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Abstract

:

Applying phytotechnologies with energy crops on lands contaminated with trace elements provides cellulosic biomass and improves soil health. The process can be reflected in changes in the soil nematode community structure. This study assessed the nematode community composition of soil with Miscanthus grown with different agronomic practices. The research was conducted at Fort Riley, Kansas, USA, in soil with aged contamination by Pb at 1000 to 1500 mg/kg. The experimental design was a randomized complete block composed of four replications of five treatments: Control-undisturbed mixed plant cover and four conditions of Miscanthus growth, which consisted of No-till, Till (immediately before planting), Till + P, and Till + biosolids. Analysis of abundance, diversity, and community functional status indicators showed differential sensitivity of nematode taxa to agronomic treatments. Significant transformations in the nematode trophic group structure occurred under Miscanthus cultivation compared with the undisturbed mixed plant cover. Shannon and Pielou index response to agronomic treatments illustrated decreasing nematode community diversity with all Miscanthus agronomic conditions. However, agronomic practices led to increasing nematode community maturity, but those effects varied between spring and fall seasons. Increasing herbivores and omnivore-predators were the primary drivers of the observed changes in the nematode community due to planting Miscanthus. The nematode ecological structure indicators suggested that growth in Pb-contaminated land using different agronomical practices likely affects essential soil processes. More study is needed to define the effects of pre-plant tillage and amendments to soil nematode communities and Miscanthus yield over multiple growing seasons of this perennial crop.
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1. Introduction


The sterile, triploid perennial grass, Miscanthus (Greef et Deu), is considered one of the most promising second-generation biofuel crops. Miscanthus species have a C-4 photosynthetic pathway and an excellent environmental profile with the potential to increase soil carbon, tilth, and biodiversity and to reduce nutrient run-off and leaching [1,2]. Recent laboratory and field experiments demonstrated [3,4] that Miscanthus produces a high yield on marginal and contaminated lands and can be used for phytostabilisation of soils contaminated by trace elements of different anthropogenic origins, including marginal [4,5], post-mining [6,7,8], and military [9]. The approach is useful when contaminated sites cover relatively large areas and are only slightly or moderately contaminated. Combining phytoremediation with biomass production facilitates restoring the land while simultaneously meeting the demand for biomass as an alternative energy source and raw material for bioproducts. In 2016, a long-term study was initiated to explore the potential of sustainable Miscanthus production in aged soil contaminated primarily by Pb on a former tallgrass prairie zone at Fort Riley, KS [10]. The long-term study was designed to evaluate how different establishment methods and soil amendments affect plant productivity, Pb accumulation by biomass, and soil Pb stability, including chemical speciation. It also provided the opportunity to investigate how crop management practices might impact underground biodiversity, particularly nematodes. Different soil treatments and amendments are commonly applied to increase Miscanthus productivity on marginal/polluted land [1], which may impact nematode populations in different ways.



Nematodes are ubiquitous and very abundant in the soil environment, representing a vital component of the soil micro-fauna at most trophic levels in the soil food-web. The nematode community assemblage and trophic structure respond rapidly to fundamental ecological processes of ecosystems: biogeochemical/nutrient cycling, especially nitrogen and phosphorous [11], energy flow, and succession [12,13,14,15]. Nematodes are very sensitive and responsive to environmental changes because of the broad ecological range of this taxonomic group presented in terms of the colonizer-persister (c-p) scale of life strategy [16]. This characteristic makes nematodes reliable biological indicators of the soil food dynamics in agricultural and natural ecosystems [17,18,19,20,21,22,23]. Analysis of the nematode community (assemblage and feeding groups) over time is an effective way to assess the impact of land use and management practices on soil quality and functioning [24,25].



Several mechanisms regulate the nematode community response to fertilizers, soil amendments, tillage, crop management, and pollution. Shifts in feeding sources induce shifts in the proportions of the related nematode feeding types because they rely on specific resources for growth and reproduction. Application of organic amendments, such as green manure, cattle manure, composts, and slurries, have been documented to suppress the plant-parasitic nematodes and, in many cases, increased the population of free-living nematodes [26,27,28]. Some researchers found that bacterivores tended to increase generally with the application of organic compost, manure, and cattle waste slurry [29], but in other cases, an increase was observed in plant-parasitic nematodes [30].



Research has shown that biosolids, as an input of organic C, can increase soil biodiversity and improve soil health [31,32,33]. In the U.S., biosolids are defined as organic residuals obtained after wastewater treatment (primarily residential) that meet the U.S. Environmental Protection Agency pollutant and pathogen requirements for land application and surface disposal. Organic residue from wastewater treatment plants with high levels of metals is generally called sludge. Careful analysis and extreme caution must be used before classifying organic residue as biosolids. The material used in this experiment was obtained from a wastewater treatment plant in Topeka, the capital city of KS, and was certified as Class B biosolids means that they have undergone a Process to Significantly Reduce Pathogens as defined by the United States Environmental Protection Agency. However, because biosolids may contain greater concentrations of non-regulated trace elements or trace organic pollutants of emerging concerns (such as perfluorooctanoic acid, PFOA) than receiving soil, biosolids also may have regressive effects on soil biodiversity and soil health.



