

  sustainability-13-12342




sustainability-13-12342







Sustainability 2021, 13(22), 12342; doi:10.3390/su132212342




Article



Soil Microbial and Nematode Community Response to the Field Application of Recycled Bio-Based Fertilisers in Irish Grassland



Anna Karpinska 1[image: Orcid], Demi Ryan 1[image: Orcid], Kieran Germaine 1, David Dowling 1, Patrick Forrestal 2 and Thomais Kakouli-Duarte 1,*





1



enviroCORE, Department of Science and Health, Institute of Technology Carlow, Kilkenny Road, R93 V960 Carlow, Ireland






2



Teagasc–Agriculture and Food Development Authority, Johnstown Castle, Y35 Y521 Wexford, Ireland









*



Correspondence: Thomae.Kakouli@itcarlow.ie







Academic Editors: Othmane Merah, Purushothaman Chirakkuzhyil Abhilash, Magdi T. Abdelhamid, Hailin Zhang and Bachar ZEBIB



Received: 24 September 2021 / Accepted: 2 November 2021 / Published: 9 November 2021



Abstract

:

Phosphorus (P) is an essential plant nutrient routinely applied to soils as an agricultural fertiliser, frequently in non-renewable, inorganic forms. Finite reserves and growing demand for agricultural phosphorus mean alternative P resources need to be explored. Recycling-derived fertilisers (RDF) recovered from specific waste streams, using nutrient recovery technologies, have the potential to replace conventional phosphorus fertilisers used in agriculture. Healthy functioning soil microbial and nematode communities are essential players in maintaining soil health and nutrient status. Thus, it is important to assess the responses of these communities to RDF application. We compared soil microbial and nematode communities of conventional fertiliser and RDF treated soil, in the form of struvite and ash, using next-generation sequencing (NGS) technologies in a phosphate-fertiliser replacement value (P-FRV) field trial. Bacterial and nematode communities displayed significant changes under the different P fertilisation treatments, while fungal communities were relatively unaffected. Bacterial diversity was higher among RDF treatments than conventional treatments, while nematode diversity was reduced by one ash treatment. Available potassium and phosphate were the main drivers of bacterial community changes when analysed by canonical correspondence analysis (CCA), while available phosphate alone was the driver of nematode community shifts. Of the RDF, struvite products yielded the highest crop biomass, maintained microbial diversity and were associated with the least disturbed nematode communities.






Keywords:


recycling derived fertiliser; phosphorus; biodiversity; soil community; bacteria; fungi; nematodes; sustainable agriculture; NGS












1. Introduction


Phosphorus is an essential macro-nutrient required for plant growth, which is primarily sourced from non-renewable phosphate rock for use in agriculture. However, global mineral phosphate reserves are estimated to be depleted within the next 100 years due to increasing human population and food demand [1]. Meanwhile, the production of organic waste from agricultural, municipal, and industrial wastes, which are rich in phosphorus, is on the increase and is often discarded. Thus, in recent years, much research has been focused on the recovery of nutrients from these waste streams [2] in attempts to achieve sustainable agriculture, global food security, and to develop a more circular economy.



A healthy functioning soil ecosystem is central to the successful growth of agricultural crops. Soil microbial communities are often referred to as a functional “black box” [3]. Up to 10 billion microorganisms may be harboured in a single gram of soil belonging to thousands of different species, which form a complex network of trophic interactions [4]. The microbial component of soil is involved in a multitude of key processes, such as the decomposition of organic matter, recycling of nutrients, mineralisation, nitrogen fixation, maintaining soil quality and health, and enhancing soil structure [5]. Many of these beneficial microbes are sustained by consuming sugars, amino acids, organic acids, and flavonoids secreted by the roots of a plant growing in the soil [6]. It is estimated that 30% of all carbon fixed in photosynthesis in the leaves is voluntarily released into the root zone in order to sustain a healthy and diverse microbial population in the soil. In return, microbes can solubilise nutrients (e.g., phosphates and potassium) in the soil, converting them into forms that plants cannot access alone. Additionally, microbes help to protect against plant pathogens, produce hormones that encourage growth, stimulate the plant immune system and enhance stress responses [7]. For these reasons, it is essential that fertilisers derived from recycled materials have no adverse effects on the diversity or abundance of the microorganisms, allowing such functions to be maintained.



Soil microbial diversity is an indicator of soil health [8]. Loss of soil microbial diversity poses a major threat, as it is associated with the loss of essential ecosystem functions [9]. For example, experimental evidence shows that soil bacterial taxonomic diversity is critical to maintaining plant productivity [10]. Therefore, low microbial diversity in soil indicates stressful conditions, while high soil microbial diversity is indicative of healthy, productive soil [11]. Several parameters have been shown to influence the structure and composition of soil microbial communities, including soil properties such as pH, moisture, texture, compaction, as well as other factors such as climate, type of vegetation, land management, and nutrient availability [12]. In turn, variation in soil microbial community structure can influence and disrupt some of the vital ecosystem processes provided by soils [13]. Thus, measures of bacterial and fungal diversity and community structure were used in these analyses to study the ecological impact of recycling-derived fertilisers (RDF).



Nematodes are the most abundant and widespread animals in nature [14] and can be used as bioindicators of environmental change because of their presence in high abundance, feeding behaviours, and diversity [15]. Nematodes are assigned to a colonisers and persisters (C-P) scale according to their life strategies [16]. Colonising bacterial feeding nematodes, also known as enrichment opportunists, are assigned to the lowest c-p 1 scale. They reproduce and increase in numbers rapidly, especially during the addition of rich organic matter material into the soil environment, such as animal manure. The persisters contain species with larger individuals and are characterised by long life spans and low reproduction rates. These are assigned to c-p 4 and 5 scales, and they favour undisturbed habitats [17]. Pollutant tolerant nematodes, assigned to c-p scale 2, can accept moderate to extreme soil disturbance [16], while persisters, equipped with a permeable cuticle, move away from the source of contamination. Environmental disturbance causes a decrease in the number of persister nematode species and shifts towards dominance of colonising species [18]. The reduction in persisters, such as dorylaimids, is a sign of soil environmental disturbance.



Ecosystem functioning indices such as Channel Index (CI) or Enrichment Index (EI) are based on the proportion of the c-p values assigned to each nematode taxon at the family, genus, or species level. These indices were utilised to observe any detrimental changes that RDFs might have caused on nematode communities and provide insight into the complex soil food web interactions. Soil nutrient mineralisation depends on the nutrient source and may proceed via bacterial or fungal decomposition channels. Organic materials rich in cellulose and lignin are decomposed via the fungal decomposition channel. Organic materials which are moist and rich in N are decomposed via the bacterial decomposition channel [19]. The Channel Index was proposed by Ferris et al. [20] and provided information on the flow of nutrients either through bacterial (fast) or fungal (slow) decomposition channels, calculated from the weighted proportion of c-p 2 fungivore and c-p 1 bacterivore nematodes. A decrease in the CI and an increase in the EI suggest increased bacteria activity and a fast bacterial decomposition channel [20], while an increase in the CI would indicate a slow fungal decomposition pathway.



