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Abstract

:

It is desirable to recycle sewage sludge as fertilizer for agricultural fields. The application of sludge to agricultural soils is a measure that replaces chemical fertilizers and plays an important role in improving soil’s physicochemical and biological properties. However, there are concerns that the pollutants in sewage sludge will cause negative impacts on soil health. To closely monitor the soil–sludge interactions, a field study was conducted over a 20-year period in the North China Plain. In this study, the long-term effects of sewage sludge on the soil properties and soil microbial diversity were investigated. We examined the effects of various fertilization methods (control, chemical fertilizer, uncomposted sludge fertilizer, composted sludge fertilizer) on wheat production and several soil health indicators, such as the soil’s enzymatic activities, microbial biomass, microbial diversity, and crop yield. This long-term experiment supports that the composted sludge fertilizer increased crop production by 124.2% compared to the control treatment. The soil’s biological quality (e.g., the concentration of soil microbial biomass carbon) was also improved under the composted sludge fertilizer treatment. The concentrations of soil microbial biomass carbon under the uncomposted sludge fertilizer and composted sludge fertilizer treatments were 560.07 mg/kg and 551.07 mg/kg, respectively. The effect of the composted sludge fertilizer was greater than that of the uncomposted sludge fertilizer. The content of heavy metals did not exceed the national standard. The highest soil health index was 0.79 with the composted sludge fertilizer. Therefore, these results suggest that the application of composted sludge fertilizer has the potential to enhance long-term soil health and promote sustainable agricultural practices.
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1. Introduction


Sustainable management of sewage sludge is a challenge to the world. With a high content of organic material and essential nutrients, sewage sludge has been viewed as a cost-effective option for improving soil quality [1,2]. Its high concentration of organic matter and nutrients makes it logical to utilize sewage sludge as a fertilizer [3]. Due to concerns about heavy metal contamination in soils, the use of sewage sludge as an amendment has been greatly restricted. However, by following national standards for agricultural use and controlling the total amount of heavy metals in sewage sludge, the accumulation of heavy metals can be avoided. Therefore, a long-term study was conducted in the North China Plain to observe the effects of sewage sludge’s application on the soil’s microbial community composition and soil health, under the condition that the total amount of heavy metals in the sewage sludge complies with the agricultural standards.



There has been a significant rise in worldwide attention towards soil health over the last ten years, leading to various efforts from government, non-government, and private sector organizations to create protocols for monitoring and evaluating its condition [4]. The majority of soil health studies focus on measuring changes in various soil health indicators in order to determine the effectiveness of a particular management practice. Chang et al. [5] evaluated the soil health in experiments in northeast Mississippi. Lu et al. [6] assessed the effect of various cropland soil and irrigation types on the soil health in a loess plateau. Si et al. [7] examined the variations in soil health resulting from 23 years of inorganic chemical fertilization compared to organic pig manure fertilization. However, there are few studies on the effects of sludge composting on soil health. Therefore, this study investigated and analyzed the soil health under long-term sewage sludge fertilization.



Identifying or selecting soil health indicators that are responsive to agronomic changes is crucial for quickly assessing the status of soil health [8]. Many indicators of soil health measure the response variables of nutrient cycling, particularly carbon and nitrogen dynamics, and are interconnected. For instance, the documented relationship among soil pH, nutrient cycling, conductivity, and infiltration highlights their interdependency. Moreover, properties of soil microbiology like microbial biomass and enzyme activities are reliable indicators of soil health and can forecast soil health trends in the short and long term [9]. Nonetheless, microbial indicators have received less attention and are seldom utilized in various fertilization investigations due to the high costs associated with assessing the biological characteristics of significant sample sizes [10]. Thus, our research delved into how the introduction of sewage sludge impacts the soil’s bacterial diversity in the North China Plain through the utilization of a 16S rRNA amplicon sequencing technique.



