose and nematode communities.



The effects of biochar on soil nematodes are less well studied [44], and results illustrated different responses of PPNs to the treatment. Biochar incorporation reduced the abundance of the stubby-root nematode Trichodorus sp. [45] in maize crops and the migratory endoparasite nematode Pratylenchus penetrans Cobb in carrot crops [46]. Five-year monitoring of the impact of biochar and manure added to low fertile yellow cinnamon soil showed significant decreasing of PPNs levels. Moreover, the strong dominance of bacterivores was caused by increasing the soil productivity, which increased wheat yield [47]. Wanjiku Kamau et al. [45] observed a significant reduction in bacterivorous nematodes during maize vegetation in biochar-enriched soils. Microbial and bacterivore alterations could explain PPNs suppression mechanisms that occurred in biochar-enriched soils [48]. The addition of biochar to rice potting soils reduced the crop’s susceptibility to the root-knot nematode Meloidogyne graminicola Golden & Birchfield [49]. In some cases [50,51] biochar did not impact to the potato cyst nematode Globodera sp., while neutral and negative effects were determined for the root-knot nematode (Meloidogyne sp.) [44,51,52]. Several studies [53,54] explored the effect of biogas digestate (D) and hemicellulose waste from paper production (HW) on soil nematodes. It was shown that the combined treatment of soil with HW and urea reduced the population of soybean nematodes under greenhouse conditions [53]. The addition of D showed the potential to limit infestations of Meloidogyne incognita Kofoid & White and Pratylenchus penetrans [54].



In our previous study [4], the impact of soil amendments and agricultural practices on soil nematode community under M × g cultivation was investigated, while the post-military Pb-contaminated land was amended with biosolid from the wastewater treatment plant in combination with tillage treatment. The results showed that three-year crop growth affected the soil nematode community, which was highest in two exploited cases: tillage and tillage + biosolids. In the control case without agronomic practices, the nematode community diversity was enriched by increased populations of herbivores, omnivores and predators.



We are not aware of any systematic study that comprehensively addresses the assemblage and diversity of the soil nematode community during the cultivation of M × g on marginal land amended with various organic soil amendments. The main goal of the current study was to evaluate the short-term (one vegetation season) effect of soil amendments of different origins on the composition and diversity of the nematode community under M × g growth on marginal land. The following organic amendments were used: biochar in doses of 5 and 10% (BD1 and BD2), biogas digestate (D), sewage sludge (SS), and hemicellulose waste (HW).




2. Materials and Methods


2.1. Experimental Field


The soil for investigation was taken from M × g plantation established in 2021 on marginal land in Nové Spořice, a suburb of Chomutov city, Czech Republic (50°27′38” N, 13°23′07” E).



The experimental field was a randomised complete block with four replicates for each soil amendment. Each plot was 2.5 m × 2 m and contained 30 M × g rhizomes planted at a depth of 10–12 cm, with 1 m passageways between plots. The properties of the soil amendments used in the experiment are listed in Table 1 and Table 2. The amendments were added to the soil on 26 April 2021, and the rhizomes were planted on 27 April 2021. Each rhizome was planted at the pointed place in the soil pre-treated with a targeted amendment. The planting material was M × g obtained from the Miscanthus d.o.o. deposit field (Popovača, Sisak-Moslovina County, Croatia; https://miscanthus.hr (accessed on 1 July 2022)). The rhizomes were three years old and had an average weight of 20 ± 2 g. At the end of the vegetation season, on 30 October 2021, the biomass was harvested.




2.2. Soil Characteristics


Prior to establishment of M × g plantation, the research soil was collected for the measurement of agrochemical parameters. Soil sampling was carried out from one 5 m × 5 m testing square using the standard approach DSTU 4287:2004 [55], and five samples were collected at a depth of 0–0.3 m by quartering and mixing. The agrochemical parameters of the soil are given in Table 3, and the characteristics of the soil with targeted amendments are presented in Table S1. According to the standards [56,57], the soil reacts strongly acidic after salt extraction to become medium acidic after water extraction; soil K content is high, Mg content is good, Ca content is satisfactory, P content is low, and soil organic matter content is classified as medium-high. According to [58], the soil type is Cambisol; the soil-forming substrate is a mainly acidic metamorphic rock. The average altitude of the land in the area concerned is 360 m above sea level. The average annual rainfall is quite low (the foothills of the rain shadow), reaching a value of 525 mm, and the average rainfall per growing season is 300 mm. The average annual air temperature is 7 °C.




