Influences of land reclamation on soil bacterial communities of abandoned salt pans in the Yellow River Delta
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Abstract: Reclamation has been widely accepted to restore abandoned lands. Most studies focused on the improvement of land reclamation in soil nutrients and microbial activities. However, the effects of reclamation time on bacterial communities of abandoned salt pans are still unclear. The object of this study is to: i) assess the successional change of soil physicochemical properties and bacterial communities in reclaimed abandoned salt pans with different reclamation histories, and ii) figure out the main limit factors on the improvement of soil quality in reclaimed abandoned salt pans. The soils in a farmland (RTBL) and six abandoned salt pans with 1 year (RT1), 2 years (RT2), 3 years (RT3), 4 years (RT4), 8 years (RT8), and 9 years (RT9) of reclamation were sampled to investigate the temporal variation of soil properties, heavy metal content, bacterial community composition, and diversity. Results showed that the soil bulk density (BD), total dissolved salt (SS), median particle size (MMAD) decreased with the increase of reclamation time, while soil nutrient (soil organic matter, total nitrogen, available phosphorus, available potassium) showed an opposite trend. The bacterial α-diversity increased first, then decrease. Land reclamation enhanced the relative abundances of Acidobacteria, Chloroflexi, and Actinobacteria but reduced the relative abundances of Proteobacteria, Gemmatimonadetes, and Bacteroidetes. Compared with RTBL, the soil nutrients and bacterial community structure in RT1, RT2, RT3, and RT4 showed a significant difference. After 8~9 years (RT8 and RT9) of reclamation, the soil nutrients and bacterial community structure in reclaimed abandoned salt pans showed no significant difference with farmland (RTBL). Therefore, reclamation time is a vital driving force for restoring soil physicochemical properties and bacterial communities in abandoned salt pans.
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1. Introduction

Land reclamation can solve the conflict between abandoned salt pans and land resource protection. Soil total dissolved salt (SS) is higher after the reclamation of abandoned salt pans. Soil salinization directly causes major degradation in soil quality of arable land and loss of crop productivity (Shahbaz and Ashraf, 2013; Cheng et al., 2018). China feeds more than 22% of the global population on 7% of land in the world (Chen, 2007). Therefore, land resources are very valuable in China. These factors seriously affect the sustainable development of agriculture in abandoned salt pans reclaimed areas. Under the pressure of rapid population growth, more and more abandoned salinized lands have been reclaimed to farmland to reduce arable land shortages, ensure food security, thus relieving population pressure (Cheng et al., 2018). Soil bacterial community in the reclamation of abandoned salinized farmland with the time increasing is gradually attracting attention. Soil bacterial community plays a vital role in the maintenance of soil quality and terrestrial ecosystem function, which is an important standard to evaluate reclamation success (Feng et al., 2019; Cheng et al., 2018). Reclamation time is an important factor affecting ecological restoration (Cheng et al., 2018). However, few studies have focused on the changes in soil microorganisms with reclamation years in restoration in abandoned salt pans. The criteria for evaluating the reclamation of abandoned salinized farmland have largely involved assessments of soil physicochemical properties, soil heavy metal concentrations, vegetation coverage and productivity, and soil microbial ecology (Yang et al., 2016; Cheng et al, 2018). Besides, the research on land reclamation mainly focused on the reclamation of abandoned mine land and salinized farmland (Bodlák L et al, 2012; Chen et al, 2013; Cheng et al, 2018). However, the effect of abandoned salt pans reclamation on soil quality and microbes remains unclear.

Soil is a highly heterogeneous environment with a vast diversity of physicochemical characteristics. Soils bring a wide range of various niches that can sustain a large microbial diversity and are crucial in selecting the resident microbial community (O’Donnell et al., 2007; Soman et al., 2017). Microorganisms are crucial in soil aggregates formation, organic matter decomposition, inorganic matter transformation, carbon and nitrogen fixation, and other ecosystem processes (Rampelotto et al., 2013; Sengupta and Dick, 2015). Bacteria are the most abundant soil organisms in the soil. As the major drivers of biogeochemical cycling, bacteria greatly influence agricultural sustainability. The composition and diversity of soil bacteria are closely related to soil nutrients and environmental quality. Changes in soil physicochemical properties can impact the soil bacterial community by shifting the types, composition, diversity, structure, and functions. Besides, soil bacterial community can also alter soil carbon input, nutrient availability, and soil structure stability (Ai et al., 2018). 