The use of the minimum and total data set (MDS and TDS) methods is prevalent in soil health assessment [6]. Principal component analysis (PCA) is an effective technique for reducing the dimensionality of the evaluation data set. Some studies have utilized this method to determine the weight of the soil indicators [11]. However, in some cases, the PCA method may only select a few soil indicators, leaving out other important soil indicators that are closely linked to the soil’s physicochemical and biological properties. This omission of key soil physical and biochemical characteristics could potentially reduce the sensitivity of the soil health index (SHI), leading to inaccurate results [7]. Therefore, a data set containing physical, chemical, and biological characteristics is established to reveal the influence of sewage sludge fertilization on soil health.



In this study, soil samples were collected in northeast China that had been subjected to 20-year fertilization regimes with composted sludge fertilizer (WD), uncomposted sludge fertilizer (WS), and chemical fertilizer (CF). The aim of this study was to assess the effect of different long-term fertilization schemes on the soil’s microbial properties and soil health. This study is based on the effects of long-term input of sewage sludge into the soil in the North China Plain on soil health and the soil’s bacterial diversity. To test these hypotheses, compost was produced through the application of sludge fertilizer and then compared to the treatment of uncomposted sludge fertilizer. Four various fertilizer treatments were utilized to assess the soil microbial biomass carbon, nitrogen, and phosphorus, the soil’s enzyme activities, the heavy metals in soil, the bacteria community structure, and their abundance in soil. Moreover, a soil health index was calculated to determine an efficient fertilization management strategy.




2. Materials and Methods


2.1. Site Descriptions and Experimental Design


The field experiment took place at Quzhou Experimental Station (36°52′ N, 115°01′ E altitude: 39 m), China Agricultural University, located in Handan City, Hebei Province, within the North China Plain. The average annual precipitation and temperature were 604 mm and 13.1 °C, respectively. The soil type was classified as moist soil according to Soil Taxonomy. The percentages of clay and silt in this soil are 18.3% and 73.2%, respectively. The study replicated the common practice of cultivating winter wheat followed by summer maize, a prevalent method in the North China Plain. Crop residue was uniformly crushed and incorporated into the soil to a depth of 20 cm using rotary tillage. The long-term fertilization experiment included 12 plots with four fertilization treatments, each with three replicates arranged in a randomized complete block design. The fertilization treatments include a control (CK) with no amendments added, a chemical fertilizer (CF) treatment, an uncomposted sludge fertilizer treatment (WS), and a composted sludge fertilizer treatment (WD). The chemical fertilizer was a mixture of 600 kg hm−2y−1 carbamide, 1125 kg hm−2y−1 calcium superphosphate, and 1125 kg hm−2y−1 ammonium bicarbonate. The uncomposted sludge fertilizer was 15,000 kg hm−2y−1. The composted sewage sludge fertilizer was 7500 kg hm−2y−1. The fertilizers were evenly spread across the soil surface manually and promptly mixed into the plowed soil (depth of 0–20 cm) through tillage.




2.2. Chemical Composition of the Sewage Sludge Compost


The basic physical and chemical properties of the sewage sludge compost are shown in Table 1. During the composting process, the compost was regularly turned over and ventilated. The composting time was 49 days.




2.3. Soil Sample Collection and Analysis of the Chemical Properties and Microbial Biomass


The soil samples were collected prior to fertilization in order to reduce the potential impact of recent fertilizer additions on the chemical and biological properties of the soil. Each plot had at least three cores (0–20 cm depth) combined into a single soil sample. These samples were divided into three segments for further analysis. The first part was sieved to 0.25 mm, the second part was sieved to 2 mm and stored at 4 °C, and the third part was sieved to 2 mm and stored at −80 °C. Assessment of the soil organic carbon (SOC) in the air-dried samples was conducted using the sulfuric acid–potassium dichromate oxidation method. The soil total nitrogen (TN) was measured using the Kjeldahl method, and the soil total phosphorus (TP) was measured using the HClO4-H2SO4 method [12]. The soil pH was determined in a 1:2.5 (soil:water) mixture by employing the potentiometric method. The chloroform fumigation–extraction method was used to determine the microbial biomass carbon and biomass nitrogen contents.



