

  sustainability-15-14439




sustainability-15-14439







Sustainability 2023, 15(19), 14439; doi:10.3390/su151914439




Review



Research Advances in the Impacts of Biochar on the Physicochemical Properties and Microbial Communities of Saline Soils



Xia An 1, Qin Liu 1,2, Feixiang Pan 3, Yu Yao 3, Xiahong Luo 1, Changli Chen 1, Tingting Liu 1, Lina Zou 1, Weidong Wang 4, Jinwang Wang 5,* and Xing Liu 5,*





1



Zhejiang Xiaoshan Institute of Cotton & Bast Fiber Crops, Zhejiang Institute of Landscape Plants and Flowers, Zhejiang Academy of Agricultural Sciences, Hangzhou 311251, China






2



Institute of Resource Plants, Yunnan University, Kunming 650500, China






3



Zhejiang Yuanye Construction Co., Ltd., Wenzhou 325005, China






4



College of Life and Environmental Sciences, Wenzhou University, Wenzhou 325000, China






5



Wenzhou Key Laboratory of Resource Plant Innovation and Utilization, Zhejiang Institute of Subtropical Crops, Zhejiang Academy of Agricultural Sciences, Wenzhou 325005, China









*



Correspondence: kingwwang@163.com (J.W.); liuxingzy1989@163.com (X.L.)







Citation: An, X.; Liu, Q.; Pan, F.; Yao, Y.; Luo, X.; Chen, C.; Liu, T.; Zou, L.; Wang, W.; Wang, J.; et al. Research Advances in the Impacts of Biochar on the Physicochemical Properties and Microbial Communities of Saline Soils. Sustainability 2023, 15, 14439. https://doi.org/10.3390/su151914439



Academic Editor: Giovanni De Feo



Received: 22 August 2023 / Revised: 23 September 2023 / Accepted: 26 September 2023 / Published: 3 October 2023



Abstract

:

The scientific management of salinized agricultural lands and the use of undeveloped saline lands to ensure food security have become one of the most urgent tasks nowadays. Biochar contains rich carbon (C) and functional groups, and processes high alkalinity, porosity, and specific surface area (SSA). Thus, it has been widely used as an effective organic conditioner in acidic or neutral soils to improve their fertility. However, so far, the impacts of biochar application on properities of saline soils and the underlying mechanisms remain unveiled. Therefore, in this study, we focus on the investigation of the impacts of biochar on the physical, chemical, and biological properties of saline soils. We found that biochar could: (1) decrease soil bulk density (BD), increase soil porosity, promote the formation of soil aggregation and enhance the leaching of soil salts; (2) increase the cation exchange capacity (CEC) of soil, decrease the salinity of soil through ion exchange and adsorption; (3) directly act as the nutrient supplements, indirectly adsorb water and nutrients or improve nutrient availability (e.g., soil organic carbon (SOC) turnover and sequestration, nutrient cycling); and (4) improve the structure and functioning of the soil microbial community and therefore indirectly impact the C, nitrogen (N) and phosphorus (P) cycling in soil systems. However, these impacts heavily depend on the properties, the concentration of the biochar added to the soil, and the type and location of the soil. In fact, some studies have shown that the addition of biochar in soil could even increase the salinity of saline soils. Another issue is the lack of long-term and large-scale field experiments regarding the impact of biochar addition on properties of saline soils. Therefore, future studies should focus on long-term field experiments with the combination of traditional soil analytical methods and mordern molecular techniques (e.g., high-throughput sequencing, macro-genomics, and metabolomics) to comprehensively reveal the response mechanism of physicochemical properties and microbial characteristics of saline soils to exogenous biochar. Our study can provide a scientific foundation for the practical agricultural production and ecological management of biochar.
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1. Introduction


According to incomplete statistics from the United Nations Educational, Scientific and Cultural Organization (UNESCO) and the Food and Agriculture Organization (FAO), the global area of saline soils is approximately 1 billion hm2 and the saline soil is distributed in more than 100 countries [1,2]. Salinization is one of the most serious problems responsible for soil degradation worldwide. For example, an excessive amount of Na+ during salinization can deteriorate soil structure, inhibit soil microbial activity and population and decrease the effectiveness of soil nutrients. Moreover, Na+ can also produce osmotic stress and ionic toxicity to plants, disrupting their normal physiological metabolism and even causing their death [1,2,3]. According to Qadir et al. [4], the annual agricultural economic losses due to soil salinization amount to as much as $27 billion US dollars. By 2025, two-thirds of mankind will face water scarcity and, consequently, 15 million m3/day of untreated wastewater would be used for crop irrigation, which, in turn, will cause soil salinity to increase and salty soils to become more saline [5]. Due to improper water and fertilizer management practices in agricultural production, the extensive use of pesticides, and the negative impact of global warming, about 33% of the world’s arable land experiences various degrees of soil salinization, which is increasing year by year. It has been predicted that 50% of the arable land will be affected by salinization by the year 2050 [3,6]. At present, China’s available saline and alkaline land resources are about 36.7 million hm2 [7], of which 12.3 million hm2 [1] is with agricultural utilization prospects. With the rapid progress of industrialization and urbanization, China’s high-quality arable land resources decrease by about 400,000 hm2 every year. In the face of the severe situation of shortage of available land resources, the scientific management of arable land affected by salinization as well as utilization of undeveloped saline and alkaline land is of great significance in guaranteeing the security of food production and restoration of ecosystem function of wetlands [7,8,9]



Over the past several decades, many engineering, agronomic, chemical and biological approaches have been implimented for the improvement and utilization of saline soils, and each of these approaches has its own advantages and disadvantages [7]. For example, based on the principle that “salt comes with water, salt goes with water”, the engineering approach focuses on establishing wells, ditches, canals, etc., to reduce salt from irrigation and drainage. This method has immediate effects, but has high project volume and cost limited maintenance time, as well as high sensitity to water resources. Agronomic practices, such as land levelling, harrowing, and mulching, can increase soil aeration and water permeability, promote salt washing, and effectively reduce salt aggregation in the soil surface layer; thus, an increased application of organic fertilizers can quickly enhance soil fertility and promote plant growth. However, the effects of these agronomic practices are unstable, short-lived, and often accompanied by re-salinization. Chemical practices mainly use desulfurization gypsum, calcium superphosphate and aluminum sulfate to reduce soil pH and replace base cations, which are selectively adsorbed onto the soil colloids. These measures are convenient and have immediate effects. However, they are expensive, and can easily cause secondary pollution if used inappropriately. Biological measures majorly rely on the cultivation of salt-tolerant plants or the application of microorganisms. Although such practices offer both ecological and economic benefits, they are time-consuming to show obivious effects. For example, Jesus et al. [10] reported that it would take at least 13 years to lower soil electrical conductivity (EC) from 20 dS m−1 to 4 dS m−1 by phytoremediation. While it is urgent to improve and utilize the land suffered from affected by salinization, these aforementioned approaches show various limitations such as high costs, operational difficulties, limited duration of de-salinization, and unsatisfactory effects; therefore, it is urgently necessary to develop a simple, environmentally friendly, cost-effective, and easily scalable material or technique to improvement of saline soils. This review summarized biochar performance and mechanisms in improving the physical, chemical, and biological properties of salt-affected soils, and offered valuable insights for developing sustainable biochar-based tools for remediating salt-affected soil.




2. Biochar—A Potential Material for the Improvement of Saline Soils


Biochar is normall idenfitied as the C-rich particles produced from biomass (plants residues, manure, sludge) under high temperatures (<700 °C) and limited-oxygen conditions. Most biochar has alkaline pH (8.0–10.4), low bulk density (BD), high specific surface area (SSA) and porosity, rich functional groups (e.g., carboxyl, carbonyl, and phenol groups), and strong ion adsorption and exchange capacity. Due to the highly aromatic structures, the half-life of biochar in the soil can be stored for several hundred or even thousands of years [11,12]. Thus, biochar is increasingly being recognized by scientists and policy makers for its potential role in mitigating anthropogenic climate change (e.g., C sequestration, reducing greenhouse gas emissions, renewable energy, waste mitigation,), improving soil fertility, and ultimately enhancing crop production [13]. Numerous studies also have shown that biochar can act as a good soil conditioner to decrease soil BD, increase soil porosity, promote soil aggregation by acting as a cementing substance to improve soil water, gas, and heat conditions, regulate soil pH, and enhance the effectiveness of nutrients in soil minerals, and provide a favorable habitat for soil microorganisms and plant roots. Through π–π interactions, pore filling, hydrogen bonding, and electrostatic attraction, biochar can adsorb heavy metals (e.g., Cu2+, Cd2+, and Pb2+) and organic pollutants (e.g., pesticides, polycyclic aromatic hydrocarbons, polychlorinated biphenyls, petroleum hydrocarbons, and antibiotics) to reduce their bioavailability and environmental risks [14,15,16,17]. Meanwhile, as a regenerated product of agricultural, forestry, and livestock wastes, biochar can not only be used as a resource but can also reduce the release of greenhouse gases emissions, such as CO2, CH4, and NO2, acting as a feasible C sequestration practice [11,18]. However, it should be noted that all these positive effects of biochar in soil are from studies focused on acidic or neutral soils in tropical, subtropical and temperate areas, and excessive application of biochar, which typically tends to be alkaline, may exacerbate soil salinization. Therefore, the biochar application in the improvement of salinized soil has been rarely studied, the conclusion is controversial, and the underlying mechanisms remain unclear [9,19].



