

  agronomy-13-00504




agronomy-13-00504







Agronomy 2023, 13(2), 504; doi:10.3390/agronomy13020504




Article



Chemical and Biological Response of Four Soil Types to Lime Application: An Incubation Study



Zhifeng Ding, Bailin Ren, Yuhang Chen, Qiongyao Yang and Mingkui Zhang *





College of Environmental and Resource Sciences, Zhejiang University, Hangzhou 310058, China









*



Correspondence: mkzhang@zju.edu.cn; Tel.: +86-571-86946076







Academic Editor: Carlo Leifert



Received: 10 December 2022 / Revised: 5 January 2023 / Accepted: 11 January 2023 / Published: 9 February 2023



Abstract

:

The soils of four citrus orchards in western Zhejiang were studied in this research. In order to explore the effects of lime on soil chemical properties and bacterial communities, the incubation experiment was conducted with six different dosages of lime addition, 0, 0.6, 1.2, 2.4, 4.8, 7.2 g/kg, respectively. The results showed that soil pH increased significantly (p < 0.05) and the contents of exchangeable acid decreased significantly (p < 0.05) at the early stage of lime application. As time went by, the reacidification existed in the soil of each treatment, mainly reflected in a significant (p < 0.05) decrease in soil pH. Liming increased the nitrate nitrogen content and decreased the ammonium nitrogen content in the four soils. However, the responses of other nutrient indexes to lime varied in different soils, which might be due to the different degrees of soil acidification. In general, the addition of lime increased the soil integrated fertility index (IFI) and improved the soil nutrient status. The application of lime under 2.4 g/kg significantly improved the structure of bacterial community and increased the relative abundance of soil bacterial community species, while the application of lime above 4.8 g/kg might inhibit the growth and activity of microorganisms, resulting in the reduction of soil microbial biomass and diversity. Redundancy analysis (RDA) showed that lime affected the bacterial community mainly by reducing the content of soil active acid and exchangeable acid. At the same time, network analysis showed that the bacterial community had a stronger buffer capacity against external disturbances after lime application. In conclusion, the addition of lime with appropriate amount (2.4~4.8 g/kg, corresponding to a field application rate of 5.8~11.5 t/ha) in acid orchard soil could improve soil properties, soil integrated fertility, and the diversity and stability of the bacterial community.
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1. Introduction


Citrus is the most common fruit in the world. Citrus trees are also one of the fruit trees with the widest planting area and the most important economic contribution in China, which is mostly planted in the south subtropics. In recent years, soil acidification in citrus orchards has occurred due to successive years of production and long-term excessive input of chemical fertilizers [1,2]. Soil acidification has become a major obstacle to the development of citrus industry by reducing the fertility [3], the photosynthetic efficiency of plants, the accumulation of sugar in fruits and impairing the growth of root [4,5,6]. It could also increase the bioavailability of toxic heavy metals such as Al, Mn, and Cd and lead to the decline of citrus yield and quality [7]. Therefore, it is important to seek a practical way to improve the soil acidification for sustainable development of citrus orchards.



Lime is a common acidic soil amendment that directly neutralizes soil acidity and alleviates Al and other heavy metal toxicity [8]. At the same time, lime also plays an important role in improving soil structure, enhancing soil biological activity and nutrient cycling capacity, and improving plant nutrition and growth [8,9]. At present, the positive effect of lime on acid soil has been carried out in extensive research. It has been found that liming can significantly reduce the content of toxic Al in soil, such as exchangeable Al, organic complexed Al, free Al, Al-F, and Al-OH, and induce their sedimentation, effectively alleviate Al toxicity, and enable crop roots to grow normally [10]. The reduction of soil pH inhibits soil nitrification, when pH decreases below 6, soil nitrification is significantly reduced, and when pH decreases below 4.5, nitrification is reduced to negligible levels [11]. The application of lime can improve soil nitrification by improving the activity of nitrifying microorganisms. However, excess lime in turn significantly reduces the content of soil nitrate nitrogen [12]. The increase of pH also causes a decrease in soil AEC (anion exchange capacity) and a decrease in the adsorption of phosphate, and also dissolves Fe3+, Al3+, and PO43− forming phosphate compounds, increasing the effectiveness of phosphorus in the soil [11,13]. It was thought that liming accelerated the rate of soil C and N mineralization, resulting in the soil C and N losses [14]. On the whole, reasonable application of lime can improve the nutrient status and enhance the sustainable utilization of acidified soil [15].