The soil microbial biomass carbon (SMBC), soil microbial biomass nitrogen (SMBN), and soil microbial biomass phosphorus (SMBP) were determined using the chloroform fumigation–incubation method and using a multi C/N 3100 (Analytik, Jena, Germany).



The soil dehydrogenase (DEH) activity was measured using the 2,3,5-triphenyltetrazole (TTC) reduction method. A total of 5 g of the soil sample was mixed with 15 mL of 2,3,5-TTC 0.5% (w/v) and 5 mL of Tris buffer (pH 7.6) and incubated in the dark at 37 °C for 24 h. The de-hydrogenase enzyme changes TTC to form 2, 3, 5-tribenzoylformamide (TPF). The TPF produced was then isolated using 100 mL of methanol, followed by filtration, and the absorbance was determined at 485 nm using a spectrophotometer.



The urease activity (URE) was determined as follows: a total of 5 g of medium was incubated with 10 mL of citrate–phosphate buffer (pH 6.7) and 5 mL of a 10% urea solution for 3 h at 38 °C. The activity of released NH4+ was then measured at 578 nm.



The alkaline phosphatase (ALP) activity was assessed by mixing 5 mL of 0.075 mM disodium phenyl phosphate with 5 g of the soil sample, along with 10 mL of borate buffer (pH 9.6), and incubating it at 37 °C for 3 h. The release of phenol was quantified by adding 5 g of phenyl phosphate and measuring the absorbance at 578 nm. The ALP activity was then calculated as the quantity of phenol released per gram of soil per hour.



The invertase activity (SAC) was determined using the following method. The soils were weighed at 1 g, followed by the addition of 5 mL of pH 5.5 phosphate buffers and 15 mL 8% sucrose. Incubation at 37 °C for a duration of 24 h ensued. The glucose released was quantitatively measured using a 508 nm spectrophotometer.




2.4. The Soil Bacterial Community Structure and Diversity Analysis


The 16S rRNA method was used to analyze the structure and diversity of the bacterial communities in the different soil samples fertilized for a long time. Soil DNA was isolated using the PowerSoil DNA Isolation Kit (MOBIO Laboratories Inc., Carlsbad, CA, USA) following the provided guidelines. The bacterial universal primers (16SrRNA gene V3–V4 region) GC-clip-338F and 806R were used to amplify the 16SrRNA gene via PCR using the extracted DNA as the template. Both the forward and reverse primers were tagged with adapter, insert, and linker sequences. Each sample was reverse-primed with a 12-mer barcode to combine multiple samples into a single MiSeq run. The PCR parameters consisted of an initial denaturation step at 94 °C for 5 min, followed by 30 cycles of denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s, extension at 72 °C for 30 s, and a final extension step at 72 °C for 10 min. Quantitative DNA ligation was employed to purify and pool the PCR products at equimolar ratios to generate DNA libraries for subsequent adapter sequencing.




2.5. Real-Time Quantitative PCR (RT-qPCR) Analyses


The copy number of the bacterial 16S rRNA gene was quantified using the ABI 7500 Real-Time PCR detection system (Thermo Fisher Scientific, Waltham, MA, USA). The reaction mix (20 μL) was composed of Fast Fire qPCR Premix (SYBR Green) from Takara, China; 10 μM of each primer; ROX reference dye; and 1 mL of 1/10 diluted DNA. The bacterial detection utilized primers 338F and 806R, with the heating program consisting of 95 °C for 30 s, 95 °C for 5 s, 60 °C for 40 s, and 72 °C for 15 s for 40 cycles. The standards used to measure the 16S rRNA quantity were produced from clones with the appropriate insert. Plasmid DNA was prepared using a Miniprep kit from QIAGEN, Germantown, MD, USA. The standard curve had an R2 value exceeding 0.99. A total of four RT-qPCR reactions were carried out, with DNA extraction conducted on each soil sample.