Salt pans are widely spread on the eastern coast of China. As the cradle of sea salt in China, Shandong Province has a total area of 12.03×104 hm2, accounting for about one-third of the total salt fields in China. There are 9.14 ×104 hm2 salt pans in the coastal areas of the Yellow River Delta (Binzhou city; Dongying city; Shouguang, Hanting, and Changyi of Weifang city), accounting for 76% of the total area of salt pans in the whole province. The salt pan in the Yellow River Delta is an important salt-producing area in Shandong Province and even in China (Liu et al., 2019, http://www.ne21.com/news/show-76524.html). The continuous exploitation of underground brine resources in this region in recent decades has resulted in the dropped brine level and decreased concentration, leading to the increased cost of exploitation and the corresponding reduction of economic benefits. Besides, the original salt is unsalable affected by the macro-economic situation, resulting in the bankruptcy of many salterns. Therefore, extensive abandoned salt pans can be changed to the breeding industry, leading to serious ecological problems, e.g., land disordered, weeds overgrown, and resource waste, which extremely restricts sustainable agricultural development and social economy in this region. Some abandoned salt pans have been reclaimed with the support of national policies since 2010. However, the effect of abandoned salt pans reclamation on the restoration of soil physiochemical properties and bacterial community remains unclear.

This paper is the first to clarify the temporal changes of the bacterial community in reclaimed salt pans in the eastern coast of China. The paper quantitatively analyzed the temporal variation of composition, diversity, and structure of bacterial communities in abandoned salt pans after different years of reclamation. 

2. Materials and methods

2.1 Site descriptions and design

The study site is located in Qingshuibo farm (36°31′38.4″-37°64′42.2″N, 119°11′27.0″-119°15′2.4″E; Fig. 1), in Shouguang, Shandong, China. It has a warm temperate continental monsoon climate with the average annual temperature and precipitation at 12.7 ℃ and 400~500 mm, respectively, raining and hot at the same season. The soil is classified as salinized flavo-aquic soil. The soil species are all loamy salinized tidal soil with heavy halide, and the main types of soil texture are silty loam with a few sandy and clay loam. Six sites (Fig. 1) with various reclamation years are selected in 2019. RTBL represents cropland which has never been used in the salt pan. The selected salt pans in the sites were formed in 1988 and abandoned due to the increased operating costs and decreased benefits. The initial year reclamation of RT9, RT8, RT4, RT3, RT2, and RT1 was 2010, 2011, 2015, 2016, 2017, and 2018, respectively. 

After the abandoned salt pans were reclaimed, the land was leveled off one by one and then rotated for 30 cm. Thus, the land should be irrigated twice, and 40 cm water layer can be retained on the surface after each irrigation. Sorghum was planted in the reclamation areas from the end of April to early June each year using mechanical seeding and fertilization. The sowing density was 25 kg·hm-2. Diammonium phosphate (DAP, 600 kg·hm-2) was applied during sowing. The general spatial distribution of groundwater mineralization was as follows: the groundwater mineralization gradually increased from the inland to the coastal area, and the groundwater mineralization near the inland was relatively low and generally about 4~5 g·L-1, the groundwater mineralization in the coastal area was up to 11~12 g·L-1. The information on normal agricultural management practices in the reclamation area is shown in Table S1.

2.2 Soil sampling

Soil samples were collected in August 2019. Three plots were selected for each reclamation area with an interval of more than 1 km, and 10 sampling points (surface soils: 0~20 cm depth) were selected for each plot with an interval of more than 10 m. The soil samples from 10 sampling points with a 2 cm soil auger were mixed to form a single sample. Soil samples were put into sterile plastic bags, packed on ice upon collection, and transported to the laboratory immediately. After visible stones and plant residues were removed, soil samples were passed through a 2-mm mesh sieve. Soil samples were then separated into two subsamples, one portion was air-dried to determine the basic soil physical and chemical properties, and the rest was stored in a -80 °C refrigerator for microbial analysis.

2.3 Physicochemical analysis

A set of physicochemical indices of soil sample were measured, namely soil bulk density (BD), field capacity (FC), pH, electrical conductivity (EC), SS, median particle size (MMAD), soil organic matter (SOM), total N (TN), available P (AP), and available K (AK). The soil samples were analyzed for all physicochemical properties as described by Aguilar-Chávez et al. (2012). Soil pH and EC were measured in a soil-water suspension (1:5 and 1:2.5 soil-water ratio, respectively) and analyzed by a glass electrode pH meter (PHS-3C, Shanghai INESA Scientific Instrument Co. Ltd., Shanghai, China) and a soil electrical conductivity meter (DDSJ-308A, Shanghai INESA Scientific Instrument Co. Ltd., Shanghai, China), respectively. MMAD was determined by laser diffraction particle size analyzer (LS-POP9, Zhuhai OMEC Instrument Co. Ltd., Zhuhai, China). The SOM content was measured by the method of potassium dichromate (K2Cr2O7) oxidation, the TN was estimated using the semi-micro Kjeldahl digestion method, the AP was extracted with 0.5 mol/L NAHCO3 solutions before being assayed using the colorimetric molybdenum blue method and determined by a Spectrophotometer UV-5100 (Shanghai Metash Instrument Co. Ltd., Shanghai, China), and the AK was extracted using 1 mol/L NH4OAc solution before being assayed via flame photometry and determined by Flame photometer (FP6430, Shanghai INESA Scientific Instrument Co. Ltd., Shanghai, China). Soil heavy metals (HMs, including Pb, Cd, Cu, Zn, Fe, and Mn) were determined by ICP-OES (Thermo Scientific iCAP 7000 SERIES, Thermo Scientific, UN) after soils digested using concentrated HNO3-HI-HCIO4 (4:4:2, v/v) in a tetrafluoroethylene digestion tank at 180℃ for 12h.