Most available information indicates that soil amendments reduce the plant-parasitic nematode population. Different commercial products, including composted sludge, stabilized biosolids, or coal combustion fly ash, demonstrated a great potential to manage populations of root-кnot [34] and cyst nematodes [35,36]. A few studies on the effect of biosolids on nematode communities had some disparity in results. Nematode abundance and diversity were significantly affected by five different biosolids treatments in five soil types [37]. The most evident response to biosolids application was for bacterivores, with a negative correlation between the dose of biosolids and nematode communities. Most of the studies concerning the effects of chemical fertilizers on nematode community composition were focused on nitrogen fertilizers and indicated that inorganic nitrogen reduced nematode diversity in perennial and annual crops [38,39]. Data documenting the effect of phosphorous fertilizers on nematode abundance and diversity are limited. Sarathchandra et al. [38] found insignificant increases in bacterivores, fungivores, and omnivores in response to phosphorus fertilizers but did not detect changes in the Maturity index (MI). Todd [40] observed minor effects of phosphorous fertilization on nematode community structure and diversity. Findings were inconsistent in several other studies of the impact of phosphorous fertilizers on plant-parasitic nematodes. Rovira and Simon [41] reported increases of cyst nematode abundance, whereas Coyne et al. [42] found the opposite trend. Only a few investigations were undertaken on the impact of fertilizers on nematode community composition with Miscanthus grown on agricultural land. Emery et al. [43] observed that nitrogen fertilizers negatively affected nematode diversity in soil under actively growing Miscanthus.



Soil disturbance has been demonstrated to induce shifts in nematode reproduction types (cp-classes) due to the difference between cp-classes in the time needed for population recovery. Among agronomic practices affecting the nematode community, the roles of tillage and organic/synthetic amendments have been studied extensively. However, the results have been inconclusive. Previous investigations have shown that tillage and soil amendments variously affected nematode diversity based on trophic type/life-history strategies and taxa. Greater nematode diversity and relative abundance of fungivores, omnivores, and predators were found in soil from no-till fields [44].



Compared with reduced till and no-till systems, conventional tillage reduced the number of protozoa, bacterivores, and omnivore–carnivores [39,45]. This result can be explained by a shift from a bacteria-based food web to a fungal one following soil disturbance [46]. On the contrary, de Geode et al. [47], Darby et al. [48], Zhao and Neher [49] found that tillage practices along with other soil disturbance and application of mineral fertilizers increased fast-growing bacterivore nematodes. The application of soil amendments likely promotes the shift to bacterivores. Wang et al. [50] and Okada et al. [51] showed greater nematode abundance with increased fungivore, bacterivore, and omnivore populations in the soil of tilled plots with the application of synthetic and organic fertilizers compared to tilled plots without amendments. Lenz and Eisenbeis [52] detected that ecological diversity indices: MI and Plant-Parasitic Index (PPI) are suitable indicators of tillage impact on the nematode community. The Nematode Trophic Diversity (TD) did not respond to tillage disturbance; however, the MI was suitable for indicating immediate tillage effects on the nematode community.



Long-term pollution induced shifts in phylogenetic groups of nematodes because different genetic pre-adaptations exist in those groups. Because nematodes occupy vital positions as primary and intermediate consumers in soil, their response to heavy metals in the soil by changes in their community structure and function has been well documented in previous publications [53,54]. The trophic groups responded differently depending on the hazard, the origin of pollution, dose of exposure, distance to the source of pollution, and time passed since heavy metals appeared. Reproduction types and phylogenetic groups are not uniformly distributed across feeding types, therefore secondary effects on feeding types can emerge from disturbance and pollution.



Bacteriovores have shown tolerance to metals [55]. Nematodes responded rapidly to short-term exposure. However, the effect could be long-lasting [56], as was recorded for several historically polluted sites. The nematode assemblages representing c-groups can partly recover in a few years [57]. Commonly, pollution-induced tolerance in nematodes involves selecting tolerant strains within the population [58]. The adverse effect of heavy metals on the nematode community was not observed when the soil had been polluted many years previously or over a long period of time [58,59]. In one instance, the nematode community had adapted to mining pollution when the exposure had lasted for many hundreds of years [59]. A study conducted after two decades on a former shooting range [59] found that soil pollution by Pb did not affect soil-dwelling nematodes and microarthropods. The most likely mechanisms responsible for the tolerance of nematodes are avoiding the most contaminated microsites and selection for resistance [60]. In our study, the research site was exposed to Pb over a several decades, and almost 50 years had passed since the shooting range was in use. Thus, we assumed that nematode fauna might have developed Pb-tolerant populations. Therefore, we did not consider the potential of Pb-contamination to alter nematode communities.



The increasing potential for Miscanthus biomass production in soils contaminated by trace elements may require soil amendments and tillage practices to facilitate Miscanthus establishment and maximize its productivity. However, the soil nematode community’s response to the application of agronomic practices during planting of Miscanthus has not yet been studied by nematode faunal analysis. The purpose of this research was to examine the following:




	
Effect on the soil nematode community composition of converting soil from mixed plant cover presented by Medicago sativa L., Bromus tectorum L., Panicum virgatum L., to the production of monoculture represented by Miscanthus.



	
Effect on the soil nematode abundance, diversity, trophic structure, and maturity of tillage and two phosphorous amendments (organic and inorganic) to establish Miscanthus on Pb contaminated aged soil.









2. Materials and Methods


2.1. Experimental Design


The research was conducted at Fort Riley (Ft. Riley), US Army, in lead-contaminated soil in the Flint Hills of Northeastern Kansas, USA (96°44′57″ W 39°06′06″ N). The setting was a skeet shooting range, and small lead shot beads (~50 mg, 2 mm diameter apiece) were deposited over time. Each fired shot dispersed over 30 g of Pb (585 pellets). The site age is uncertain, owever, skeet shooting was invented in the 1920s and used by the army during WW II to train aircraft personnel, so the site was likely active for several decades. The range at Ft. Riley was abandoned before 1995, and a new one was constructed elsewhere. The lead pellets on the surface were removed. In the early 2000s, the site was subjected to an environmental clean-up when it was plowed and planted to alfalfa. The alfalfa had been mown regularly before the Miscanthus plantation establishment, but other grass and forbe species had invaded by the time the study was initiated. For several years before the experiment, the area was used for training in the operation of all-terrain vehicles. The site was selected for a project within the NATO SPS MYP G4687 “New phytotechnology for military site cleaning”, 2016–2021 because of it’s history of Pb contamination. This project’s primary goal is to develop the Miscanthus phytotechnology with biomass production on post-military land. At the site in Ft. Riley, different agronomic practices were evaluated to determine the effect of different establishment methods and soil amendments (Table 1) on soil and lead content and stability.