2.6. Bioinformatic Analysis


Sequence analysis was performed using QIIME (version 1.9.1) software. In summary, the sequence reads related to the samples were isolated from the data obtained using the Illumina MiSeq instrument. Primes were eliminated, and the sequences were shortened to filter out poor-quality ones. The divergence in operational taxonomic unit (OTU) clusters was 0.03, and characteristic sequences for each feature were compiled by referring to files from the Ribosome Database Project, resulting in a bootstrap value of 80%. The calculation included diffusion curves and various diversity indices, like microbial community diversity, phylogenetic diversity (PD Faith), and coverage.




2.7. Soil Health Index


The soil health index, established on the conceptual framework, was calculated by combining the scores for each specific soil function and assigning the appropriate weights [10]. Initially, the essential soil parameters were identified to create a minimal data set (MDS). Utilizing principal component analysis (PCA), a PCA model was generated from all the soil parameters. Following this, the soil parameters in diverse units were transformed into dimensionless ratings through the use of standard rating functions.



The soil health index (SHI) was calculated according to the following equation:


  S H I =  ∑   W i  ×  ∑   S i   



(1)




where S is the value of the subscripted variable and W is the weighting factor of the PCA or as defined in the conceptual framework.




2.8. Statistical Analysis


The analysis of variance method was used to analyze the concentration differences in SMBC, SMBN, SMBP, URE, ALP, DEH, and SAC in the soil samples, and the SPSS method (SPSS, Chicago, IL, USA) and Tukey’s method were used as the processing comparison methods.



Principal component analysis was conducted on all the soil parameters included in the conceptual framework to determine the most sensitive variables. Data reduction and PCA extraction were carried out using SPSS 10.0. The analysis aimed to identify the key factors that captured the greatest variability in the data set.





3. Results


3.1. Soil Health Indicators


3.1.1. Soil Nutrient Indicators


Compared to the CF treatment, long-term sludge fertilization increased the content of SOC, TN, and TP but decreased the content of TK, AP, and AK (Table 2). The composted sludge fertilizer had a stronger improvement than the uncomposted sludge fertilizer in terms of the TN, TP, AK, and AP content, while the SOC and TK content improved more under the uncomposted sludge fertilizer (Table 2). Long-term fertilization decreased the content of TK and AK. The C/N ratio could represent the decomposition rate of organic matter. A higher value represented a higher proportion of organic components in the litter, ultimately resulting in slower decomposition. In this study, the lowest C/N ratio of all the fertilizer treatments was 16.65 under the WD treatment. It was indicated that the composted sludge fertilizer could accelerate the decomposition of organic matter.




3.1.2. Soil Enzymatic Activities and Microbial Biomass


Variations in the soil’s enzymatic activities, including ALP, SAC, DEH, and URE, are presented in Table 3. It was observed that the soil’s enzyme activities under the remaining three treatments were higher than those of the control treatment. Most of the soil’s enzyme activities were increased by the long-term fertilization. Compared with the CF treatment, the ALP and SAC activities were slightly higher and the DEH and URE activities were slightly lower under the WD treatment. Compared with the CF treatment, the soil’s enzymatic activities under the WS treatment were decreased, except for the SAC activities.



Compared to the CK treatment, the concentrations of SMBC, SMBN, and SMBP were increased under the other three treatments. The concentrations of SMBC and SMBP were highest under the WD treatment, with the values 551.07 and 75.98 mg/kg, respectively. The highest concentration of SMBN was under the WS treatment. Compared with the WS treatment, in terms of the soil’s enzymatic activities, the concentrations of SMBN and SMBP were higher under the WD treatment.