Differences in pyrolysis temperature, time, and raw materials result in relatively large differences in biochar’s structure and surface properties, which in turn result in significant differences in the environmental effects of its application [12,16,20]. Generally, the higher the biochar’s pyrolysis temperature, the higher its ash content, carbon/nitrogen (C/N) ratio, pore size, and SSA. The higher pyrolysis temperature of biochar also leads to the faster dehydration and decomposition of acidic components such as organic acids, reducing its surface charge and ionic functional groups while increasing alkalinity. The increased pyrolysis time also increases the ratio of the aromatic ring structure of biochar and its stability [21]. Compared with livestock manure, biochar made from cellulose-, hemicellulose- or lignin-rich wood have a large C/N ratio and high stability, but low nutrient content. Zhang et al. [22] produced biochar from bamboo, rice husk and fruit tree branches, and found that the biochar prepared from fruit tree branches contained more humic substances, acidic functional groups, such as carboxyl, carbonyl and phenol groups on the surface, and had relatively low pH. As biochar aged, its fatty C content started to decrease, whereas the number of acidic functional groups, surface negative charges, oxygen/carbon ratio and cation exchange capacity (CEC) of biochar increased [18]. Recently, studies have shown that biochar can effectively improve saline soil and promote plant growth [2,23,24,25,26,27]. For example, under the premise of considering ecological benefits, Li et al. [28] pointed out that the production cost of biochar is negative under the trading price of organic waste feedstock and C emission reduction; with the continuous progress of preparation technologies, its production cost will be further reduced. In addition, biochar can be prepared from a wide kinds of raw materials, making it favorable for a wide-scale application in saline–alkali soil reclamation [12].



Therefore, this review summarizes the research on biochar’s improvement of saline soils, and discusses the effects of biochar on the physicochemical properties, nutrient utilization, and microbial regulation of saline soils. This paper also analyzes the deficiencies and urgent issues that need to be addressed and proposes the next-step research direction and focuses to provide a theoretical basis and technical support for the large-scale application of biochar in the reclamation of salinized soil.




3. Statistics of Studies Related to Biochar and Saline Soil


We first performed statistical analysis on the relevant papers published on the topic of biochar and saline soil based on the ISI Web of Science database (https://www.webofscience.com accessed on 20 September 2023) and China Knowledge Resource Synthesis Database (http://www.cnki.net/ accessed on 20 September 2023). When searching with the keywords of “soil”, “biochar” and “biomass charcoal”, we found 6435 Chinese articles and 13,380 English articles. Among them, 176 Chinese articles and 297 English articles (in total 473 articles) contain keywords such as “saline soil”, “saline–alkaline land”, “saline lands” or “alkaline land”. When we further searched these articles with the keywords of “physical structure”, “(BD)”, “porosity”, “aggregate”, “hydraulic”, “conductivity”, “chemical properties”, “electrical conductivity”, “SAR”, “ESP”, “nutrient”, “soil organic matter (SOM)”, “potassium (K)”, “nitrogen (N)”, “phosphorus (P)”, “microbial properties”, “microorganism”, “bacteria”, “fungi”, “enzyme”, “actinomycetes”, we found that the total number of literature retrieved in both English and Chinese on the physical, chemical and microbiological properties with biochar amendment in salinized soils were 77, 417 and 170, respectively.



Using the JavaScript programming language and ECharts, the above-mentioned data were visualized. As shown in Figure 1, relevant papers on the topic of biochar soil have appeared since 2007. However, research on biochar in the field of saline soil reclamation emerged only in 2009, and after 2018, the numbers of relevant research showed an explosive growth trend. This shows that the application of biochar in saline soil reclamation has now gained increasing attention and is one of the future directions of sustainable green agriculture. As shown in Figure 2, biochar improvement of saline soils mainly concentrates on soil chemical properties. In addition, the studies on biochar in terms of microbial properties of saline soils have gradually increased since 2015, and the attention on it has increased rapidly since 2019.




4. Impact of Biochar Application on the Physiccal Properties of Saline Soils


The main physiochemical properties of soil are reflected through BD, porosity, aggregate composition, and moisture characteristics. More specifically, the aggregates are the basic unit of soil structure, determining soil porosity, BD, and water and salt movement, as well as mediating soil functions (e.g., SOC turnover and sequestration, nutrient cycling and availability, and organism diversity and activity) [29]. Generally, saline soil possesses poor physical structure due to the following reasons: (1) the excess amount of Na+ can replace Ca2+ or Mg2+ on the surface of soil colloids, resulting in the swelling and dispersion of clay particles, and eventually causing soil crusting and hardening; (2) excessive salinity ions can inhibit seed germination and plant growth, leading to reduced OM inputs and increased soil structure degradation [1,3]. Colloid is the fundamental unit in soil structure and its formation can significantly enhance salt leaching and soil fertility, therefore promoting the transformation of saline soil to agricultural soil [30]. Biochar can be used directly as a cementing substance to promote the aggregation of soil mineral particles, especially the formation of macro-aggregates. Biochar contains a substaincial Ca2+ and Mg2+, which can effectively replace Na+ on the surface of soil clay minerals and prevent colloidal dispersion. Soil column leaching experiments by Chaganti et al. [31] also showed that the higher the Ca2+ content of biochar, the better the effect on the formation of saline soil aggregates as well as on the improvement of saturated hydraulic conductivity. On the other hand, biochar is rich in easily degradable OM and nutrients (e.g., 0.1–3.9% N, 0.01–0.2% P, 0.03–6.1% K) [32], which can stimulate and support the growth of microorganisms and plants and thus further enhancing the formation of soil aggregates [33,34]. Moreover, biochar charcteristized by low BD and high porosity can significantly improve the soil pore structure and moisture. Notably, the larger the particle size of biochar, the better its effect on lowering soil BD. It has been reported that particles that are <0.5 μm can easily clog the pores in the soil [35], leading to a decrease in the improvement effects of biochar over time [18]. Cao et al. [36] conducted a disk infiltration experiment and, with the addition of 2% biochar, found a 46.4% increase in saturated hydraulic conductivity of coastal saline soil compared with the control experiment. The total effective porosity and effective porosity with a radius > 100 μm increased by 8.3% and by 10.2%, respectively. An indoor culture experiment with biochar application rate at 10 g kg−1 conducted by Zhou et al. [37] indicated that the saturated hydraulic conductivity of saline soil increased from 1.16 × 10−4 cm s−1 to 4.08 × 10−4 cm s−1. The soil column leaching experiment of Xiao et al. [38] pointed out that the BD of saline soil decreased from 1.42 g cm−3 to 1.30 g cm−3, and the saturated hydraulic conductivity increased from 0.15 × 10−5 cm s−1 to 0.91 × 10−5 cm s−1. The pot culture experiment by Kong et al. [39] also showed that after the application of 50 t hm−2 biochar, the average infiltration rate, cumulative infiltration amount and saturation infiltration coefficient were 28.5, 24.4 and 24.8 times higher than those of the control, respectively. Generally, the positive effects of biochar on saline soil aggregate structure and stability, porosity, BD, and conductivity were mainly determined by the biochar characteristics (such as oxygen-containing functional groups, polyvalent cations, BD, and SSA) and applicaiton rate.