2.4 Molecular analysis

Total DNA was extracted from 0.5 g of soil using an MIO-BIO Power Soil DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA) following the instructions of manufacturers. The V4-V5 variable regions of the bacterial 16S rRNA gene were amplified using the primer pair 515F/926R. Both forward and reverse primers were tagged with Illumina adapter, pad, and linker sequences. PCR enrichment was performed in a 50 μL reaction containing 1 μL of template DNA (30 ng), 2 μL of each primer (10 μmol·L-1), 4 μL of 2.5 mmol·L-1 dNTPs, 5 μL of 10× Pyrobest buffer, 0.3 μL of Pyrobest DNA polymerase (2.5 U·μL-1, TaKaRa), and 35.7 μL of ddH2O. The following thermal cycling scheme was used: initial denaturation at 94°C for 2 minutes, 20 cycles of denaturation at 94°C for 30 seconds, annealing at 55°C for 30 seconds, and extending at 72°C for 30 seconds followed by a final extension period at 72°C for 5 minutes. According to standard protocols, duplicate PCR products were pooled together and purified, and then sequenced using the Illumina MiSeq platform at Tiny Gene Bio-Tech (Shanghai, China) Co., Ltd.

Raw sequence data were passed through quality filters to reduce the error rate using the Quantitative Insights into Microb. Ecol. (QIIME) software (Caporaso et al., 2010). Sequences were sorted by each barcode, and that length <200 bp, read with <25% quality threshold, and contained any unresolved nucleotides were removed. After trimming the primers and barcodes, potential chimeric sequences were identified and removed using the UCHIME software (Edgar et al., 2011; Kunin et al., 2010). Operational taxonomic units (OTU) were determined for the screened sequences by using the Usearch program (version 7.0; http://drive5.com/uparse/) at a similarity threshold of 97% (OTU97). A representative sequence for each OTU was aligned and classified according to the database SILVA (Schloss, 2010). Rarefaction curves and alpha diversity indices (Ace, Chao, and Shannon) and coverage were calculated in Mothur (Yatsunenko et al., 2012). Beta diversity indices using the unweighted UniFrac distance between samples were calculated in the QIIME. Differences in bacterial communities composition in different samples were determined using nonmetric multidimensional scaling (NMDS) ordination on the unweighted UniFrac distances (Oksanen et al., 2013). Hierarchical cluster trees were constructed to compare bacterial communities, and the tree data served as input for the UniFrac analysis, resulting in a pairwise distance matrix of soil samples. A heatmap with Bray-Curtis distance dissimilarities was drawn according to the most abundant OTUs of the bacterial community using R. Analysis of similarities (ANOSIM) was done to test group differences between bacterial communities exposed to different reclamation times. Pearson’s correlation coefficients were calculated and tested for significance to explore the relationship between the bacterial community and soil properties. Mantel test and redundancy analysis (RDA) were carried out to understand better the correlation between abundant soil phyla and soil properties. 

2.5 Statistical analysis

Bray-Curtis similarity matrix and cluster analysis were conducted to analyze the bacterial community similarities and compare community structures across all the samples. Redundancy analysis (RDA) was conducted to evaluate the relationships between the environmental factors and bacterial communities based on the OTU composition, and RDA using Canoco 5.0 to relate bacterial phyla composition to soil physicochemical properties and heavy metal contents. The effects of reclamation time on the soil properties and relative abundance were analyzed by one-way ANOVA followed by the least significant difference (LSD) test in SPSS version 22.0 (SPSS Inc., Chicago, USA). The correlations between the soil properties and bacterial abundances were tested by the Pearson correlation using SPSS 22.0.

3. Results 

3.1 Soil physicochemical properties 

The results showed that reclamation time affected the soil physicochemical properties. The change of soil physicochemical properties in different reclamation treatments is shown in Table 1. Soil pH shows significant differences (p<0.05) between different treatments, and the lowest soil pH values are found in RT2. SS decreases with the increase of reclamation time, and the lowest SS of reclaimed soil is found in RT9. BD decreases with the increase of reclamation time increased while field capacity (FC) shows an opposite trend. MMAD in different reclamation treatments ranges from 26.46 to 102.02 µm, and the lowest value is found in RTBL. The soil nutrient contents (SOM, TN, AP, AK) in the reclaimed soils increase with the increase of reclamation time. The SOM, TN contents in RT9 are the highest, and AP, AK contents in RT8 are the highest in reclaimed soils. However, the TN, AP, and AK have no significant differences between RT8 and RT9 soils. The RT1 samples have the lowest nutrient contents, the contents of SOM and TN in RT1 soils are 61.19% and 63.64% of RT9, respectively. The available nutrients (AP, AK) in RT1 soil account for 23.94% and 30.37% of the corresponding levels in RT8 soil. RT9 is the most similar to the RTBL among all the tested sites, with the lowest SS and the highest nutrient levels. Reclamation time can significantly affect the physicochemical properties of reclaimed soils.