3.2. The Soil’s Microbial Community Composition


3.2.1. Copy Number of the Bacterial 16S rRNA Gene


The qPCR method was utilized for quantitative analysis of the 16S rRNA genes in the soil bacteria, revealing the impact of 20 years of fertilization on the size of the soil’s bacterial communities (Figure 1). The influences on the gene copy numbers per gram of soil were found to be significant. The bacterial 16S rRNA gene numbers in 1 g of soil varied from 1.40 × 109 to 6.05 × 109. Following 20 years of long-term fertilization, the gene copy numbers under the CF, WS, and WD treatments increased by 117.1%, 197.9%, and 332.1%, respectively, when compared to the CK treatment. The lowest gene copy number was observed under the CK treatment, while the highest was seen under the WD treatment. The gene copy numbers under the sludge fertilizer treatment were higher than that under the chemical fertilizer treatment. All the fertilization treatments caused a significant increase compared to the CK treatment (p < 0.05).




3.2.2. Bacterial Community Composition


The distribution of various phyla in the 12 samples is illustrated in Figure 2. There was a significant difference in the soil’s bacterial abundance at the phylum level among different fertilization treatments. The phyla Actinobacteria, Acidobacteria, Bacteroidetes, Chloroflexi, Planctomycetes, and Proteobacteria occupied 83.8–87.0% of the bacterial sequences obtained from the fertilized soils, which were followed by Gemmatimonadetes (1.9–3.9%), Verrucomicrobia (2.0–3.4%), Nitrospirae (0.7–1.5%), and Firmicutes (0.9–1.0%). Proteobacteria dominated the bacterial sequences in all the soil samples, with the proportions ranging from 31.2% to 52.3%.



The relative abundance of several phyla showed significant changes under various fertilization treatments compared to the control treatment (p < 0.05). The relative abundance of the phyla Proteobacteria and Bacteroidetes increased under all the fertilization treatments, while the phyla Actinobacteria, Acidobacteria, and Verrucomicrobia decreased. Compared to the CK treatment, the relative abundance of Proteobacteria and Bacteroidetes increased under both the WS and WD treatments, whereas the relative abundance of Chloroflexi and Gemmatimonadees increased only under the WD treatment. The relative abundance of Actinobacteria, Acidobacteria, Planctomycetes, and Verrucomicrobia decreased under both the WS and WD treatments, while the relative abundance of Chloroflexi and Gemmatimonadetes decreased only under the WS treatment.




3.2.3. A Venn Diagram of the Long-Term Fertilizer Application


To compare the bacterial community composition of each sample under different treatments, a Venn diagram was created (Figure 3). In the wheat season, there were 24, 11, 11, and 27 unique OTUs for CK, CF, WS, and WD, respectively (Figure 3). Furthermore, a total of 1207 OTUs represented 72.3% of all the observed OTUs across the treatments.





3.3. Grain Quality and Wheat Yield


The concentrations of protein in the wheat grains were measured to assess the grain quality (Figure 4). The sludge fertilizer significantly increased the concentration of protein compared with the CK treatment. Specifically, the protein concentration under the WS treatment was 3.8% higher than that under the CF treatment and 4.9% higher than that under the CF treatment. However, there was no significant increase in the protein concentration with the application of the sludge fertilizer.



In our study, compared to the CK treatment, the use of the sludge fertilizer resulted in a significant improvement in the crop yield (Table 4). Specifically, the WS treatment increased the crop yield by 118.2%, while the WD treatment increased the crop yield by 124.2%. In comparison to the CF treatment, both the WS treatment and WD treatment showed a substantial increase in the crop yield. The WD treatment had the highest fertilizer yield contribution rate at 55.4%, leading to the highest crop yield overall.




3.4. The Soil Health Index (SHI) of Different Fertilizer Treatments


The heavy metal concentrations in the soil under different treatments are displayed in Table 5. In comparison to the CK treatment, the concentrations of Cu, Cd, Pb, and Zn in the CF treatment were 0.19 mg/kg, 20.83 mg/kg, 34.72 mg/kg, and 72.14 mg/kg, respectively. None of these concentrations exceeded the national standard. The heavy metal concentration under both the WS and WD treatments remained within the limits set by the national standard. The concentrations of Cu, Cd, Pb, and Zn were observed to be higher under the WS and WD treatments when compared to the CK and CF treatments. The concentrations of Cd, Pb, and Zn were higher under the WS treatment than under the WD treatment. This could be due to the direct application of WS without composting, a practice that is known to increase the heavy metal content in soil.