The literature available on soil microbial and nematode community responses to the application of struvite and ash fertilisers is very limited. For example, Bang-Andreasen et al. [21] investigated bacterial community response to wood ash application in forest soil, while Robles-Aguilar [22] studied the effect of struvite fertiliser as an N source on rhizosphere dynamics and cultivation of lupine. However, to our knowledge, there is no available literature on microbial or nematode community responses to struvite or ash produced from nutrient recovery technologies in an agricultural setting. In the work presented here, we hypothesised the occurrence of diversity and community shifts due to the differing physical and chemical properties of RDF compared to conventional P fertiliser. Our goal was to investigate any negative impacts or possible threats imposed by struvite and ash fertilisers to microbial and nematode communities and to conclude on the ecological safety of RDF utilisation.




2. Materials and Methods


2.1. Field Description and Experimental Design


The field trial was conducted at Teagasc, Johnstown Castle, County Wexford (52°17′46.9″ N 6°30′32.1″ W). This was a P deficient site (P index 1, 1–3 mg P L−1) with an initial average pH of 5.6. Lime was applied at 1.5 t/ha at the beginning of the experiment. The soil on the site was classified as a sandy loam. Perennial ryegrass (vars. AberGreen (40%), AberChoice (30%), and AberGain (30%)) was sown in September 2018, and the initial fertiliser application occurred 7 months later, in April 2019. N, K, and S were applied in the mineral form at the recommended dosages of 125 kg N/ha, 155 kg K/ha, and 20 kg S/ha. P was applied at a rate of 40 kg P/ha, in the form of conventional fertilisers or the RDF under test. Depending on the source, some P fertilisers also contained other nutrients. Therefore, application of P resulted in surplus of N, K, and S in some cases. Second and third applications of mineral fertilisers N, K, and S took place in May and July 2019, at dosages of 100 kg N/ha, 75 kg K/ha, and 20 kg S/ha. No further P was applied to ensure it was the only limiting nutrient. A full list of fertiliser treatments and their application rates are provided in Table S1.



A treatment with no fertiliser (no P, N, K, or S) applied (NF), and a no phosphate (N, K, and S applied, but no P) treatment (SP 0) served as negative controls. Mineral superphosphate (SP 40) was applied to one set of plots as a positive control. A cattle slurry and mineral superphosphate combination (CS) also served as a positive control, as this is commonly practiced in agriculture. RDF treatments included potato waste struvite (PWS), municipal waste struvite (MWS), poultry litter ash (PLA), and sewage sludge ash (SSA). The chemical compositions of RDFs are displayed in Table 1. Each treatment had five replicate plots, each 2 × 6 m in size.




2.2. Soil Sampling, Physiochemical Properties, and Preparation for DNA Extraction and Sequencing


Soil sampling was conducted 51 days after fertiliser application following cutting of grass silage (July 2019). Nine sample cores were taken to a depth of 10 cm per plot and stored at −20 °C until ready for analysis. A total of 40 composite samples were obtained (8 treatments X 5 replicate plots). Defrosted samples were sieved through a 2 mm mesh to homogenise them. For bacterial and fungal analysis, 0.25 g sub-samples were further processed immediately. For nematode analysis, 25 g sub-samples of soil were shaken in 25 mL of deionised water for 10 min at 95 rpm and centrifuged for 2 min at 3500 rpm. The supernatant was discarded, and the remaining material was dried overnight at 28 °C in Petri dishes before thoroughly homogenising again using a mortar and pestle. Finally, 0.25 g sub-samples were used for further processing.



Total DNA was extracted from 0.25 g soil sub-samples using the Qiagen DNeasy® PowerSoil® Pro kit, as per the manufacturer’s instructions. Total DNA quality and quantity were assessed by NanoDrop™ instrument and agarose gel electrophoresis using 1% agarose gels, before outsourcing to a sequencing company. Bacterial 16S V4-V5 region rRNA, fungal ITS1 region rRNA, and nematode 18S V4 region rRNA were sequenced using 515F and 907R [23,24], ITS5-1737F and ITS2-2043R [25], and MN18F and 22R [26] primer pairs, respectively, on Illumina paired-end platform.




2.3. Sequence Data Analysis


Sequencing data were processed and clustered into OTUs based on a 97% similarity threshold by the sequencing company. In QIIME2 (version 2020.11), taxonomy was assigned to bacterial and nematode OTUs using the SILVA (release 138 SSURef_NR99) database [27], and to fungal OTUs using UNITE (version 8.2) database [28]. Fungal data were filtered to remove OTUs, which did not belong to the fungal kingdom. For subsequent alpha and beta diversity analyses, OTU numbers were normalised using the sequence number corresponding to the sample with the least sequences as the standard.



Levels of bacterial and fungal diversity were assessed by Observed OTU, Simpson, and Chao1 alpha diversity indices and statistically compared by the Kruskal–Wallis H test. Beta diversity was measured by Weighted Unifrac distances followed by permutational multivariate analysis of variance (PERMANOVA) based on 999 Monte Carlo permutations. Statistical analyses of bacterial and fungal abundances and correlation analysis were performed in IBM SPSS Statistics for Windows, version 25. One-way ANOVA with Tukey’s Honest Significant Difference (HSD) pairwise comparisons were used to detect significant differences between treatment groups in the relative abundances of bacteria and fungi at specific taxon levels, and in soil physiochemical properties. Where data violated the homogeneity of variance or normality assumptions, the nonparametric Kruskal–Wallis H test was used. Pearson’s correlation was used to test for significant relationships between microbial abundance and diversity data with soil physiochemical properties and crop yield.



Significant differences in nematode diversity were assessed by Observed OTU and Shannon alpha diversity indices and compared using SPSS (Version 25.0 for Windows). The Shapiro–Wilk’s test was used to determine the data’s normal distribution and Levene’s Statistic to test the homogeneity of variances. The differences among the data groups were tested for significance using the Kruskal–Wallis nonparametric test and Tukey honestly significant difference (HSD), where the data appeared to be parametric. Differences between the nematode communities were detected via a nonparametric test Anosim (Analysis of Similarity) and MetaStat. The functional indices such as CI and EI were calculated via Nematode INdicator Joint Analysis (NINJA) [29]. An automated calculation system, was specifically created for nematode biomonitoring, based on the R code, suitable to perform faunal analysis.



In order to examine the interaction between the bacterial, fungal, and nematode community structures with environmental parameters, canonical correspondence analysis (CCA) was performed on the soil’s physiochemical characteristics. The CCA of soil properties was based on OTU presence/absence data and performed using R software (version 4.0.4). Heatmaps of bacterial and fungal phylum and genera abundances were also produced using R.





3. Results


3.1. Soil and Plant Properties


Results of soil physiochemical property measurements (Table 2) tested for differences of significance revealed only Morgan’s P and Morgan’s K to be significantly variable among the different fertilisation treatments. The unfertilised (NF) and no phosphate (SP0) negative control treatments had the lowest concentrations of soluble P, as expected. However, statistically, these were only significantly lower than the MWS treatment, which had the highest levels of soluble P. Soil soluble K concentrations were significantly higher in the CS treatment compared to all other treatments. Additionally, the PLA treatment had a significantly higher amount of soluble K compared to the unfertilised treatment (NF). The rest of the soil properties remained stable across the various treatments, displaying no differences of significance. Perennial ryegrass dry matter (DM) yield was significantly lower in the unfertilised treatment compared to all other treatments, with an average DM yield of 1.4 tons per hectare—less than half the yield of those treatments that received fertilisers. Uptake of phosphorus by plants was significantly lower in the unfertilised treatment than in those fertilised with P (i.e., all other treatments excluding SP 0, in which no P fertiliser was applied). More details of soil and plant properties which significantly differed between treatments can be found in Table S2.