Notably, laboratory simulation can be very different from the actual field conditions; therefore, laboratory studies cannot accurately predict the effects of biochar in the field. For example, Jeffery et al. [40] and Kumari et al. [41] found that in field studies, the addition of biochar resulted in negative impacts on the physical structure of the soil. They explained such observations from the following aspects: (1) the biochar used in their study has very strong hydrophobicity on the surface; (2) it also has very high alkalinity, which increases the repulsive force between soil particles and accelerates the dispersion of clay particles; (3) it has high adsorption capacity towards cations, especially divalent ion. Therefore, the addition of such biochar will decrease the concentration of cations in the soil and lead to the dispersion of soil colloids; (4) fine-grained biochar might block the soil micropores and then reduced soil penetration rate; (5) excessive application of biochar caused an increase in the soil moisture coefficient of viscosity, therefore affecting the water transportation in the soil. Under uncropped conditions, Sun et al. [42] also indicated that wheat straw biochar deteriorated the physical structure of heavily saline coastal soils, such as increasing the density, decreasing the saturated water content, water holding capacity, and total porosity of the soil. Conversely, biochar with organic fertilizers [43], yellow humic acid [44,45], wood vinegar liquid [46,47], etc., in combination with crop planting [48,49,50], almost always showed a positive effect on the improvement of saline soil. For example, one year after the application of biochar livestock manure compost (12 t hm−2) and wood vinegar liquid (0.15 t hm−2), the BD of saline soil decreased by 0.1 g cm−3 [45]. After the application of biochar (12 t hm−2), the BD of saline soil in the Yellow River delta planted with wheat and maize decreased by 9.1% and by 14.5%, respectively, and the saturated hydraulic conductivity increased by 82.7% and by 91.2% [49], respectively. Liang et al. [48] reported that biochar (10–30 t hm−2) in combination with cotton planting could effectively reduce the BD and enhance the porosity, saturated hydraulic conductivity, and field water holding capacity of saline soils in Xinjiang province. Therefore, a single application of biochar to saline soils under field conditions is not recommended, but a combination of different materials or crop planting should be more effective in the improvement of saline soil. Moreover, the properties of biochar, such as particle size, surface charge nature, and hydrophobicity, should also be considered when evaluating its effects on saline soil improvement.




5. The Impact of Biochar Application on the Chemical Properties of Saline Soils


Salinity is the primary obstacle limiting the ecological development of saline soils, and biochar can alleviate soil salinity by (1) adsorbing salt ions; (2) increasing the porosity and hydraulic conductivity, therefore enhancing salt leaching [38,51,52,53,54]. Yue et al. [52] reported that, with a 5% biochar application, the time required for the electrical conductivity (EC) in the elute from a soil column group to be lowered to 5 dS m−1 was 56–62 days faster compared with the group without the addition of biochar. Xiao et al. [38] indicated that the efficiency of Na+ leaching was increased by 25.55–60.30% with the application of 4 g kg−1 biochar. Compared with conventional gravel, biochar as a salt barrier increased the drainage rate of the culvert pipe by 16.1% and shortened the drenching time by 13.3% [53]. However, Luo et al. [50] suggested that charcoal-based fertilizers (1.5–15%) prepared from biochar with shellac, humic acid, and inorganic fertilizers exacerbated the salinization of coastal soils in the Yellow River Delta, with surface and subsurface soil EC increasing from 2.11 dS m−1 and 0.98 dS m−1 in the control to 3.15–3.48 dS m−1 and 1.15–1.48 dS m−1. Zhang et al. [55] collected coastal mudflats for a 3-year rice potting experiment and found that the EC of saline soils increased by 8.8–44.8% after the application of 5–20% biochar. The short-term (56 d) incubation experiment by Singh et al. [56] also showed that EC significantly increased with increasing biochar application (1–4%) in different saline soils (EC = 2, 8, and 16 dS m−1), with increases ranging from 0.8 to 3.0 dS m−1, 1.7 to 3.8 dS m−1, and 0.7 to 2.4 dS m−1, respectively. Zhou et al. [37] also found that the EC of coastal saline soil was significantly higher in the treatment with 40 g kg−1 biochar than the ones with 10 and 20 g kg−1 biochar (p < 0.05). The differences among these studies might result from the different sources of feedstock, resulting in large differences in the EC of the prepared biochar; or the excessive application or the high number of salt-based ions in the biochar that was used in the experiments. In addition, the aging process of biochar should also be considered, since such a process can lead to the release of salt-based ions that are previously adsorbed or immobilized on the surface of biochar [18].



Biochar normally processes an alkaline pH and its function in saline soil reclamation remains debated. Soil pH is determined primarily by the hydrolysis of exchangeable sodium and sodium carbonate; therefore, if the biochar contains a high amount of Ca2+ and Mg2+, they can replace the Na+ adsorbed on the surface of soil colloids and lower the soil pH [31,47,50]. Chaganti et al. [31] and Lashari et al. [47] reported that the ability of biochar to decrease the ESP of saline is closely related to the Ca2+ content and the porosity of biochar, whereas Luo et al. [50] suggested that the most important property of biochar that determines their effect on improving saline soil is the surface property such as CEC and functional groups. Moreover, biochar can also affect soil pH through microorganisms and plants. For example, biochar can enhance the adsorption of K+, Ca2+, and Mg2+ base cations by plant roots, therefore enhancing the release of H+ [50] and decreasing soil pH. Biochar can also have a great impact on microbial activity (dehydrogenase) and dissolution of carbonates [57]. With aging, biochar also forms more acidic surface functional groups or produces acidic substances through decomposition to lower soil pH [19]. Overall, the impact of biochar on soil pH requires long-term observation. Compared to unmodified biochar, acidic biochar [58] or biochar combined with hydrochloride acid (HCl) [59] showed better effects on decreasing the pH of saline soils. Biochar made from different materials usually has very different pH. For example, biochar prepared from wood, bamboo, and rice husk has a pH from 8.63 to 9.45 [22], respectively, whereas biochar prepared from furfural residues directly shows an acidic pH [60]. When the pyrolysis temperature increases from 300 °C to 500 °C, the pH of biochar prepared from maize and corn increases from 7.59 to 10.51 and from 9.35 to 10.12 [61], respectively. The amount of biochar applied is also a crucial factor in determining its effect on improvment of saline soils. Li et al. [62] used rape as a test plant in a greenhouse pot experiment and found that there was no significant change in the pH of mildly saline soils (pH 8.51, salinity 0.17%) in Marina when biochar (pH 8.01) was applied at <20 g kg−1 and the soil pH was slightly elevated when it was applied at >20 g kg−1. Overall, it can be concluded that the raw material used for preparation of biochar, and the pyrolysis temperature, quantity of application, and modification of biochar can individually or synthetically influence the effects of biochar on saline soil improvement, which should be emphasized in the future research.



Excessive salinity in the soil reduces the availability of nutrients and water, accelerates nutrient leaching, exerts ionic toxic effects and osmotic stress on plants, inhibits photosynthesis, and resulting in a reduction in plant residue and root secretion input. So the nutrient content in saline soils is generally low [3,19]. Biochar is produced by high-temperature degradation of OM and contains a large amount of nutrients, which can significantly increase the input of OM and nutrient content of saline soil, such as N, P, and K. At the same time, biochar can also mitigate nutrient mineralization and decomposition by (1) interacting with SOM, which can enhance its oxidative stability and accelerate the formation of humification; (2) promoting the formation of soil aggregates, insulating microorganisms or extracellular enzymes, as well as altering the structure of microbial communities (e.g., shifting to low-C types); (3) alleviating saline and alkaline stress to a certain extent, promoting plant growth, stimulating the release of root secretion and increasing soil C input, and indirectly promoting saline soil C accumulation [63,64,65,66,67,68].



High soil salinity can also enhance the evaporation of NH3, leading to a low N content in the soil. Biochar can adsorb dissolved NH3, NH4+, and NO3−, therefore reducing their leaching and improving soil physicochemical properties (e.g., water retention, pH, and CEC) and the community structure of N cycle-related microorganisms as well as enzyme activities, which can then influence the process of soil N cycling [69,70,71,72,73,74,75,76]. Shi et al. [76] reported that except for adsorbing NO3−, biochar can also inhibit denitrifying enzyme activity and reduces denitrification through certain components (e.g., phenols), therefore reducing N2O emissions from saline and alkaline agricultural land in North China. Shi et al. [71] concluded that biochar reduces N2O emissions mainly by decreasing nirS and nirK copy numbers and increasing nosZ copy numbers. Luo et al. [50] reported that charcoal-based fertilizer stimulated N fixation by inter-root microorganisms of Sesbania and significantly increased the NH4+ content of coastal saline soils in the Yellow River Delta. Soil column leaching test by Wang et al. [73] showed that N retention increased by 37.09% after biochar application compared to the control. Sun et al. [72] found that application of 0.5% and 1% of biochar reduced leaching losses of NH4+, NO3−, and total N, but NH3 emissions increased significantly with higher application amounts of biochar (2–4%). Cao et al. [69] found that rice husk biochar promoted N reductase activity and its denitrification in coastal wetland soils, therefore exacerbating N loss. Soil NH3 volatilization and N2O emission are the main pathways of N loss in the soil. To effectively enhance N utilization efficiency in saline soils by addition of biochar, more comprehensive studies should be carried out at both the micro-molecular mechanistic and macro-technological levels.