The SHI values under different fertilization regimes are shown in Table 3. The calculation process for the SHI is detailed in the Supplementary Materials (Tables S1–S4). The highest SHI was 0.79 under the WD treatment, and the lowest SHI was 0.06 under the CK treatment. The SHI value was 0.71 under the WS treatment. The SHI value of the CF treatment was lower than that of the WD and WS treatments. Continuous application of sludge fertilizer can increase the SHI value. The SHI value was higher under the WD treatment than that under the WS treatment. Therefore, compost sludge fertilizer can enhance the soil health condition.





4. Discussion


4.1. Changes in the Soil Properties Due to Sludge Fertilization


Some authors have observed that sludge’s addition impacted positively on soil fertility. The use of sludge fertilizer has been shown to enhance nutrient levels [12]. For instance, the levels of SOC, TN, and TP were found to be greater under the sludge fertilizer treatment when compared to both the CK and CF fertilizer treatments. These findings are in line with earlier research [12]. The major reason was that the use of the sludge fertilizer led to a rapid improvement in the physicochemical properties of the soil. This was achieved by increasing the soil’s organic matter and bulk density, which, in turn, created favorable conditions for crop root growth [12]. Organic materials are introduced into the soil, and as carbonaceous compounds degrade, the resulting residues form clay–humic complexes that enrich the soil with organic matter [13]. The slight differences observed in the soil chemical parameters may be attributed to both the direct residual effect of sewage sludge on the soil characteristics and the nutrient cycling resulting from plants’ uptake of nutrients, followed by release after biomass decomposition [14]. Moreover, the microbial biomass was controlled by the long-term input of organic materials into soil, indicating that the microbial biomass was significantly higher in the soil with a high organic matter concentration [15]. In this study, the WS and WD treatments were most effective in increasing the concentration of SMBC and SMBP.



Soil enzymatic activity is commonly used as an indicator of soil quality and is linked to the transformation of the nutrients in the soil [16]. This study examined the enzymes (invertase, urease, alkaline phosphatase, and catalase) that play a role in transforming soil carbon, nitrogen, and phosphorus. The highest activity of DEH was observed under the WD treatment compared to the other treatments, aligning with previous research findings [17]. This may be due to the high concentration of organic matter.



Urease releases N-NH4+ through urea hydrolysis and is essential in the chain hydrolysis of amino compounds [18]. Prior studies have suggested that prolonged use of mineral fertilizers, liquid fertilizers, or a combination of both can result in elevated levels of urease activity [19]. In this study, the activity of URE was found to be highest under the CF treatment compared to the other treatments. However, there was no significant effect on its concentration under different treatments.



Phosphatases play a meaningful role in phosphorus cycling because they provide P for plant uptake by releasing PO4−3 from immobile organic phosphorus. The greater activity of alkaline phosphatase in the soil could be attributed to enhanced microbial activity due to fertilizer input over the years [20]. In this study, the CF treatment had the highest mean values of urease activity, followed by the WS treatment and WD treatment, with the CK treatment having the least amount of activity. It was considered that the long-term application of sludge fertilizer has a significant impact on the soil enzyme activity [21].



In soil carbon transformation, invertase plays a significant role and is associated with soil microbial biomass [18]. In this study, long-term fertilization led to an increase in invertase activity, which was consistent with previous reports [22,23]. The results suggest that higher microbial activity and substrate concentrations in the soil may contribute to the enhancement of invertase activity [24].



The application of sludge fertilizer has been found to increase the soil organic carbon concentration, which, in turn, stimulates the synthesis of enzymes and microbial activity. Furthermore, it has been observed that the enzymes become highly immobilized in the soil after 20 years of sludge fertilization.