The experimental design was a randomized complete block with four replications. Each plot was 1.83 × 1.83 m and had 16 Miscanthus propagules in four rows at 0.46 m spacing, with alleyways between plots of 0.46 m. All propagules survived, produced a closed canopy, and produced harvestable biomass in the first season. Full details are presented in Almasary 2020 [10]. The use of phosphorus to reduce lead bioavailability was proposed as an effective in situ stabilization option for lead-contaminated soils. Also, to minimize absorption of lead by plants maintaining soil pH levels above 6.5 to 7.0 was preferred. Therefore, based on soil characteristics, two sources of phosphorus were used as soil treatments/amendments. Those were triple superphosphate (TSP, inorganic phosphorus fertilizer applied at 5:3 Pb: P molar ratio) and class B biosolids (organic source of phosphorus applied at 45 mg/ha). The experiment started in 2016. The herbicide treatment was on 7 April 2016. The incorporation of amendments was done on the day before planting, 6 May 2016. At the end of each growing season, the biomass yield was estimated along with Pb’s concentration in biomass and soil. The Pb concentrations in soil were determined by soil digestions using USEPA method SW846–3051A [61]. The Pb concentrations in the soil digestates were then analyzed with an inductively coupled plasma-optical emission spectrophotometer (ICP-OES, Varian 720-series ICP-OES, Walnut creek, CA, USA).



The initial soil screening and the detailed surface soil Pb distribution were performed using a portable X-ray fluorescence spectroscopy (Niton XL3t XRF analyzer, Billerica, MA, USA), X-ray absorption spectroscopy (XAS) was used for Pb speciation [61]. The concentration of Pb measured in the soil before planting the Miscanthus ranged from 1000 to 1500 mg/kg (Table 2) [10].



Analysis by X-ray fluorescence indicated that pyromorphite and ferroplumbite were the main species present. Because the concentrations were totals based on dry soil weight, belowground materials would have much lower Pb.



Sampling for nematodes was conducted in the third year of plantation growth in 2018. This study was not specifically designed to examine the relationship between crop yield and soil nematode parameters. However, the three-year monitoring of dry yield indicated that in 2017 no significant differences were observed between Miscanthus treatments, which all produced significantly more biomass than the Control (Table 2), and in 2018 the differences were observed in between treated plots [10] resulted in the harvest values which was the biggest for plot treated by Biosolids (Table 2).



The soil at the Ft. Riley site is a Mollisol with silty clay loam texture, developed initially from loess and is of the Wymore series (fine, smectitic, mesic Aquertic Argiudoll) [62]. Samples to study the nematode community composition were obtained in spring and fall of 2018 from the experimental plots during the third season of Miscanthus growth. Determination of soil agrochemical properties followed the standard approaches [63]. The agrochemical properties of the soil are pH (1:10 soil: water) 6.85, Cation exchange capacity 19.5 cmol+ kg, sand—11.3%, silt—59.8%, and clay—28.9%, Mehlich III-P 408.3 mg/kg, Extractable K 589.5 mg/kg.




2.2. Soil Sampling, Nematode Isolation, Identification and Calculation of Community Structure Indicators


Soil samples for nematode community analyses were collected with a 2 cm diameter stainless steel, soil core sampling probe to a depth of 15 cm from four replications of five experimental treatments in the spring (May 15) and fall (October 18) of the third growing season (2018) after imposing all agronomic practices in 2016. Ten cores at random intervals were taken in each plot and bulked for analysis. Miscanthus plants were no more than 0.6 to 0.9 m tall at the May 15 sampling and were approaching 2.2 to 2.5 m height at the October 18 sampling. At the time of nematode sampling, the Miscanthus had been in place for 24 and 29 months for the spring and fall samplings, respectively, and aboveground biomass had been harvested twice (December 2016 and December 2017). Hand weeding to remove plants invading from plot borders was the only management practice imposed after planting other than biomass harvest each year in early December.



Nematodes were extracted from 100 cm3 subsamples following the homogenization of composite soil samples collected from each experimental plot using a standard centrifugal-flotation technique [64]. Soil from the subsample was suspended in 4 l of pressurized water, and the suspension was poured over an 850-µ-pore sieve nested over a 38-µ-pore sieve. The bottom sieve contents were centrifuged in a 45% sucrose solution for 1 min at 270 g using a Clay Adams Dynac centrifuge. The supernatant was rinsed over a 25-µ-pore sieve and collected for counting. A 1-mL aliquot of each sample was counted at 100× using a Chalex LLC precision chambered counting slide and an Olympus BX50 microscope. A minimum of 100 individuals per sample were identified to genus or family using the illustrated key by Tarjan et al. 1977 [65]. According to Yeates et al. [20] families were assigned to trophic groups, and maturity indices were calculated based on c-p classes [15,16,20] Family-level resolution (which generally provides well-documented and reliable information related to the soil food web and soil processes) represents an acceptable compromise between trophic-level and genus-level (or species-level) resolution (for which there is very little documentation) [15]. Additionally, several important families of tallgrass prairie nematodes consist of numerous genera [47], often with limited abundance.