P is considered another important element limiting plant growth in saline soils, and biochar can increase soil P content and its effectiveness through the following four aspects: (1) acting as a direct source of P supply; (2) increasing the abundance of P-solubilizing bacteria such as Thiobacillus, Pseudomonas, and Xanthobacillus; (3) releasing soluble OC, which binds to adsorbent sites on the surface of soil colloids and reduces P immobilization; and (4) releasing acids, such as humic acid, to inhibit calcium phosphate crystal formation. The addition of biochar (10, 20, and 25 g kg−1) increased the total and avaiable P contents of saline soils in Inner Mongolia by an average of 53.62% and 88.61%, respectively, compared with the control [77,78,79]. However, the high adsorption capacity of biochar may cause negative effects and reduce the effectiveness of P [80,81]. Xu et al. [81] found that biochar produced at low pyrolysis temperatures (<400 °C) had a limited effect on P effectiveness in saline soils, whereas there was a significant antagonistic effect between biochar prepared by pyrolysis at 500–600 °C and P fertilizers, which reduced the content of quick-acting P and led to a significant reduction of P content in tissue organs. K is considered to be one of the most important elements for alleviating salt stress in plants. Its main function is to reduce Na+ uptake by plants and promote effective water use by controlling stomatal opening and closing [64,80]. Biochar is generally rich in K and can significantly enhance K content in saline soils. For example, Lin et al. [64] found that the available K content of coastal saline soils increased by as much as 44% after adding 16 t hm−2 biochar, while the contents of exchangeable Na+, Ca2+, and Mg2+ did not change significantly. After adding 30% (v/v) of biochar, due to its strong adsorption effect, the available N and P contents of saline soil decreased significantly, but the available K content increased significantly [81]. Nguyen et al. [82] concluded that the improvement effect of biochar on saline soils was mainly reflected in the increase of available P, K, and CEC.



The interactions between the soil C cycle and nutrient cycling are complicated and there is only limited understanding of the coupling mechanisms. If nutrients are not sufficiently supplied, soil microorganisms will consume more energy for the production of ecological enzymes for the missing elements, which in turn affects the decomposition rate of SOM [83]. Therefore, combining soil C sequestration with nutrient cycling research, especially the study of the interactions between C stabilization and key nutrient cycling (e.g., N, P, and K) in saline soils after the application of biochar, will be an important research direction in the field of saline soil reclamation in the future [63].




6. The Impact of Biochar Application on the Microbiota Characterization of Saline Soils


Microorganisms are essential and active components of soil ecosystems, participating in almost all biological and biochemical reactions in the soil. They play an important role in the processes of SOM decomposition, nutrient cycling and transformation, and soil structure development [84]. Excessive base cations and too high pH in saline soils can produce a toxic environment and osmotic stress to microorganisms, and poor nutrient conditions, as well as degraded soil structure, can also negatively affect microorganisms [85]. As a result, the total number of microorganisms in saline soils was lower than that in normal soils in the same ecological region, and the number of microorganisms in composite saline soils was lower than that in single saline soils [85,86]. Using phospholipid fatty acid profiling, Li et al. [87] reported that the total number of microorganisms was significantly negatively correlated with soil salinity and alkalinity, and the stronger the salinity, the more homogeneous the marker diversity; moreover, the community structure shifted from fungal- to bacterial- dominated, with the reduced competition. The positive effects of biochar on microorganisms include (1) providing C sources and mineral nutrients for microorganisms, coupled with the huge specific surface area and porous structure that make it a good habitat for microorganisms; (2) strong adsorption of water and fertilizers to reduce the loss of nutrients by leaching, and to a certain extent keeping the soil pore space moist and maintaining the microbial demand for water even under drought conditions; (3) influencing the soil physicochemical properties, such as pH, salinity, nutrient content, and effectiveness, therefore indirectly influencing the structure and activity of the microbial community; and (4) promoting the growth of plants, and stimulating the release of root exudates containing substantial soluble C and N [14,63,66,88,89]. Singh et al. [56] reported that biochar has a strong adsorption capacity for salt-based ions, it can mitigate microbial salt stress, and significantly enhance soil microbial respiration rate and the C content in biomass. Nguyen et al. [90] reported that biochar reduces methane emissions from saline soils by decreasing the abundance of methanogenic genes and enhancing the abundance of methane-oxidizing genes. The addition of biochar to saline coastal soils resulted in a significant increase in the relative abundance of soil N-fixing bacterial taxa such as Ideonella and Skermanella [91], whereas Song et al. [92] found an increase in the abundance of ammonia-oxidizing bacteria and ammonia-oxidizing archaea and an enhancement of soil nitrification. You et al. [93] reported that biochar enhances the abundance of Erythrobacter, Sphingomonas, and Bacillus lysimachiae in saline coastal soils, which in turn promotes the growth of iceberg lettuce. Biochar [63] or biochar in combination with beneficial microorganisms [94] (mainly composed of lactic acid bacteria, photosynthetic bacteria, yeast and actinomycetes) can both increase soil phosphatase and urease activities and promote N and P cycling in saline soils. After the application of biochar and fermentation broth, Manasa et al. [65] found that the broad archaea in saline soils became the dominant flora, which played an important role in organic matter decomposition, N fixation, and iron and sulphur metabolism. He et al. [95] reported that biochar affects N and P cycling by influencing the structure and diversity of bacterial communities in coastal saline soils, which further affects N and P cycling.



After applying biochar, Shi et al. [71] found that soil moisture content, pH, NH4+ and NO3− were the main environmental factors affecting ammonia-oxidizing and denitrifying bacterial communities in saline soils. Tang et al. [96] used biochar prepared at different temperatures to remediate saline soils and found that soil BD, SOM, and the nature of the functional groups on the surface of the biochar were responsible for the succession of bacterial communities. Zheng et al. [66] found that a peanut shell biochar shifted bacterial communities toward C sequestration and P solubilization in a coastal saline soil. Increasing studies evidenced that biochar amendments can improve the biological health of saline soils by regulating microbial community structure and function through providing direct shelter or improving soil conditions indirectly or providing nutrients such as C, N, and P directly to the microbes [66,71,97,98] Notably, a few studies also observed adverse effects of biochar on microbial communities in salt-affected soils, mainly due to the hazardous substances in biochar such as polycyclic aromatic hydrocarbons and heavy metals [99,100]. To date, there is no unified understanding of the response of soil microorganisms to biochar in saline soils. Therefore, we spectulated that the response of core functional populations of soil microorganisms in saline-alkaline soils, especially the microorganisms that play an important role in saline-alkaline soil improvement, such as N-fixing bacteria, nitrifying bacteria, P-dissolving bacteria, Pseudomonas aeruginosa, Bacillus subtilis, Actinobacteria, and tufted arbuscular mycorrhizal fungi (AMF) to biochar is an urgent issue that needs to be investigated in the future [65,66,71,79,93,94,95,96]. In addition, the direct or indirect intraspecificand interspecific interactions (e.g., predation, competition, symbiosis, and quorum sensing) between different microorganisms responding to exogenous biochar in the saline soils are still lacking. The scale of the study should be carried out in a wider area and an attempt should be made to sort out the intrinsic mechanism of regional differences, which is necessary for clarifying the relationship among biochar characteristic, soils physicochemical properties, and microbial community composition and ecological functions.