3.2. Microbial Analysis


3.2.1. Community Composition


After quality filtering, totals of 2,283,122 (19,553–101,287 sequences per sample) and 1,148,140 (7439–45,875 sequences per sample) 16S rRNA and ITS sequences were obtained, respectively. The dominant bacterial phyla were Actinobacteriota, followed by Proteobacteria, Firmicutes, Acidobacteriota, Planctomycetota, Chloroflexi, Verrucomicrobiota, Myxococcota, Gemmatimonadota, and Desulfobacterota, together accounting for 96.9–97.6% of the total bacterial sequences in samples (Figure 1A). The dominant bacterial phyla remained consistent across the fertiliser treatments; however, their relative abundances were altered in several cases. Of the top 15 bacterial phyla, which accounted for >99% of sequences in all samples, pairwise significant differences were found in the abundances of the phyla Myxococcota, Gemmatimonadota, Desulfobacterota, Bacteroidota, and Latescibacterota (p < 0.05, Table S3). While the dominant phylum, Actinobacteriota, was clearly enriched in treatments with P fertilisation, changes were not significant in pairwise comparisons. The average relative abundance of Actinobacteriota increased by 1.4–3.4% in P-treated soil. Myxococcota abundance significantly dropped in CS treatment compared to NF. Gemmatimonadota abundance significantly increased in PLA compared to SP40, CS, and SSA. Desulfobacterota were significantly increased in NF compared with MWS and SSA compared with the other RDF treatments (PWS, MWS, and PLA). Bacteroidota abundance was enriched in SSA compared to CS. Lactescibacterota abundance significantly lowered in CS and MWS treatments compared to NF.



At the genus level, the top 10 genera (Figure 1B) accounted for a large proportion of the total bacterial population at 36.4–40.0%. While the order of genera dominance varied among treatments, Bacillus and an unidentified genus of the order Gaiellales were the top two genera in all treatments, with average abundances of 8.2% and 5.4%, respectively. The top 30 genera, accounting for 60.4–64.9% of total bacteria, were investigated statistically for differences of significance (p < 0.05, Table S3) among treatments. Generally, significant declines were observed in the abundances of an uncultured genus of Xanthobacteraceae in MWS and PLA treatments, and another unidentified genus of Xanthobacteraceae in MWS, PLA, and SSA treatments. Solirubrobacterales 67-14 were significantly increased in CS, Nocardioides, Terrabacter, and uncultured Gemmataceae in MWS, Bradyrhizobium in SSA, Candidatus Solibacter in both ash treatments (PLA, SSA), and unidentified Micrococcaceae in both MWS and PLA treatments. Finally, the abundance of Pseudolabrys was significantly decreased in MWS treatment. The bacterial abundance changes at phylum and genus level are visualised via heatmaps in Figure 2.



On average, the dominant fungal phylum, Ascomycota, accounted for 83.8% of total fungal sequences. Alongside the phyla Ascomycota, the Mortierellomycota and Basidiomycota comprised 90.4–97.5% of total fungal sequences in samples (Figure 3). An average of approximately 3% of fungal sequences could not be assigned to a specific fungal phylum. No significant differences were detected between the various fertilisation treatment groups in the abundances of their fungal phyla or genera. In most cases, nonparametric significance tests had to be performed due to the variability between samples of the same group, which caused the normality assumption of parametric tests to be dissatisfied. Transforming the data was also unsuccessful in achieving normal distribution. The heatmaps in Figure 4 visually represent the abundance differences of the top fungal phyla and genera.




3.2.2. Microbial Alpha Diversity


Sequences were rarefied to 19,553 and 12,239 per sample for bacteria and fungi, respectively. Significant differences (p < 0.05) were detected in bacterial richness and evenness (observed OTUs and Simpson’s index) among the different treatment groups, while the fungal diversity remained equally rich and even, suggesting fungal diversity was relatively unaffected by the fertilisation regimes (Table 3). In observed bacterial OTUs, pairwise comparisons revealed the mineral SP40 and CS treatments had significantly lower numbers in comparison to the unfertilised (NF) control (p = 0.047, p = 0.009), while CS treatment also had significantly lower numbers compared to the SP0 control (p = 0.016). The only significant difference detected between the SP40 control treatment, and other treatments were with the SSA treatment, which had a higher number of observed OTUs (p = 0.028), while MWS, PLA, and SSA had significantly higher numbers in comparison to CS treatment (p = 0.009, p = 0.009, p = 0.009). A high Simpson’s index was calculated in all samples. In terms of Simpson’s index, SSA treatment was found to have a significantly higher index than the NF (p = 0.047), SP0 (p = 0.049), SP40 (p = 0.028) and CS (p = 0.009) treatments. In poultry litter ash (PLA) it was significantly higher than in SP0 (p = 0.047) and CS (p = 0.028), while in MWS was significantly higher than in CS treatment (p = 0.047). Otherwise, the PWS RDF treatment had significantly lower observed OTUs and Simpson’s index compared to the SSA RDF (p = 0.028, p = 0.009).




3.2.3. Microbial Beta Diversity


Permutational multivariate analysis of variance (PERMANOVA) procedure performed on Weighted Unifrac distances, based on 999 Monte Carlo permutations, revealed that bacterial community structure was significantly affected by the different fertilisation treatments (F = 1.998, p = 0.001), while fungal communities were not (F = 0.990, p = 0.463). As determined through PERMANOVA pairwise comparisons, several of the treatment groups significantly differed (p < 0.05) from one another in their bacterial community structures. Both NF and SP0 negative control treatments exhibited significantly different (p < 0.05) bacterial community structures in comparison to CS, MWS, PLA, and SSA treatments, but not to SP40 or PWS treatments (Table S5). Interestingly, the SP0 treatment, which had N, K, and S fertilisers applied, did not differ significantly in its bacterial community structure when compared to the NF treatment, which had zero fertilisers applied. The MWS treatment was the most distinct, in that it had a significantly different bacterial community structure compared to all other treatments and was the only treatment that significantly differed from the mineral control treatment (SP40). Both PLA and SSA treatments were also significantly different from the CS treatment. Based on Unweighted Unifrac distances, neither bacterial (F = 1.023, p = 0.134) nor fungal (F = 1.023, p = 0.414) community structures were found to be significantly variable.




3.2.4. Relationships between Physiochemical Soil Variables and Microbial Communities


Canonical correspondence analysis (CCA) conducted on bacterial and fungal sample OTU data with soil variables unveiled significant relationships between available P and K with bacterial communities. Approximately 18.6% of the total variation in the bacterial analysis was explained by soil chemical properties (Figure 5). Available P appeared to be a significant driving factor in shaping the bacterial communities of SP40, PWS, and MWS treatments, while available K played a significant role in shaping the community of the CS treatment. Fungal communities were not significantly affected by soil variables.