2.3. Nematode Analysis


2.3.1. Nematode Sampling


A soil sampling for nematodes identification was done three times during the first growing season, i.e.: on 21 May 2021–immediately after planting M × g (Pi), on 20 July 2021–in the middle of vegetation (Pf1), and on 9 October 2021–at the end of vegetation (Pf2). The composite soil sample (500 g) was derived from five sampling spots of each replication. The soil was taken directly from the root zone of M × g at a depth of 35 cm. Upon arrival to the laboratory, the composite soil samples were thoroughly mixed and 100 cm3 of each was used for nematode identification.




2.3.2. Nematode Isolation and Identification


The rapid centrifugation–flotation method [62] was used to extract nematodes from the soil samples. The soil sample (100 cm3) was placed in a 600 mL beaker and sufficient volume of water was added to bring the total volume to 500 mL. The sample was stirred and allowed the soil to settle to the bottom of the beaker. Thereafter the sediment suspension was decanted and placed in a 200 mL tube to centrifuge 3 min at 2000× g (RCF). After that, the supernatant was poured off and discarded. The pellet was resuspended in about 80 mL sucrose solution (specific gravity, 1.18, 38.5% by weight or 484 g per 1000 mL of water). Tubes were centrifuged again 2 min at 1800× g (RCF). The supernatant containing the nematodes was gently poured over a 25 μm sieve. Nematodes were transferred from the sieve into glass containers.



The isolated nematodes were killed and fixed, then passed through a graded series of glycerol–ethanol solutions and stored in anhydrous glycerol on slides [63]. The isolated nematodes were heat-killed and fixed with 5% formalin. Fixed nematodes were transferred to a fixation dish with added S1 solution (20 mL of 96% ethanol, 1 mL glycerine, 79 mL distilled water). The dishes were placed in a desiccator with a small layer of 96% ethanol and put in the incubator at 40 °C. After 16–24 h, the S1 was sucked away under the dissecting microscope using a micropipette, and the S2 solution (93 mL of 96% ethanol and 7 mL glycerine) was added. The fixation dish was put back in the incubator. After 2 h, two drops of dehydrated glycerine were added. Once the alcohol evaporated after 24 h, the fixation dish was placed in the desiccator, containing silica gel to allow the last water traces to vaporize. 100 individuals initially detected per sample were identified as species (PPNs) and genus using the Zeiss Jena A-Scope microscope using the illustrated key by Brzeski [64] and Andrássy [65]: Bacterivore, Fungivore, Omnivore, and Predator.




2.3.3. Nematode Fauna Analysis Based on Life Traits and Feeding Habitats


The analysis of the nematode community was carried out using the total number of nematodes (abundance) and the weighted proportion of individuals detected in the soil sample. To calculate biodiversity indices, soil nematodes were assigned to 5 trophic groups, following Yeates et al. [32].



Each nematode taxon was classified into one of five coloniser-persisters (c-p) classes based on life history traits and food preferences. “Coloniser” nematodes at the lower end of the c-p scale were considered enrichment opportunists and therefore indicated resource availability; “persister” nematodes were considered at the upper end of the scale and indicated system stability and food web complexity.



The maturity index (MI) for FLNs and the plant parasite index (PPI) for herbivores were calculated based on the ratio of a given genus to the total number of nematodes and their assigned c-p values according to Bongers [66]. Several indices of the structure and complexity of the food web in the soil were calculated according to Ferris et al. [27]. In this context, the following parameters were determined: the channel index (CI) based on fast-growing, bacterivores and fungivores characterised by a c-p value of 1 or 2; the basal index (BI) based on bacterivores and fungivores with a c-p value of 2; the enrichment index (EI), which was considered an indicator of conditions favouring fast-growing bacterivores and the structure index (SI), which correlated with the maturity of an ecosystem that combines nematode genera with c-p values of 3 to 5. In addition, the relative abundance of nematode functional guilds (trophic and c-p groups) was calculated.



The SI–a weighted mean of the proportion of sensitive predatory and omnivorous nematodes–is an indicator of the complexity of the soil food web due to soil disturbance. The CI is the ratio of fungivores and bacterivores and indicates the prevalence of organic matter decomposition mediated by fungi. The BI is based on the abundance of general opportunist nematodes and indicates basal, disturbed conditions in the soil food web. The EI is based on the abundance of enrichment opportunist nematodes and indicates the rapid, bacterially mediated decomposition of organic matter [27]. The scatter plot of SI against the EI values, divided into four quadrants, has been suggested to diagnose the soil food web into four potential states: structured, maturing, degraded, and disturbed [27]. The ecological indices were calculated using an online tool NINJA: Nematode Indicator Joint Analysis [67].