7. Outlook


The research on biochar as a useful conditioner of saline soil has been rising, and progression has been made over the decades. Biochar plays a positive role in improving the structure of saline soil, accelerating salt leaching, increasing soil water-holding and fertilizer-retaining capacity, enhancing soil microbial activity and quantity, and promoting crop growth (Figure 3). Globally, saline soils are widely distributed with various climate conditions, saline soils are widely distributed with various degrees of salization. Moreover, the type of biochar, the amount of application and the type of vegetation all play an important role in determining the effect of biochar on improving properities of saline soils. Actually, the improvement effect of biochar often fails to meet expectations, and sometimes even intensifies the issue. Therefore, the author think that the research on the effect and mechanism of biochar in improving saline soil is still insufficient, and the following aspects are recommended for further study in the future:



(1) The positive effects of biochar on remediation of saline soils are primarily determined by its properties (e.g., surface functional groups, porosity, and SSA) [31,50]. For example, biochar could provide exchangeable Ca2+ to replace Na+ on the soil colloids, and facilitate Na+ leaching from soil profile through improving soil porosity [31]. Specific modification of biochar could lead to unique properties (such as larger SSA, more functional groups, more elaborate pore structure, and lower pH), and played a vital role in adsorption of salt, nutrients, organic pollutants, or heavy from soil environment [101,102]. Therefore, Ca-rich, Low-Na, low-pH, and high SSA biochar is preferred. The specification and unification of raw material selection, preparation process (e.g., pyrolysis temperature and time), and modification optimization of biochar are the key directions for future research.



(2) Almost all of the applications of biochar in combination with organic fertilizers, yellow humic acid and wood vinegar liquid or planting crops showed positive effects on saline soil improvement. Therefore, the construction of a composite process of biochar with other amendments (such as inoculation of functional microorganisms and planting of halophytes) and development of reasonable application technologies (e.g., integration of water and fertilizer, intelligent irrigation, and artificial intelligence technologies) to achieve the maximum ecological and economic benefits are two key problems needed to be solved for the agricultural application of biochar.



(3) Future studies should combine short-term laboratory studies and long-term field studies due to the following reasons: (i) although biochar is relatively stable, it will undergo aging after entering the soil. Aging of biochar can lead to great changes in its properties, further altering its interactions with soil minerals, OM, and microorganisms. (ii) Most of the current studies are mainly conducted in the laboratory. However, for example, when conducting a column experiment, the size of soil columns, the test period, and the volume and rate of leaching in the indoor experiment all strongly affect the test results, which are far from the actual situations in the field and can not be fully linked with agricultural production activities at all. Therefore, the results obtained from the laboratory can not fully reflect biochar’s comprehensive effects on saline soils under real environmental conditions.



(4) More attention should be paid to rhizosphere in the future research. By combining traditional soil analytical methods with cutting-edge genomics technologies (transcriptome, high-throughput sequencing, metabolomics, etc.), future studies should try to develop an in-depth understanding of biochar-soil nutrient-microbial interactions in saline soil environments and their response mechanisms to exogenous biochar from both macroscopic and microscopic perspectives. Particularly, the following issues should be addressed: (i) how root-microbial synergistic interactions can resist saline and alkaline environments, and (ii) what are the key microorganisms and environmental factors mediating nutrient cycling processes in saline soils. Full understanding of these control factors is helpful to amplify them in practical applications to achieve the best soil improvement effects.



(5) Computer and information technologies are widely used to establish mathematical models to quantitatively study the relationship between biochar properties and soil salinity, porosity, aggregation structure, nutrient content, and microbial community characteristics; therefore providing a reference for the design and manufacture of more personalized and specialized biochar to meet the needs of different types of saline soils for improvement.



(6) Advanced analytical testing methods (e.g., fluorescence microscopy and NanoSIMS isotope imaging, DNA-SIP, single cell Raman, gene chip and nanopore sensing, portable X-ray fluorescence, X-ray tomography and remote sensing techniques) should be used to in situ visualize the interaction between biochars and components in saline soils.







Author Contributions


Conceptualization, X.A.; methodology, X.A., F.P. and Y.Y., software, X.L. (Xiahong Luo); validation, X.A., X.L. (Xing Liu), Q.L. and T.L.; formal analysis, X.A.; investigation, X.L. (Xing Liu) and W.W.; resources, X.A.; data curation, X.A.; writing—original draft preparation, X.A., C.C. and L.Z.; writing—review and editing, X.A.; visualization, X.A.; supervision, X.A.; project administration, X.A.; funding acquisition, X.A. and J.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Research and Development Project of “Jianbing” and “Leading goose” in Zhejiang province (2022C02065).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Daliakopoulos, I.N.; Tsanis, I.K.; Koutroulis, A.; Kourgialas, N.N.; Varouchakis, A.E.; Karatzas, G.P.; Ritsema, C.J. The threat of soil salinity: A European scale review. Sci. Total Environ. 2016, 573, 727–739. [Google Scholar] [CrossRef] [PubMed]

	



Saifullah; Dahlawi, S.; Naeem, A.; Rengel, Z.; Naidu, R. Biochar application for the remediation of salt-affected soils: Challenges and opportunities. Sci. Total Environ. 2018, 625, 320–335. [Google Scholar] [CrossRef] [PubMed]

	



Butcher, K.; Wick, A.F.; DeSutter, T.; Chatterjee, A.; Harmon, J. Soil salinity: A threat to global food security. Agron. J. 2016, 108, 2189–2200. [Google Scholar] [CrossRef]

	



Qadir, M.; Quillérou, E.; Nangia, V.; Murtaza, G.; Singh, M.; Thomas, R.J.; Drechsel, P.; Noble, A.D. Economics of salt-induced land degradation and restoration. Nat. Resour. Forum 2014, 38, 282–295. [Google Scholar] [CrossRef]

	



Ungureanu, N.; Vlăduț, V.; Voicu, G. Water scarcity and wastewater reuse in crop irrigation. Sustainability 2020, 12, 9055. [Google Scholar] [CrossRef]

	



Mukhopadhyay, R.; Sarkar, B.; Jat, H.S.; Sharma, P.C.; Bolan, N.S. Soil salinity under climate change: Challenges for sustainable agriculture and food security. J. Environ. Manag. 2021, 280, 111736. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.S.; Yao, R.J. Management and Efficient Agricultural Utilization of Salt-affected Soil in China. Bull. Chin. Acad. Sci. 2015, 30, 162–170. (In Chinese) [Google Scholar]

	



Yun, W.J. Problems and countermeasures in the development and utilization of cultivated land resource in China. Bull. Chin. Acad. Sci. 2015, 30, 484–491. (In Chinese) [Google Scholar]

	



Yuan, Y.; Liu, Q.; Zheng, H.; Li, M.; Liu, Y.; Wang, X.; Peng, Y.; Luo, X.; Li, F.; Li, X.; et al. Biochar as a sustainable tool for improving the health of salt-affected soil. Soil Environ. Health 2023, 1, 100033. [Google Scholar] [CrossRef]

	



Jesus, J.M.; Danko, A.S.; Fiúza, A.; Borges, M. Phytoremediation of salt-affected soils: A review of processes, applicability, and the impact of climate change. Environ. Sci. Pollut. Res. 2015, 22, 6511–6525. [Google Scholar] [CrossRef]

	



Lehmann, J. A handful of carbon. Nature 2007, 447, 143–144. [Google Scholar] [CrossRef]

	



Lv, H.H.; Gong, Y.Y.; Tang, J.C.; Huang, Y.; Gao, K. Effects of biochar amendment on soil physical and chemical properties: Current status and knowledge gaps. J. Agro-Environ. Sci. 2015, 34, 1429–1440. (In Chinese) [Google Scholar]

	



Kamali, M.; Sweygers, N.; Al-Salem, S.; Appels, L.; Aminabhavi, T.M.; Dewil, R. Biochar for soil applications-sustainability aspects, challenges and future prospects. Chem. Eng. J. 2022, 428, 131189. [Google Scholar] [CrossRef]

	



Ameloot, N.; Graber, E.R.; Verheijen, F.G.A.; Neve, S.D. Interactions between biochar stability and soil organisms: Review and research needs. Eur. J. Soil Sci. 2013, 64, 379–390. [Google Scholar] [CrossRef]

	



Gul, S.; Whalen, J.K.; Thomas, B.W.; Sachdeva, V.; Deng, H. Physico-chemical properties and microbial responses in biochar-amended soils: Mechanisms and future directions. Agric. Ecosyst. Environ. 2015, 206, 46–59. [Google Scholar] [CrossRef]

	



Singh, B.; Singh, B.P.; Cowie, A.L. Characterisation and evaluation of biochars for their application as a soil amendment. Soil Res. 2010, 48, 516–525. [Google Scholar] [CrossRef]

	



Qu, J.; Bi, F.; Hu, Q.; Wu, P.; Ding, B.; Tao, Y.; Ma, S.; Qian, C.; Zhang, Y. A novel PEI-grafted N-doping magnetic hydrochar for enhanced scavenging of BPA and Cr (VI) from aqueous phase. Environ. Pollut. 2023, 321, 121142. [Google Scholar] [CrossRef]