Pearson’s correlation analysis was performed on bacterial abundances at phylum and genus level to unveil bacterial taxa affected by available P and K concentrations (Table S4). Available P (Morgan’s P) in the soil was weakly positively correlated with the abundance of the Actinobacteriota phylum (r(40) = 0.32, p = 0.048). The top 30 genera were investigated, and all those positively correlated with available P belonged to the Actinobacteriota, including Nocardioides, Mycobacterium, an unidentified Micrococcaceae genus, Acidothermus, and Terrabacter. Meanwhile, the Proteobacteria (r(40) = −0.42, p = 0.007), Acidobacteriota (r(40) = −0.35, p = 0.025) and Myxococcota (r(40) = −0.32, p = 0.043) phyla were negatively correlated with available P. Proteobacterial genera, negatively correlated, included two uncultured Xanthobacteraceae genera and Pseudolabrys. Two uncultured genera belonging to Vicinamibacterales of the Acidobacteriota also had negative relationships with available P. The Chloroflexi (r(40) = −0.31, p = 0.049) and Verrucomicrobiota phyla (r(40) = −0.35, p = 0.027) abundances were negatively correlated with available K (Morgan’s K) in the soil. At the genus level, a moderate positive relationship was revealed between Solirubrobacterales 67-14 metagenome genus and available K, while Candidatus Udaeobacter showed a negative relationship.





3.3. Nematode Analysis


3.3.1. Community Composition


After quality filtering, an average of 151,561 total effective tags was obtained per sample. For alpha and beta diversity analyses, samples were analysed as groups based on their fertiliser treatment. A sequence cut-off value equivalent to the lowest number of taxon tags sequenced in a sample was used, which in this case was 41,377. The dominant nematode order was Dorylaimida, followed by Monhysterida, Tylenchida, Rhabditida, Triplonchida, Araeolaimida, Diplogasterida, Enoplida, and Mononchida, together accounting for 96.8–99.9% of the total nematode sequences in samples. Of the top nine nematode orders, significant differences were found in the abundances of the Dorylaimida, Monhysterida, Triplonchida, and Rhabditida (Figure 6), when compared to the abundances of orders in SP 40, the conventional mineral fertiliser (Table S6). Poultry litter ash treatment significantly (p = 0.003) decreased the relative abundance of environmental disturbance sensitive dorylaimids and significantly (p = 0) increased the relative abundance of stress-tolerant monhysterids. Cattle slurry treatment significantly (p = 0.03) increased the numbers of food opportunistic rhabditids, when compared with SP 40, due to the input material rich in organic matter. Potato waste struvite treatment significantly (p = 0.006) increased the relative abundance of predacious or bacteria feeding triplonchids, when compared with SP 40, the mineral control.




3.3.2. Nematode Alpha and Beta Diversity


Levels of nematode diversity within the different fertilisation treatment groups were found to be significantly different from each other in two particular cases (Table 4). Sewage sludge ash had a negative effect on nematode diversity when compared to SP 40, the conventional mineral fertiliser. Sewage sludge ash significantly (p = 0.02) reduced the number of observed species when compared with SP 40 and the remaining treatments. Poultry litter ash showed the highest species richness and evenness, when compared with SP 40 and the remaining treatments. The analysis of similarity (ANOSIM) performed on Weighted Unifrac distances, revealed that nematode community structure was significantly affected by the PLA, when compared with those in NF, SP 0, SP 40, CS, and PWS treatment (Table S8). Based on Unweighted Unifrac distances, CS, SSA, and PLA nematode communities were significantly different from those in the remaining treatments, and each other (Table S9).




3.3.3. Relationships between Physiochemical Soil Variables and Nematode Communities


Canonical correspondence analysis (CCA) conducted on nematode associated OTU data and soil variables revealed significant relationships between available P (Morgan’s P) with nematode communities. Approximately 25% of the total variation in nematode analysis was explained by soil chemical properties (Figure 7). Available P appeared to be a significant driving factor in shaping the nematode communities in the SSA treatment.



Pearson’s correlation analysis was performed to reveal nematode taxa affected by soil available P concentration. The analysis showed no correlation at the order level (Table S7). Further investigation at the species level revealed that Available P (Morgan’s P) was weakly positively correlated with the relative abundance of Neopsilenchus magnidens (r(40) = 0.355, p = 0.025) and weakly negatively correlated with Acrobeloides spp. (r(40) = −0.354, p = 0.025). This means that the abundance of the plant-parasitic (epidermal-root hair feeder) Neopsilenchus spp. was increasing with increasing soil available P. On the other hand, the abundance of the bacterial feeding Acrobeloides spp. was decreasing, while available P was relatively high. Additionally, Pearson’s correlation analysis showed that other soil properties than Morgan’s P to be significantly correlated with the relative abundances of certain nematode taxa. The relative abundance of enoplids was positively correlated with uptake P (kg/ha) in the soil (r(40) = 0.317, p = 0.046), and DM yield (ton/ha) (r(40) = 0.357, p = 0.024). The relative abundance of Alaimus spp. (Ba4), belonging to order Enoplida, was also positively correlated with the DM yield (r(40) = 0.346, p = 0.029). The abundance of the plant-parasitic Xiphinema diversicaudatum was positively correlated with the DM yield (r(40) = 0.327, p = 0.039) as well as with uptake P (r(40) = 0.351, p = 0.026). Additionally, the lowest relative abundance of X. diversicaudatum was recorded for NF, SP 0, and SSA treatments and the lowest uptake P values. The numbers of the omnivorous Sectonema barbatoides were positively correlated with uptake P (r(40) = 0.382, p = 0.015). Again, the lowest relative abundance of S. barbatoides was recorded for NF, SP 0, and SSA treatments, previously recorded with the lowest uptake p values.




3.3.4. Food Web Diagnostics


The database that the Nematode INdicator Joint Analysis (NINJA) tool operates on contains the majority of terrestrial nematode families, genera, and species, with the corresponding c-p scale values and feeding behaviours [29]. The relative abundance data of the 45 nematode species, identified via molecular approach, were used to perform the diagnostics. The faunal profile analysis revealed a significant (p = 0.02) difference in the Channel Index (CI) value of SSA (87.47) and CS (26.51) treatments (Figure 8). The Enrichment Index (EI) was identified as significantly (p = 0.04) higher in CS (21.83) treatment when compared with that in PLA RDF (5.41). Additionally, Pearson’s correlation analysis showed strong negative correlation (r(40) = −0.762, p = 0.00) between EI and CI.






4. Discussion


4.1. Microbial Community


The different types of P fertiliser used in this trial had varying significant influences on the soil bacterial communities. Several of the top bacterial phyla were found to significantly differ in abundance between treatment groups. However, abundance differences were treatment-specific, i.e., they occurred between some treatments, but not all. This indicated that while significant taxa abundance differences were detected, they were not so significant that they were enriched or depleted compared to all other treatment groups.



The Actinobacteriota were found to be the dominant phylum of bacteria in all treatments. Most Actinobacteriota are aerobic saprophytes and are typically dominant in soils, with a diverse range of roles [30]. While overall significance in the relative abundance of Actinobacteriota was detected, no significant pairwise comparisons were found, despite an obvious increase in their relative abundances in P-treated soils. Hence, the Actinobacteriota were positively correlated with available P in the soil, which indicated that their ability to make P available through various mechanisms [31] allowed them to thrive. Though the Gemmatimonadota are among the nine most abundant bacterial phyla found in soils, their increased abundance in PLA treated soil was difficult to interpret, as their ecological importance is poorly understood, with very few members isolated, to date [32]. They have, however, been shown to prefer drier soils [33] and soil with high salinity-sodicity [34]. The increased abundance of Desulfobacterota in SSA-treated soil may have been due to the excess S applied to the soil. However, PLA treatment, which received a higher amount of S, had a lower abundance of Desulfobacterota. It is possible that the high Fe content of SSA stimulated iron-oxidisers within this phylum [35]. Additionally, Bacteroidota, which are considered to be specialised degraders of complex organic matter, also increased in abundance in SSA treatment [36]. Notably, among the top 30 genera, soil treated with MWS had the most significant abundance differences. A trend emerged in that all genus abundance decreases in this treatment occurred in the family Xanthobacteraceae—two uncultured genera, Bradyrhizobium and Pseudolabrys, while genera with significantly enriched abundances all belonged to the class Actinobacteria—Nocardioides, an uncultured Micrococcaceae and Terrabacter. The Xanthobacteraceae family are associated with C and N cycling in soils [37] and have been identified as enriched in low P soils [38], suggesting they declined due to increased competition with P-solubilising Actinobacteriota.