While calculating nematode abundance of family Tylenchidae, its abundance was divided 50-50 because nematodes from the family Tylenchidae can be assigned to the epidermal root hair feeders [20], and several genera can be assigned to fungal feeders [51,66]. In addition to total abundance and family richness, two indices were calculated to quantify diversity of the nematode community. The Shannon-Weaver diversity index ‘H’ [67] was calculated as follows:


  H =   ∑   i = 1  S   (  − 1 ·  p i  · l o  g 2   p i   )  .  



(1)







The Pielou evenness index (I) [68] was calculated as follows:


  I =  H  l o  g 2  S   ,  



(2)







In these formulas, pi is the proportion of the ith family individuals in the community, and S is the total number of nematode families in the community.



The MI was calculated as the weighted mean of the individual colonizers (c) and persisters (p) (c-p) values [69]:


  M I =   ∑   i = 1  S  (  v i  ·  p i  ) ,  



(3)




where vi is the c–p value of family i as given in Ferris [15], and pi is the proportion of the individuals of the i-th family in the community.




2.3. Statistical Analysis


Multivariate General Linear Models were used to test the significance of the impact of applied agronomic practices to nematode communities (Software package STATISTICA). Two multivariate GLMs were performed with the season (two levels), agronomic treatment (five levels) and season × treatment (interaction) as categorical predictors and with crop yield as a continuous predictor. One MGLM with the set of nematode families and another MGLM with the set of community indices as the multivariate dependent variable were performed with differences between individual treatments tested using a Planned Comparison.





3. Results


Twenty-one nematode taxa were identified in soil under Miscanthus established using the four agronomic practices: seven herbivores, six fungivores, four bacterivores, and four omnivore-predators; whereas in the Control, one additional family, Meloidogynidae, was found. Nematode abundance ranged from 383 to 4049 individuals/100 g of soil (Figure 1). The most abundant group across five treatments, including the Control, was herbivores with eight taxa, followed by fungivores with six taxa. The family Haplolaimidae, belonging to herbivores, was dominant across all treatments in total and relative abundance. Among all taxa across treatments, including the Control, the highest abundance of 1522 individuals/100 g of soil and 61% of relative abundance was found for Haplolaimidae.Haplolaimidae total abundance and relative abundance were greatest in Till+biosolids and 12-fold less in the Control (135 individuals/100 g of soil and 18%).



Multivariate GLMs showed that agronomic treatments and sampling time significantly influenced nematode assemblage (Table 3). The interaction of these predictors and crop yield in the current and previous years did not have a significant impact. However, these predictors were statistically significant in a model where only crop yields were predictors. The factor of the crop yield in the model, without taking into account the agronomic effects and season, had an impact on bacterivores and most herbivores; however, an impact of yield on the abundance of fungivores and omnivore/predators was not found. The influence was mainly found with the current year yield; nevertheless, the influence of the previous year’s yield was also observed in some cases.



The seasonal factor had a significant effect on the community structure (GLM planned comparison, F = 5.83, p = 0.005). In May, the abundance of Rhabditidae and Aphelenchidae was significantly greater than in October, while in October, the abundance of Xiphinematidae, Tylencholaimidae, Aporcelaimidae, Mononchidae, Nordiidae, Qudsianematidae was significantly higher than in May (Table 4). The nematode community in the No-till treatment was different from the Control conditions (GLM planned comparison, F = 5.83, p = 0.022). The No-till treatment reduced the abundance of Pratylenchidae, Plectidae, Prismatolaimidae, and Tylencholaimidae. The Till treatment impacted the nematode community as well (GLM planned comparison, F = 2.63, p = 0.049) by reducing the abundance of Pratylenchidae and Plectidae compared to the Control. No-till and Till treatments differently impacted family composition of the nematode community (GLM planned comparison, F = 4.93, p = 0.004).



Compared to the No-till treatment, Till resulted in increased abundance of such families as Prismatolaimidae and Qudsianematidae. The application of P, together with Till (T3), changed the nematode community (GLM planned comparison, F = 2.67, p = 0.047). Till processing alone is manifested in the Pratylenchidae and Prismatolaimidae abundances. The application of biosolids changed the nematode community structure more than the application of Till only (GLM planned comparison, F = 4.27, p = 0.008). This is reflected in the increasing abundance of families Haplolaimidae, Telotylenchidae, Criconematidae, Pratylenchidae, Xiphinematidae, and Belondiridae and in the decrease in abundance of families Anguinidae, Aphelenchidae, Prismatolaimidae, Tylencholaimidae, Diptherophoridae, and Mononchidae. The community response to Biosolids application compared with the response of using P is similar to the Biosolids application compared with Till processing only (GLM planned comparison, F = 8.95, p < 0.001).



There is a decrease in the abundance of Nordiidae under the influence of Biosolids but no difference in abundance of Diptherophoridae and Mononchidae. The agronomic treatments and sampling season had a statistically significant impact on the nematode community (Table 5), but the interaction of these factors and crop yields did not affect synecological characteristics.



The seasonal factor had a statistically significant effect on the community synecological parameters (GLM planned comparison, F = 14.01, p < 0.001). The value of the Shannon diversity index was greater for samples collected in October compared with values for samples collected in May (Figure 1), which was due to an increase in the number of taxa, as statistically significant seasonal differences in the Pielou index were not revealed (Table 6).



The Maturity Index also was greater in October, mainly due to an increase in omnivore/predators (Figure 2). The application of No-till technology did not affect the nematode community’s synecological characteristics compared to Control (GLM planned comparison, F = 1.34, p = 0.28). However, some synecological indicators were sensitive to this impact. Thus, No-till technology led to a reduction of the Pielou index, to an increase of the Matrix index, and to an increase in the role of the trophic structure of herbivores. Till treatment did not significantly impact synecological indicators (GLM planned comparison, F = 2.28, p = 0.06). However, it led to a decrease in the Shannon diversity index, mainly due to the evenness of the abundance of nematode families, rather than the number of families, as indicated by a consistent decrease in the Pielou index. The decrease in abundance evenness of families occurred against the background of increasing in the total community size. This increase in community size was due to the growth of a limited number of nematode families that belonged to the herbivores trophic group.