2.4. Statistical Analysis


The Multivariate general linear models (MGLM) were proposed to test the significance of the impact of the applied agronomic practices on the nematode community using the Statistics v. 12.0 PL software package from TIBCO Software (Inc. Statistics, Palo Alto, CA, USA, 2014). Two multivariate GLMs were run with the part of the sampling time (three levels), soil amendment type (five levels), and sampling time × amendments; treatment (interaction) as categorical predictors. A MGLM with the set of nematode taxa and another MGLM with the set of community indices as the multivariate dependent variables were conducted, testing differences between individual treatments with a planned comparison.



Detrend correspondence analysis (DCA) was applied to determine whether species response to environmental gradients was predominantly monotonic or predominantly unimodal. The value was estimated from the length of the first major gradient of variation in the community data. If the length of the gradient exceeds two standard deviations, partial or constrained correspondence analysis (CCA) should be chosen as the ordinal approach. Otherwise, partial or constrained redundancy analysis (RDA) is most appropriate for the evaluation [68].





3. Results


An average of 984 nematodes per 100 g of dry soil were detected in all treatments right after planting M × g, this value was 1472 at the end of vegetation. 28 nematode taxa were identified, including 5 bacterivorous genera, 4 fungivorous genera, 5 herbivorous genera (11 species), 2 omnivorous genera, and 5 predatory genera (Table S2). The abundance of different nematode taxa was tested as a function of sampling time and amendment type (Table 4). These two effects explained up to 90% of the variation in the nematode population (Table 5). The abundance of Filenchus and Dorylaimus was higher in Pf1 than in Pf2, while the abundance of Cephalobus, Panagrolaimus, Aphelenchus, Ditylenchus, Filenchus, and Dorylaimus was lower in Pf1 than in Pf2.



The application of BD1 and BD2 reduced the abundance of 10 and 13 taxa, respectively. An increase in abundance was observed for only one taxon, Enchodelus sp. for both treatments BD1 and BD2. The application of D decreased the abundance of 12 taxa, while 4 taxa increased. SS decreased the abundance of 17 taxa, while an increase was observed only for Coomanus sp. The greatest effect of soil amendment on nematode abundance was observed for HW: a decrease in abundance was observed for 19 taxa and an increase for 4 taxa.



EIs were calculated to measure the susceptibility of the nematode community to environmental change by selecting appropriate principal components (PC1–PC4) with eigenvalues greater than 1 (Table 6). The first 4 components captured 89.6% of the variation in the indices. PC1 explained a maximum of 48.1% of the data variation, correlated positively with maturity, SI, the proportion of herbivores, predators, omnivores, and migratory endoparasites and negatively with the ratio of PPI and MI, ectoparasites, BI, enrichment footprint, and the proportions of fungivores and bacterivores. Thus, the variation in nematodes in PC1 could be determined by the maturity of the nematode community. PC2 captured 25.8% of the community variation, it correlated negatively with CI and positively with EI, total biomass, footprints of composite, structure, and omnivores. Nematode variation in PC2 could be determined as the biomass of the nematode community increased as omnivores increased. PC4 explained 6.8% of the variation and correlated positively with predator footprint. This component determined a change in the structure of trophic groups, which was associated with a variation in the importance of herbivores, bacterivores and predators.



PC1–PC4 scores were affected individually by sampling time during the growing season and the amendments type (Table S3, Figure S1). The effects of the growing season and the amendments treatments were significant for PC1–PC3 (Table S4). Nematode community structure did not differ in sampling time Pf1 and Pf2, while in Pi a statistically significant increase in PC2 and PC3 was observed. The addition of BD1 and BD2 increased PC2 compared to the control; the incorporation of D decreased PC1 and increased PC2 and PC3. The application of SS increased PC1-PC3, and PC2 increased with the addition of HW.



