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Abstract

:

Soil degradation threatens global food security and environmental sustainability, necessitating effective soil management strategies. This review comprehensively examines the impact of organic soil amendments on soil quality and productivity across various soil types and climatic conditions. A review of significant research related to organic amendments was performed using encompassed data from online search engines for studies published up until 31 December 2023. Despite their heterogeneity and use of varying methodologies, the data were narratively synthesized, providing a comprehensive understanding of amendment-induced changes in the chemical and physical properties of soil and the effectiveness of restoration on soil degradation. Organic amendments, including compost, vermicompost, biochar, and pomace, are pivotal in enhancing soil quality by increasing soil organic matter content, fostering aggregate formation, and improving soil structure in the short term. They positively influence water retention capacity, pH levels, nutrient availability, and carbon sequestration. In several studies, amendment-induced changes were absent, indicating that the effects of amendments vary depending on soil texture, application rates, and cropping systems, which emphasizes the need for tailored, sustainable soil management practices. This study concludes that organic amendments are a promising option for structure improvement and organic matter accumulation. It further suggests that an approach that integrates various methods is essential in order to meet desirable soil quality and retain agricultural productivity and offers valuable insights and recommendations for policymakers, practitioners, and researchers. Organic amendments can improve soil ecosystem services and contribute to climate change adaptation. In the future, more attention should be directed to tillage management and soil amendment interaction, as well as their effectiveness over specific periods of time.
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1. Background


Soil is an essential natural resource that is necessary for sustainable Earth life [1]. Soils provide us with numerous regulating (e.g., air and water purification), provisioning (e.g., food), and cultural (e.g., recreation) ecosystem services, ensuring human well-being and sustainable socioeconomic development [2]. From the perspective of food demand and climate change, soil provisioning (food, water, raw material, medicinal resources, genetic resources, etc.) and regulating (climate regulation, erosion prevention, etc.) ecosystem services are a main focus of the scientific community [3,4,5,6].



Rising population growth and global warming are two of the most critical challenges that currently affect food supply security [7]. Decreasing the amount of arable land available per person generates food supply insecurity. This trend exists because population growth is outstripping the expansion rate of the area used for crop production [8]. Solutions such as genetic modifications, agrochemicals, mineral fertilizers, and growth conditioners are tested in order to ensure food security [9,10]. However, these solutions, along with improper land management and excessive soil exploitation, often deteriorate soil quality, leading to a decline in agricultural productivity and soil degradation [11]. The negative impact of human activities on soil has been ongoing since the first agricultural revolution, although the anthropic impact on soil goes back as far as 13,000 years ago [4].



Soil degradation is also a significant global problem. Approximately one-third of the world’s cropland is affected by at least one form of degradation, including soil/water pollution, soil water/wind erosion, the loss of soil organic matter (SOM), nutrient imbalances, salinization and acidification, crust formation, and the loss of soil biodiversity [11,12]. Whilst soil continues to degrade at a rate of 5–10 billion hectares annually [13], the responsibility for addressing soil conservation and management falls on all of us, regardless of background, knowledge, or profession. Therefore, on a global scale, significant efforts must be invested to create sustainable measures in order to mitigate or neutralize land degradation. Several policies have been launched to combat land degradation by promoting sustainable agriculture and management. From the United Nations “2030 Agenda for Sustainable Development”, which seeks a more sustainable future through a land degradation-neutral world where food production is intensified on existing cropping and pasture lands under sustainable land management practices [14], to the European Commission’s “A Soil Deal for Europe”, which addresses the Sustainable Development Goals and the Green Deal, together with the European Union Soil Strategy [15]. All policy goals directly or indirectly depend on soil function, land use, and management [16,17], highlighting the need to ensure and preserve soil quality.



Preserving soil quality is essential in implementing sustainable agriculture and safeguarding ecosystem services [18]. Among several other strategies, such as the implementation of cover crops, conservation tillage practices, balanced fertilization, and crop rotation [11,19], soil quality can be improved by applying soil amendments [20,21,22]. Soil amendments refer to materials obtained from different processes that are used to improve soil productivity and quality [23].



There are two categories of soil amendments: (1) organic materials, such as biochar, straw, pomace, manure, sawdust, and compost, and (2) inorganic materials, including sand, gypsum, vermiculite, zeolite, and lignite [24,25]. Soil amendments, both organic and inorganic, improve the physical and biological properties of soil, increase carbon sequestration, restore saline and contaminated soils, and increase crop yields and fertilizer efficiency [26]. Generally, their impact on soil quality is primarily positive, regardless of the climate conditions and soil type [27].



The use of organic amendments has its economic aspect. The high prices of inorganic fertilizers favor organic amendments as a desirable and acceptable alternative for meeting the demand for nutrients in plant production. In addition, they also have a positive influence on soil properties and reduce dependence on inorganic fertilizers [28,29]. How and to what extent organic amendments will affect soil properties depends on several factors: type of material used, the amount used in a certain area, duration of application, climate conditions, soil type, soil management practices, and cropping systems [30,31].



When using organic amendments in plant production, emphasis is placed on increasing the soil organic matter (SOM) content, which is a crucial factor because a lack of SOM can lead to multiple negative changes in the soil. Reduced water storage capacity and porosity, soil compaction, and low infiltration capacity are just a few examples [32], as well as increased runoff and the loss of the topsoil layer [33]. All of the mentioned elements emphasize the importance of proper soil management, including soil conditioning using organic amendments. Future paragraphs will detail the impact of soil conditioning on soil quality. Several studies highlighted the adverse effects of improper organic amendment addition in this context. For instance, research conducted in the USA [34] reported a decrease in soil nitrogen following biochar application, regardless of application rate. Similarly, compost derived from the wine industry has been shown to elevate soil pH, which is particularly harmful for crop production in the naturally alkaline soils of South Africa [35]. Conversely, detrimental trends associated with animal manure applications were observed in Bangladesh [36], exacerbating soil acidification issues. The presented examples warn farmers that the use of particular organic amendments should align with crop needs, soil characteristics, and environmental conditions.



This paper presents a unique approach, discussing the impacts of organic amendments, namely compost, vermicompost, biochar, pomace, and manure, on the physical and chemical properties of soil. Our discussion is based on the most recent and relevant review and meta-analysis articles. In cases where review and meta-analysis papers were unavailable for a given topic, we turned to the most recent and relevant research papers (Table 1, Table 2, Table 3 and Table 4). Importantly, no previous review or meta-analysis articles have synthesized or integrated all the organic amendments named above into a single source, nor have they linked such practices to the emerging topic of sustainable agriculture and restoration strategies. Further, no collective papers were found that considered the contrasting effect of these amendments on such a range of (physical and chemical) soil properties with different textures. This paper fills that gap, providing a comprehensive review of the impacts of organic amendments on soil properties.