	



Mia, S.; Dijkstra, F.A.; Singh, B. Long-term aging of biochar: A molecular understanding with agricultural and environmental implications. Adv. Agron. 2017, 141, 1–51. [Google Scholar]

	



Amini, S.; Ghadiri, H.; Chen, C.; Marschner, P. Salt-affected soils, reclamation, carbon dynamics, and biochar: A review. J. Soils Sediments 2016, 16, 939–953. [Google Scholar] [CrossRef]

	



Abiven, S.; Schmidt, M.W.I.; Lehmann, J. Biochar by design. Nat. Geosci. 2014, 7, 326–327. [Google Scholar] [CrossRef]

	



Crombie, K.; Mašek, O.; Sohi, S.P.; Brownsort, P.; Cross, A. The effect of pyrolysis conditions on biochar stability as determined by three methods. Gcb Bioenergy 2013, 5, 122–131. [Google Scholar] [CrossRef]

	



Zhang, J.; Lü, F.; Luo, C.; Shao, L.; He, P. Humification characterization of biochar and its potential as a composting amendment. J. Environ. Sci. 2014, 26, 390–397. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.W.; Zou, W.X.; Chen, J.J.; Chen, H.; Yu, Z.B.; Huang, J.; Tang, H.R.; Wei, X.Y.; Gao, B. Biochar amendment improves crop production in problem soils: A review. J. Environ. Manag. 2019, 232, 8–21. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.C.; Wang, H.; Ma, R.H.; Hu, G.Q.; Fu, W.Z.; Zhuge, Y.P. Research process on improvement of saline by organic and inorganic materials. Chin. J. Soil Sci. 2020, 51, 1255–1260. (In Chinese) [Google Scholar]

	



Liu, M.; Wang, Z.C.; Yang, F.; Li, J.P.; Liang, Z.W. Application progress of biochar in amelioration of saline-alkaline soil. J. Soil Water Conserv. 2021, 35, 1–8. (In Chinese) [Google Scholar]

	



Wang, F.; Qu, Z.Y. Progress research on the improvement effect of biochar on salinized farmland soil. J. North. Agric. 2018, 46, 68–75. (In Chinese) [Google Scholar]

	



Zhang, Q.; Liu, B.J.; Yu, L.; Wang, R.R.; Zheng, H.; Luo, X.X.; Li, F.M. Effects of biochar amendment on carbon and nitrogen cycling in the coastal saline soils: A review. J. Nat. Resour. 2019, 34, 2529–2543. (In Chinese) [Google Scholar]

	



Li, F.Y.; Liang, Y.; Wang, J.F.; Zhao, L. Biochar to sequester carbon and mitigate greenhouses emission: A review. J. Nucl. Agric. Sci. 2013, 27, 681–686. (In Chinese) [Google Scholar]

	



Qu, J.; Meng, Q.; Peng, W.; Shi, J.; Dong, Z.; Li, Z.; Hu, Q.; Zhang, J.; Wang, L.; Ma, S.; et al. Application of functionalized biochar for adsorption of organic pollutants from environmental media: Synthesis strategies, removal mechanisms and outlook. J. Clean. Prod. 2023, 423, 138690. [Google Scholar] [CrossRef]

	



Bai, Y.C.; Xue, W.J.; Yan, Y.Y.; Zuo, W.G.; Shan, Y.H.; Feng, K. The challenge of improving coastal mudflat soil: Formation and stability of organo-mineral complexes. Land Degrad. Dev. 2018, 29, 1074–1080. [Google Scholar] [CrossRef]

	



Chaganti, V.N.; Crohn, D.M.; Šimůnek, J. Leaching and reclamation of a biochar and compost amended saline–sodic soil with moderate SAR reclaimed water. Agric. Water Manag. 2015, 158, 255–265. [Google Scholar] [CrossRef]

	



Hossain, M.Z.; Bahar, M.M.; Sarkar, B.; Donne, S.W.; Ok, Y.S.; Palansooriya, K.N.; Kirkham, M.B.; Chowdhury, S.; Bolan, N. Biochar and its importance on nutrient dynamics in soil and plant. Biochar 2020, 2, 379–420. [Google Scholar] [CrossRef]

	



Rashid, M.I.; Mujawar, L.H.; Shahzad, T.; Almeelbi, T.; Oves, M. Bacteria and fungi can contribute to nutrients bioavailability and aggregate formation in degraded soils. Microbiol. Res. 2016, 183, 26–41. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Wu, H.Y.; Yang, S.; Lu, X.; Wang, J.W.; Chen, Q.X. Formation of soil aggregates and distribution of soil nutrients in rhizosphere of salt-tolerant trees in coastal polder reclamation. Acta Pedol. Sin. 2020, 57, 1270–1279. (In Chinese) [Google Scholar]

	



Głąb, T.; Palmowska, J.; Zaleski, T.; Gondek, K. Effect of biochar application on soil hydrological properties and physical quality of sandy soil. Geoderma 2016, 281, 11–20. [Google Scholar] [CrossRef]

	



Cao, Y.T.; She, D.L. Effects of biochar and PAM application on saline soil hydraulic properties of coastal reclamation region. Chin. J. Appl. Ecol. 2017, 28, 3684–3690. (In Chinese) [Google Scholar]

	



Zhou, W.Z.; Sun, X.Y.; Li, S.Y.; Zhang, L. Ameliorative effect of bioorganic material on coastal saline soil. J. Zhejiang Agric. Sci. 2019, 31, 607–615. (In Chinese) [Google Scholar]

	



Xiao, L.; Meng, F. Evaluating the effect of biochar on salt leaching and nutrient retention of Yellow River Delta soil. Soil Use Manag. 2020, 36, 740–750. [Google Scholar] [CrossRef]

	



Kong, X.Q.; Wei, J.M.; Chang, G.W.; Song, J.; Lv, Y.D.; Wang, Z.H.; Yin, D.W.; Li, H.Y. Effect of biochar on physical and chemical properties of saline-alkali soil and soybean yield. Soybean Sci. 2018, 37, 647–651. (In Chinese) [Google Scholar]

	



Jeffery, S.; Meinders, M.B.J.; Stoof, C.R.; Bezemer, T.M.; Groenigen, J.W.V. Biochar application does not improve the soil hydrological function of a sandy soil. Geoderma 2015, 251, 47–54. [Google Scholar] [CrossRef]

	



Kumari, K.; Moldrup, P.; Paradelo, M.; Elsgaard, L.; de Jonge, L.W. Soil properties control glyphosate sorption in soils amended with birch wood biochar. Water Air Soil Pollut. 2016, 227, 174. [Google Scholar] [CrossRef]

	



Sun, Y.P.; Yang, J.S.; Yao, R.J.; Zhang, X.; Chen, X.N.; Wang, X.P.; Xie, W.P. Effects of biochar and chemical fertility application on soil properties in farmland reclaimed from salinity coastal tidal flat. Chin. J. Soil Sci. 2017, 48, 454–459. (In Chinese) [Google Scholar]

	



Luo, X.X.; Wang, L.Y.; Liu, G.C.; Wang, X.; Wang, Z.Y.; Zheng, H. Effects of biochar on carbon mineralization of coastal wetland soils in the Yellow River Delta, China. Ecol. Eng. 2016, 94, 329–336. [Google Scholar] [CrossRef]

	



Sun, Y.; Yang, J.; Yao, R.; Chen, X.B.; Wang, X.P. Biochar and fulvic acid amendments mitigate negative effects of coastal saline soil and improve crop yields in a three year field trial. Sci. Rep. 2020, 10, 8946. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.P.; Yang, J.S.; Yao, R.J.; Chen, X.B. Effects of biochar and fulvic acid application on soil properties in tidal flat reclamation region. J. Agric. Sci. Technol. 2019, 21, 115–121. (In Chinese) [Google Scholar]

	



Lashari, M.S.; Liu, Y.; Li, L.; Pan, W.; Fu, J.; Pan, G.X.; Zheng, J.F.; Zheng, J.W.; Zhang, X.H.; Yu, X.Y. Effects of amendment of biochar-manure compost in conjunction with pyroligneous solution on soil quality and wheat yield of a salt-stressed cropland from Central China Great Plain. Field Crops Res. 2013, 144, 113–118. [Google Scholar] [CrossRef]

	