3.2 Soil heavy metals

The content of heavy metals (HMs) varies significantly between different reclamation stages (Table 2). Significant differences of these HMs between cropland (RTBL) and reclaimed soils (RT1, RT2, RT3, RT4, RT8, and RT9) were detected (p<0.05). The HMs increase with the increase of reclamation time, and the highest HMs of reclaimed soil are found in RT9 except for Fe. The maximum of these HMs is all observed in reclaimed soils, with the value of 27.01±1.33 mg·kg-1 for Pb, 0.16±0.02 mg·kg-1 for Cd, 15.57±0.08 mg·kg-1 for Cu, 122.35±4.91 mg·kg-1 for Zn, 43.81±0.45 g·kg-1 for Fe, and 515.36±3.69 mg·kg-1 for Mn. The contents of HMs in reclaimed soils with shorter reclamation histories (i.e., RT1, RT2, RT3, and RT4) are lower than those with longer reclamation ages (i.e., RT8, RT9). There are no significant differences in Cd, Zn, Fe, and Mn content between RT1 and RT2. HM contents in different reclamation stages reflect the comprehensive interaction of soil physicochemical characteristics, geographical factors, reclamation techniques, and human activities. 

3.3 Microbial biomass determined with the plate counting method

The plate counting method can calculate the number of bacteria in samples effectively. The amount of soil bacteria, fungi, and actinomycetes is calculated using the plate counting method. Bacteria and actinomycetes show first increased and then decreased, while fungi increase with the increase of the reclamation time. The highest bacteria, fungi, and actinomycetes values are found in RT8, 25.67±2.89, 25.67±2.08, and 106.60±10.29, respectively (Table S2). There are no significant differences between RT8 and RT9 in fungi.

3.4 Soil bacterial community composition and diversity

Illumina sequencing of bacterial 16S rRNA showed notable shifts in bacterial community structure after the reclamation of abandoned salt pans. There were a total of 738483 reads and 4664 OTUs from 21 samples for the seven treatments. The number of high-quality sequences per sample varies from 28010 to 38869 (average 35166 sequences). Rarefaction curves tend to approach the saturation plateau at a genetic distance of 3%, indicating that the data volume of sequenced reads was reasonable and the discovery of a high number of reads made a small contribution to the total number of OTUs. The total number of OTUs was 46627 from 21 soil samples ranged from 1224 to 2663, with the RT3 having the richest diversity, followed by the RT2 and RT4. The RT1 showed the lowest diversity with only 1306 OTUs.

For all hierarchical ranks of the taxonomic system, from phylum to genus, the same units were detected from the seven treatments. A total of 17 bacterial phyla were obtained from all soil samples. The most dominant phyla are related to Proteobacteria (account for 28.32-40.49%) in all soil samples, and the other dominant phyla are Acidobacteria (account for 3.34-17.63%), Chloroflexi (account for 6.10-15.64%), Gemmatimonadetes (account for 8.40-20.62%), Actinobacteria (account for 4.93-17.56%), Bacteroidetes (account for 3.47-13.69%), Planctomycetes (account for 4.76-5.46%), Firmicutes (account for 0.40-5.73%), and Nitrospirae (account for 0.55-2.16%) in all study sites, as shown in Fig. 2. The relative abundance of Proteobacteria, Gemmatimonadetes, and Bacteroidetes in the RT1 treatment are significantly higher than the other treatments, but the abundance of Acidobacteria, Chloroflexi, and Nitrospirae represent an opposite result (Fig. 2). Compared with other reclamation treatments, Cyanobacteria has the highest abundance in the RT2 treatment. Besides, the abundance of Acidobacteria and Nitrospirae increases with the increase of reclamation years.

Further comparison of the soil bacterial communities is conducted at the family levels (Fig. 2). The five classified dominant bacterial families are Anaerolineaceae, Gemmatimonadaceae, Nitrosomonadaceae, Planctomycetaceae, and Cytophagaceae in the RTBL: RT9, RT8, RT4, RT3, and RT2 treatments, and the quantity of these bacteria are higher than that of the RT1 treatment. The relative abundance of Rhodospirillaceae, Xanthomonadaceae, and Rhodobacteraceae is also high in RT2. Rhodospirillaceae, Halomonadaceae, and Ectothiorhodospiraceae are more abundant in the RT1 treatment than the other reclamation treatments. At the genus level, Haliangium and Steroidobacter are the dominant bacterial genera in the RT4, RT8, RT9, and RTBL treatments, while Tropicimonas, Planctomyces, Lysobacter, and Altererythrobacter are the most dominant genera in the RT2 treatment.