Bacterial communities play an important role in the process of material circulation, which could significantly affect the form and effectiveness of soil nutrients by changes in the activity and diversity of soil bacteria [16]. As a result, it is particularly important to investigate the effect of lime on the structure of soil microbial communities. Neutral and slightly acidic environments would provide suitable habitats for most bacteria. Liming could increase the amount of microbial C and N by fighting against the decline of bacterial diversity induced by the soil acidification [17]. It has been found that continuous application of lime in paddy fields increased soil bacterial and prokaryotic diversity [18], and enhanced soil microbial biomass and respiration rate [19]. Dong [20] also found that lime treatment could significantly increase the functional diversity index of soil bacteria. However, some studies have also reported the opposite conclusion [21].



At present, a considerable amount of literature has been published on liming addition in paddy field and pasture soil, but the effect of lime on acidified citrus orchard soil still needs to be further explored. Since the management methods and fertilization dosages of orchards and farmlands differ greatly, the chemical properties and microbial community composition of soils are various, so that the optimal amount of lime and improvement effect depend on circumstances. Therefore, the remediation effect of lime on acidified citrus soil needs further study. In this paper, we studied (1) the effects of different amounts of lime on the comprehensive fertility of citrus orchard soils, (2) the response of citrus orchard soil bacterial communities to lime addition, and (3) the lime application dosage that theoretically favor soil fertility and health in acidified orange groves through culture experiment analysis. In order to provide a reliable reference for soil improvement and sustainable use of acidified orange orchards in the south, the soils in western Zhejiang Province were taken as the research objects in this study.




2. Materials and Methods


2.1. Collection of Test Soil Samples


Soil samples were collected in October 2021 from four citrus orchards with different soil types in Jiande City, Zhejiang Province, which has a north subtropical monsoon climate with an average annual temperature of 16.9 °C and an average annual precipitation of 1500 mm. The annual application of chemical fertilizer in the park is between 600 and 900 kg/hm2, and the input ratio of nitrogen, phosphorus and potassium fertilizer is 1:0.56:0.78. Almost no organic fertilizer is applied. The citrus yield is 18~42 t/hm2. Soil samples were collected by the five-point sampling method, i.e., the diagonal intersection of the plantation area was determined as the central sampling point, and then four points on the diagonal with equal distance from the central sample point were selected as sample points. Each sample point was collected surface soil (0~20 cm) and mixed well. The soil samples were air-dried, ground, and sieved through a 2 mm sieve. The basic physical and chemical properties of the soil in the park are shown in Table 1.




2.2. Experimental Design


There were six lime (95% CaO powder) dosages in the experiment, 0 g/kg (CK), 0.6 g/kg (L0.6), 1.2 g/kg (L1.2), 2.4 g/kg (L2.4), 4.8 g/kg (L4.8), and 7.2 g/kg (L7.2), which were approximately equal to field application rates of 0 t/ha, 1.4 t/ha, 2.9 t/ha, 5.8 t/ha, 11.5 t/ha, and 17.3 t/ha. Each culture flask was weighed out to 300 g of soil, and lime was mixed with soil. No lime was applied as the control. Each treatment was repeated three times and incubated in a constant temperature incubator at 25 °C for 80 days for the test. Deionized water was added by weighing method in the experiment to ensure that the soil mass water content was about 25%. Samples were taken regularly to observe the dynamic changes of soil acidity.




2.3. Soil Sample Collection and Analysis


Soil samples were collected on days 5, 10, 30, 40, 60, and 80 of the incubation experiment, respectively. The samples were air-dried and ground to determine soil pH and soil-exchangeable acid content. At the end of the incubation experiment, part of the remaining soil samples was air-dried and ground to determine the available potassium, available phosphorus, and organic matter content of the soil, and part of the fresh samples was taken for the determination of ammonium nitrogen and nitrate nitrogen, and part of them was stored in a refrigerator at −80 °C for bacterial diversity analysis. Soil pH was measured in a soil-water suspension (1:2.5 m/v) with a pH meter [22], the exchangeable acid (Ex-acid) was extracted by KCl and determined by titration to a phenolphthalein endpoint, the available potassium (AK) was extracted with NH4OAc and then determined by Atomic absorption spectrometry (AAS, Analytik Jena novAA 300, Germany) [23], available phosphorus (Olsen-P) was determined by the Olsen method [24], ammonium nitrogen (NH4+-N) and nitrate nitrogen (NO3−-N) were extracted with 2 M KCl and determined by continuous flow analyzer (SAN++, SKALAR, Netherlands) [25], and the sum of the two was used as the available nitrogen content (AN).