For this review, we extensively searched all published reviews, meta-analyses, and research articles on the available databases that had been published up until 31 December 2023. Our search terms included “soil amendments”, “organic amendments”, “biochar”, “compost”, “vermicompost”, “manure”, “dung”, and “pomace”, combined with “soil”, “soil organic matter”, “water erosion”, “soil quality”, “land degradation”, “tillage”, “soil management”, and other keywords related to land degradation and soil restoration strategies. We only included articles written in English and those that included replicated treatments and control treatments without the use of organic amendments for comparison purposes. The statistical results reported in the published articles were used to draw statistical conclusions about the amendments’ impacts. Note that a few relevant articles in this review did not provide statistical changes or numerical differences in the improvement of soil properties, only general statements about the impact of the amendments on some qualitative services (i.e., soil quality, structure improvement, soil fertility, etc.). This review focuses on the most relevant amendment-induced changes in soil systems and land degradation reclamation, and discusses how organic amendments affect agricultural production.




2. Organic Amendments’ Impact on Soil Properties


2.1. Soil Physical Properties


Multiple studies have shown the beneficial effects of organic amendments on different soil types, such as clay [37], loam [31], silty clay loam [38], and sandy loam [38,56]. These amendments enhance SOM content, a crucial soil component that functions as a binding agent, fostering aggregate formation [32,57,58]. When applied, soil structure, pore space, and aggregation improvement are detected within a few months [31,39]. While each organic amendment had its unique impact, collectively, they contributed to enriching soil quality, ensuring better plant growth and sustainability across diverse environments.



In recent studies exploring the impacts of various organic amendments on soil quality, diverse findings have emerged, shedding light on their effects across different soils and durations of application. Rivier et al. [39] demonstrated a positive influence within 30 days of adding compost and vermicompost derived from sewage sludge and organic residue to sandy and clay soils. This study emphasized the beneficial impact of these amendments on soil quality within a relatively brief duration. Conversely, Wang et al. [38] highlighted the significant effects on silty clay loam soil after six years of poultry manure compost application at a rate of 9 t ha−1 annually. However, insignificant differences were observed within a shorter duration of 2 years, suggesting a time-dependent influence of compost on soil quality, indicating that significant improvements may require extended application periods. Contrasting with the positive effects observed of other organic amendments, Goldberg et al. [55] reported a short-term negative impact of farmyard manure (FYM) application on soil structure and erosion resistance. This adverse effect was noted only 21 days post-application in clay and sandy soils. These findings underscore the diverse and time-dependent nature of organic amendments’ impact on soil quality. The effects of organic amendments on soil quality depend on soil type and the time they are applied. Organic amendments generally increase SOM content and promote the formation of aggregates, but their impacts can differ significantly across different soils and time frames. Short-term studies show that amendments like compost and vermicompost have positive effects, while others, such as FYM, may have initial adverse effects. However, long-term studies suggest that significant improvements in soil quality may require extended application periods. Therefore, it is essential to consider the type of organic amendment and its duration of application in sustainable soil management practices.



Evidence of elevated concentrations of SOM after the application of different amendments have been found around the globe, including after the addition of FYM [40], biochar [34], composted olive pomace [59], or non-composted olive pomace [41,60]. Although the variety of amendments and their properties can vary, their impact on SOM elevation is generally positive [61]. Organic amendments contain cations of polyvalent metals (Ca2+, Mg2+, Fe3+), which act in a similar manner to the inorganic binders that promote the formation of macro-aggregates [62]. Such phenomena are documented in improved soil structural characteristics like aggregate size and stability. However, amendments can reveal different effects on different soils. For example, Fu et al. [42] explored the effects of FYM on silty clay, silt loam, and sandy loam soils. The water-stable aggregate (WSA) percentage was significantly higher only in silty clay soil under the high dose of application (38 t ha−1) condition. On the opposite side, the long-term application of FYM in a dosage of 15 t ha−1 on sandy loam soil creates a residual effect such that even after FYM was stopped, the WSA was at a high level, similar to other treatments with a continuous application of FYM. Therefore, whether FYM will increase or decrease the WSA depends on soil texture and the time of application.



Biochar demonstrated positive effects on WSA levels. Juriga et al. [43] found that applying 10 and 20 t ha−1 of biochar to silty loam soil significantly increased the content of the stable macro-aggregates by 9% and 14%, respectively. Simultaneously, it reduced the content of the stable micro-aggregates by 23% and 38%, compared to the total content of water stable micro- and macro-aggregates in the control plots. This trend was associated with an increase in SOMs. Composted materials are another aspect of soil improvement. However, it is necessary to highlight that composts differ depending on the feedstock material and their degree of decomposition, making the final soil results variable. However, composted material applications in sandy and clay soils, in general, positively affect the soil’s physical properties [63]. Applying 60 t ha−1 of grape pomace compost mixed with mowing residues and straw significantly improves WSA in loamy soils [44]. In clay loam soil, Li et al. [56] observed that pig manure compost and vermicompost significantly increased large macro-aggregates while reducing small macro-aggregates after application at 15 t ha−1. In general, soils behaved after applying organic amendments with lower bulk density, whereas aggregate stability, pore volume, and water infiltration were increased. A similar result was noted after applying FYM in works by Mujdeci et al. [45] and Bogunovic et al. [46]. They revealed the positive impact of FYM in reducing soil compaction levels, measured by the bulk density (BD) and penetration resistance (PR) of silty clay [46] after the application of 15 or 30 t ha−1 FYM, and of silt loam soil after the application of 10 t ha−1 FYM [47]. Moreover, Jensen et al. [40] observed significantly lower BD values after FYM application than control plots in sandy loam soil. Other than FYM, olive pomace has a high organic matter level, reaching 91% [64], which also helps to reduce compaction. Parras-Alcántara et al. [41] reported significant decreases in BD (1.37 to 1.26 g cm−3) following 11 years of continuous application of olive pomace at 270 t ha−1 to silty clay and silty clay loam soil. Blanchet et al. [48], in a long-term study with FYM application (10 t ha−1 y−1), found no significant changes for BD compared to other treatments that included mineral fertilizers and crop residue application. Such an absence of differences in BD could result from the tillage system. The diverse findings underscore the nuanced impacts of organic amendments, particularly FYM and olive pomace, on soil BD. These insights highlight the significance of utilizing organic amendments in soil management strategies, recognizing their potential to modify soil physical properties in order to enhance soil quality.



Soil structure predominantly influences the hydrological properties of soil, which regulate physical, chemical, and biological processes within the soil. In this regard, organic amendments are frequently applied in agroecosystems in order to maintain a favorable soil structure, and thus, hydrological and other vital properties [31]. Indeed, it has been shown that organic amendments can significantly affect changes in soil hydrological properties. Dong et al. [31] found that sheep manure compost (2–10 t ha−1) can effectively improve the hydrological properties of loam soil. Improvements were closely connected with soil pore system, aggregation size, WSA, and soil differential porosity, leading to a significant increase in soil infiltration.