The length of the largest gradient identified by the detrended correspondence analysis was less than 2 (1.68), and the partial redundancy analysis (pRDA) was applied as an ordination procedure to examine trends in the variability of community composition for each treatment by soil amendments (Figure 1). The pRDA was statistically significant and explained a large portion of the community variances (Radj2 = 0.68, F = 16.6, p < 0.001). The total inertia was 0.012 and explained 83% of constrained variables represented by amendments’ treatment categories. The pRDA was useful in elucidating trends in the variability of the nematode community structure among amendments type. The shifts in nematode community composition could be explained by four statistically significant axes, RDA1–RDA4. The RDA1 reflected the variability of the nematode community caused by the influence of HW, and this axis correlated with PC2. The change in nematode community composition caused by HW was due to changes in the number of taxa, such as Paratylenchus projectus Jenkins, Pratylenchus fallax Seinhorst, Aphelenchoides sp., Coomansus sp., and Mylonchulus sp. The RDA2 axis showed the variability in the nematode community composition caused by the effect of D amendments; this axis showed a positive correlation with PC3 and a negative correlation with PC1. D amendments caused the variations in nematode community composition due to changes in the number of taxa such as Merlinius joctus Thorne. The RDA3 axis showed differences in the nematode community under the effects of treatments compared to the control. The RDA4 axis showed the effect on the nematode community composition caused by SS enrichment. The addition of SS was associated with an increase in PC1 and PC3 scores, while the addition of HW had the opposite effect.



Using a scatter plot between SI and EI, the food web of soil nematodes into four possible states after the application of soil amendments was classified, namely: disturbed/enriched, matured/enriched, structured/stable, and degraded/depleted. A nematode community characterised by low EI and high SI was likely to be found in healthy soil (Figure 2). The addition of SS was reflected in a more stable and mature nematode community, and HW treatment resulted in a more mature state of the nematode food web. D treatment resulted in the nematode food web transformation towards a disturbed and degraded state. The effects of BD1 and BD2 treatments were more controversial, and changes in nematode composition at all trophic levels were observed in both the matured and degraded states.



A radar chart was used to assess the ecosystem services of soil nematodes after the application of amendments, which allowed to show the trend of functional metabolic footprints of soil nematodes under the influence of different amendments (Figure 3). The greatest increase in nematode community biomass and/or activity occurred in HW treatment, with slightly smaller effects in SS, BD1, and BD2 treatments. D treatment had the least stimulatory effect on the ecosystem services of the nematode community. The application of amendments primarily activated the ecosystem service for disease suppression and pest control. It should be mentioned that the effect of amendments on M × g yield was not statistically significant (Table S3).




4. Discussion


This study investigated the effect of different organic amendments added to the marginal soil on the nematode community during three stages of the first M × g. vegetation season. The effect appeared at the level of individual taxa and the community as a whole. Using PCA, the most important patterns affecting the variability of the nematode community were revealed, i.e.: the variation in maturity, as determined by a set of quantified indices, and the ecological processes. Out of four amendments, the application of SS caused increasing in community maturity and change in selected ecological traits, whereas D had the opposite effect. The improvement in the soil nematode community caused by SS amendment indicated a trend toward a more stable and sustained soil ecosystem in marginal soil. Furthermore, since nematodes are suitable indicators for soil monitoring [4,69], it can be concluded that the application of SS resulted in healthier soil.



The ecological succession of nematodes is usually orderly and predictable unless set back by environmental disturbance such as cultivation, pollution or nutrient enrichment (incorporation of amendments and fertilisers) [4]. The impact of amendments on the nematode community and soil food web has been documented in several papers [47,70,71,72]. Following the addition of amendments, nematodes often undergo a successional transition with a high abundance of colonisers dominating disturbed or enriched habitats characterised by rapid reproduction [73]. In the current study, testing the short-term effects of soil amendments, maturity increase was associated with increasing nematode biomass with concomitant decreasing in total community abundance, which became more abundant for the fungal-feeder nematodes in the late decomposition stage. This funding is partly consistent with the suggestion that the impact of amendments on soil nematode abundance varies across application years: the short-term presence of organic amendments in the soil affects nematode function [74], whereas long-term application reduces total abundance and diversity [75]. Studies have shown that the long-term application of SS has no adverse effects on nematode abundance or diversity [70,76]. Nematode community abundance and structure tended to change with higher pollutant levels in SS [77]. However, total nematode abundance is a poor assessment tool for monitoring soil contamination and has to be modified by a variety of other factors [78].



The soil pollution [79] and agricultural practices such as tillage and fertilisation [4] disrupt the soil ecosystem and stimulate bacterial and fungal activities to which the nematode community responds by reducing MI [80]. Secondary succession leads to a reduction in trophic conditions and an increase in MI [66]. However, MI is only a simple indication of environmental disturbance. For a better understanding of the extent of disturbance and the dynamics of the restoration process of the soil ecosystem, it is necessary to integrate the functional guild and taxonomic data [81]. The use of PCA for a range of indices measuring the extent of ecosystem functions allows a comprehensive assessment of changes in the nematode community and functional diversity.