Two soil physiochemical properties, available P and K, were found to be explanatory of a portion of the bacterial community variation, according to CCA (Figure 5). Overall, available P appeared to have the widest influence on the bacterial community structure in this trial, showing multiple significant positive or negative correlations with the dominant bacterial phyla and genera. Actinobacteriota were the only phylum positively correlated with available P, as described above. Mycobacterium, a member of this phylum, displayed the strongest positive relationship with available P (r = 0.509, p = 0.001). Mycobacterium is best known as a NO3− reducer and polyaromatic hydrocarbon degrader [39], but it is also named an active species in the conversion of insoluble phosphorus [40]. Available K was negatively correlated with two bacterial phyla, Chloroflexi and Verrucomicrobiota, both of which have been previously observed to decline in abundance with increasing K [41,42].



Soil bacterial diversity richness and evenness were significantly variable among treatments, with the CS treatment the least diverse. In the case of CS treated soil, the rate of N and K applied exceeded the recommended amounts by 80 kg N/ha and 116 kg K/ha, respectively. However, the drop of bacterial diversity levels in CS treated soils was unusual, as organic amendments are known to increase bacterial diversity [43,44,45]. One possible explanation is that the additional moisture led to a more rapid release of P in this treatment. This decrease in bacterial diversity levels was also observed in the mineral SP40 treatment. However, some studies have reported reduced bacterial diversity after application of mineral P and the application of manure and mineral fertiliser combination treatments, due to stimulated growth of copiotrophic dominating microbes [46,47]. This occurrence is further supported by the lack of significance between the Simpson’s index of NF and the positive control treatments, which measures OTU richness and evenness. Additionally, it is possible that the excessive amounts of N applied in the CS treatment may have contributed to the significant decrease in bacterial diversity, a trend previously reported by Li et al. [48]; however, it must be mentioned that the sequencing depth was estimated to represent approximately 60% of the bacterial community; therefore, it is possible that diversity was decreased by chance due to insufficient sequencing depth. The most interesting finding was that the level of bacterial OTU richness and evenness were either maintained or increased by RDF treatments when compared to negative and positive control treatments.



In beta diversity analysis, bacterial community structure was found to be significantly variable among treatments by PERMANOVA statistical method when measured by the quantitative Weighted Unifrac, but not when measured by the qualitative Unweighted Unifrac. This provided evidence that the dissimilarity among the bacterial communities was attributable to differences in abundance rather than phylogenetic composition. This is not an unusual occurrence, as pointed out by Lozupone et al. [49] that Weighted and Unweighted Unifrac can lead to dramatically different conclusions. Generally, soil bacterial communities were more responsive to P input combined with N, K, and S, than they were to N, K, and S alone; however, soil treated with mineral superphosphate fertiliser (SP40) showed no change in community structure in comparison to NF and SP0 treatments. With the exception of increased abundance of one bacterial genus, Conexibacter, our findings between SP0 and SP40 treatments were consistent with Randall et al. [50], who found that soil bacterial abundance, structure, and richness were unaffected by inorganic P fertilisation (30 kg P/ha−1) under a cut and removed grass management system. The MWS RDF treatment was the most distinct, with a significantly different bacterial community compared to all other treatments. This treatment had the highest levels of Uptake P, available P, and an increased abundance of genera belonging to Actinobacteriota, all of which were positively correlated with available P, suggesting that this struvite released P most efficiently. This, alongside the significant drop in genera belonging to the Xanthobacteraceae family, described above, explained this community change. Overall, while bacterial taxa abundances, diversity, and community structure were significantly impacted by the various fertiliser treatments in this P-FRV trial, we found no evidence suggestive of deleterious effects imposed by RDFs as a P source on soil bacterial community.



Fungal community response to fertiliser treatments, while highly variable among samples of the same treatment, was statistically insignificant between treatments. This applied to fungal taxa abundance, alpha diversity, and beta diversity. Bacteria have been shown to be more sensitive to different fertilisers than fungi, due to their shorter turnover time and faster reactions to environmental changes [51]. However, some change, at least between the unfertilised and fertilised treatments, would have been anticipated. Though in contrast with the literature [52], the results of this trial suggest that the soil’s fungal community was not significantly affected by the different P treatments, or even fertilisation in general. A higher sequencing depth may have aided in the statistical analyses and interpretation of this dataset.



Agricultural management practices, including the use of fertilisers, can alter the physical, chemical, and biological properties of soil, which in turn, can influence a soil’s quality and productive capacity [53]. The addition of fertiliser to soil can greatly impact its function and properties such as organic carbon content, pH, nutrient availability, and enzyme activity, among others, leading to soil degradation. Furthermore, the intense use of chemical fertiliser is associated with functional and structural shifts in soil microbial populations [54]. In our field study, we observed only minor changes in the measured soil properties as a result of RDF application. However, one interesting observation, though statistically insignificant, was that soil subjected to mineral superphosphate (SP40) fertiliser had the lowest average organic matter and carbon contents. This suggests that a higher enzymatic potential and biological activity are maintained in soil by fertilisation with RDF and CS [55]. In fact, due to their relationship with soil biology, enzymes in soil such as phosphatase, dehydrogenase, and catalase can serve as sensitive indicators of microbial activity [56]. Such analysis could provide a further understanding of the bacterial community shifts observed in this trial. Recycling-derived fertilisers have the potential to replace mined non-renewable P and aid in achieving global food security, while minimising the impact of waste streams on our environment. The current linear flow of mineral P from reserves to farms, and into waterbodies, has already surpassed the thresholds of sustainable human development [57]. A circular nutrient economy can be achieved by utilisation of RDF. This study represents the first of a set of analyses of the impact of RDF on soil microbial diversity and community structure subjected to such products. Future work should consider microbial community response under balanced crop nutrient conditions for a clearer picture of their practical use by farmers.




4.2. Nematodes


The diversity of the nematode communities displayed significant changes under the various fertilisation treatments of this trial. In terms of species diversity, richness and evenness, significant changes of observed nematode OTU and Shannon indices were detected among the treatments. The Sewage sludge ash treatment had a significantly lower number of observed species, while PLA showed the highest species richness and evenness, when compared with the remaining treatments. Although PLA showed the highest species richness, it was found to be significantly different from the remaining treatments in terms of nematode taxa, indicating environmental disturbance. Poultry litter ash significantly decreased the relative abundance of stress-sensitive dorylaimids and significantly increased the relative abundance of stress-tolerant monhysterids when compared with SP 40, the mineral fertiliser. This unfavourable shift of nematode communities in PLA RDF could indicate environmental change or disturbance. The persisters, such as dorylaimids, favour undisturbed habitats [17], and a decrease in their abundance indicates disturbance or pollution of their habitat. Overall, environmental disturbance causes a decrease in the number of persisters and causes a shift towards the dominance of colonisers [18].