No-till and Till treatment did not have different impacts on the nematode community synecological parameters (GLM planned comparison, F = 0.50, p = 0.84). The application of P compared with the Till only treatment, did not affect the variability of synecological parameters (GLM planned comparison, F = 0.26, p = 0.97). In turn, the impact of Biosolids application was significant (GLM planned comparison, F = 4.58, p = 0.002). The application of Biosolids led to a decrease in the Pielou index values and to decrease in the fungivores proportion in the trophic community structure, and to increase in the total community size and herbivores proportion compared to Till only. The application of Biosolids and P treatment differed significantly in the impact on the synecological characteristics of the nematode community (GLM planned comparison, F = 4.58, p = 0.002).




4. Discussion


Lead is a highly persistent toxic trace element, and Pb contaminated soil remediation presents several challenges [70]. Soils contaminated with trace elements, including Pb, may not be suitable for growing human or animal plant food, depending on concentration and speciation. Conservation reserve of contaminated land may be one of the solutions to this problem, but this approach may remove large areas from economic use. Also, the immobilization processes of toxicants can be slowed in semi-natural plant communities formed after conservation. Miscanthus cultivation on contaminated land is more effective, and in addition to the production of biomass, it also contributes to soil organic matter accumulation [26]. It should be noted that the dynamics of organic matter in the soil is a complex phenomenon, the consequences of which can be observed only over a considerable period of time. Thus, nematode community assessment provides an opportunity for real-time monitoring of organic matter transformation processes associated with soil health change under long-term cultivation of Miscanthus.



Significant transformations in the trophic group structure occurred under Miscanthus cultivation compared to the mixed plant cover. Besides the decrease of nematode diversity, the increase of plant-feeding nematodes was observed. These results are in line with several studies showing the effect of plant composition change on shifts in nematode communities [71,72,73,74] and the patterns in nematode abundance and diversity among habitats related to plant community and soil traits [75]. It has been shown that natural ecosystems are characterized by the highest values of nematode taxonomic richness [76,77,78]. The conversion of natural habitats to long-term monoculture reduced trophic diversity, with a low relative abundance of predators or omnivores [79], and an increase in the proportion of herbivores [80]. The declining diversity and increase of plant-feeders are most likely because the native vegetation is resistant to disturbance, including nematode parasitism, compared to plants grown in farming systems [81]. When a crop grows in monoculture, herbivores’ negative effect is generally increased, while the tolerance to parasitism is decreased [82]. Nematode community structure (e.g., family relative abundances) varies across the tallgrass prairie [40]. The structure observed for the native plots in this study is within the range of those observed for nematode communities in uncontaminated tallgrass prairie generally [40,83], and similar to that reported for uncontaminated areas on Fort Riley [62].



The results indicated the differential sensitivity of nematode taxa to the various types of agronomic practices. To explain the observed effects, we considered the influence of external factors in agronomic practices on the nematode community composition. These factors can directly affect a particular taxon’s living conditions and thus determine the patterns of their dynamics. External influences can also be triggered by endogenous mechanisms that modulate intra-community interactions, resulting in pattern dynamics due to successive assemblage dynamics. Such patterns, induced by intra-community mechanisms, may be formally independent of external influences at later development stages. To analyze the nematode community composition, the synecological indicators, such as abundance, diversity and community functional status, characterize the community. Indicative characteristics of nematode communities were applied to the best optimal agronomic practices in crop management that united the goal of obtaining the highest crop yield with achieving the highest contaminant immobilization effect by Miscanthus cultivation. Results revealed that the agronomic practices had a significant impact on the nematode community structure. This observation confirms the results of Porazinska et al. [84], who documented that agricultural practices and cropping systems influence nematodes, which are used widely as indicators of soil health.



The slowest reproducing nematode group (omnivores/predators, some fungivores and herbivores with c-p index 4 and 5) exhibited greatest change between seasons. The auturm (October) populations are completely typical of omnivore/preditor relative abundances in tallgrass prairie. According to ‘Shelford’s Law of Tolerance’, all populations staying in the optimal condition do not demonstrate an unambiguous response to the ecological factors. In contrast, switching the ecological factor from the pessimum to the optimum is commonly accompanied by the populations’ sensitive reaction. In our case, nematodes with low c-p indexes were closer to the optimum zone than those with high c-p indexes. The current study showed that the abundance of omnivorous/predator populations was lower compared to other trophic groups. Thus, omnivore/predators responded by population increases as they approached optimum conditions in autumn, while other trophic groups did not show this trend.



In our research, the nematode assemblage of the undisturbed Control (mixed plant cover presented by alfalfa, grass and forbes) was characterized by the relatively higher taxonomic diversity. The Shannon Diversity Index is sensitive to two aspects of taxon diversity: quantity and evenness of its number. In turn, the Pielou index reflects only one aspect of diversity-evenness. The results showed a high correlation between these factors, which indicated that the changing abundance of different taxa was a significant source in nematode diversity variability.



The relatively higher taxonomic diversity in the control condition was observed due to a significant number of taxa inhabiting control conditions being adversely affected by agronomic practices. Nematode diversity in the control plots was likely primarily driven by plant diversity and heterogeneity. Miscanthus monoculture clearly reduced diversity and/or affected MI, with the biosolid treatment reducing diversity even further. Conversely, taxa that find favorable living conditions in the face of agro-technological impacts showed a rapid increase in numbers. The observed transitions had a distinct effect on the variation of the trophic structure of the group. Thus, a lower abundance and a relatively high level of fungivores were seen in the controls compared to plots where Miscanthus was grown. This observation fits with a previous finding that Kansas prairies are relatively rich in nematode diversity [40,62,83].