The Venn diagram used to evaluate the distribution of OTUs among the different reclamation time reflects that 540 OTUs, containing 11.58% of the sequences, are common to all test samples (Fig. 3). The number of OTUs unique to RTBL, RT9, RT8, RT4, RT3, RT2, and RT1 are 42, 28, 21, 18, 28, 81, and 493. The majority of the shared OTUs belong to Proteobacteria, Acidobacteria, Chloroflexi, Gemmatimonadetes, Actinobacteria, and Bacteroidetes.

The indices of coverage, ACE, Chao, and Shannon reflected a statistically significant difference (Table 3; P<0.05) in richness and diversity of bacterial communities under different reclamation treatments. The coverage of all samples was above 98%, indicating that sequencing reads were sufficient for this analysis. The calculation of the alpha diversity species evenness for ACE index (1529±182), richness for Chao index (1587±216), and diversity for Shannon index (5.69±0.06) were the lowest in the RT1 treatment, which confirms the soil bacterial diversity increased along with the reclamation years. As shown in the hierarchical cluster analysis among phylum, family, and genus, bacterial communities of the different reclamation years were divided into two groups at the first level (Fig. 3). One was made up of RT1, and the other one was composed of RTBL, RT9, RT8, RT4, RT3, and RT2, showing the similarity between bacterial communities in RTBL, RT9, RT8, RT4, RT3, and RT2, and they were grouped into a branch apart from the RT1.

3.5 Relationships between soil properties and bacterial communities

Pearson correlations were calculated to investigate correlations between soil properties and bacterial diversity parameters (Table 4). The results showed that the dominant bacterial phylum exposed a different relationship with soil properties. Except for SWC, the 15 soil tested indexes showed a significant correlation to Acidobacteria and Nitrospirae, and were more sensitive to the changes of soil properties, and are greatly affected by soil properties. Further correlation analysis indicated that several soil properties, such as SS, TN, BD, and SOM, were significantly correlated with abundant phyla (Table 4). SS showed a significant positive correlation with the relative abundance of Proteobacteria, Gemmatimonadetes, and Bacteroidetes, and a negative correlation with the relative abundance of Acidobacteria, Chloroflexi, Nitrospirae, and Verrucomicrobia (P<0.01). TN showed a significant positive correlation with the relative abundance of Acidobacteria, Firmicutes, Nitrospirae, and Verrucomicrobia, and a negative correlation with the relative abundance of Proteobacteria, Gemmatimonadetes, and Bacteroidetes (P<0.01). Correlations between soil bacterial phylum and soil properties are also shown in the RDA diagram (Fig. 5). RDA is performed to investigate the contribution of soil properties and bacterial communities as it is affected by different reclamation years. The first and second components (RDA1 and RDA2) explained the variation of 66.4% and 12.5%, indicating that the soil bacterial communities were significantly affected by the measured soil properties. The soil bacterial communities within the six different reclamation years and cropland were divided into 4 quadrants. The relative abundance of Proteobacteria, Gemmatimonadetes, and Bacteroidetes was significantly positively correlated with BD, SS, and MMAD, and negatively correlated with SOM, TN, AP, Fe, and Cu. The relative abundance of Acidobacteria, Firmicutes, Nitrospirae, and Verrucomicrobia showed the opposite trends. The main environmental factors affecting the bacterial community variation were SS (P = 0.002), TN (P = 0.002), Cu (P = 0.002) and AK (P = 0.006).

4. Discussion

4.1 Effects of reclamation years on soil physicochemical properties and heavy metal concentrations

Soil salinization is a severe limitation on soil quality improvement and crop yield, and it also has become a severe environmental problem worldwide (Cheng et al., 2017; Shahbaz and Ashraf, 2013). The soil salt content is relatively high in the region of salt pans, and the salt ions would remain in the soil after it is reclaimed into arable land. As the SS content is 3.63 g·kg-1, it is still in the range of moderate saline-alkali land (2.00~4.00 g·kg-1) after two years of reclamation (Table 1). The high salt condition not only caused soil hardening and nutrient deficiencies but also unfavorable to soil microorganisms activities, thus seriously restrict the restoration of soil properties and nutrient cycling.