The enrichment of the soil ecosystem with nutrients leads to a shift in community dominance towards opportunistic coloniser species and returns the community to the earlier stages of successional dynamics [82]. MI and PPI are two indices that respond in opposite directions when soil nutrient status increases [83]. The larger the MI, the more the mature the soil ecosystem, and the lower is the degree of impact (PPI). Our results showed that MI and PPI indices changed coherently. This trait illustrated that the nematode community was influenced by enrichment of the soil with nutrients during application of amendments. Additionally, influence of changes in the physical properties of the environment, especially the air and water regimes of the soil, could not be excluded. However, this assumption requires further investigation.



For nematode communities living in the disturbed conditions, the ratio PPI/MI has a value of 1.25; for less disturbed communities it varies between 0.81 and 0.99 [84]. In the current study the ratio PPI/MI ranged between 1.18–1.26 for all experimental variants except SS, and only SS treatment had a range of 0.86 to 1.00. This indicated that the application of SS promoted the acceleration of succession dynamics of nematode community and stabilised the nutrient dynamics and the community itself. The results showed that fluctuations in community maturity were accompanied by changes in trophic structure. The proportions of PPNs, predators, and omnivores increased with maturity, while the proportion of fungivores and bacterivores decreased. The observed increasing in abundance of PPNs could be due to an increase in migratory endoparasites, which occurred simultaneously with a decrease in the proportion of ectoparasites.



When the community is more mature, the value of SI is higher, and values of BI and EI are lower. The growth of SI indicates the increasing complexity of the food web and the redundancy of the nematode community structure [85,86,87]. When soil is amended by SS, food resources are usually not limited and bacterial reproduction can be rapid and continuous. In such systems, nematode activity supports the active growth of bacterial populations and their distribution over the substrate [88]. In some cases, the application of SS increases nematode population densities even in highly contaminated soils [89,90], as some functional groups and taxa respond primarily to resource availability and have a higher tolerance to environmental stress.



PC2 captured common features of all amendments, stimulating the nematode community biomass, and this trend was strongest for HW treatment. The application of all amendments was characterised by enhancing the ecosystem service for disease and pest suppression. Under the influence of HW, the main trend in nematode community change was maturation due to the community’s ability to respond faster to environmental enrichment with nutrients [91].



In general, the nature of BDs’ effect was well described by PC2 and appeared to be similar to the effect of HW treatment. The influence of BDs on the community was not unidirectional: a trend was encountered of increasing the trophic structure of the community and its decreasing, illustrating the complex and multidirectional mechanisms of biochar influence on soil biota. Biochar affects soil acidity, which regulates the availability of nutrients to living organisms, ultimately leading to negative impacts on soil organisms [92]. The observed positive effect of biochar on crop yields may be due to improvement of water retention in the soil [93], which is more pronounced in nutrient-poor and acidic soils [94], as in our case the research soil had a pH equal to 4.7.



Biochar has a physical and chemical impact on the soil that initiates the dynamics of biological processes [95,96,97]. The microbial community changes with the incorporation of biochar [98,99], which affects the intensity of mineralisation of soil organic matter [100,101]. However, the medium-term field mesosome study provides evidence [102] that amendment by biochar does not affect the basic physicochemical and microbial soil properties, however, can change the nematode community: despite biochar does not affect total nematode abundance, taxa richness and total plant biomass, a taxonomic and functional shift in the nematode community is observed, influenced by biochar application rate (30 vs. 5 t ha−1). The low application rate promotes predatory and PPNs, while the high application rate favours bacterivores and fungivores. These published results [102] are partly consistent with the current study’s observation.



All tested amendments caused the suppression of PPNs, and following several studies [48,103,104,105], this fact demonstrated that amendments produced from waste and plant residues can control PPN populations. However, the incorporation of organic amendments into the soil does not necessarily reduce the number of PPNs [106,107,108], and even sometimes can increase it [109,110]. Chemical and biological mechanisms are responsible for the suppression of fungivores by soil amendments, such as the release of nematotoxic compounds originally presented in the incorporated materials, their generation during degradation in the soil, or the development of microbial antagonists of PPNs.