Lashari, M.S.; Ye, Y.; Ji, H.; Li, L.; Kibue, G.W.; Lu, H.F.; Zheng, J.F.; Pan, G.X. Biochar–manure compost in conjunction with pyroligneous solution alleviated salt stress and improved leaf bioactivity of maize in a saline soil from central China: A 2-year field experiment. J. Sci. Food Agric. 2015, 95, 1321–1327. [Google Scholar] [CrossRef]

	



Liang, J.; Li, Y.; Si, B.; Wang, Y.; Biswas, A. Optimizing biochar application to improve soil physical and hydraulic properties in saline-alkali soils. Sci. Total Environ. 2021, 771, 144802. [Google Scholar] [CrossRef]

	



Xiao, L.; Yuan, G.; Feng, L. Soil properties and the growth of wheat (Triticum aestivum L.) and maize (Zea mays L.) in response to reed (phragmites communis) biochar use in a salt-affected soil in the Yellow River Delta. Agric. Ecosyst. Environ. 2020, 303, 107124. [Google Scholar] [CrossRef]

	



Luo, X.; Liu, G.; Xia, Y.; Chen, L.; Jiang, Z.; Zheng, H.; Wang, Z. Use of biochar-compost to improve properties and productivity of the degraded coastal soil in the Yellow River Delta, China. J. Soils Sediments 2017, 17, 780–789. [Google Scholar] [CrossRef]

	



Yang, R.; Zhou, C.; Zhu, J.; Pan, Y.; Sun, J.; Zhang, Z. Effects of biochar application on phreatic water evaporation and water-salt distribution in coastal saline soil. J. Plant Nutr. 2019, 42, 1243–1253. [Google Scholar] [CrossRef]

	



Yue, Y.; Guo, W.N.; Lin, Q.M.; Li, G.T.; Zhao, X.R. Improving salt leaching in a simulated saline soil column by three biochars derived from rice straw (Oryza sativa L.), sunflower straw (Helianthus annuus), and cow manure. J. Soil Water Conserv. 2016, 71, 467–475. [Google Scholar] [CrossRef]

	



Tian, F.; Zhang, C.H.; Wang, G.Q.; Zhang, J.L.; Zhang, K. The application effects of biochar salt-isolation layer in saline-alkali soil leaching improvement. Res. Soil Water Conserv. 2020, 34, 302–308. (In Chinese) [Google Scholar]

	



Yue, Y.; Guo, W.N.; Lin, Q.M.; Li, G.T.; Zhao, X.R.; Wu, G.F. Salt leaching in the saline soil relative to rate of biochar applied. Acta Pedol. Sin. 2014, 51, 914–919. (In Chinese) [Google Scholar]

	



Zhang, J.; Zhou, S.; Sun, H.; Lu, F.; He, P. Three-year rice grain yield responses to coastal mudflat soil properties amended with straw biochar. J. Environ. Manag. 2019, 239, 23–29. [Google Scholar] [CrossRef]

	



Singh, R.; Mavi, M.S.; Choudhary, O.P. Saline soils can be ameliorated by adding biochar generated from rice-residue waste. CLEAN–Soil Air Water 2019, 47, 1700656. [Google Scholar] [CrossRef]

	



Tang, J.Y.; Zhao, Y.J.; Qu, D.; Sun, L. Review on contribution and mechanism of biochar bate soil salinization. Acta Agric. Boreali-Occident. Sin. 2017, 26, 294–303. (In Chinese) [Google Scholar]

	



Lu, X.R.; Chen, G.S.; Li, X.J. Experimental effects of acidified biochar on saline-sodic soil. J. Shenyang Agric. Univ. 2017, 48, 462–466. (In Chinese) [Google Scholar]

	



Yang, Y.L.; Li, X.J.; Chen, G.S.; Chen, G.T.; Lu, X.R. Effects of biochar on saline-sodic soil physical and chemical properties. Soil Crop 2015, 4, 113–119. (In Chinese) [Google Scholar]

	



Sun, J.N.; Dong, L.K.; Xu, G.; Shao, H.B. Effects of furfural and its biochar additions on physical-chemical characteristics of a saline soil. J. Agro-Environ. Sci. 2014, 33, 532–538. (In Chinese) [Google Scholar]

	



Xu, Y.P.; Xie, Z.B.; Zhu, J.G.; Liu, G.; Liu, Q. Effects of pyrolysis temperature on physical and chemical properties of corn biochar and wheat biochar. Soils 2013, 45, 73–78. (In Chinese) [Google Scholar]

	



Li, S.P.; Chen, P.Z.; Zhou, Y.Y.; Wang, J. Effects of biochar application on available nutrients and enzyme activities in coastal saline-alkali soil. J. S. Agric. 2019, 50, 1460–1465. (In Chinese) [Google Scholar]

	



Bhaduri, D.; Saha, A.; Desai, D.; Meena, H.N. Restoration of carbon and microbial activity in salt-induced soil by application of peanut shell biochar during short-term incubation study. Chemosphere 2016, 148, 86–98. [Google Scholar] [CrossRef]

	



Lin, X.W.; Xie, Z.B.; Zheng, J.Y.; Liu, Q.; Bei, Q.C.; Zhu, J.G. Effects of biochar application on greenhouse gas emissions, carbon sequestration and crop growth in coastal saline soil. Eur. J. Soil Sci. 2015, 66, 329–338. [Google Scholar] [CrossRef]

	



Manasa, M.R.K.; Katukuri, N.R.; Nair, S.S.D.; Haojie, Y.; Guo, R.B. Role of biochar and organic substrates in enhancing the functional characteristics and microbial community in a saline soil. J. Environ. Manag. 2020, 269, 110737. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, H.; Wang, X.; Luo, X.; Wang, Z.; Xing, B. Biochar-induced negative carbon mineralization priming effects in a coastal wetland soil: Roles of soil aggregation and microbial modulation. Sci. Total Environ. 2018, 610, 951–960. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.J.; Hou, Y.H.; Wang, L. Amelioration effect of reed straw biochar returning to salty soil in the view of low carbon point. Environ. Sci. Technol. 2014, 37, 75–80. (In Chinese) [Google Scholar]

	



Wei, S.C.; Xie, W.J.; Xia, J.B.; Liang, A.Z. Research progress on soil aggregates and associated organic carbon in salinized soils. Chin. J. Appl. Ecol. 2021, 32, 369–376. (In Chinese) [Google Scholar]

	



Cao, T.; Meng, J.; Liang, H.; Yang, X.; Chen, W. Can biochar provide ammonium and nitrate to poor soils?: Soil column incubation. J. Soil Sci. Plant Nutr. 2017, 17, 253–265. [Google Scholar] [CrossRef]

	



Ding, Z.; Zhou, Z.; Lin, X.; Zhao, F.; Wang, B.; Lin, F.; Ge, Y.; Eissa, M.A. Biochar impacts on NH3-volatilization kinetics and growth of sweet basil (Ocimum basilicum L.) under saline conditions. Ind. Crops Prod. 2020, 157, 112903. [Google Scholar] [CrossRef]

	



Shi, Y.; Liu, X.; Zhang, Q. Effects of combined biochar and organic fertilizer on nitrous oxide fluxes and the related nitrifier and denitrifier communities in a saline-alkali soil. Sci. Total Environ. 2019, 686, 199–211. [Google Scholar] [CrossRef] [PubMed]

	



Sun, H.; Lu, H.; Chu, L.; Shao, H.; Shi, W. Biochar applied with appropriate rates can reduce N leaching, keep N retention and not increase NH3 volatilization in a coastal saline soil. Sci. Total Environ. 2017, 575, 820–825. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Yuan, G.; Lu, J.; Wu, J.; Wei, J. Variation of salts and available nutrients in salt-affected soil during leaching process under the influence of organic ameliorators. Chem. Ecol. 2020, 36, 256–269. [Google Scholar] [CrossRef]

	



Zhu, H.; Yang, J.; Yao, R.; Wang, X.; Tao, J. Interactive effects of soil amendments (biochar and gypsum) and salinity on ammonia volatilization in coastal saline soil. Catena 2020, 190, 104527. [Google Scholar] [CrossRef]

	



Hu, L.H.; Shi, W.Z.; Xiang, J.; Wang, G.M.; Zhang, H.P. Effects of biochar, straw and manure fertility on nitrogen mineralization and nitrification of coastal saline-alkali soil. J. Ecol. Rural Environ. 2020, 36, 1089–1096. (In Chinese) [Google Scholar]

	



Shi, Y.L.; Liu, X.R.; Gao, P.L.; Zhang, Q.W.; Zhang, A.P.; Yang, Z.L. Effects of biochar and organic fertility on saline-alkali soil N2O emission in the North China Plain. Environ. Sci. 2017, 38, 5333–5343. (In Chinese) [Google Scholar]