In this research, the observed SS was significantly lower in RT8 and RT9 than in RT2, consistent with previous observations. For instance, Zhang et al. (2017) observed that soil EC tended to decline as the reclamation time increased. Yang et al. (2016) also reported that reclamation reduced soil EC. In addition, the decrease of soil SS could be ascribed to the leaching of irrigation water (Cheng et al., 2019). Since the crop roots are important physical binding agents for the formation of macroaggregates after planting, the soil microaggregates would be affected (Cheng et al., 2019; Six et al., 2004), then lead to the change of soil porosity and the corresponding change of soil BD. Organic matter decomposition and activities of soil animals including microbial can also lead to the decrease of soil BD as reclamation time increased. The size of MMAD can characterize the quality of porosity and permeability. The results demonstrated that reclamation years could significantly decrease soil MMAD (Table 1), and the increase of soil porosity caused by the decrease of soil MMAD is conductive to the leaching of salt and microbial activity. In this study, SS gradually decreases with the increase of reclamation years. Sorghum residue was mixed into the soil after harvest in the autumn, for the roots are also an important source of organic C. The content of Soil TN, AP, AK significantly increased after reclamation because of the decomposition of crop residue and fertilization application (Zu et al., 2014). This additional organic matter would change the structural, chemical, and biological properties of the soil. The improved soil structure can result in higher permeability and enhance the leaching of the salt with rainfall and explained why soil nutrients increased after the reclamation of the abandoned salt pans.

In this research, the contents of TN and SOM in reclaimed farmlands increased with cultivation years, and high soil nitrogen could result in Pb bioavailability increased and eventually lead to the increase of Pb content. Due to the solid chelating ability between organic matter and Cd, the Cd content would increase with SOM. The heavy metal Cu of reclaimed farmlands was likely to originate from the animal waste fertilizer. Substantial studies have shown that anthropogenic activities, including fertilization, animal waste, and sewage irrigation, have primarily contributed to heavy metal contamination of soil. In brief, the reclamation of abandoned salt pans significantly influenced soil physicochemical properties and consequently affected the concentration and distribution of heavy metals.

4.2 Effects of reclamation years on soil microbial community

The poor soil environmental conditions and microbial community are two essential limitations on soil nutrient contents and crop growth in the reclamation of coastal saline soil (Zhang et al., 2015; Liu et al, 2019). Moreover, microbes play an essential role in plant residue decomposition, nutrient cycling, and ecological remediation of reclaimed soil (Cheng et al., 2019). 

Consistent with the studies of Shi et al., 2014 and Cheng et al., 2017, the most dominant phyla in all soil samples was Proteobacteria in this research. Besides, the other dominant phyla were Acidobacteria, Chloroflexi, Gemmatimonadetes, Actinobacteria, Bacteroidetes, and Planctomycetes in the study area (Fig. 1). These phyla were also found in the soils under various situations by other researchers (Wang et al., 2020; Wang et al., 2020; Wang et al., 2021). Therefore, the results suggested that these dominant phyla in the Yellow River Delta are not unique, despite the soil was affected by salinization in this region. There was a close relationship between Proteobacteria and soil TN contents (Table 4). The results indicated that TN in the soil might be the limit factor in the growth of Proteobacteria because of its ability to degrade polysaccharides (Vikram et al., 2016; Cheng et al., 2019). A similar study has shown that the relative abundance of Proteobacteria would increase with nitrogen application (Fierer N et al., 2012), and many N-fixing bacteria belong to the phylum Proteobacteria (Rao et al., 2018). The C: N ratio of reclaimed soil decreased with the increase of reclamation time (Table 1), which may be conducive to microbial decomposition (Ai et al, 2017). After years of continuous cultivation, the physiochemical properties of the reclaimed soil have been improved, and soil nutrients such as carbon and nitrogen have been increased. Due to most of the Proteobacteria groups are heterotrophic or facultative vegetative bacteria, the improvement of soil properties and the increase of nutrients can provide more suitable habitats and more adequate nutrient sources for the growth and reproduction of Proteobacteria and other bacteria groups. Proteobacteria can not only grow well in suitable soil conditions but also grow in extreme environments. They are thought to be a crucial adaption in oligotrophic arid environments due to their ability to degrade polysaccharides (Zhang et al., 2017; Vikram et al, 2016). Since the reclaimed soil of RT1 lacks soil nutrients such as TN (Table 1), the dominant Proteobacteria with strong environmental adaptability may take the lead in utilizing a small number of soil nutrients, result in a greater inhibitory effect on other bacteria groups. Thus the Proteobacteria would grow rapidly in the first year of reclamation, and the relative abundance of Proteobacteria in the RT1 treatment would be higher than that of the other treatments (Fig. 2). The Acidobacteria and Proteobacteria are of great importance in the soil as an essential member of soil microorganisms, and play a critical role in soil material circulation, production of active metabolites, and interaction with other microorganisms and ecological environment construction (Liu et al, 2019). Previous studies have also shown that Acidobacteria is important in soil nitrogen cycles (Fierer N et al., 2012). This study showed that the relative abundance of Acidobacteria increased with reclaimed time (Fig. 2), and correlated positively with TN addition significantly (Table 4), suggesting that Acidobacteria could be the contributing factor for the increased concentration of TN in the reclaimed soils. The phyla Acidobacteria and Chloroflexi are related to the degradation of organic matter derived from plants (Wang et al., 2018). Chloroflexi is a green nonsulphur bacterium without N-fixation capability (Liu et al, 2019). In this study, soil TN concentration does not correlate with the abundance of Chloroflexi (Table 4). Actinobacteria has a wide array of genes that enable to decomposite and utilize the refractory organic compounds such as cellulose and lignin, which can be used under stressful soil conditions (Delgado-Baquerizo et al., 2017). In addition, Actinobacteria are copiotrophic groups relying on high-N amendments, and play a leading role in improving soil quality (Wang et al., 2020). In this study, the fewer Actinobacteria in RT1 than in other reclamation time (Fig. 2) may because the reclaimed soil of RT1 contains fewer nitrogen contents (Table 1). The results demonstrated that the relative abundance of Proteobacteria, Gemmatimonadetes, and Bacteroidetes were all declined with the increase of reclamation time, and they all had negative effects on TN. The observed changes in the bacterial community composition could be explained as a unique adaptation of reclamation activities. The accumulation of nutrients in reclaimed soil promotes microbial activity and alters soil bacterial community structure (Cheng et al., 2018). In conclusion, as the microbial community was exposed to root exudates of the same crop year after year, the specific microorganisms in the soil would be enriched potentially. Thus some reclaimed soil bacterial communities will increase while others will decrease with the increase of reclamation years.