The extraction of total DNA and sequencing of 16SrDNA (V4-V5 region) of soil microorganisms were carnied-out by the Guangdong Megagen Technology Co (Guangzhou, China). Standard protocols were followed to extract soil DNA using the ALFA-SEQ Advanced Soil DNA Kit (Megigene, Guangzhou, China), and the quantity and quality of DNA were assessed using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The V4-V5 region of the bacterial 16S rDNA gene was targeted by 515F(5′-GTGCCAGCMGCCGCGGTAA-3′) and 907R(5′-CCGTCAATTCMTTTRAGTTT-3′).



The results of soil nutrient index analysis of each treatment were used as the test parameters for soil fertility evaluation, and the affiliation value of each index was calculated using the affiliation function. The integrated fertility index (IFI) of soil quality of each treatment was calculated according to Equation (3). Among them, SOM, AP, AK and AN were determined as an S-type affiliation function and pH was determined as a parabolic affiliation function.


  f  x  =       1.0     x ≥  x 2          0.9   x −  x 1       x 2  −  x 1         x 1  ≤ x <  x 2        0.1     x <  x 1         



(1)






  f  x  =       1      x 2  ≤ x ≤  x 3          x −  x 1    /    x 2  −  x 1         x 1  ≤ x <  x 2          x −  x 4    /    x 3  −  x 4         x 3  < x ≤  x 4        0     x <  x 1    or   x >  x 4         



(2)






  IFI = ∑ (  q i  ×  w i  )  



(3)







Equation (1) is an S-type affiliation function, where x < x1 and x ≥ x2 correspond to the extremely low and extremely high states in Table 2, respectively. Equation (2) is the parabolic affiliation function, where x < x1, x1 ≤ x < x2, x2 ≤ x ≤ x3, x3 < x ≤ x4, and x > x4 correspond to extremely low, low, medium, high, and extremely high states in Table 2, respectively. In Equation (3), qi is the affiliation degree of the ith soil fertility evaluation index, wi is the weight coefficient of the ith soil fertility evaluation index, the weight coefficient of each index is calculated using factor analysis.




2.4. Data Analysis


Analysis of variance and correlation were performed using Excel 2019, SPSS 26.0. The line and bar charts were plotted using Origin 2021. Soil bacterial data analysis was carried out on the Magigene Cloud platform (http://cloud.magigene.com/, accessed on 29 April 2022), using fastp (v0.14.1, https://github.com/OpenGene/fastp, accessed on 12 May 2022) for splicing and filtering of raw data to obtain clean tags. The uparse algorithm of usearch (v10.0.240) was used to cluster clean tags into operational taxonomic units (OTUs) at 97% homology similarity while removing chimeras. The sequence with the highest frequency of occurrence was also selected as a representative sequence and compared with the SILVA/v132 (http://www.arb-silva.de/, accessed on 12 May 2022) database to annotate species information. The calculation of alpha diversity indices (chao1, shannon_2) was performed using usearch -alpha_div based on OTU abundance tables. The “vegan” R package was applied to perform Non-metric multidimensional scaling (NMDS) and Redundancy analysis (RDA). NMDS was conducted to characterize the variability of bacterial community structure. RDA was conducted to explore the relationship between environmental factors and bacterial community. The “heatmap” R package was applied to plot the correlation heat map. Network analysis was performed using Gephi-0.9.7 to demonstrate associations between bacterial genera.





3. Results


3.1. Effect of Lime on the Dynamics of Soil Acidity


The dynamic changes of soil pH after liming are shown in Figure 1. The effect between different treatments showed that soil pH significantly (p < 0.05) increased with the increase of lime application at the early stage of the incubation period. At the late stage of incubation, the pH of the four soils treated with low lime dosage (≤1.2 g/kg) was no longer significantly different (p > 0.05) from control. From the time gradient, soil pH increased rapidly after lime application. Until 20 days, the four soil pH values of the different lime treatments changed less with time. The pH of the four soils with lime began to decrease after 40 days, and the higher the lime application proportion, the greater the decrease in pH (Figure 1). After 80 days of incubation, soil pH was significantly lower (p < 0.05) in all treatment groups than it was on day 5 of incubation.