This field trial design did not take into consideration the nutrient content of RDFs as all treatments received a blanket application to meet crop N, K, and S requirements. As a result, PLA received surplus potassium when compared with other RDFs. The microbial analysis revealed a negative relationship between soil available K and certain bacterial diversity. The surplus of K can also be a potential cause of the unfavourable shift within nematode communities, and as an important factor should be considered during the environmental risk assessment. For this reason, a trial examining microbial and nematode community response to RDFs under balanced nutrient conditions will be analysed in future work. Another reason that possibly caused the reduction in sensitivity to environmental disturbance taxa was the presence of heavy metals in the ash products (unpublished data). The estimated concentration of Copper (Cu) in the ash derived from poultry litter was 417 mg/kg, and the concentration of Zinc (Zn) was as high as 1940 mg/kg. The concentrations of the heavy metals in the ash derived from sewage sludge were similar. Possible heavy metal toxicity to nematode communities was examined following the addition of Cu and Zn to agricultural soil [58]. In the Korthals et al. study, during exposure, the nematode community structure, as well as individual nematode taxa, were significantly affected by increasing concentrations of heavy metals, reaching up to 200 mg/kg. Sensitive to environmental disturbance, dorylaimids such as Thonus spp. and Aporcelaimellus spp. significantly decreased in their abundance at concentrations of Cu and Zn exceeding 50 mg/kg. In the present study, although the ash derived from sewage sludge waste did not adversely affect nematode taxa sensitive to stress and disturbance, it did significantly reduce the number of observed species when compared with the remaining treatments. According to CCA analysis (Figure 7), the soil chemical property of available P appeared to have the strongest influence on the nematode community structure in the SSA treatment. Among RDF, SSA was recorded with the lowest uptake of phosphorous by plants.



In beta diversity analysis, measured by the qualitative Unweighted Unifrac, nematode community structure was found to be significantly variable among the CS, PLA, and SSA treatments. Additionally, the food web diagnostics, based on the relative abundance of nematode species, also showed significant differences among these three treatments, in terms of EI and CI (Figure 8). A significant increase in EI, followed by a significant decrease in CI, indicates enhanced soil bacterial activity and a fast bacterial decomposition channel in CS treatment. The increased CI value indicates a slow fungal decomposition pathway of nutrients in SSA RDF, as opposed to a fast bacterial decomposition channel in CS treatment. The nematode food web becomes enriched when increased microbial activity enhances the bacteria feeding enrichment opportunists [20]. The significant increase in food opportunistic rhabditids in CS treatment, thus, the attraction of bacteria feeding nematodes to graze, was likely due to the input of rich in organic matter material. Treatments that sustained higher levels of bacterivores also experienced higher rates of N mineralisation [59]. Cattle slurry treatment received the highest amount of N, equivalent to 305 kg/ha, between 1st and 2nd application of nutrients; however, the rate of N applied exceeded the recommended amount by 80 kg N/ha, the N (% of DM) was not significantly different among the treatments (Table 2). The highest DM yield was recorded for CS treatment, which also showed the most enriched food web. On the other hand, out of all RDFs, the PLA treatment was recorded with the lowest DM yield, and also showed significantly (p = 0.04) lower EI when compared with CS treatment. Among RDFs, SSA was recorded with the lowest uptake P by plants, as well as the highest CI, which was significantly increased when compared with CI recorded for the CS treatment. The increased CI value indicates a slow fungal decomposition pathway of nutrients in the SSA RDF, as opposed to a fast bacterial decomposition channel in the CS treatment.



Although there was no correlation between Morgan’s P and any of the nematode orders, the relative abundance of the two species was related to available soil nutrients. The increased abundance of the plant-parasitic Neopsilenchus spp. was associated with increased available P in the soil, thus, with less P uptake by plants. The relative abundance of the bacteria feeding Acrobeloides spp. was very low across the treatment groups, and it was negatively correlated with Morgan’s P. This means that the abundance of bacterivorous Acrobeloides spp. was decreasing with increasing soil available P.



The relative abundance of various nematode species was found to be positively correlated with uptake P, DM yield, or both. The omnivorous c-p 5 Sectonema barbatoides, had a weak positive relationship with uptake P, while the bacterivorous (c-p 4) Alaimus spp., weakly positively correlated with DM yield. Although plant-parasitic, the relative abundance of the c-p 5 Xiphinema diversicaudatum, had a weak positive correlation with both uptake P and DM yield. These findings suggest that during this trial, S. barbatoides, X. diversicaudatum, and Alaimus spp., assigned to the upper persisters scale, directly positively contributed to either phosphorous uptake by plants or dry matter yield. The presence of persisters is highly important in agricultural soils and nutrient cycling. Placed at the top of the soil nematode food chain, they feed on bacterial and fungal feeding nematodes, releasing more nutrients available for plant uptake and regulating the coloniser’s population [60].



Soil is the main source of nutrients needed for plant growth. In order to deliver high crop yields and satisfy an increasing demand of a growing population, intensive agriculture causes depletion of the natural reserves of these nutrients in the soil, leading us to a P emergency. It is estimated that the existing global P resources will be exhausted within the coming 50–100 years [61,62,63]. The long-term inputs of inorganic fertilisers are unfavourable from an agricultural sustainability point of view [64]; therefore, it is essential to make better use of P resources, improve the recycling of P from agricultural and urban wastes [65] and explore more sustainable sources of P [66]. Over time, nematode abundance and community composition are affected by the application of mineral or organic fertiliser, soil properties, and crop cultivated [67,68,69]. Organic input, such as animal manure, is widely accepted as one of the sustainable agricultural practices that improve soil fertility and soil biological properties [70,71,72]. In the Gruzdeva et al. [73] study, the application of mineral fertilisers had a more pronounced effect on the nematode community in the plots without the addition of manure. However, even the most efficient use of P resources can cause eutrophication to surrounding water bodies by the leaching of P from agricultural land [74]. Recycling derived fertilisers, as a valid source of nutrients in the form of ash or struvite, can positively contribute to sustainable food production. The nematode density information concept was introduced, by van den Hoogen et al. [75], to visualise the abundance and biomass of nematodes at a global scale. It was estimated that the global biomass of nematodes in the global topsoil is approximately 0.3 gigatonnes (Gt), and their metabolic activity is estimated to be responsible for a monthly carbon (C) turnover of 0.14 Gt, within the global growing season [75]. The diversity and high abundance of nematode communities influence the global carbon cycle and highlight their functional importance in nutrient cycling and agricultural soil food-web functioning. Global warming is driving significant climate change and extreme weather events, such as more frequent droughts and heavy rainfall. As nematodes are aquatic animals and require a water film around soil particles to move, feed, and reproduce [76], more frequent and/or long-term droughts can change the structure of nematode communities and weaken their role in the agricultural soil food web systems [77]. In addition to dry soil conditions, the temperature was reported as an important environmental factor affecting nematode communities [78,79,80,81]. An increase in atmospheric temperature by 0.74 °C over the last century has been reported [82], and a further increase at a rate of 1–3 °C by 2100 has also been predicted. It is unclear what the effects of such nematode community changes will be on food webs, nutrient cycling, and ecosystem functions in agricultural soils. More research is therefore needed in this area, especially in the context of ecological predictive modelling.