At the family-level, the bacterial composition and diversity in RT1 were less than other reclamation time (Fig. 2). It is confirmed that the bacterial composition of RT1 was quite different from that of other reclamation years in cluster analysis (Fig. 4). The relative abundance of Rhodospirillaceae, Halomonadaceae, and Ectothiorhodospiraceae in RT1 were significantly higher than other reclamation time, and the relative abundance of Gemmatimonadaceae, Nitrosomonadaceae, and Cytrophagaceae showed an opposite trend. Thus it was indicated that the abundance of bacteria was greatly affected by reclamation activities. Gemmatimonadaceae could influence the cycling of essential nutrients, and Nitrosomonadaceae could affect soil nitrite-oxidizing activity (Cheng et al, 2018), so the low abundance of these groups will not be conducive to nutrient transformation and fertility quality of reclaimed soil. All the results mentioned above indicate that reclamation activities would affect the soil bacterial relative abundance instead of bacterial species.

Soil bacterial diversity is vital to the integrity, function, and long-term sustainability of soil ecosystems. In this study, the total OTUs and bacterial diversity indices (including ACE, Chao, and Shannon) increased at first and then declined with reclamation years. The bacterial diversity indices were the lowest in RT1. The reason could be that the residue incorporated in RT1 was relatively slight, and SOC, TC, AP, and AK were significantly less than in the other treatments. These results showed that reclamation activity could significantly increase soil bacterial diversity in abandoned salt pans (P<0.05). On the one hand, the increase of soil bacterial diversity could be partially due to improved soil conditions, such as SS and BD declined (Table 1) after reclamation. On the other hand, straw crushing and returning to the field and the litter increased the availability of nutrients (C, N, and P) (Yang et al, 2019; Wang et al, 2021) and could provide energy and nutrients for microbes' growth and reproduction. As the time pass, more diverse bacteria migrated and settled down in the improved soil environment and showed the highest bacterial diversity (ACE, chao) period in RT3 (Table 3). However, competition among species arose before long, causing a decrease in bacterial diversity (Wang et al, 2021). A previous study found that continuous cropping can decrease microbial activity and diversity, and change the composition and structure of the soil microbial community (Chen et al, 2018). Additionally, continuous cropping reduced the functional diversity of bacterial groups with carbohydrate as carbon source, and the functional diversity of carbon metabolism of soil bacterial communities tended to be uniform. The microbial ecosystem of sorghum rhizosphere soil would change with the continuous cropping time. The composition of microbial community structure will be out of balance, and the soil type will change from "bacterial" soil to "fungal" soil (Table S2). Although soil nutrients would increase with the reclamation years, they are only suitable for one or several types of bacteria. Consequently, the total number of bacteria in the soil may be very large, but the bacteria diversity may be relatively small (Wang et al., 1993). It has been proved that after continuous cropping of Soybean (Glycine max), the richness of soil bacteria decreased while that of fungi increased. The reason is the special soil microecological environment that conducive to the accumulation of pathogenic fungi caused by deposition of soybean rhizosphere, root and leaf litter, and the same field management measures for many years (Li et al., 2014). This result explained that the soil nutrients increased after crop sorghum continuously for many years in reclaimed land without partial consumption of nutrients. Although there was no significant difference in the total number of bacteria communities among treatments, bacteria diversity was in contrast to the total number of communities. Hence, the increase of soil bacterial abundance and diversity might contribute to the reclamation of abandoned salt pans.