The dynamic of exchangeable acid is shown in Figure 2. The effect of different treatments showed that lime application could significantly (p < 0.05) reduce the soil-exchangeable acid content. When the lime application amount was above 4.8 g/kg, exchangeable acid was near zero. From the time gradient, the exchangeable acid content of CK, L0.6, L1.2, and L2.4 treatments increased from the 40th day of incubation, but the effect of the three lime treatments in reducing soil exchangeable acid remained significant (p < 0.05) (significant differences between L0.6, L1.2, and L2.4 and CK, respectively). Moreover, it is notable that the soil exchangeable acid did not show any marked increase in the higher lime treatments (L4.8 and L7.2) despite evidence that pH was declining in those treatments as time progressed.




3.2. Effect of Lime on Soil Fertility Status


As shown in Figure 3a, the lime application had no significant effect on the Olsen-P content of soil (a). The Olsen-P content of soil (b) and (d) decreased with increasing lime application (≤2.4 g/kg). The lowest Olsen-P contents existed in both soils under L2.4 treatment, which were decreased by 18.1% and 24.9%, respectively, compared with the control treatment. When the lime application was higher than 2.4 g/kg, the Olsen-P content increased with increasing lime application rate. The Olsen-P content of soil (c) decreased with the increase of lime application. As shown in Figure 3b, the NO3−-N contents of all four soils increased with the increase of lime dosage, and the increases of NO3−-N content of the four soils with L7.2 were 137.6%, 41.8%, 58.6%, and 28.8%, in order, compared with CK. Except for soil(c), the ammonium nitrogen contents of the other three soils decreased with increasing lime application. The effect of lime application on the soil AK content is shown in Figure 3d. For soils (a) and (c), there was no significant evidence of change in soil AK content with increasing lime application. The AK contents of soil (b) and (d) decreased with increasing lime dosage with small overall changes, which were only 4.8% and 9.5% decreases under the L7.2 treatment compared to the CK treatment. The effect of lime application on SOM is shown in Figure 3e. Lime application reduced the organic matter content of soil (a)(c), which was less affected in the other two soils. The addition of lime increased the IFI index, especially in L4.8 treatment.




3.3. Effect of Liming on Soil Bacterial


3.3.1. Effect of Different Lime Dosage Treatments on the Diversity of Soil Bacterial Communities


The amplicons of 16S rDNA (V4-V5 region) of soil microorganisms were sequenced by high-throughput sequencing, and 56916, 54508, 44886, and 54711 valid sequences were sequenced on average for the six dosage treatments of soil (a), (b), (c), and (d), respectively. Valid sequences were clustered by Usearch software at 97.0% homologous similarity, and 25847, 23975, 34104, and 21065 bacterial OUTs were obtained for the four soils, respectively. The calculated α-diversity indices are shown in Figure 4. The Shannon_2 index characterized the diversity of bacterial communities, the Chao1 index characterized the species richness of bacterial communities, and higher values implied higher diversity and richness of bacterial communities. Except for soil (a), the Shannon_2 and Chao1 indices of the other three soils showed a general trend of increasing and then decreasing with the increasing lime application, indicating that the addition of small amounts (≤2.4 g/kg) of lime could increase the diversity and species abundance of soil bacteria, but when the lime dosage was too high (≥4.8 g/kg), it would suppress the two indices. Two indices of soil (a) generally increased with increasing lime application.



The results of NMDS analysis based on the bray_curtis distance algorithm are shown in Figure 5. The similarity of two microbial communities could be deduced by the distance between treatments in the figure, which meant that the shorter distance could indicate more similarity. Among the four soils, the distance between the treatment and control groups gradually increased with the increase of lime dosage, indicating that the addition of lime changed the bacterial community structure of soil. The higher the amount of lime added, the greater the change of bacterial community structure.