Bacterivorous and fungivorous are involved in decomposition that releases nitrogen and provides soil fertility. The current study showed that bacterivores are the most conserved component of the nematode community’s trophic structure. Unlike other trophic groups, they are resistant to the applied agronomic practices that form homogeneous clusters that correspond to a specific agronomic ‘factor’s influence. However, several previous studies indicated that bacteriovores were at least slightly stimulated by tillage [85]. Thus, the overall abundance of nematodes in response to biosolids’ addition is due to the increase in the population of herbivores, and omnivore/predators had the most favourable conditions in the No-till treatment. This finding contradicts Bulluck et al. [86], who showed that tillage did not impact free-living and plant-parasitic nematode assemblages, but animal manure and plant compost had larger effects on bacterivores and fungivores compared to synthetic fertilizers.



The results demonstrated that the application of biosolids (organic phosphorus) affected the nematode community significantly due to the herbivore increase, whereas no powerful effect was observed related to bacterivores. This contradicts the research of Li et al. [87] that showed a negative impact of fresh and dried domestic and fresh industrial sludge on the secondary consumers-bacterivores. In their research, the organic matter input associated with the manure treatment led to faster increases in bacterial abundance than fungal abundance [88]. That observation may explain the findings of the current study that agronomic practices mainly stimulated the bacterivores’ growth compared to fungivores. This result is crucial because high bacterial abundance contributes prominently to SOC turnover, the liberation of nutrients, and overall soil quality [89]. Following calibration, the MI generally decreases under the influence of soil disturbance. However, in our study, the index increased in both Till and No-till treatments. That may be because soil tillage was performed two years before the nematode sampling. After two years of plantation growth, an expected negative influence of soil disturbance on the MI may be compensated by an additional amount of organic matter supplied by Miscanthus during production in the field. Miscanthus is an essential factor contributing to the stabilization of physical soil conditions [1,2]. The nematode community response of increasing MI is most likely due to an additional amount of organic matter and stabilization of the soil physical conditions during Miscanthus multi-year growth. However, little is known about changes in the nematode community in Miscanthus systems, and long-term, in-depth research is needed to enhance our understanding.



The current study results demonstrate that the nematode community was more strongly affected by adding tillage than by the organic matter amendment. The abundance of the nematode assemblage increased in the Till treatment due to more herbivores than in the No-till treatment, where the assemblage increased its abundance mainly due to omnivore/predators. This finding agrees with Zhong et al. [45], who reported that No-till and Reduced-till practices increased overall nematode abundance through increasing the abundance of persisters indicated by increasing MI. The finding is also confirmed by the results of Bongiorno et al. [90], who observed that reducing or minimizing tillage contributed to the formation of more stable conditions for the existence of nematode communities, naturally reflected in MI increasing.




5. Conclusions


The evaluation of the nematode community structure in the Pb-contaminated aged soil in Ft.Riley Military Reservation, USA, was performed in spring (May) and autumn (October) during the third year of Miscanthus multi-year growth. Before Miscanthus plantation establishment, the different agronomic practices (No-till, Till) and soil amendments (Phosphorous fertilizes, Biosolids) were applied to evaluate how establishment methods and soil amendments affect Miscanthus growth, soil organic carbon processes, and bioavailability of Pb. Multivariate General Linear Models (MGLMs) were used to interpret the results of nematodes community evaluation and to determine the influence of soil treatment and amendments on nematode community composition. The obtained results showed that the nematode community Pielou diversity index was lower for the Control case (without any agronomic practices) compared to all treatments including Miscanthus, mainly due to decreased herbivores. The abundance and MI of the nematode community showed a tendency to increase, which can be explained by increasing the organic matter and soil stabilization with multiple years of growth of Miscanthus and the stabilization effect of the crop on the habitat of the nematode community.



Among different agronomic practices utilized for crop establishment at the research site, two cases, namely Till and Till+biosolids, affected the nematode community. The overall finding confirmed that soil nematode community structure could be used as a sensitive indicator of ecological processes in the soil during Miscanthus cultivation on Pb-contaminated aged land. Further research will elucidate the association of nematode community, namely bacterivores and fungivores, responsible for decomposition channels and soil organic carbon under soil treatments in a multi-year Miscanthus plantation established at Pb-contaminated aged soil, Ft.Riley Military Reservation. Future planned comparison of nematode monitoring during multiyear crop production would help to define the herbivores’ contribution to Miscanthus crop yield reduction in long-term research and to look deeply to the role of various soil amendments and agricultural practices.
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Figure 1. Total abundance (log2-transformed), taxon number, Shannon-Wiener diversity index, Pielou diversity index, and Maturity index of nematode communities (mean and 95% confidence intervals) as a response to agronomic treatments. 
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Figure 2. Proportion of the trophic groups in the nematode communities (in %, mean and 95% confidence intervals) as a response to different treatments. 
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Table 1. Agronomic practices imposed for 2016 planting of long term Miscanthus planting on a Pb contaminated site at Ft. Riley, Kansas [10].






Table 1. Agronomic practices imposed for 2016 planting of long term Miscanthus planting on a Pb contaminated site at Ft. Riley, Kansas [10].