	



Liu, S.; Meng, J.; Jiang, L.; Yang, X.; Lan, Y.; Cheng, X.; Chen, W. Rice husk biochar impacts soil phosphorous availability, phosphatase activities and bacterial community characteristics in three different soil types. Appl. Soil Ecol. 2017, 116, 12–22. [Google Scholar] [CrossRef]

	



Huang, Z.; Qu, S.H.; Bai, L.; Shang, S.P.; Li, Y.M.; Zhang, L.K. Effects of different straw biochar on nutrient and enzyme activity of saline soil. Res. Soil Water Conserv. 2017, 24, 290–295. (In Chinese) [Google Scholar]

	



Liu, P.; Xia, J.B. Properties of rhizosphere phosphate-solubilizing bacteria in coastal saline and alkaline land. Acta Ecol. Sin. 2021, 41, 4531–4540. (In Chinese) [Google Scholar]

	



Wang, X.; Hu, H.B.; Shi, H.X. Study on the characters of improving saline rice husk charcoal. J. Nanjing For. Univ. (Nat. Sci. Ed.) 2019, 43, 193–197. (In Chinese) [Google Scholar]

	



Xu, G.; Zhang, Y.; Sun, J.; Shao, H. Negative interactive effects between biochar and phosphorus fertilization on phosphorus availability and plant yield in saline sodic soil. Sci. Total Environ. 2016, 568, 910–915. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, B.T.; Trinh, N.N.; Le, C.M.T.; Nguyen, T.T.; Tran, T.V.; Thai, B.V.; Le, T.V. The interactive effects of biochar and cow manure on rice growth and selected properties of salt-affected soil. Arch. Agron. Soil Sci. 2018, 64, 1744–1758. [Google Scholar] [CrossRef]

	



Sinsabaugh, R.L.; Manzoni, S.; Moorhead, D.L.; Richter, A.; Elser, J. Carbon use efficiency of microbial communities: Stoichiometry, methodology and modelling. Ecol. Lett. 2013, 16, 930–939. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.G.; Shen, R.F.; He, J.Z.; Wang, Y.F.; Han, X.G.; Jia, Z.J. China soil microbiome initiative: Progress and perspective. Bull. Chin. Acad. Sci. 2017, 32, 554–565. (In Chinese) [Google Scholar]

	



Wang, S.Y.; Feng, H.J.; Wang, K.Y.; Gao, Z.D.; Hu, S.W. Advances of soil microbial ecological characteristics in saline-alkali soil. Chin. J. Soil Sci. 2019, 50, 233–239. (In Chinese) [Google Scholar]

	



Egamberdieva, D.; Renella, G.; Wirth, S.; Islam, R. Secondary salinity effects on soil microbial biomass. Biol. Fertil. Soils 2010, 46, 445–449. [Google Scholar] [CrossRef]

	



Li, X.; Jiao, Y.; Yang, M.D. Microbial diversity of different saline-alkaline soil analyzing by PLFA in the Hetao area of inner Mongolia. Ecol. Sci. 2014, 33, 488–494. (In Chinese) [Google Scholar]

	



Jaafar, N.M.; Clode, P.L.; Abbott, L.K. Microscopy observations of habitable space in biochar for colonization by fungal hyphae from soil. J. Integr. Agric. 2014, 13, 483–490. [Google Scholar] [CrossRef]

	



Quilliam, R.S.; Glanville, H.C.; Wade, S.C.; Jones, D. Life in the ‘charosphere’—Does biochar in agricultural soil provide a significant habitat for microorganisms? Soil Biol. Biochem. 2013, 65, 287–293. [Google Scholar] [CrossRef]

	



Nguyen, B.T.; Trinh, N.N.; Bach, Q.V. Methane emissions and associated microbial activities from paddy salt-affected soil as influenced by biochar and cow manure addition. Appl. Soil Ecol. 2020, 152, 103531. [Google Scholar] [CrossRef]

	



Song, Y.J.; Zhang, X.L.; Gong, J. Effects of biochar amendment on the abundance and community structure of nitrogen-fixing microbes in a coastal alkaline soil. Chin. J. Ecol. 2014, 33, 2168–2175. (In Chinese) [Google Scholar]

	



Song, Y.; Zhang, X.; Ma, B.; Chang, S.X.; Gong, J. Biochar addition affected the dynamics of ammonia oxidizers and nitrification in microcosms of a coastal alkaline soil. Biol. Fertil. Soils 2014, 50, 321–332. [Google Scholar] [CrossRef]

	



You, X.; Yin, S.; Suo, F.; Xu, Z.; Liu, L. Biochar and fertilizer improved the growth and quality of the ice plant (Mesembryanthemu m crystallinum L.) shoots in a coastal soil of Yellow River Delta, China. Sci. Total Environ. 2021, 775, 144893. [Google Scholar] [CrossRef] [PubMed]

	



Cui, Q.; Xia, J.; Yang, H.; Liu, J.; Shao, P. Biochar and effective microorganisms promote Sesbania cannabina growth and soil quality in the coastal saline-alkali soil of the Yellow River Delta, China. Sci. Total Environ. 2021, 756, 143801. [Google Scholar] [CrossRef] [PubMed]

	



He, K.; He, G.; Wang, C.; Zhang, H.; Xu, Y.; Wang, S.; Kong, Y.; Zhou, G.; Hu, R. Biochar amendment ameliorates soil properties and promotes Miscanthus growth in a coastal saline-alkali soil. Appl. Soil Ecol. 2020, 155, 103674. [Google Scholar] [CrossRef]

	



Tang, J.; Zhang, S.; Zhang, X.; Chen, J.; Zhang, Q. Effects of pyrolysis temperature on soil-plant-microbe responses to Solidago canadensis L.-derived biochar in coastal saline-alkali soil. Sci. Total Environ. 2020, 731, 138938. [Google Scholar] [CrossRef]

	



Abbas, G.; Abrar, M.M.; Naeem, M.A.; Siddiqui, M.H.; Ali, H.M.; Li, Y.; Ahmed, K.; Sun, N.; Xu, M.G. Biochar increases salt tolerance and grain yield of quinoa on saline-sodic soil: Multivariate comparison of physiological and oxidative stress attributes. J. Soils Sediments 2022, 22, 1446–1459. [Google Scholar] [CrossRef]

	



Egamberdieva, D.; Alaylar, B.; Kistaubayeva, A.; Wirth, S.; Bellingrath-Kimura, S.D. Biochar for improving soil biological properties and mitigating salt stress in plants on salt-affected soils. Commun. Soil Sci. Plant Anal. 2022, 53, 140–152. [Google Scholar] [CrossRef]

	



Chen, Y.; Qiu, Y.; Hao, X.; Chen, Y.; Qiu, Y.; Hao, X.; Tong, L.; Li, S.; Kang, S. Does biochar addition improve soil physicochemical properties, bacterial community and alfalfa growth for saline soils? Land Degrad. Dev. 2023, 34, 3314–3328. [Google Scholar] [CrossRef]

	



Godlewska, P.; Ok, Y.S.; Oleszczuk, P. The dark side of black gold: Ecotoxicological aspects of biochar and biochar-amended soils. J. Hazard. Mater. 2021, 403, 123833. [Google Scholar] [CrossRef]

	



Chu, Y.; Khan, M.A.; Zhu, S.; Xia, M.; Lei, W.; Wang, F.; Xu, Y. Microstructural modification of organo-montmorillonite with Gemini surfactant containing four ammonium cations: Molecular dynamics (MD) simulations and adsorption capacity for copper ions. J. Chem. Technol. Biotechnol. 2019, 94, 3585–3594. [Google Scholar] [CrossRef]

	



Zhu, S.; Khan, M.A.; Wang, F.; Bano, Z.; Xia, M. Exploration of adsorption mechanism of 2-phosphonobutane-1,2,4-tricarboxylic acid onto kaolinite and montmorillonite via batch experiment and theoretical studies. J. Hazard. Mater. 2021, 403, 123810. [Google Scholar] [CrossRef] [PubMed]








[image: Sustainability 15 14439 g001] 





Figure 1. Number of research papers in the field of biochar in saline soil and its development trend. 
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Figure 2. Relevant research on physical, chemical and biological properties of saline soils improved by biochar and its development trend. 
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Figure 3. Schematic illustration of possible mechanisms for the improvement of physical, chemical and biological properties of saline soils with the addition of biochar. 
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