3.3.2. Composition of Soil Bacterial Community under Different Lime Dosage Treatments


At the phylum level, 24 phyla were detected in the four soils, of which a total of 9 had relative abundances greater than 1% in all four soils. Proteobacteria, Acidobacteria, Bacteroidetes, Actinobacteria, and Chloroflexi were the dominant bacteria in the soil with a sum of relative abundance of more than 75% (Figure 6). Compared with CK, lime application reduced the relative abundance of Acidobacteria and Patescibacteria and increased the relative abundance of Bacteroides and Gemmatimonadetes in the four soils. Liming also reduced the relative abundance of Chloroflexi in soil (a) (c) (d). The relative abundance of Proteobacteria in soils (b) and (d) decreased with increasing lime dosage, while it showed the opposite result in soil (c). The relative abundance of Firmicutes in soil (d) decreased with increasing lime application, while the relative abundance of Firmicutes in other soils firstly decreased and then increased.




3.3.3. Effect of Soil Chemistry on Bacterial Communities


The top 15 bacterial species in relative abundance in four soils were selected as response variables; the effect of soil chemical properties on bacterial community structure was analyzed by redundancy analysis (RDA). The first and second axes explained 42.7% and 20.2% of the variation in bacterial community composition, respectively, where soil pH, exchangeable acid content, organic matter, and nitrate nitrogen significantly affected the community composition of soil bacteria (Figure 7).



The correlation analysis showed (Figure 8) that all bacteria were significantly correlated (p < 0.05) with soil pH, except for Cyanobacteria, Firmicutes, and Proteobacteria. Exchangeable acid was significantly (p < 0.001) and positively correlated with Acidobacteria, Actinobacteria, Chloroflexi, and WPS-2, and significantly (p < 0.05) and negatively correlated with Bacteroidetes, Firmicutes, Gemmatimonadetes, Verrucomicrobia, and Cyanobacteria. NO3−-N was significantly (p < 0.001) and positively correlated with Proteobacteria, Bacteroidetes, Gemmatimonadetes, and Nitrospirae, and negatively (p < 0.001) correlated with Acidobacteria, Chloroflexi, and WPS-2. In addition, SOM was significantly (p < 0.001) and positively correlated with Acidobacteria, Chloroflexi, and WPS-2, and had a significant negative correlation with Proteobacteria, Bacteroidetes, Firmicutes, Gemmatimonadetes, and Nitrospirae.




3.3.4. Co-Occurrence Network Analysis


In order to understand the changing patterns of interspecific interactions of various bacterial taxa in soils at different lime dosages, co-occurrence network analysis was performed with the abundance data of major bacterial genera in four soils (Figure 9). The complex layout among bacterial genera under different treatments was described by calculating the topological features of the co-occurrence network (Table 3). The results showed that the lime application increased the number of soil bacterial network nodes and the average path length, and decreased the average clustering coefficient. On the other hand, the number of edges and average degree increased at the early stage, and then decreased with the increase of lime addition.






4. Discussion


4.1. Effects of Liming on Acidified Soil


The results showed that the soil acidity improvement effect was better with the increase of lime dosage. Liming at the initial stage (<20 d) could significantly (p < 0.05) increase the pH and reduce the content of exchangeable acid. However, as the incubation time went on (>40 d), the pH of all treated soils decreased significantly (p < 0.05), which could be explained by the production of new protons during the incubation process. It has been pointed out that soil pH was reduced by protons produced by the dissociation of organic acids, which was induced by the decomposition of organic matter [28]. The nitrification process of ammonium nitrogen in soils also produced protons [29]. The application of lime improved the living environment for soil microorganisms, increased microbial activity, and promoted organic matter degradation and N cycling [30,31], which led to soil re-acidification. In this study, liming increased the nitrate nitrogen content of all soils and reduced the organic matter content of some soils. Meng [32] found that the re-acidification existed in the cultivated soils with or without lime application, but the average annual decrease in soil pH was significantly higher in the lime treatment than it was in the control, indicating that lime application accelerated the re-acidification of the soil, which was consistent with the findings of this study. In addition, with longer incubation time, most low lime dosages could not raise soil pH anymore, but their effect on reducing soil exchange acid was still significant. In the high lime treatment, reacidification was not that obvious based on the changes in exchangeable acid values but pH suggested it was occurring, which might be due to exchangeable acid taking longer to show any marked changes due to reacidification.