Our study showed that the application of different soil amendments on marginal land was likely to reduce the number of PPNs and provided pest control benefits. This is important funding in terms of growing concern that if the cultivation of energy crops such as M × g expands, the harboured PPNs may be able to cause crop damage [111]. The results ensured that the mechanisms affecting the soil biota under soil amendments and M × g cultivation are complex, multidirectional, and required long-term multi-year observation.



We did not observe any significant effect of amendments on M × g yield after the first vegetation (Table S5) which was not surprising, as M × g biomass is usually too low and economically invisible in the first 2–3 years of production; the intensity of biomass growth commonly accelerates in the subsequent years [18]. Simultaneously, during the first years, the plant can produce a considerable mass of underground organs: roots and short, vigorous rhizomes that can quickly reinforce the topsoil.




5. Conclusions


The impacts of different soil amendments, i.e., biochar in two doses (BD1 and BD2), biogas digestate (D), soil sludge (SS), and hemicellulose waste (HW) on the soil nematode community were studied during the first vegetation of M × g plantation on marginal, nutrient-poor land. While background soil nutrient concentrations were not determined, it was found that the soil nematode community associated with the cultivation of crop was sensitive to the type of applied organic amendments. The analysis of the nematode community in depth suggested that organic matter varies in the process of M × g cultivation and amendments had different influences on the soil nematode food web. It was revealed that out of four amendments tested, SS favoured a more stable maturity status of nematode community compared to the application of D, providing a snapshot of soil health. At the same time, impact to the nematode community on soil enrichment by BDs and HW remained inconclusive, and further multiyear monitoring of M × g cultivation in targeted amended soils is required.



To the best of our knowledge, this is the first report on how organic amendments incorporated into marginal soil affected the nematode community associated with M × g cultivation and the suppression activity of PPNs. Organic amendments can be considered as a potential tool for effective regulation of PPNs during long-term M × g cultivation. Further analysis of predatory/omnivorous and entomopathogenic nematodes would be very useful to understand whether organic amendments promote biological control organisms to maintain populations of PPNs and other members of the soil biota.
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Figure 1. Partial RDA of the nematode community with biological stimulators as constrained variables (red colour) and fitting of the synecological PC into the RDA axes (blue arrows). Green points indicate species positions. (a) RDA1-RDA2; (b) RDA3-RDA4. 
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Figure 2. Nematode faunal analysis indicating the food web status (A–D) in different amendments type: BD1, BD2, D, SS, and HW. 
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Figure 3. Radar chart of the metabolic footprint of each nematode trophic group in the different treatments and delivered ecosystem services. 
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Table 1. Characteristics of the soil amendments utilized during establishing of M × g plantation on the marginal land.
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	Treatment
	Description





	Control
	No soil amendment



	Biochar, dose 1 (BD1)
	Biochar produced by pyrolysis from the sludge of the wastewater treatment plant in Brno (WWTP), single dose (5%)



	Biochar, dose 2 (BD2)
	Biochar produced by pyrolysis from the sludge of the WWTP in Brno, double dose (10%)



	Sewage sludge (SS)
	Anaerobically stabilised sewage sludge from WWTP in Udlice, Chomutov region



	Biogas digestate (D)
	Anaerobically stabilised and dehydrated material from the waste biogas plant, Ahníkov, Chomutov region



	Hemicellulose waste (HW)
	Hemicellulose waste from paper manufacture, Chomutov region
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Table 2. Chemical content of the soil amendments.






Table 2. Chemical content of the soil amendments.





	
Properties

	
Unit

	
Soil Amendments




	
BD

	
SS

	
D

	
HW






	
N

	
% DM

	
2.44 ± 0.03

	
2.99 ± 0.11

	
2.03 ± 0.07

	
5.51 ± 0.04




	
P

	
% DM

	
2.88 ± 0.03

	
1.98 ± 0.07

	
0.43 ± 0.01

	
0.90 ± 0.03




	
K

	
% DM

	
0.32 ± 0.03

	
0.22 ± 0.03

	
2.93 ± 0.07

	
0.75 ± 0.02




	
Ca

	
% DM

	
2.56 ± 0.06

	
2.19 ± 0.19

	
1.65 ± 0.23

	
4.47 ± 0.04




	
Mg

	
% DM

	
0.43 ± 0.02

	
0.45 ± 0.01

	
0.49 ± 0.05

	
0.32 ± 0.01




	
Na

	
% DM

	
0.19 ± 0.01

	
0.09 ± 0.01

	
0.24 ± 0.01

	
0.06 ± 0.01




	
Ash, 550 °C

	
%

	
69.1 ± 0.10

	
50.6 ± 1.20

	
36.2 ± 2.10

	
27.8 ± 0.20




	
Cox

	
%

	
15.5 ± 0.01

	
24.7 ± 0.60

	
31.9 ± 1.00

	
36.1 ± 0.10




	
C:N

	
-

	
6.33 ± 0.07

	
8.26 ± 0.11

	
15.5 ± 0.74

	
6.55 ± 0.07
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Table 3. The agrochemical parameters of the research soil.
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	Parameters
	Unit
	Value
	Measuring Standard