Organic amendments impact soil water retention capacity and water content. This is especially pronounced in soils enriched by biochar, FYM, and composts [61]. For instance, FYM has shown multiple beneficial effects on the hydrological properties of soil across different environments, soils, and cropping systems. Adding FYM increases the soil water content by increasing water-holding capacity and retention ability [65,66] and water-use efficiency [67,68]. As reported by Jensen et al. [40], FYM had a beneficial effect on plant available water (PAW) in sandy loam-textured soil compared to the control plots. Fu et al. [42] investigated the effects of FYM on silty clay, silty loam, and sandy loam, and found significant PAW improvements in sandy loam soil; while the other soil types showed a positive response as well, the results were not statistically significant. A similar positive effect of FYM on the PAW of sandy loam soil was reported in a study by Blanco-Canqui et al. [65]. The positive effect of manure on PAW was also found in silt loam soil [69] but not in clay soils [70]. Such discrepancies in results indicate that soil type and environment impact FYM efficiency on soil water characteristics. In this context, Ankenbauer and Loheide [71] found that the effect of organic matter on water retention characteristics was more profound on high sand and silt content soil.



Biochar behaves similarly to FYM in terms of impact on soil hydrological properties. Many studies reported a significant rise in soil retention capacity after biochar application [72,73,74]. This beneficial effect is mainly localized to sandy soils, as documented in a meta-analysis by Rabbi et al. [75], where biochar-enriched soils successfully reduced plant water stress during dry periods [76,77]. Moreover, soils with low silt content are likely to be more hydrologically responsive to biochar application, and changes were more pronounced at higher rates (20 and 100 t ha−1) compared to the lower one (4 t ha−1) [49]. In current climate crisis, due to climate change, such an effect is desirable in order to survive during pronounced drought periods. However, the success of the biochar application on soil water characteristics, besides soil texture, also depends on biochar particle size, as proved by Lim et al. [78], who found a higher decrease of saturated hydraulic conductivity under larger particle sizes of biochar than under smaller ones, proving that the structure of biochar particles and biochar-soil storage pores contributes to water retention [79]. Biochar also affects water holding capacity (WHC) in two ways. Firstly, the highly porous nature of biochar allows it to retain water, which can increase the overall moisture content. Secondly, biochar improves soil porosity and has hydrophilic functional groups on the surface, enhancing the soil’s ability to hold water. However, it is essential to note that the amount of biochar used can limit these effects [80]. Applying 22.5 t ha−1 of biochar from various cereals and bamboo to silt loam soil significantly increased WHC by 4.1–11.9% [50]. Conversely, Parras-Alcántara et al. [41] observed a significant decrease in AWC following prolonged application (11 years) of olive pomace at 270 t ha−1 on silty clay and silty clay loam-textured soils.



Compost application represents another effective method that improves soil hydrological functions. The positive effect of compost on soil hydrology was recorded for different soil types, including sandy and loamy clay soils [39]. Applying compost by incorporating SOM leads to several changes in the physical and hydrological properties, increasing soil WHC [81]. The effects of compost on soil hydrological functions are more pronounced in coarser-textured soils, whereas the effect is smaller or absent for finer-textured soils [82]. Clay soils have a higher matric potential and smaller pore sizes than sandy soils and, therefore, can hold more water by weight [83]. Although compost can increase WHC due to its high organic matter content, its application does not necessarily affect PAW. Moreover, Kranz et al. [84] reported that when sandy and silt loam soils with medium porosity were amended with high levels of compost, in some cases they would show NE on PAW. Also, they showed that a significant increase in PAW can occur after applying compost to sandy clay loam and high-porosity sandy loam soils. Soil porosity, besides soil texture, also plays a vital role in compost effectivity on soil PAW.




2.2. Soil Chemical Properties


Organic amendments modify chemical properties. For example, they can have a positive effect on soil pH through the intake of organic matter, which is usually lowered after frequent fertilization with nitrogen mineral fertilizers [85]. Li et al. [56] noted a rise in soil pH after the application of 15 t ha−1 of pig manure compost or vermicompost to clay loam soil. Similar results were found for other soil types [35] and environments, indicating that compost has a liming potential due to its richness in alkaline cations (K+, Ca2+, Mg2+), which are released with the mineralization of organic matter [83]. Sometimes, compost reduces soil pH [86], which is probably connected to specific conditions during compost production. The use of winery solid waste compost on sandy loam soil, while contributing to increased P and K mineralization, led to a notable rise in soil pH from 7.28 to 8.18 at an application rate of 40 t ha−1 [35].



Biochar also exhibits the capability to increase soil pH. This capability stems from its composition of alkaline substances, comprising ash and carbonate (Ca2+, K+, and Mg2+), its surface properties, and its ability to reduce the exchangeable acid cations (H+ and Al3+) [87]. Bista et al. [34] reported a higher pH after biochar application of different dosages (11.2, 22.4, and 44.8 t ha−1). However, biochar produced from various sources and at different temperatures showed diverse effects on soil pH [88,89]. Hossain et al. [89] found that the pH reaction of biochar derived from wastewater sludge changes from acidic to alkaline, with an increase in pyrolysis temperature from 300–700 °C. They suggested that it could be used on soils with an alkaline reaction.



In addition to pH, changes in cation exchange capacity (CEC), electrical conductivity, nutrients, and soil organic carbon (SOC) content occur after applying organic amendments. Biochar produced from various sources and at different temperatures showed diverse effects on soil CEC [88,89]. For instance, biochar produced from coffee husk or chicken manure significantly influenced soil CEC more than that produced from eucalyptus sawdust or sugarcane bagasse. Further, they observed that biochar produced at a temperature of 350 °C has a more significant impact on increasing CEC than biochar produced at temperatures of 500 °C and 750 °C [88]. Moreover, biochar application demonstrated positive implications for carbon sequestration, contributing to soil quality and sustainability [90].



The amount of nutrients released during the decomposition of FYM is influenced by various factors: livestock class, age, growth stage, feed and feeding practices, type and amount of bedding materials, and season (climate conditions) [91]. Most nutrients are expected to be released within the initial three years following application. Hence, reapplying the amendment at least every fourth year, with increased application rates, is recommended, while the annual application of smaller quantities is also suggested [92]. The latter is advised as it has been observed that it can significantly enhance crop yields. Specifically, Oueriemmi et al. [54] noted a more significant effect on barley yield after applying different amounts of FYM in sandy-textured soil during the second year post-application compared to the first year. FYM application (60 t ha−1) significantly increased barley yield by 51% (2.26 t ha−1) in the first year and 77% (6.96 t ha−1) in the second year compared to the control.



As previously mentioned, Fu et al. [42] explored the impact of FYM on various soil types, finding significant increases in SOC and total nitrogen with different application rates on different soil types and crops, and applying 38 t ha−1 of FYM on silty clay soil led to a 19% increase in SOC and total nitrogen. On sandy loam soil, there was a significant increase in SOC with application rates of 25 t ha−1 and 37.5 t ha−1, but this increase was only present in the grass and spring barley plots, and ranged from 27–37%. On plots with maize and winter wheat, the SOC increase was insignificant. On silty loam soil, the level of SOC increased by a maximum of 48%, but this increase was insignificant. This study also found improvements in the nitrogen, phosphorus, potassium, and magnesium concentrations, but these differences were insignificant for each soil type. In sandy loam soil, there was a significant increase in total nitrogen (38–42%), phosphorus (320–840%), potassium (145–225%), and magnesium (50–120%).