4.2. Effects of Liming on Soil Nutrients


The effectiveness and morphology of phosphorus in acidic soils were influenced by a variety of factors, including pH, adsorption, and precipitation of P by active Fe and Al [33]. The decrease of pH increased the soil anion-exchange capacity (AEC) and the concentration of Fe and Al in the soil solution, resulting in more adsorption and precipitation of phosphate [34]. However, for extremely acidic soil, low soil pH would increase the solubility of phosphorus compounds and the availability of phosphorus in soil [35]. Liming might affect the morphology and effectiveness of phosphorus in soil by directly increasing soil pH and indirectly changing soil chemistry. In this study, the responses of different soil Olsen-P contents to lime application varied. For soil (b) and (d), the small increase in pH might re-promote the precipitation of phosphorus compounds. When the soil pH was further increased, the conversion of reactive Fe and Al to hydroxide precipitates led to the decrease of P adsorption capacity of the soil, resulting in an increase in phosphorus effectiveness. For soils with high content of exchangeable acids (especially exchangeable Al3+), a new hydroxy aluminum polymer with strong P absorption activity would be produced with the increase of pH, which will increase the adsorption capacity of soil to P [36]. This may be the response mechanism of soil (c) Olsen-P to lime application. After neutralization reaction between lime and acid ions in the mineral crystal layer, water-soluble K and exchangeable K in the soil were then easily adsorbed by the vacated spots, result in the reduction of AK content [37]. In this study, liming slightly reduced the content of AK in some soils. It was found that nitrification increases with increasing lime addition. Liming could improve the soil environment and enhance the activity of microorganisms related to nitrification, thus increasing the nitrate nitrogen content [38,39]. This is consistent with the results of this study. However, soil NH4+ content did not decrease significantly with the lime application, which might be due to NH4+ was supplied by the decomposition of organic matter. Although the responses of various nutrients to liming were different, the soil IFI index increased with the increase of lime dosage, indicating that the addition of lime improved the soil integrated fertility.




4.3. Changes of Soil Bacterial Community


Soil microorganisms are the main driving factors for soil nutrient cycling and transformation. Soil microbial diversity and community composition are important indicators for soil quality assessment [40]. It was found that application of lime could improve soil chemical properties and significantly increase the diversity and richness of soil bacteria [31], and enhance microbial biomass and respiration [41]. In this study, the Shannon_2 and Chao1 indexes of soil generally increased first and then decreased with the increase of lime application, indicating that the addition of a small amount of lime could improve the diversity and species abundance of soil bacteria, while the excessive amount of lime induced high soil pH inhibited the growth and activity of microorganisms, and reduced the soil microbial biomass and diversity. Li [42] found that the deterioration of soil physical environment and the change of soil nutrients caused by five years of continuous lime application inhibited the growth and activity of soil microorganisms. According to the NMDS analysis results, the higher the amount of lime applied, the greater the distance between the treatment group and the control group, indicating that the higher the amount of lime used, the greater the change of soil bacterial community.



The results of redundancy analysis showed that pH, exchangeable acid, NH4+, and SOM had strong effects on bacterial community structure. Soil pH is a key factor driving the changes in bacterial community composition and diversity, as most dominant bacteria are closely related to soil pH [18]. The change of pH will directly affect the activity and abundance of bacteria [43]. pH will also indirectly affect the community structure by affecting the availability of soil nutrients and ion toxicity [44]. Different microorganisms have different responses to pH, and Da Silva [45] found that liming mainly increased the number of acid intolerant and high pH tolerant bacteria, thereby affecting the total activity and biodiversity of bacteria. Firmicutes can produce spores and resist a variety of extreme environments, while Gemmatimonadetes have a low tolerance to pH changes [46]. In this study, we also found that lime application reduced the relative abundance of Firmicutes and increased the relative abundance of Gemmatimonadetes, indicating that moderate amounts of lime were beneficial to soil health, because many pathogenic bacteria belong to Firmicutes [47]. The relative abundance of Gemmatimonadetes increased less for soil (c) with higher exchangeable acid content. Moreover, high lime dosage (L7.2) re-elevated the relative abundance of Firmicutes in some soils, which might be explained by the growth of other bacteria inhibited by the higher pH. Chen [48] found that the soil bacterial α-diversity index was significantly negatively correlated with the exchangeable acid concentration in the soil, and exchangeable acids (especially exchangeable Al) were negatively correlated with the abundance of most bacteria in the soil, indicating that exchangeable Al was toxic to soil bacterial communities, while some acidophiles were positively correlated with exchangeable Al [49]. We also found that the relative abundance of Acidobacteria was significantly (p < 0.001) and positively correlated with the content of exchangeable acid. Liming reduced the content of exchangeable acid in soils, thus reducing the relative abundance of Acidobacteria. However, compared with other soils, soil (c) was the most acidic with lower pH and higher exchangeable acid, so the relative abundance of Acidobacteria still remained at a high level even under high lime dosage treatment. Organic matter and N cycling also have important effects on microbial community composition [18,50,51]. Soil microorganisms are divided into two categories: eutrophic microorganisms (such as Bacteroidetes) and oligotrophic microorganisms (such as Chloroflexi) [52]. We found that lime application increased the relative abundance of Bacteroidetes and decreased the relative abundance of Chloroflexi. This was consistent with the conclusion of Wang [53], which might be because liming increased the content of microbial available nutrients in soil. Since the relative abundance of Bacteroidetes was positively related to carbon mineralization rate, there would be a promotion of soil C cycle induced by the change of bacterial community [52]. The relative abundance of Proteobacteria in different soils had different responses to lime application. Guo [41] found that lime reduced the relative abundance of Proteobacteria, which might be due to that the addition of lime induced the growth of other microorganisms. The increase of pH also inhibited the growth of acidophilic bacteria such as Flavobacterium in Proteobacteria [54]. However, Wang [53] reached the opposite conclusion.