	pH (KCl)
	-
	4.9 ± 0.2
	DSTU ISO 10390:2001 [56]



	pH (H2O)
	-
	5.7 ± 0.2
	DSTU ISO 10390:2001 [56]



	Organic matter
	%
	4.6 ± 0.3
	DSTU 7632:2014 [59]



	Available P
	mg kg−1
	50.6 ± 2.0
	DSTU 4115:2002 [60]



	Available K
	mg kg−1
	315 ± 9.8
	DSTU 4115:2002 [60]



	Available Ca
	mg kg−1
	1 769 ± 80.5
	DSTU 7861:2015 [61]



	Available Mg
	mg kg−1
	258 ± 7.3
	DSTU 7861:2015 [61]
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Table 4. Multivariate GLM results examining the effect of amendment type and sampling time on nematode assemblage composition.
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	Effect
	Wilks-λ
	F-Ratio
	Effect df
	Error df
	p-Value
	Effect Size (η2)





	Intercept
	0.0000028
	19,658.4
	18
	1.00
	0.01
	1.000



	Sampling time (T) *
	0.0000062
	22.2
	36
	2.00
	0.04
	0.998



	Amendment type (A) **
	0.0000000
	70.1
	90
	9.36
	<0.001
	0.999



	T × A
	0.0000000
	2.0
	180
	29.71
	0.02
	0.922







Note: * Sampling time: 21 May (Pi—beginning of the vegetation), 26 July (Pf1—middle of the vegetation), and 30 October 2021 (Pf2—end of the vegetation); ** Amendment type: BD1, BD2, D, SS, and HW.
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Table 5. Response of given nematode taxa abundance to the effect of the sampling time from multivariate GLMs.
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Taxon

	
Pf2/Pf1

	
Pi/Pf2

	
BD1

	
BD2

	
D

	
SS

	
HW

	
Radj2






	
Herbivores




	
Paratylenchus projectus (ec)

	
–

	
–

	
–

	
↓

	
↓

	
↓

	
↓

	
0.30




	
Paratylenchus aculentus (ec)

	
–

	
–

	
↓

	
↓

	
↓

	
↓

	
↓

	
0.89




	
Geocenamus quadrifer (ec)

	
–

	
–

	
↓

	
↓

	
↓

	
↓

	
↓

	
0.77




	
Merlinius nothus (ec)

	
–

	
–

	
–

	
↓

	
–

	
↓

	
↓

	
0.66




	
Merlinius joctus (ec)

	
–

	
–

	
–

	
–

	
↓

	
↓

	
↓

	
0.81




	
Helicotylenchus digonicus (sen)

	
–

	
–

	
–

	
↓

	
↓

	
–

	
↓

	
0.53




	
Helicotylenchus pseudorobustus (sen)

	
–

	
–

	
↓

	
↓

	
↓

	
–

	
↓

	
0.48




	
Helicotylenchus vulgaris (sen)

	
–

	
–

	
↓

	
↓

	
↓

	
↓

	
↓

	
0.88




	
Paratrophurus hungaricus (ec)

	
–

	
–

	
↓

	
↓

	
↓

	
↓

	
↓

	
0.76




	
Pratylenchus fallax (men)

	
–

	
–

	
–

	
–

	
↑

	
–

	
↑

	
0.07




	
Pratylenchus thornei (men)

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–0.27




	
Bacterivores




	
Acrobeloides sp.

	
–

	
–

	
–

	
–

	
–

	
↓

	
↓

	
0.26




	
Cephalobus sp.

	
–

	
↓

	
–

	
–

	
–

	
↓

	
↓

	
0.68




	
Panagrolaimus sp.

	
–

	
↓

	
–

	
–

	
↑

	
↓

	
↓

	
0.65




	
Plectus sp.

	
–

	
–

	
↓

	
↓

	
↑

	
–

	
↓

	
0.74




	
Rhabditis sp.