Following the application of biochar in quantities of 11.2, 22.4, and 44.8 t ha−1, there was a positive impact on the amount and availability of P, K, and S. This was attributed to biochar’s ability to supply nutrients to the soil and elevate its pH levels, thereby enhancing their accessibility to plants. However, it should be noted that the nitrogen content in the soil decreased with increasing amounts of biochar, as nitrogen tends to bind to biochar [34].



Olive pomace compost also demonstrated positive effects on the availability of micro- and macro-nutrients, including nitrogen, potassium, zinc, magnesium, and copper, essential for optimal plant growth [93]. However, in order to achieve the effect of enriching the soil with organic carbon qualitatively and quantitatively, the amount of compost that will be applied to the soil should be correctly selected [51]. It was shown that higher amounts do not necessarily produce a proportional increase in SOC. Interestingly, a more favorable effect was achieved with a dose of 60 kg per plant compared to a double dose, particularly on soil with a clay loam texture. Additionally, despite its positive impact on soil and plant growth, applying wet olive pomace at a dosage of 70 t ha−1 did not result in significant differences in the crop yield of two wheat cultivars compared to the control without application on sandy loam-textured soil. However, the protein content of wheat grain was positively affected by adding olive pomace, indicating the release of nitrogen in the later stages of plant growth and development [94]. Fernández-Hernández et al. [60], after the application of olive mill waste, found a significant increase in nutrients and a 15% higher olive oil content than those treated with inorganic fertilization. Combining grape pomace with FYM fertilization substantially enhanced maize biomass, and increased soil (SOM, N, P, and K) and plant nutrient content. Additionally, a noteworthy improvement in grape yield was observed, marking a substantial increase of 48% [95].



While organic amendments offer substantial benefits, there are concerns regarding animal-based amendments with a high content of monovalent cations like Na+ and K+, as well as NH4+ from organic waste nitrogen mineralization. The presence of these components can potentially disturb soil structure by inducing soil colloid dispersion. In order to address this concern, analyzing nutrient concentrations in FYM is imperative. Additionally, accounting for variations across the landscape is crucial for determining and ensuring appropriate application rates, thereby mitigating potential adverse environmental impacts [96]. Different organic amendments exhibit diverse effects on soil properties. FYM, biochar, compost, and pomace display varying impacts based on application rates, soil types, and crops. Understanding these influences is crucial for sustainable soil management and agricultural practices.





3. Impact of Organic Amendments on Several Soil Degradation Processes and Restoration Strategies


Soil erosion is the most widespread degradation process occurring naturally but accelerated through human activities, one of which is agriculture [97]. Factors that affect soil erosion in agricultural areas are climatic conditions; soil composition and properties; shape, degree, and length of the slope; soil cover; tillage system; and the overuse of machinery [98,99,100,101]. The process occurs through three phases and involves the separation of soil particles in one location and their movement to another under the influence of water or wind energy. The third phase is soil deposition in another location [102,103]. When erosion occurs, it results in the loss of the upper fertile layer, depleting organic matter and nutrients, and affecting soil quality and productivity [104], while decreasing soil water and infiltration capacity [105,106]. When particles are deposited, soil and water can be contaminated with toxic substances, which also seriously impact the environment [107,108].



The pervasive negative effects of soil erosion have spurred global scientific efforts to develop effective mitigation strategies. A range of measures, including crop rotation, cover crops, mulching, conservation tillage, contour cropping, strip cropping, and the application of different amendments, have been investigated [109,110,111,112]. However, none of these measures proves universally applicable. Studies indicate that the most favorable outcomes are achieved by measures focused on increasing SOM, complemented by additional measures based on specific conditions [113,114,115,116]. In this context, several papers have provided evidence for the beneficial mitigation of erosion using organic amendments, like swine manure [117], olive pomace [41], FYM, and straw [118]. The erosion reductions are mainly attributed to the increase in soil organic matter, vegetation cover, and the protective role of mulch in protecting the soil from disruptive raindrop energy. However, Dugan et al. [52] did not observe a significant reduction in soil losses following the short-term application of olive pomace at a low rate (4 t ha−1). These findings underscore the importance of selecting appropriate application rates and considering repeated applications for effective soil conservation. When conditioning to reduce degradation, specific conditions of each organic amendment should be considered. For example, when utilizing biochar for soil erosion control, careful attention should be paid to biochar particle size and the applied dosage. Li et al. [119] revealed that for silt loam-textured soil, smaller applied biochar doses, precisely at 1% and 3%, result in reduced soil losses, while a dose of 7% increases soil and biochar erosion. Concerning particle size, the most effective outcomes were noticed for 1–2 mm particles. Coarse biochar particles demonstrated lower susceptibility to runoff loss than finer particles, proving more effective in preventing soil loss, as noted by Peng et al. [117].



Soil compaction represents a prevalent form of soil degradation that adversely impacts various soil properties. Compaction implies an increase in the volume of the soil mass under an external force, to the detriment of the air-filled pores. Simultaneously, adverse alterations occur in pore volume, size, distribution, connection, and curvature [120,121,122]. This disturbance leads to a reduction in total porosity and an increase in both BD and PR [123,124]. Furthermore, compaction directly changes soil structure. When it comes to agriculture production, compacted soils have numerous implications. They are more difficult to till and usually have lower plant germination, poor root development, lower plant growth and development, reduced nutrient adsorption, and lower yields [125,126,127]. Additionally, compacted soils have impaired hydrological properties, resulting in reduced infiltration rates, increased surface runoff, and soil erosion [128,129,130]. The drivers of soil compaction can be natural or anthropogenic, but more often occur due to heavy machinery, many passes, inappropriate tire pressure, and soil tillage in wet conditions [131,132,133,134].



BD and PR are the most commonly used parameters for measuring soil compaction [135]. Previously, it was mentioned that applying FYM and other organic amendments raises SOM content and reduces BD [123,136]. However, BD reduction can be achieved in several ways. Firstly, SOM can stimulate the formation of aggregates, which create larger or smaller pores depending on aggregate size. Secondly, when organic amendments are incorporated, they have a lower density than the soil, which causes a decrease in BD through a dilution effect. Such an effect commonly occurs in (i) short-term studies where an insufficient amount of time has passed for significant changes in aggregate formation and soil porosity, and (ii) long-term studies, when a steady state is reached and there is no significant increment in the formation of macro-aggregates, but significant BD decreases still occur. Similar to FYM, biochar mitigates soil compaction level and decreases soil BD and PR after application. However, for complete and significant changes in coarse-textured soils [137] and fine-textured soils [138,139], very high doses (>40 t ha−1) often need to be applied. This is likely due to short periods of time from application to measurement, and the aggregate formation is slow. Biochar’s resistance to decomposition makes it challenging to promote aggregate formation and stability in the short term. Similarly, high dosages of biochar reduce BD because of the mixing of materials with different densities. When applying lower doses, biochar more effectively reduces BD in coarse-textured soils than in fine-textured soils, with an average decrease of 14.2% and 9.2%, respectively [140]. Biochar generally increases MWD and aggregate stability, although the absence of positive changes found in some studies may be attributed to site-specific conditions such as climate and clay mineralogy.