The results of network analysis showed that lime application increased the number of network nodes, indicating that the number of significantly (p < 0.05) interrelated species in the soil bacterial community increased. Higher average clustering coefficients and shorter average path lengths of microbial networks indicate a closer relationship between microorganisms, more complex interactions between species, and more dramatic changes in perturbations to ecosystems [55,56]. Liming reduced the average clustering coefficient of the bacterial network and increased the average path length, indicating that lime improved the buffering capacity of the bacterial community against external disturbance and enhanced the stability of the community. The edge number and average degree indicate the connectivity between microorganisms [57]. Excessive lime addition (>4.8 g/kg) reduced the edge number and average degree of the network, indicating that the interactions between microbial species were inhibited. Therefore, it is necessary to select the appropriate dosage for lime to improve acid soil.





5. Conclusions


This paper studied the changes in soil chemical properties and bacterial communities in citrus orchards under different lime application rates through an incubation experiment. The results showed that the soil pH increased significantly at the initial stage of lime application, and the contents of soil exchangeable acid decreased. As time went by, the soils of different treatments were re-acidified, treatments of low lime dosage (≤1.2 g/kg) had no obvious effect on the increase of soil pH, but still had a significant effect on the reduction of exchangeable acid. Although different nutrients responded differently to liming, the addition of lime increased the soil integrated fertility index and improved the soil nutrient status. Liming mainly affected the bacterial community by reducing the content of soil active acid and exchangeable acid. The addition of an appropriate amount of lime (≤4.8 g/kg) improved the diversity and species abundance of soil bacteria and enhanced the buffering capacity of bacterial community against external disturbance. Excessive liming (>4.8 g/kg) inhibited microbial growth and activity, reduced soil microbial biomass and diversity, and inhibited microbial interspecies interactions. In conclusion, the proper amount (2.4~4.8 g/kg) of lime addition can not only reduce soil acidity, but also improve soil fertility and bacterial ecological environment. In practice, the actual amount of lime applied can be calculated based on the local soil bulk density and the depth of the soil planned to be improved, combined with the lime dosage recommended in this paper. It should be noted that this study was conducted at constant temperature and humidity using milled soils and materials for the incubation, which may have exaggerated the improvement effect in the field. Therefore, long-term field experiments are still needed to observe the improvement effect of lime on acidified citrus orchard soil.
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Figure 1. Dynamics of the pH of soils (a–d). Different lowercase letters represent significant differences between different incubation times for the same treatment (p < 0.05). 
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Figure 2. Dynamics of the exchange acid content of soils (a–d). Different lowercase letters represent significant differences between different incubation times for the same treatment (p < 0.05). 
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Figure 3. (a) Effects of liming on soil Olsen-P. (b) Effects of liming on soil nitrate nitrogen (NO3−-N). (c) Effects of liming on soil ammonium nitrogen (NH4+-N). (d) Effects of liming on soil available potassium (AK). (e) Effects of liming on soil organic matter (SOM). (f) Effects of liming on soil integrated fertility index (IFI). In each figure, the lowercase letters under the abscissa represent soil types, different letters above each bar indicate significant differences (p < 0.05) among different treatments of the same soil. 
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Figure 4. Effects of liming on soil bacterial alpha diversity indices Shannon_2 (a) and Chao1 (b). The lowercase letters under the abscissa represent soil types, different letters above each bar indicate significant differences (p < 0.05) among different treatments of the same soil. 
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Figure 5. Differential analysis of the structure of the four soil bacterial communities under different lime treatments. The letters (a–d) represent soil types. The differences between soil microbial communities of different treatments can be judged by the distance between treatments: the longer the distance, the greater the differences in microbial community composition. 
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Figure 6. Composition of four soil bacterial communities under different lime dosage treatments. The letters (a–d) represent soil types. 
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Figure 7. Redundancy analysis (RDA) of the relationship between soil chemical properties and relative abundance of bacterial phylum. 
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Figure 8. Correlation analysis between soil chemical properties and relative abundance of dominant bacterial phylum. * represents significance p < 0.05, ** represents significance p < 0.01, *** represents significance p < 0.001. 
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Figure 9. Co-occurrence network of bacterial genera in citrus orchard soil under different lime dosage treatments. Nodes of different colors in the network represent bacteria of different genera, the node size is proportional to the number of connections. Only nodes that are significantly (p < 0.05) correlated with each other are connected, and the thickness of the edges represents the strength of correlation, with red edges representing positive correlation between bacteria and green edges representing negative correlation between bacteria. 