4.2. Effect of Sludge Biofertilizer on Bacterial Community Composition


Soil microorganisms in agroecosystems are directly affected by the availability of soil nutrients [25,26]. Bacterial communities have been primarily influenced by various sludge fertilization practices, which has resulted in changes to the soil’s nutrient levels. The gradual release of nutrients and dissolved carbon through manure decomposition can provide long-term sustenance for soil microorganisms [27]. According to reports, fertilization has had the most significant impact on the composition of the soil microbial community, particularly in terms of changes in soil carbon, soil nitrogen, and pH [28,29]. This study aimed to evaluate the impact of continuous sludge fertilization for 20 years on the composition of the soil microbial community in comparison to chemical fertilizer or non-fertilizer soil. Long-term sludge fertilization provided a unique opportunity to assess the effects of this type of fertilizer on the soil microbial community.



The examination with pyrosequencing indicated that Actinobacteria, Acidobacteria, Bacteroidetes, Chloroflexi, Planctomycetes, and Proteobacteria were the primary phyla present in all the soil specimens investigated in this research. This outcome was consistent with various earlier investigations, highlighting the prevalence of Proteobacteria, Chloroflexi, and Acidobacteria as the prevailing bacterial groups in the soil, as determined using 16S rRNA gene clones or pyrosequencing technologies [4].



Due to their capacity to decompose crucial elements within plant remains, such as cellulose and lignin, Acidobacteria have been recognized for their significant contribution to the carbon cycle [30]. This research revealed a decline in Acidobacteria levels following fertilization, aligning with earlier findings. The study illustrated that the prevalence of Acidobacteria was notably reduced in the treatments with high concentrations of fertilizer compared to those without any fertilization [31].



The study indicated that the relative abundance of Proteobacteria, a type of nitrogen-cycling phyla, increased after fertilization, while that of Planctomycetes decreased, consistent with the decline in some subpopulations of Planctomycetes after fertilization [32]. The WS treatment showed a higher dominance of Proteobacteria compared to the WD treatment, possibly due to the WS fertilizer having more effective microorganisms that facilitated the abundance of Proteobacteria.



The Firmicutes group of microorganisms was once considered a major copiotrophic microbial group, with several genera playing significant roles in the manure degradation process [33]. Previous research has indicated that Firmicutes are more abundant in agricultural systems utilizing manure [27,34]. However, this study observed a decreased relative abundance of Firmicutes after sludge fertilization, which was consistent with several previous studies [35]. Surprisingly, the relative abundance of Firmicutes under the WD treatments was lower than that under other fertilizer treatments.



Bacteroidetes play a crucial role in nutrient turnover within the soil, with their presence being positively associated with soil total phosphorus and soluble phosphorus [36]. This study revealed that the relative abundance of Bacteroidetes increased under both the water-stressed (WS) and well-watered (WD) treatments. The proliferation of Bacteroidetes in different fertilization treatments could be attributed to the increased concentrations of some soil nutrients after fertilization [32]. In summary, both composted and non-composted sludge fertilizers can increase soil bacterial diversity.




4.3. Relationship of Sludge Fertilization with Soil Health


The application of the sludge fertilizer had the greatest impact on the soil health. The soil health index varied significantly with different fertilizer applications (Table 6). In this study, the soil health index was found to be highest under the WD treatment due to the elevated levels of SOC and TN. The varying fertilization methods had an impact on key chemical soil health indicators like SOC and TN [37]. Although the SOC level under the WS treatment was higher compared to that under the WD treatment, the soil health index under the WS treatment was low. The sludge in the WS treatment was not composted, which resulted in the presence of harmful substances that negatively impacted soil health.



More importantly, sewage sludge fertilization also affects soil biological health indicators, such as soil microbial biomass and soil community composition. Sludge fertilization demonstrated a greater impact on increasing the microbial OTU numbers compared to the other fertilizer applications (Figure 1). This phenomenon may have been caused by the increased abundance of easily decomposable organic matter resulting from the use of sludge as a fertilizer [38]. The trend in the soil health index was consistent with the number of bacterial 16S rRNA genes. Despite similarities in the bacterial community composition across all the fertilizer treatments, the relative abundance of phyla varied. Specifically, the relative abundances of Chloroflexi and Gemmatimonadetes were higher under the WD treatment compared to the other treatments (Figure 2). This suggests that the relative abundances of Chloroflexi and Gemmatimonadetes could potentially serve as indicators of soil health.