Soil sealing and crusting commonly occur during high-intensity precipitation on bare soil or lands with sparse vegetation cover. Raindrops disintegrate soil surface aggregates, clog pores, and reduce soil infiltration. Subsequently, water with dispersed soil particles accumulates on the surface, forming an impermeable layer known as soil crust [141,142]. Thus, sealing and crust formation are closely linked to aggregate stability, soil structure, and the factors promoting them, including increases in SOM, MWD, and the proportion of WSA, which enhance aggregate strength, resistance to external forces, and water movement through the soil [143]. This relationship is evident in previous studies on soil erosion, where the application of organic amendments reduced soil loss and particle detachment due to improvements in soil structure in different textured soils and environments [41,52,62,117,118].



Soil acidity is a prevalent soil degradation process in semi-humid and humid regions [144,145]. Precipitation surplus, the improper application of nitrogen and elemental sulfur fertilizers, and legume cultivation accelerate soil acidification [146,147,148]. Acid soils have poor soil structure and solubilize iron, aluminium, and manganese, potentially toxic to certain crops [149]. Severe acidification reduces cation exchange capacity and the availability of essential nutrients like phosphorus and molybdenum [150,151,152]. Soil pH can be mitigated through lime or other acid-neutralizing materials, which can strain farm budgets [153,154].



The impact of FYM on soil acidification varies depending on application conditions. Manure application typically elevates soil pH by introducing base cations and organic matter. As organic matter decomposes, it releases alkalinity through decarboxylation, consuming H+ and raising soil pH [155]. The pH-increasing effect of FYM has been observed across different soil textures, including clay, silt loam, and sandy loam soils [155,156,157,158]. However, Roy and Kashem [36] reported a decrease in soil pH following the application of chicken (10 t ha−1) and cow manure (10 t ha−1) on sandy loam-textured soil exhibiting initial acidity. This pH reduction might be attributed to a weak adsorption capacity, which leads to the leaching of basic cations and the suppression of FYM’s positive effect on soil pH. Some soils with high buffering capacities may also resist pH changes [159], and in this case, the addition of organic conditioners should be applied in higher dosages or for prolonged durations. Furthermore, the decomposition of organic matter into humic and fulvic acids could contribute to lowered pH values [160].



Similarly, biochar application can elevate soil pH due to its alkaline nature and oxygenated functional groups [161]. For instance, Da Silva Mendes et al. [53] observed a significant increase in soil pH from 5.35 to 5.85 by applying 10.2 t ha−1 of biochar to loamy sand-textured soil. Chintala et al. [162] also noted increases in soil pH with different amounts of biochar application to clay-textured soil, with higher doses leading to greater pH elevations. Other organic amendments, like olive pomace, significantly increase pH in acidic sandy loam [163] and loam [164] soils.



In semi-arid and arid regions, soil salinization and alkalization are prevalent, often due to poor agricultural practices [165,166,167,168]. These conditions result in the accumulation of salts in the topsoil, particularly sodium, displacing calcium on the soil’s adsorption complex, adversely affecting the soil’s physical, chemical, and biological properties. High sodium levels exacerbate soil compaction by clay dispersion [169,170]. Excessive salt concentration in the soil’s rhizosphere inhibits plant growth, with some plants experiencing toxicity [171,172,173]. Salinization and alkalization in agricultural lands are primarily caused by using saltwater for irrigation and inadequate drainage, leading to salt accumulation and waterlogging. Mitigation strategies involve the application of gypsum and sulfur, as well as the using organic amendments, followed by leaching. Organic amendments aim to reduce the sodium adsorption ratio (SAR) and exchangeable sodium percentage (ESP), decrease EC, enhance calcium and magnesium uptake in order to counteract sodium’s negative effects, decrease soil pH in order to improve nutrient availability, and increase SOM in order to promote aggregate formation [174]. Researchers used several amendments in their works, such as FYM [175], biochar [176], compost [177], pistachio residue [175], and rice straw [178], which mostly showed a positive impact on soil structure, including a decrease in soil EC and SAR. As well as directly adding organic amendments, several other practices are necessary in order to prevent SOM depletion. Most represented are cover cropping, diverse crop rotation, conservation tillage systems, mulching, crop residue management, balanced fertilization, and the promotion of biodiversity. The utilization of the practices mentioned earlier can enhance SOM, improve soil fertility, and promote sustainable agricultural management practices [178,179,180,181]. However, in order to determine the most suitable practice, it is essential to know the site-specific conditions that may affect the success of the reclamation. Figure 1 and Figure 2 show the overall and specific improvements of soil properties in all (Figure 1) soils and across different soil textures (Figure 2).




4. Guidance for Further Research


In contemporary agricultural research, the strategic integration of soil amendments with diverse tillage systems emerges as a critical pathway for advancing sustainable crop production. Embracing interdisciplinary advancements in technology, soil science, and agronomy, researchers can delve deeper into unlocking novel opportunities in order to enhance soil quality, increase productivity, and mitigate environmental impacts. The future trajectory of soil amendment management hinges on precision agriculture integration, offering researchers a fertile ground for investigation. Leveraging cutting-edge technologies such as remote sensing, GIS, and GPS enables the precise targeting of soil amendments, necessitating further exploration into optimization algorithms and decision-support systems. Real-time monitoring systems and soil sensors present a rich area for research inquiry, particularly in refining their accuracy, reliability, and compatibility with diverse agroecological contexts.



Additionally, exploring the synergistic blending of different soil amendment types holds promise for elevating soil quality and crop productivity, warranting investigation into optimal blends, application rates, and the long-term effects on soil health and ecosystem services. Advancements in biofertilizer technologies offer a frontier for research, particularly in elucidating the mechanisms underlying microbial interactions, optimizing formulations, and assessing their efficacy under varying environmental conditions. Moreover, the paradigm shifts towards data-driven decision-making necessitate interdisciplinary collaborations in order to develop robust predictive models, innovative data analytic techniques, and user-friendly decision support tools tailored to the needs of diverse stakeholders. Future research endeavors should prioritize longitudinal studies, multi-site trials, and meta-analyses to elucidate the long-term impacts of soil amendments on soil health, crop performance, and ecosystem resilience. By continuously refining methodologies, embracing emerging technologies, and fostering collaborative research networks, scientists can unlock the full potential of soil amendments in order to address the evolving challenges of modern agriculture and pave the way towards a more sustainable food system.




5. Conclusions


Organic amendments are indispensable for combating soil degradation processes and restoring soil quality. Most research emphasizes that organic amendments, including pomace, biochar, manure, and compost, offer promising strategies to maintain soil quality and sequester carbon. The effectiveness of these approaches has been duly emphasized. The present study concludes that organic amendments are promising for improving soil structure and carbon sequestration. However, their effectiveness depends on soil texture, climate, and application rates, so tailored approaches are required for optimal results. In several studies, amendment-induced changes were absent, especially for short-term periods, and these may need to be revised in order to contribute to long-term soil resilience to stress and increase soil productivity. This paper further suggests that an approach that integrates different methods is essential for achieving desirable soil quality and maintaining agricultural productivity. It also provides valuable insights and recommendations for policymakers, practitioners, and researchers. Sustainable soil management strategies must effectively combat soil degradation, including comprehensive solutions to combat erosion, compaction, sealing, acidification, and salinization. Organic amendments can improve soil ecosystem services and contribute to climate change adaptation. In the future, more attention should be paid to the interactions between soil management and soil amendments, as well as their effectiveness over time.