Figure 9. Co-occurrence network of bacterial genera in citrus orchard soil under different lime dosage treatments. Nodes of different colors in the network represent bacteria of different genera, the node size is proportional to the number of connections. Only nodes that are significantly (p < 0.05) correlated with each other are connected, and the thickness of the edges represents the strength of correlation, with red edges representing positive correlation between bacteria and green edges representing negative correlation between bacteria.



[image: Agronomy 13 00504 g009]







[image: Table] 





Table 1. Basic chemical properties of the test soil.
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	No.
	Soil Type
	pH
	ExA

(cmol/kg)
	SOM

(g/kg)
	TN

(g/kg)
	Olsen-P

(mg/kg)
	AK

(mg/kg)
	Clay Content

(%)





	a
	Anthrosol
	4.02
	4.24
	38.46
	1.93
	135.26
	710.52
	24.68



	b
	Anthrosol
	4.11
	2.35
	27.00
	1.86
	609.06
	609.06
	23.03



	c
	Luvisol
	3.75
	6.35
	43.44
	2.19
	110.22
	110.22
	22.44



	d
	Anthrosol
	3.72
	2.85
	15.59
	0.79
	79.79
	377.71
	11.96







ExA exchangeable acid, SOM soil organic matter, TN total nitrogen, Olsen-P available phosphorus measured by the Olsen method, AK available potassium.
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Table 2. Soil quality grading standards for orange groves [26,27].
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	Degree
	Extremely Low
	Low
	Medium
	High
	Extremely High





	AK (mg/kg)
	<60
	60~100
	100~150
	150~200
	>200



	AP (mg/kg)
	<10
	10~20
	20~40
	40~60
	>60



	AN (mg/kg)
	<30
	30~90
	90~160
	160~280
	>280



	SOM (g/kg)
	<15
	15~20
	20~30
	30~40
	>40



	pH
	<4.5
	4.5~5.4
	5.4~6.5
	6.5~8.5
	>8.5
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Table 3. Topological characteristic values of the bacterial community co-occurrence network.






Table 3. Topological characteristic values of the bacterial community co-occurrence network.














	
	CK
	L0.6
	L1.2
	L2.4
	L4.8
	L7.2





	Nodes
	35
	42
	53
	63
	69
	72



	Edges
	225
	290
	426
	631
	527
	451



	Average degree
	12.86
	13.81
	16.08
	20.03
	15.28
	12.36



	Diameter
	4
	4
	5
	4
	5
	5



	Density
	0.378
	0.337
	0.309
	0.323
	0.225
	0.174



	Modularity
	0.298
	0.416
	0.339
	0.311
	0.393
	0.442



	Average clustering coefficient
	0.657
	0.703
	0.633
	0.631
	0.566
	0.570



	Average path length
	1.748
	1.908
	1.922
	1.804
	2.043
	2.296
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