5. Conclusions


In this P-FRV trial, we aimed to uncover variation in microbial and nematode community compositions according to different sources of P fertiliser, including conventional P and RDF P treatments derived from municipal and agricultural wastes. In soil microbial analyses, we found that bacterial populations were significantly influenced by fertilisation treatments. The most remarkable result here was that the positive control treatments, SP 40 and CS, significantly lowered the bacterial diversity compared to the unfertilised control treatment, NF, while the RDF treatments did not. Bacterial diversity was either maintained or enriched by RDF application, while conventional mineral fertiliser treatments displayed the lowest levels of diversity. Only one RDF treatment, a struvite derived from municipal waste, was found to have a significantly different bacterial community to the mineral superphosphate control. Most bacterial community variation was explained by available P levels, which appeared to stimulate the Actinobacteriota. Soil available K was also found to be a significant factor influencing bacterial communities. Fungal populations appeared to be relatively unaffected by P sources and fertilisation in general. While community variation was obvious via statistical methods, no negative impacts imposed by utilisation of RDFs on the soil microbiome were observed in this analysis. Though, ash RDFs may be associated with lower crop yield.



The presence of dorylaimids reflects a mature, structured, and less disturbed soil environment, as opposed to a degraded or recently disturbed ecosystem, colonised by stress-tolerant and opportunistic food nematodes. Such disturbance occurred after the application of PLA in the P-FRV trial. This is likely due to the high content of heavy metals in the ash derived from poultry litter waste, or the increased application of potassium during the field trial. Sewage sludge ash displayed unfavourable changes to nematode diversity when compared with the remaining treatments. Soil available P appeared to be a driving factor in shaping the nematode communities of the SSA treatment, which was recorded with the lowest phosphorous uptake among RDF treatments. The SSA, also containing heavy metals, may pose a risk to terrestrial nematode communities in long-term use and, as a result, may negatively affect soil nutrient cycling and mineralisation. The ash product, rich in recycled nutrients, can be certainly used as a fertiliser additive. This approach would reduce the input of unwanted heavy metals into the soil environment while making use of the beneficial recycled nutrients. The ash producers should consider the improvement of the production process to minimise the heavy metal content in the final product.



There were fewer variations in nematode communities observed in struvites, when compared with those in N and K enriched CS. There were no major differences between PWS and MWS and the controls in terms of ecological impact. Neither struvite fertilisers reduced the number of observed nematode species or adversely affected nematode communities, thus, maintaining soil nematode biodiversity. Both struvites can be therefore applied by farmers, as the main source of phosphorous, without posing a threat to terrestrial nematode communities and plant growth.
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Figure 1. The average relative abundances of (A) the top 10 bacterial phyla and (B) the top 10 bacterial genera, observed in each of the treatment groups (n = 5). Treatment group name: NF, No fertiliser; SP0, No phosphate; SP40, mineral super phosphate; CS, cattle slurry; PWS, potato waste struvite; MWS, municipal waste struvite; PLA, poultry litter ash; SSA, sewage sludge ash. 
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Figure 2. Heatmaps representing the abundances of the top 15 bacterial phyla and top 30 bacterial genera in treatment groups. Treatment group name: NF, No fertiliser; SP0, No phosphate; SP40, mineral super phosphate; CS, cattle slurry; PWS, potato waste struvite; MWS, municipal waste struvite; PLA, poultry litter ash; SSA, sewage sludge ash. The Z-score ranges between 2 and −2 and represents the distance between the raw score and the mean of the standard deviation. ‘Z’ is negative when the raw score is below the mean, and vice versa. For those bacterial taxa unable to be assigned into specific known bacterial genera, the higher known taxonomic unit was included. 
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Figure 3. The average relative abundances of (A) the top 3 fungal phyla and (B) the top 10 fungal genera, observed in each of the treatment groups (n = 4 or 5). Treatment group name: NF, No fertiliser; SP0, No phosphate; SP40, mineral super phosphate; CS, cattle slurry; PWS, potato waste struvite; MWS, municipal waste struvite; PLA, poultry litter ash; SSA, sewage sludge ash. 
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Figure 4. Heatmaps representing the abundances of fungal phyla and the top 30 fungal genera in treatment groups. Treatment group name: NF, no fertiliser; SP0, no phosphate; SP40, mineral super phosphate; CS, cattle slurry; PWS, potato waste struvite; MWS, municipal waste struvite; PLA, poultry litter ash; SSA, sewage sludge ash. The Z-score ranges between 2 and −2 and represents the distance between the raw score and the mean of the standard deviation. ‘Z’ is negative when the raw score is below the mean, and vice versa. For those fungal taxa unable to be assigned into specific known fungal genera, the higher known taxonomic unit was included. 
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Figure 5. CCA biplot of bacterial OTU data and soil variables that were significantly associated. Arrows indicate the direction and magnitude of measurable variables significantly associated with bacterial community structures. Treatment group name: NF, No fertiliser; SP0, No phosphate; SP40, mineral super phosphate; CS, cattle slurry; PWS, potato waste struvite; MWS, municipal waste struvite; PLA, poultry litter ash; SSA, sewage sludge ash. 
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Figure 6. Heatmaps representing the abundances of the top nine nematode orders in treatment groups. Treatment group name A: No fertiliser (NF), B: no phosphate (SP 0), C: mineral super phosphate 40 (SP 40), D: cattle slurry (CS), E: potato waste struvite (PWS), F: municipal waste struvite (MWS), G: poultry litter ash (PLA), H: sewage sludge ash (SSA). The Z-score ranges between 2 and −2 and represents the distance between the raw score and the mean of the standard deviation. ‘Z’ is negative when the raw score is below the mean, and vice versa. 
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Figure 7. CCA biplot of nematode OTU data and soil variables that were significantly associated. Arrows indicate the direction and magnitude of measurable variables significantly associated with nematode community structures. Treatment group name: NF, No fertiliser; SP0, No phosphate; SP40, mineral super phosphate; CS, cattle slurry; PWS, potato waste struvite; MWS, municipal waste struvite; PLA, poultry litter ash; SSA, sewage sludge ash. 
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Figure 8. The relationship between enrichment index, channel index, and treatment groups. 
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Table 1. Nutrient contents of RDFs.
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Recycling-Derived Fertiliser (RDF)

	
pH

	
N

	
P

	
K

	
S

	
Ca

	
Al

	
Fe






	

	

	
%




	
Potato waste struvite (PWS)

	
8.3

	
3.0

	
6.2

	
0.7

	
0

	
0.03

	
0.002

	
0.004




	
Municipal waste struvite (MWS)

	
7.5

	
2.6

	
5.2

	
0.03

	
0

	
0.02

	
0.002

	
0.01




	
Poultry litter ash (PLA)

	
12.3

	
0.02

	
5.5

	
10.7

	
3.1

	
15.6

	
0.75

	
0.46




	
Sewage sludge ash (SSA)

	
11.4

	
0.03

	
8.4

	
1.3

	
3.0

	
10.3

	
5.3

	
6.0
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Table 2. Soil physiochemical properties of treatments, crop yield, and P uptake after the second ryegrass harvest.
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	Treatment
	Tot C

(%)
	Org C

(%)
	OM

(% of DM)
	pH
	N

(% of DM)