Author Contributions


Conceptualization, I.B. and M.M.; methodology, I.B., I.D. and M.M.; validation, I.D., M.M. and I.B.; investigation, I.B., M.M. and I.D.; resources, I.B.; data curation, M.M.; writing—original draft preparation, M.M.; writing—review and editing, I.D., M.M. and I.B.; supervision, I.B.; project administration, I.B.; funding acquisition, I.B. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Partnership for Research and Innovation in the Mediterranean Area (“the PRIMA Foundation”) through the “Soil Health and Agriculture Resilience through an Integrated Geographical Information Systems of Mediterranean Drylands” project (grant agreement number 2211) (SHARInG-MeD).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on reasonable request from the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



van Leeuwen, J.P.; Saby, N.P.A.; Jones, A.; Louwagie, G.; Micheli, E.; Rutgers, M.; Schulte, R.P.O.; Spiegel, H.; Toth, G.; Creamer, R.E. Gap assessment in current soil monitoring networks across Europe for measuring soil functions. Environ. Res. Lett. 2017, 12, 124007. [Google Scholar] [CrossRef]

	



Ellili-Bargaoui, Y.; Walter, C.; Lemercier, B.; Michot, D. Assessment of six soil ecosystem services by coupling simulation modelling and field measurement of soil properties. Ecol. Indic. 2021, 121, 107211. [Google Scholar] [CrossRef]

	



AdhikarI, K.; Hartemink, A.E. Linking soils to ecosystem services—A global review. Geoderma 2016, 262, 101–111. [Google Scholar] [CrossRef]

	



Pereira, P.; Bogunovic, I.; Muñoz-Rojas, M.; Brevik, E.C. Soil ecosystem services, sustainability, valuation and management. Curr. Opin. Environ. Sci. Health 2018, 5, 7–13. [Google Scholar] [CrossRef]

	



Zurqani, H.A.; Mikhailova, E.A.; Post, C.J.; Schlautman, M.A.; Elhawej, A.R. A review of Libyan soil databases for use within an ecosystem services framework. Land 2019, 8, 82. [Google Scholar] [CrossRef]

	



Soto, R.L.; Padilla, M.C.; de Vente, J. Participatory selection of soil quality indicators for monitoring the impacts of regenerative agriculture on ecosystem services. Ecosyst. Serv. 2020, 45, 101157. [Google Scholar] [CrossRef]

	



Dimande, P.; Arrobas, M.; Rodrigues, M.Â. Under a Tropical Climate and in Sandy Soils, Bat Guano Mineralises Very Quickly, Behaving More like a Mineral Fertiliser than a Conventional Farmyard Manure. Agronomy 2023, 13, 1367. [Google Scholar] [CrossRef]

	



Alexandratos, N.; Bruinsma, J. World Agriculture towards 2030/2050: The 2012 Revision. Available online: https://ageconsearch.umn.edu/record/288998/ (accessed on 8 September 2023).

	



Bamdad, H.; Papari, S.; Lazarovits, G.; Berruti, F. Soil amendments for sustainable agriculture: Microbial organic fertilizers. Soil Use Manag. 2022, 38, 94–120. [Google Scholar] [CrossRef]

	



Hlisnikovský, L.; Menšík, L.; Kunzová, E. Development and the Effect of Weather and Mineral Fertilization on Grain Yield and Stability of Winter Wheat following Alfalfa—Analysis of Long-Term Field Trial. Plants 2023, 12, 1392. [Google Scholar] [CrossRef]

	



Lal, R. Restoring Soil Quality to Mitigate Soil Degradation. Sustainability 2015, 7, 5875–5895. [Google Scholar] [CrossRef]

	



Davis, A.G.; Huggins, D.R.; Reganold, J.P. Linking soil health and ecological resilience to achieve agricultural sustainability. Front. Ecol. Environ. 2023, 21, 131–139. [Google Scholar] [CrossRef]

	



Bateman, A.M.; Muñoz-Rojas, M. To whom the burden of soil degradation and management concerns. In Advances in Chemical Pollution, Environmental Management and Protection; Pereira, P., Ed.; Elsevier: Amsterdam, The Netherlands, 2019; Volume 4, pp. 1–22. [Google Scholar] [CrossRef]

	



United Nations. Transforming our World: The 2030 Agenda for Sustainable Development; Resolution adopted by the General Assembly on 25 September 2015; United Nations: New York, NY, USA, 2015; 35p. Available online: https://www.un.org/en/development/desa/population/migration/generalassembly/docs/globalcompact/A_RES_70_1_E.pdf (accessed on 15 November 2023).

	



European Commission. European Missions: A Soil Deal for Europe-100 Living Labs and Lighthouses to Lead the Transition towards Healthy Soils by 2030-Implementation Plan; European Commission: Brussels, Belgium, 2021; Available online: https://food.ec.europa.eu/system/files/2021-10/f2f_conf_20211015_pres-04.pdf (accessed on 15 November 2023).

	



Bouma, J.; Montanarella, L.; Evanylo, G. The challenge for the soil science community to contribute to the implementation of the UN Sustainable Development Goals. Soil Use Manag. 2019, 35, 538–546. [Google Scholar] [CrossRef]

	



Löbmann, M.T.; Maring, L.; Prokop, G.; Brils, J.; Bender, J.; Bispo, A.; Helming, K. Systems knowledge for sustainable soil and land management. Sci. Total Environ. 2022, 822, 153389. [Google Scholar] [CrossRef] [PubMed]

	



Pahalvi, H.N.; Rafiya, L.; Rashid, S.; Nisar, B.; Kamili, A.N. Chemical Fertilizers and Their Impact on Soil Health. In Microbiota and Biofertilizers; Dar, G.H., Bhat, R.A., Mehmood, M.A., Hakeem, K.R., Eds.; Springer: Cham, Germany, 2021; Volume 2, pp. 1–20. [Google Scholar] [CrossRef]

	



Farmaha, B.S.; Sekaran, U.; Franzluebbers, A.J. Cover cropping and conservation tillage improve soil health in the southeastern United States. Agron. J. 2022, 114, 296–316. [Google Scholar] [CrossRef]

	



Guo, M. The 3R Principles for Applying Biochar to Improve Soil Health. Soil Syst. 2020, 4, 9. [Google Scholar] [CrossRef]

	



Urra, J.; Alkorta, I.; Garbisu, C. Potential Benefits and Risks for Soil Health Derived from the Use of Organic Amendments in Agriculture. Agronomy 2019, 9, 542. [Google Scholar] [CrossRef]

	



Abdul Halim, N.S.A.; Abdullah, R.; Karsani, S.A.; Osman, N.; Panhwar, Q.A.; Ishak, C.F. Influence of soil amendments on the growth and yield of rice in acidic soil. Agronomy 2018, 8, 165. [Google Scholar] [CrossRef]

	