5. Conclusions


This study demonstrated that long-term (20 years) sludge fertilization could enhance the soil health by increasing the soil’s enzymatic activities and preserving microbial biodiversity. The soil health index was determined using the minimum data set method. The findings indicated that the impact on the soil microbial biomass and enzymatic activities was slightly stronger using the composted sludge fertilizer treatment compared to the uncomposted sludge fertilizer treatment. Compared to the chemical fertilizer treatment, the concentrations of SMBC and SMBP were higher under the sludge fertilizer treatment. The differences in the soil microbial community between the sludge fertilizer and chemical fertilizer regimes were clearly distinguished. The gene copy numbers under the sludge fertilizer treatment were higher than those under the chemical fertilizer treatment. Long-term use of the chemical fertilizer decreased the biodiversity and abundance of bacteria. In comparison to the chemical fertilizer treatment, the crop yields significantly increased under both the composted sludge fertilizer (WD) and uncomposted sludge fertilizer (WS) treatments. Additionally, the soil health index was highest under the WD treatment compared to all the other treatments. These results provide important insights into the microbial community structure in this distinct ecosystem. In conclusion, our findings suggest that the addition of suitable composted sludge is helpful for the soil properties.
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Figure 1. The number of bacteria under different treatments was expressed as the 16S rDNA copy number and detected using quantitative PCR. The control treatment was recorded as CK, the chemical fertilizer was recorded as CF, the composted sludge fertilizer was recorded as WD, and the uncomposted sludge fertilizer was recorded as WS. Same letters in columns indicate no significant differences (p < 0.05, Tukey’s test). 






Figure 1. The number of bacteria under different treatments was expressed as the 16S rDNA copy number and detected using quantitative PCR. The control treatment was recorded as CK, the chemical fertilizer was recorded as CF, the composted sludge fertilizer was recorded as WD, and the uncomposted sludge fertilizer was recorded as WS. Same letters in columns indicate no significant differences (p < 0.05, Tukey’s test).



[image: Agronomy 14 00756 g001]







[image: Agronomy 14 00756 g002] 





Figure 2. Relative average abundances of the abundant phyla across soils from different fertilizer regimes (values represent % of total redundant sequences). 
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Figure 3. A Venn diagram showing the number of shared and unique OTUs between different fertilization treatments. The fertilization treatments were CK, CF, WS, and WD. 
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Figure 4. The protein concentration under different fertilization treatments. The control treatment was recorded as CK, the chemical fertilizer was recorded as CF, the composted sludge fertilizer was recorded as WD, and the uncomposted sludge fertilizer was recorded as WS. According to Tukey’s test, different letters in the same column indicate significant differences among treatments (p < 0.05). 
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Table 1. The physical and chemical properties of sewage sludge compost.
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	pH
	SOC

(g/kg)
	TP

(g/kg)
	AK

(mg/kg)
	TN

(g/kg)
	Cu

(mg/kg)
	Zn

(mg/kg)
	Pb

(mg/kg)
	Cd

(mg/kg)





	8.41
	39.13
	0.76
	1.3
	0.37
	174.31
	979.88
	69.51
	0.95







Soil organic carbon was recorded as SOC (g/kg), soil total phosphorus was recorded as TP (g/kg), the available potassium was recorded as AK (mg/kg), soil total nitrogen was recorded as TN (g/kg). Copper, zinc, lead, and cadmium was recorded as Cu, Zn, Pb, and Cd (mg/kg).













 





Table 2. Soil nutrient content under long-term fertilization treatments.
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	Treatment
	CK
	CF
	WS
	WD





	SOC (g/kg)
	8.65 ± 0.27 a
	9.19 ± 0.8 a
	9.93 ± 0.18 a
	9.35 ± 0.74 a



	TN (g/kg)
	0.45