	#
	Vegetation
	Treatment
	Descriptions of Preparation





	1
	Existing
	Control
	Existing vegetation, cut to 2 cm from soil surface



	2
	Miscanthus
	No-till
	Vegetation terminated with glyphosate herbicide, and Miscanthus planted directly into the soil two weeks later



	3
	Miscanthus
	Till
	Vegetation terminated with glyphosate herbicide two weeks before planting and tilled to 7 to 10 cm deep immediately before planting, no amendments



	4
	Miscanthus
	Till + P (Inorganic phosphorus fertilizer)
	Vegetation terminated with glyphosate herbicide two weeks before planting and tilled to 7 to 10 cm deep immediately before planting; Triple superphosphate

(926 kg/ha, 45% P) incorporated with the tillage event



	5
	Miscanthus
	Till + Biosolids (Organic source of phosphorus)
	Vegetation terminated with glyphosate herbicide two weeks before planting and tilled to 7 to 10 cm deep immediately before planting; 45 tons/ha biosolids

(586 kg/ha P) incorporated with the tillage event
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Table 2. Aged Pb concentration in the Ft.-Riley old skeet range soil and dry matter yield of Miscanthus for each growing season 2016, 2017, and 2018 (mean ± standard error mean for N = 4).






Table 2. Aged Pb concentration in the Ft.-Riley old skeet range soil and dry matter yield of Miscanthus for each growing season 2016, 2017, and 2018 (mean ± standard error mean for N = 4).





	
Treatment

	
Concentration of Pb (mg/kg)

	
Biomass Yield (Mg/ha−1)




	
2016

	
2017

	
2018






	
Control

	
1093 ± 103

	
3.6 ± 0.5

	
2.0 ± 0.2

	
4.2 ± 0.3




	
M-No-till

	
1290 ± 34

	
7.0 ± 1.4

	
9.3 ± 2.1

	
8.0 ± 0.9




	
M-Till

	
1396 ± 29

	
9.6 ± 1.0

	
10.8 ± 1.0

	
6.9 ± 0.7




	
M-TSP

	
1457 ± 42

	
8.4 ± 0.7

	
9.8 ± 0.6

	
6.9 ± 0.9




	
M-Biosolids

	
1103 ± 50

	
13.5 ± 1.0

	
9.9 ± 1.8

	
10.5 ± 1.5




	
LSD 0.05

	
0.002

	
<0.001

	
<0.001

	
<0.001




	
HSD 1

	
262

	
3.8

	
4.9

	
3.9








1 Tukey’s Honest Significant Difference for mean comparisons with an alpha (α) of 0.05.
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Table 3. Multivariate GLM results examining the effect of treatment type, season and crop yield as continuous predictor on nematode assemblage composition.






Table 3. Multivariate GLM results examining the effect of treatment type, season and crop yield as continuous predictor on nematode assemblage composition.





	
Effect

	
Wilks-Lambda

	
F-Ratio

	
Effect Degrees of Freedom

	
Error Degrees of Freedom

	
p-Level

	
Effect Size (η2)






	
Agronomic practices, season, crop yield




	
Intercept

	
0.058

	
5.14

	
22

	
7.00

	
0.017

	
0.94




	
Treatment (T)

	
0.00004

	
4.08

	
88

	
30.15

	
<0.001

	
0.92




	
Sampling time (M)

	
0.074

	
3.95

	
22

	
7.00

	
0.034

	
0.93




	
T*M

	
0.0013

	
1.48

	
88

	
30.15

	
0.11

	
0.81




	
Yield 2018

	
0.31

	
0.70

	
22

	
7.00

	
0.75

	
0.67




	
Yield 2017

	
0.18

	
1.44

	
22

	
7.00

	
0.32

	
0.82




	
Yield only




	
Intercept

	
0.04

	
16.00

	
22

	
16

	
<0.001

	
0.96




	
Yield 2018

	
0.18

	
3.42

	
22

	
16

	
0.007

	
0.83




	
Yield 2017

	
0.23

	
2.40

	
22

	
16

	
0.039

	
0.77
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Table 4. Response of given nematode taxa abundance to agronomic practices, season, and crop yield (from two multivariate GLMs).
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Taxon