Rakshit, A.; Sarkar, B.; Abhilash, P. In Preface. In Soil Amendments for Sustainability: Challenges and Perspectives; Rakshit, A., Sarkar, B., Abhilash, P., Eds.; CRC Press: Boca Raton, FL, USA, 2018; In Preface. [Google Scholar]

	



Chatzistathis, T.; Papaioannou, E.; Giannakoula, A.; Papadakis, I.E. Zeolite and Vermiculite as Inorganic Soil Amendments Modify Shoot-Root Allocation, Mineral Nutrition, Photosystem II Activity and Gas Exchange Parameters of Chestnut (Castanea sativa Mill) Plants. Agronomy 2021, 11, 109. [Google Scholar] [CrossRef]

	



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]

	



Głąb, T.; Gondek, K.; Marcińska-Mazur, L.; Jarosz, R.; Mierzwa-Hersztek, M. Effect of organic/inorganic composites as soil amendments on the biomass productivity and root architecture of spring wheat and rapeseed. J. Environ. Manag. 2023, 344, 118628. [Google Scholar] [CrossRef]

	



Bogunović, I.; Filipović, V. Mulch as a nature-based solution to halt and reverse land degradation in agricultural areas. Curr. Opin. Environ. Sci. Health 2023, 34, 100488. [Google Scholar] [CrossRef]

	



De Corato, U. Agricultural waste recycling in horticultural intensive farming systems by on-farm composting and compost-based tea application improves soil quality and plant health: A review under the perspective of a circular economy. Sci. Total Environ. 2020, 738, 139840. [Google Scholar] [CrossRef] [PubMed]

	



Danso, F.; Agyare, W.A.; Bart-Plange, A. Benefits and costs of cultivating rice using biochar-inorganic fertilizer combinations. J. Sci. Food Agric. 2023, 11, 100491. [Google Scholar] [CrossRef]

	



Bhogal, A.; Nicholson, F.A.; Rollett, A.; Taylor, M.; Litterick, A.; Whittingham, M.J.; Williams, J.R. Improvements in the quality of agricultural soils following organic material additions depend on both the quantity and quality of the materials applied. Front. Sustain. Food Syst. 2018, 2, 9. [Google Scholar] [CrossRef]

	



Dong, L.; Zhang, W.; Xiong, Y.; Zou, J.; Huang, Q.; Xu, X.; Ren, P.; Huang, G. Impact of short-term organic amendments incorporation on soil structure and hydrology in semiarid agricultural lands. Int. Soil Water Conserv. Res. 2022, 10, 457–469. [Google Scholar] [CrossRef]

	



Lal, R. Soil organic matter and water retention. Agron. J. 2020, 112, 3265–3277. [Google Scholar] [CrossRef]

	



Argaman, E.; Stavi, I. Runoff Mitigation in Croplands: Evaluating the Benefits of Straw Mulching and Polyacrylamide Techniques. Agronomy 2023, 13, 1935. [Google Scholar] [CrossRef]

	



Bista, P.; Ghimire, R.; Machado, S.; Pritchett, L. Biochar Effects on Soil Properties and Wheat Biomass vary with Fertility Management. Agronomy 2019, 9, 623. [Google Scholar] [CrossRef]

	



Masowa, M.M.; Dlamini, P.; Babalola, O.O.; Mulidzi, A.R.; Kutu, F.R. In-field assessment of soil pH and mineralization of phosphorus and potassium following the application of composted winery solid waste in sandy loam Ferric Luvisol. Emir. J. Food Agric. 2023, 35, 666–673. [Google Scholar] [CrossRef]

	



Roy, S.; Kashem, M.A. Effects of organic manures in changes of some soil properties at different incubation periods. Open J. Soil Sci. 2014, 4, 43613. [Google Scholar] [CrossRef]

	



de Melo, T.R.; Figueiredo, A.; Machado, W.; Tavares Filho, J. Changes on soil structural stability after in natura and composted chicken manure application. Int. J. Recycl. Org. Waste Agric. 2019, 8, 333–338. [Google Scholar] [CrossRef]

	



Wang, D.; Lin, J.Y.; Sayre, J.M.; Schmidt, R.; Fonte, S.J.; Rodrigues, J.L.; Scow, K.M. Compost amendment maintains soil structure and carbon storage by increasing available carbon and microbial biomass in agricultural soil–A six-year field study. Geoderma 2022, 427, 116117. [Google Scholar] [CrossRef]

	



Rivier, P.; Jamniczky, D.; Nemes, A.; Makó, A.; Barna, G.; Uzinger, N.; Rékási, M.; Farkas, C. Short-term effects of compost amendments to soil on soil structure, hydraulic properties, and water regime. J. Hydrol. Hydromech. 2022, 70, 74–88. [Google Scholar] [CrossRef]

	



Jensen, J.L.; Schjønning, P.; Christensen, B.T.; Munkholm, L.J. Suboptimal fertilisation compromises soil physical properties of a hard-setting sandy loam. Soil. Res. 2016, 55, 332–340. [Google Scholar] [CrossRef]

	



Parras-Alcántara, L.; Lozano-García, B.; Keesstra, S.; Cerdà, A.; Brevik, E.C. Long-term effects of soil management on ecosystem services and soil loss estimation in olive grove top soils. Sci. Total Environ. 2016, 571, 498–506. [Google Scholar] [CrossRef]

	



Fu, Y.; de Jonge, L.W.; Moldrup, P.; Paradelo, M.; Arthur, E. Improvements in soil physical properties after long-term manure addition depend on soil and crop type. Geoderma 2022, 425, 116062. [Google Scholar] [CrossRef]

	



Juriga, M.; Aydın, E.; Horák, J.; Chlpík, J.; Rizhiya, E.Y.; Buchkina, N.P.; Balashov, E.V.; Šimanský, V. The importance of initial application and reapplication of biochar in the context of soil structure improvement. J. Hydrol. Hydromech. 2021, 69, 87–97. [Google Scholar] [CrossRef]

	



Novotná, J.; Badalíková, B. The Soil Structure Changes under Varying Compost Dosage. Agriculture Pol’nohospodárstvo 2018, 64, 143–148. [Google Scholar] [CrossRef]

	



Mujdeci, M.; Isildar, A.A.; Uygur, V.; Alaboz, P.; Unlu, H.; Senol, H. Cooperative effects of field traffic and organic matter treatments on some compaction-related soil properties. Solid Earth 2017, 8, 189–198. [Google Scholar] [CrossRef]

	



Bogunovic, I.; Pereira, P.; Galic, M.; Kisic, I. Tillage system and farmyard manure impact on soil physical properties, CO2 emissions, and crop yield in an organic farm located in a Mediterranean environment (Croatia). Environ. Earth Sci. 2020, 79, 70. [Google Scholar] [CrossRef]

	



Patial, D.; Sankhyan, N.K.; Sharma, R.P.; Dev, P.; Anjali. Assessing Soil Physical and Chemical Properties Under Long Term Fertilization After Forty-Eight Years in North-Western Himalayas. Commun. Soil Sci. Plant Anal. 2022, 53, 2257–2270. [Google Scholar] [CrossRef]