	NF
	2.23 ± 0.27
	1.65 ± 0.15
	5.54 ± 0.66
	5.91 ± 0.16
	0.24 ± 0.03



	SP0
	2.53 ± 0.06
	1.86 ± 0.11
	5.98 ± 0.05
	5.89 ± 0.09
	0.26 ± 0.00



	SP40
	2.14 ± 0.07
	1.58 ± 0.03
	5.46 ± 0.05
	5.95 ± 0.00
	0.23 ± 0.00



	CS
	2.40 ± 0.07
	1.81 ± 0.10
	5.84 ± 0.00
	6.01 ± 0.02
	0.25 ± 0.00



	PWS
	2.56 ± 0.23
	1.93 ± 0.16
	6.26 ± 0.50
	5.83 ± 0.24
	0.27 ± 0.02



	MWS
	2.24 ± 0.46
	1.65 ± 0.21
	5.72 ± 0.70
	5.94 ± 0.04
	0.24 ± 0.03



	PLA
	2.46 ± 0.15
	1.86 ± 0.04
	6.02 ± 0.50
	5.95 ± 0.27
	0.26 ± 0.01



	SSA
	2.28 ± 0.21
	1.69 ± 0.14
	5.44 ± 0.15
	6.05 ± 0.16
	0.24 ± 0.02



	Treatment
	Morg P

(mg/L)
	Morg K

(mg/L)
	Morg Mg

(mg/L)
	DM Yield

(ton/ha)
	Uptake P

(kg/ha)



	NF
	2.38 ± 0.51 a
	61.14 ± 18.14 a
	158.60 ± 10.90
	1.39 ± 0.36
	2.86 ± 0.71 a



	SP0
	2.47 ± 1.07 a
	95.52 ± 1.30 ab
	141.80 ± 7.50
	3.15 ± 0.38 a
	6.28 ± 1.03 ab



	SP40
	2.95 ± 0.31 ab
	70.04 ± 7.30 ab
	144.80 ± 20.50
	3.22 ± 0.44 a
	7.28 ± 0.87 b



	CS
	3.50 ± 0.06 ab
	162.60 ± 9.45
	159.00 ± 19.00
	3.66 ± 0.23 a
	8.00 ± 0.84 b



	PWS
	3.93 ± 0.68 ab
	93.32 ± 55.21 ab
	163.40 ± 20.80
	3.47 ± 0.34 a
	8.04 ± 1.40 b



	MWS
	4.51 ± 0.58 b
	88.92 ± 5.20 ab
	161.60 ± 9.50
	3.64 ± 0.70 a
	8.20 ± 1.45 b



	PLA
	3.86 ± 0.05 ab
	102.48 ± 33.15 b
	148.00 ± 2.50
	2.83 ± 0.59 a
	7.32 ± 3.91 b



	SSA
	4.18 ± 1.16 ab
	85.88 ± 11.45 ab
	158.00 ± 8.10
	3.31 ± 0.21 a
	6.83 ± 0.77 b







Values are means ± standard deviation (n = 5). Treatments: NF, control without fertilisation; SP0, NKS; SP40, NKS plus 40 kg P/ha mineral superphosphate; CS, NKS plus 23.5 kg P/ha cattle slurry and 16.5 kg P/ha mineral superphosphate; PWS, NKS plus 40 kg P/ha potato waste struvite; MWS, NKS plus 40 kg P/ha municipal waste struvite; PLA, NKS plus 40 kg P/ha poultry litter ash; SSA, NKS plus 40 kg P/ha sewage sludge ash. Tot C, total carbon; Org C, organic carbon; OM, organic matter; Morg P, Morgan’s available phosphorus; Morg K, Morgan’s available potassium; Morg Mg, Morgan’s available magnesium; N, nitrogen; DM Yield, dry matter yield of ryegrass crop; Uptake P, uptake of phosphorus by ryegrass crop; % of DM, percent of dry matter. Different letters beside values in a column represent significant differences between the treatments at p < 0.05.
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Table 3. Alpha diversity indices of bacteria and fungi for each treatment group.
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	Bacteria
	
	
	Fungi
	





	Treatment
	Observed OTUs
	Simpson
	Chao1
	Observed OTUs
	Simpson
	Chao1



	NF
	1887 ± 37 bd
	0.9923 ± 0.001 abc
	2925 ± 176
	411 ± 21
	0.888 ± 0.026
	538 ± 44



	SP0
	1865 ± 36 bcd
	0.9922 ± 0.001 ab
	2853 ± 78
	435 ± 37
	0.881 ± 0.027
	621 ± 65



	SP40
	1810 ± 53 ac
	0.9923 ± 0.001 abc
	2690 ± 154
	455 ± 47
	0.903 ± 0.038
	615 ± 60



	CS
	1787 ± 23 a
	0.992 ± 0.000 a
	2674 ± 149
	426 ± 40
	0.916 ± 0.027
	560 ± 49



	PWS
	1828 ± 40 abc
	0.9924 ± 0.000 abc
	2755 ± 76
	445 ± 40
	0.890 ± 0.035
	658 ± 60



	MWS
	1847 ± 35 bcd
	0.9929 ± 0.001 bcd
	2711 ± 132
	427 ± 18
	0.914 ± 0.026
	581 ± 47



	PLA
	1875 ± 31 bcd
	0.9928 ± 0.000 cd
	2838 ± 105
	443 ± 41
	0.915 ± 0.015
	600 ± 72



	SSA
	1895 ± 36 d
	0.9933 ± 0.000 d
	2815 ± 99
	464 ± 30
	0.912 ± 0.010
	625 ± 53







Values are means ± standard deviation (n = 4 or 5). Treatments: NF, control without fertilisation; SP0, NKS; SP40, NKS plus 40 kg P/ha mineral superphosphate; CS, NKS plus 23.5 kg P/ha cattle slurry and 16.5 kg P/ha mineral superphosphate; PWS, NKS plus 40 kg P/ha potato waste struvite; MWS, NKS plus 40 kg P/ha municipal waste struvite; PLA, NKS plus 40 kg P/ha poultry litter ash; SSA, NKS plus 40 kg P/ha sewage sludge ash. Different letters beside values in a column represent significant differences between the treatments at p < 0.05.
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Table 4. Average alpha diversity indices for each of the treatment groups (n = 5), including their standard deviations.
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	Treatment
	Observed OTUs ± S.D.
	Shannon ± S.D.





	NF
	175 ± 4.40 a
	4.56 ± 0.11 a



	PLA
	174 ± 6.20 a
	5.1 ± 0.15 a



	PWS
	173 ± 3.80 a
	4.55 ± 0.26 a



	SP 40
	172 ± 9.30 a
	4.47 ± 0.33 a



	CS
	172 ± 5.13 a
	4.62 ± 0.47 a



	SP 0
	171 ± 6.40 ab
	4.72 ± 0.24 a



	MWS
	167 ± 7.50 a
	4.48 ± 0.6



	SSA
	153 ± 15.9 b
	4.3 ± 0.73 a







Values are means ± standard deviation (n = 5). Treatments: NF, control without fertilisation; SP0, NKS; SP40, NKS plus 40 kg P/ha mineral superphosphate; CS, NKS plus 23.5 kg P/ha cattle slurry and 16.5 kg P/ha mineral superphosphate; PWS, NKS plus 40 kg P/ha potato waste struvite; MWS, NKS plus 40 kg P/ha municipal waste struvite; PLA, NKS plus 40 kg P/ha poultry litter ash; SSA, NKS plus 40 kg P/ha sewage sludge ash. Different letters beside values in a column represent significant differences between the treatments at p < 0.05.
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