	
c-p 1

	
Agronomic Practices, Season, and Crop Yield 2

	
Yield Only




	
Planned Comparison 3

	
R2

	
Year

	
R2




	
T0/T1

	
T0/T2

	
T1/T2

	
T2/T3

	
T2/T4

	
T3/T4

	
M/O

	
2018

	
2017






	
Bacterivores




	
Cephalobidae

	
2

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
0.48

	
↓

	
↓

	
0.39




	
Plectidae

	
2

	
↓

	
↓

	
–

	
–

	
–

	
–

	
–

	
0.47

	
↓

	
↓

	
0.38




	
Prismatolaimidae

	
3

	
↓

	
–

	
↓

	
↑

	
↑

	
–

	
–

	
0.58

	
↓

	
–

	
0.36




	
Rhabditidae

	
1

	
–

	
–

	
–

	
–

	
–

	
–

	
↑

	
–

	
↓

	
–

	
0.21




	
Herbivores




	
Aphelenchoididae

	
2

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–




	
Belondiridae

	
5

	
–

	
–

	
–

	
–

	
↓

	
↓

	
–

	
0.78

	
↑

	
–

	
0.25




	
Criconematidae

	
3

	
–

	
–

	
–

	
–

	
↓

	
↓

	
–

	
0.63

	
↑

	
–

	
–




	
Hoplolaimidae

	
3

	
–

	
–

	
–

	
–

	
↓

	
↓

	
–

	
0.85

	
↑

	
–

	
0.39




	
Meloidogynidae

	
3

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
0.25




	
Pratylenchidae

	
3

	
↓

	
↓

	
–

	
↓

	
↓

	
↓

	
–

	
0.60

	
↑

	
–

	
–




	
Telotylenchidae

	
3

	
–

	
–

	
–

	
–

	
↓

	
↓

	
–

	
0.55

	
↑

	
–

	
–




	
Xiphinematidae

	
5

	
–

	
–

	
–

	
–

	
↓

	
↓

	
↓

	
0.72

	
–

	
↓

	
0.23




	
Fungivores




	
Anguinidae

	
3

	
–

	
–

	
–

	
–

	
↑

	
↑

	
–

	
–

	
–

	
–

	
–




	
Aphelenchidae

	
2

	
–

	
–

	
–

	
–

	
↑

	
↑

	
↑

	
0.47

	
–

	
–

	
–




	
Diptherophoridae

	
3

	
–

	
–

	
–

	
–

	
↑

	
–

	
–

	
0.53

	
–

	
–

	
–




	
Leptonchidae

	
4

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–




	
Tylenchidae

	
2

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–




	
Tylencholaimidae

	
4

	
↓

	
–

	
–

	
–

	
↑

	
↑

	
↓

	
0.57

	
–

	
–

	
–




	
Omnivore/predators




	
Aporcelaimidae

	
5

	
–

	
–

	
–

	
–

	
–

	
–

	
↓

	
0.66

	
–

	
–

	
–




	
Mononchidae

	
4

	
–

	
–

	
–

	
–

	
↑

	
–

	
↓

	
0.48

	
–

	
–

	
–




	
Nordiidae

	
4

	
–

	
–

	
–

	
–

	
–

	
↑

	
↓

	
0.75

	
–

	
–

	
–




	
Qudsianematidae

	
4

	
–

	
–

	
↓

	
–

	
–

	
–

	
↓

	
0.71

	
–

	
–

	
–








1 c-p classes (c –colonizers, p –persisters); 2 Impact of crop was statistically insignificant for all families, so the relevant terms were completely omitted; 3 T0—Control, T1—No-till, T2—Till, T3—Till+P, T4—Till+biosolids; M—May, O—October; for Planned comparison: ↓—by results of planned comparison the abundance of taxa increases under the influence of the second member from a pair of contrasts (p < 0.05); ↑—by the results of planned comparison the abundance of taxa increases under the influence of the first member from a pair of contrasts (p < 0.05), for yield only model: ↓—parameter decrease due to yield increase (p < 0.05).
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Table 5. Multivariate GLM results examining the effect of treatment type, season, and crop yield as continous predictor on nematode assemblage synecological parameters.
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Effect

	
Wilk’s Lambda

	
F-Ratio

	
Effect Degrees of Freedom

	
Error Degrees of Freedom

	
p-Level

	
Effect Size (η2)






	
Agronomic practices, season, crop yield




	
Intercept

	
0.0039

	
658.6

	
8

	
21.00

	
<0.001

	
0.99




	
Treatment (T)

	
0.091

	
2.25

	
32

	
79.04

	
<0.001

	
0.48




	
Sampling time (M)

	
0.16

	
14.01

	
8

	
21.00

	
<0.001

	
0.84




	
T*M

	
0.22

	
1.25

	
32

	
79.04

	
0.21

	
0.34




	
Yield 2018

	
0.92

	
0.13

	
8

	
21.00

	
0.99

	
0.047




	
Yield 2017

	
0.88

	
0.34

	
8

	
21.00

	
0.94

	
0.11




	
Yield only




	
Intercept

	
0.0019

	
1926.2

	
8

	
30

	
<0.001

	
0.99




	
Yield 2018

	
0.78

	
1.04

	
8

	
30

	
0.45

	
0.19




	
Yield 2017

	
0.81

	
0.90

	
8

	
30

	
0.53

	
0.22
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Table 6. Response of nematode community synecological parameters to agronomic practices, season, and crop yield (from two multivariate GLMs).






Table 6. Response of nematode community synecological parameters to agronomic practices, season, and crop yield (from two multivariate GLMs).





	
Taxon

	
Agronomic Practices, Season of Sampling, and Crop Yield 1

	
Yield only




	
Planned Comparison 2

	
R2

	
Year

	
R2




	
T0/T1

	
T0/T2

	
T1/T2

	
T2/T3

	
T2/T4

	
T3/T4

	
M/O

	
2018

	
2017






	
Diversity indexes and abundance




	
Family richness

	
–

	
–

	
–

	
–

	
–

	
–

	
↓

	
–

	
–

	
–

	
–




	
Shannon diversity

	
–

	
↑

	
–

	
–

	
–

	
↑

	
↓

	
0.59

	
–

	
–

	
0.26




	
Pielou diversity

	
↑

	
↑

	
–

	
–

	
↑

	
↑

	
–

	
0.72

	
↓

	
–

	
0.25




	
Maturity index

	
↓

	
↓

	
–

	
–

	
–

	
–

	
↓

	
0.87

	
–

	
–

	
–




	
Total abundance

	
–

	
↓

	
–

	
–

	
↓

	
↓

	
–

	
0.69

	
–

	
–

	
–




	
Trophic groups




	
Bacterivores

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
↓

	
–

	
0.27




	
Fungivores

	
–

	
–

	
–

	
–

	
↑

	
↑

	
–

	
0.70

	
–

	
–

	
–




	
Herbivores

	
↓

	
↓

	
–

	
–

	
↓

	
↓

	
–

	
0.79

	
↓

	
–

	
0.18




	
Omnivore/predators

	
–

	
–

	
–

	
–

	
–

	
–

	
↓

	
0.60

	
–

	
–

	
–








1 Impact of the crop was statistically insignificant for all synecological parameters, so the relevant terms were completely omitted; 2 T0—Control, T1—No-till, T2—Till, T3—Till+P, T4—Till+biosolids; M—May, O—October; for Planned comparison: ↓—by results of planned comparison the abundance of taxa increases under the influence of the second member from a pair of contrasts (p < 0.05); ↑—by the results of planned comparison the abundance of taxa increases under the influence of the first member from a pair of contrasts (p < 0.05), for yield only model: ↓—parameter decrease due to yield increase (p < 0.05).
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