4.3 Investigation of factors influencing bacterial community

Soil bacterial communities are sensitive to changes in soil properties (Cheng et al., 2018; He et al., 2020). Previous studies have observed that the soil properties, especially soil salinity, can significantly affect soil bacterial structure and distribution at the various farmlands (Shi et al., 2017; Hua et al., 2017; Gao et al., 2015; Keshri et al., 2013). This research was also demonstrated that SS was the main factor influencing the soil bacterial community structure and distribution. Acidobacteria, Nitrospirae, and Chloroflexi from reclaimed farmland samples showed a negative relationship with soil EC (Kim et al., 2016; Cheng et al., 2017), and this study showed similar results (Table 4) . 

TN was negatively correlated with Proteobacteria, Gemmatimonadetes, and Actinobacteria, whereas Acidobacteria, Firmicutes, Nitrospirae, and Verrucomicrobia were positively correlated with TN in this research (Table 4). Similar results have also been found in the researches of Cheng et al., 2018 and Ramirez et al., 2010. The change of TN was affected by many factors, such as land use, cropping system, fertilization, and elevation (Lauber et al., 2008; Shen et al., 2013; Pan et al., 2014). The bacterial communities were well grouped according to time since reclamation (Fig. 4). These results provide important information for a better understanding of soil microbial diversity in the coastal area of China and the reclamation of abandoned salt pans. 

Apart from SS and TN, the soil pH was reported as a strong indicator of soil bacterial community composition (Rousk et al., 2010; Liu et al., 2015). The effect of soil pH on the relative abundance of some bacterial groups in this study had both similarities and differences with the previous studies. For example, the negative relationships between the relative abundance of the Actinobacteria and Bacteroidetes and soil pH have been reported by Chen et al. (2018), and Chu et al. (2010) observed that Actinobacteria and Bacteroidetes positively correlated with pH values. Additionally, some subgroups of Acidobacteria correlated much with soil pH in the soil from Shennongjia forest by Zhang et al. (2015). In this study, soil pH showed negative relationships with the relative abundance of the Bacteroidetes and positive relationships with the relative abundance of the Acidobacteria and Nitrospirae. There are two possible reasons for these inconsistent findings. One is that the soil types were different. Our soil samples were saline-alkali soils from abandoned salt pans reclaimed soils, while the samples of Chu et al. (2010) were acidic soils. The other reason is that there was a slight variation in soil pH (varied from 7.81 to 8.45) in our study, while the variation was large (ranged from 4 to 8) in previous studies. Comparing with the effects of pH changing from acidic to alkaline environment on the composition and diversity of soil microbial community, the effects of small changes from neutral to slightly alkaline environment were different. In addition, neither SWC nor Cd was significantly correlated with abundant phyla (Fig. 5). One possible reason is that SWC and Cd did not change significantly after the reclamation of abandoned salt pans (Table 4). According to the result of RDA, Proteobacteria, Bacteroidetes, and Gemmatimonadetes indicated positive correlations with BD, SS, and MMAD, while negative correlations were indicated with other soil physicochemical properties and heavy metal contents. Furthermore, the angle between Cu and Nitrospirae, AP and Acidobacteria, SWC and Firmicutes were all the tightest, indicating the more significant relationship, which was also confirmed in correlation analysis (Table 4).

5. Conclusion

To the best of our knowledge, this study is the first attempt to investigate the impact of soil reclamation years on soil properties, soil bacterial community composition, and diversity in abandoned salt pans in the Yellow River Delta, China. As the reclamation years increasing, reclaimed soils declined significantly in SS, BD and increased in soil nutrient contents (SOM, TN, AP, AK), indicating that soil salinity has been reduced and the productivity increased in reclaimed land. Soil bacterial community diversity increased at first and then declined with the increase of reclamation years. Since the RT3 was the most and the RT1 was the least, the abandoned salt pans reclaimed for cropland can increase soil bacterial diversity. However, in long-term monocropping, the three microbial communities (bacteria, fungi, and actinomycetes) in reclaimed soil were imbalanced and would change from dominant bacterial type to dominant fungal type. Sorghum continuous cropping can also reduce the bacterial diversity of reclaimed soil. The dominant phyla are Proteobacteria, Acidobacteria, Chloroflexi, Gemmatimonadetes, Actinobacteria, Bacteroidetes, Planctomycetes, Firmicutes, and Nitrospirae. Analyses of the impact of soil properties on soil bacterial communities reveal that SS and TN were two major drivers of bacterial communities. These results provided solid information necessary to better understanding to explore the role of abandoned salt pans reclaimed soils in altering soil bacterial community in the Yellow River Delta, China, which is extremely vital for sustainable agricultural systems to be the focus of our future research.