	
–

	
–

	
↓

	
↓

	
–

	
↓

	
↓

	
0.68




	
Fungivores




	
Aphelenchoides sp.

	
–

	
–

	
↓

	
–

	
↓

	
↓

	
↑

	
0.23




	
Aphelenchus sp.

	
–

	
↓

	
–

	
↓

	
–

	
↓

	
↓

	
0.60




	
Ditylenchus sp.

	
–

	
↓

	
↓

	
↓

	
↓

	
↓

	
↓

	
0.90




	
Filenchus sp.

	
↑

	
↓

	
–

	
–

	
–

	
↓

	
↓

	
0.88




	
Omnivores




	
Dorylaimus sp.

	
↑

	
↓

	
–

	
–

	
↑

	
–

	
↑

	
0.87




	
Eudorylaimus sp.

	
–

	
–

	
–

	
–

	
↓

	
–

	
–

	
0.07




	
Mesodorylaimus sp.

	
–

	
–

	
–

	
–

	
–

	
↓

	
↓

	
–0.23




	
Predators




	
Enchodelus sp.

	
–

	
–

	
↑

	
↑

	
–

	
–

	
–

	
0.72




	
Coomansus sp.

	
–

	
–

	
–

	
–

	
–

	
↑

	
↑

	
0.02




	
Iotonchus sp.

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–0.24




	
Mylonchulus sp.

	
–

	
–

	
↓

	
↓

	
↓

	
↓

	
↓

	
0.60




	
Prionchulus sp.

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–0.14








Note: ec—ectoparasites; sen—semi-endoparasites; men—migratory endoparasites; BD1, BD2, D, SS, and HW—planned comparison with control as the second member of pairwise comparison; for planned comparison: ↑—by results of planned comparison the abundance of taxa increased under influence of the first member of pairwise comparison (p < 0.05); ↓—by the results of planned comparison the abundance of taxa decreased under the influence of the first member of pairwise comparison (p < 0.05).













[image: Table] 





Table 6. PCA of variation in the synecological characteristics of nematode communities.
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	Variable
	PC1, λ = 16.3 (48.1%)
	PC2, λ = 8.8 (25.8%)
	PC3, λ = 3.0 (8.9%)
	PC4, λ = 2.3 (6.8%)





	Maturity Index (MI)
	0.97
	–
	–
	–



	Maturity Index 2–5
	0.95
	–
	–
	–



	Sigma Maturity Index [67]
	0.99
	–
	–
	–



	Plant Parasitic Index (PPI)
	0.45
	0.42
	–
	–



	PPI/MI
	−0.95
	–
	–
	–



	Channel Index
	0.49
	−0.76
	–
	–



	Basal Index
	−0.86
	−0.44
	–
	–



	Enrichment Index
	−0.40
	0.83
	–
	–



	Structure Index
	0.93
	–
	–
	–



	Total biomass, mg
	–
	0.94
	–
	–



	Total number, ind
	−0.63
	–
	−0.48
	0.51



	Composite footprint
	–
	0.92
	–
	–



	Enrichment footprint
	−0.78
	0.46
	–
	–



	Structure footprint
	–
	0.92
	–
	–



	Herbivore footprint
	−0.44
	–
	−0.51
	0.64



	Fungivore footprint
	−0.73
	–
	−0.54
	–



	Bacterivore footprint
	−0.47
	0.68
	–
	0.33



	Predator footprint
	0.34
	–
	–
	0.75



	Omnivore footprint
	–
	0.93
	–
	–



	Herbivores, % of total
	0.80
	–
	–
	–



	Fungivores, % of total
	−0.84
	–
	–
	−0.37



	Fungivores, % of FLNs
	−0.80
	−0.47
	–
	–



	Bacterivores, % of total
	−0.81
	–
	0.39
	–



	Bacterivores, % of FLNs
	−0.78
	–
	0.43
	–



	Predators, % of total
	0.69
	−0.47
	–
	0.36



	Predators, % of FLNs
	0.78
	−0.36
	–
	0.38



	Omnivores, % of total
	0.71
	0.56
	–
	–



	Omnivores, % of FLNs
	0.86
	0.35
	–
	–



	Migratory endoparasites, % of herbivores
	0.76
	0.35
	–
	–



	Semi-endoparasites, % of herbivores
	–
	−0.74
	–
	–



	Ectoparasites, % of herbivores
	−0.90
	–
	–
	–







Note: FLNs—free-living nematodes.
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