	



Blanchet, G.; Gavazov, K.; Bragazza, L.; Sinaj, S. Responses of soil properties and crop yields to different inorganic and organic amendments in a Swiss conventional farming system. Agric. Ecosyst. Environ. 2016, 230, 116–126. [Google Scholar] [CrossRef]

	



Peake, L.R.; Reid, B.J.; Tang, X. Quantifying the influence of biochar on the physical and hydrological properties of dissimilar soils. Geoderma 2014, 235, 182–190. [Google Scholar] [CrossRef]

	



Yang, C.D.; Lu, S.G. Effects of five different biochars on aggregation, water retention and mechanical properties of paddy soil: A field experiment of three-season crops. Soil Tillage Res. 2021, 205, 104798. [Google Scholar] [CrossRef]

	



Vignozzi, N.; Andrenelli, M.C.; Agnelli, A.E.; Fiore, A.; Pellegrini, S. Short-Term Effect of Different Inputs of Organic Amendments from Olive Oil Industry By-Products on Soil Organic Carbon and Physical Properties. Land 2023, 12, 1628. [Google Scholar] [CrossRef]

	



Dugan, I.; Pereira, P.; Barcelo, D.; Bogunovic, I. Conservation practices reverse soil degradation in Mediterranean fig orchards. Geoderma Reg. 2023, 36, e00750. [Google Scholar] [CrossRef]

	



Da Silva Mendes, J.; Fernandes, J.D.; Chaves, L.H.G.; Guerra, H.O.C.; Tito, G.A.; de Brito Chaves, I. Chemical and physical changes of soil amended with biochar. Water Air Soil Pollut. 2021, 232, 338. [Google Scholar] [CrossRef]

	



Oueriemmi, H.; Kidd, P.; Trasar-Cepeda, C.; Rodríguez-Garrido, B.; Zoghlami, R.; Ardhaoui, K.; Prieto-Fernández, Á.; Moussa, M. Evaluation of Composted Organic Wastes and Farmyard Manure for Improving Fertility of Poor Sandy Soils in Arid Regions. Agriculture 2021, 11, 415. [Google Scholar] [CrossRef]

	



Goldberg, N.; Nachshon, U.; Argaman, E.; Ben-Hur, M. Short term effects of livestock manures on soil structure stability, runoff and soil erosion in semi-arid soils under simulated rainfall. Geosciences 2020, 10, 213. [Google Scholar] [CrossRef]

	



Li, P.; Kong, D.; Zhang, H.; Xu, L.; Li, C.; Wu, M.; Jiao, J.; Li, D.; Xu, L.; Hu, F. Different regulation of soil structure and resource chemistry under animal-and plant-derived organic fertilizers changed soil bacterial communities. Appl. Soil Ecol. 2021, 165, 104020. [Google Scholar] [CrossRef]

	



Golchin, A.; Baldock, J.A.; Oades, J.M. A model linking organic matter decomposition, chemistry, and aggregate dynamics. In Soil Processes and the Carbon Cycle; Lal, R., Kimble, J.M., Follett, R.F., Stewart, B.A., Eds.; CRC Press: Boca Raton, FL, USA, 2018; pp. 245–266. [Google Scholar]

	



Hartmann, M.; Six, J. Soil structure and microbiome functions in agroecosystems. Nat. Rev. Earth Environ. 2023, 4, 4–18. [Google Scholar] [CrossRef]

	



Innangi, M.; Niro, E.; D’Ascoli, R.; Danise, T.; Proietti, P.; Nasini, L.; Regini, L.; Castaldi, S.; Fioretto, A. Effects of olive pomace amendment on soil enzyme activities. Appl. Soil Ecol. 2017, 119, 242–249. [Google Scholar] [CrossRef]

	



Fernández-Hernández, A.; Roig, A.; Serramiá, N.; Civantos, C.G.O.; Sánchez-Monedero, M.A. Application of compost of two-phase olive mill waste on olive grove: Effects on soil, olive fruit and olive oil quality. Waste Manag. 2014, 34, 1139–1147. [Google Scholar] [CrossRef] [PubMed]

	



Siedt, M.; Schäffer, A.; Smith, K.E.; Nabel, M.; Roß-Nickoll, M.; van Dongen, J.T. Comparing straw, compost, and biochar regarding their suitability as agricultural soil amendments to affect soil structure, nutrient leaching, microbial communities, and the fate of pesticides. Sci. Total Environ. 2021, 751, 141607. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Feng, G.; Tewolde, H.; Yang, M.; Zhang, F. Soil, biochar, and nitrogen loss to runoff from loess soil amended with biochar under simulated rainfall. J. Hydrol. 2020, 591, 125318. [Google Scholar] [CrossRef]

	



Amlinger, F.; Peyr, S.; Geszti, J.; Dreher, P.; Weinfurtner, K.; Nortcliff, S. Evaluierung der Nachhaltig Positiven Wirkung von Kompost auf Die Fruchtbarkeit und Produktivität von Böden; Bundesministerium für Land-und Forstwirtschaft, Umwelt und Wasserwirtschaft, Lebensministerium: Vienna, Austria, 2006; p. 245.

	



Galic, M.; Bogunovic, I. Use of organic amendment from olive and wine industry in agricultural land: A review. Agric. Conspec. Sci. 2018, 83, 123–129. [Google Scholar]

	



Blanco-Canqui, H.; Hergert, G.W.; Nielsen, R.A. Cattle manure application reduces soil compactibility and increases water retention after 71 years. Soil Sci. Soc. Am. J. 2015, 79, 212–223. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, L.; Wang, T. Effect of Replacing Mineral Fertilizer with Manure on Soil Water Retention Capacity in a Semi-Arid Region. Agronomy 2023, 13, 2272. [Google Scholar] [CrossRef]

	



Wang, X.; Jia, Z.; Liang, L.; Yang, B.; Ding, R.; Nie, J.; Wang, J. Impacts of manure application on soil environment, rainfall use efficiency and crop biomass under dryland farming. Sci. Rep. 2016, 6, 20994. [Google Scholar] [CrossRef]

	



Yessoufou, M.W.; Tovihoudji, P.G.; Zakari, S.; Adjogboto, A.; Djenontin, A.J.; Akponikpè, P.I. Hill-placement of manure and fertilizer for improving maize nutrient-and water-use efficiencies in the northern Benin. Heliyon 2023, 9, E17823. [Google Scholar] [CrossRef]

	



Liu, C.A.; Li, F.R.; Zhou, L.M.; Zhang, R.H.; Lin, S.L.; Wang, L.J.; Siddique, K.H.M.; Li, F.M. Effect of organic manure and fertilizer on soil water and crop yields in newly-built terraces with loess soils in a semi-arid environment. Agric. Water Manag. 2013, 117, 123–132. [Google Scholar] [CrossRef]

	



Miller, J.J.; Beasley, B.W.; Drury, C.F.; Larney, F.J.; Hao, X.; Chanasyk, D.S. Influence of long-term feedlot manure amendments on soil hydraulic conductivity, water-stable aggregates, and soil thermal properties during the growing season. Can. J. Soil Sci. 2018, 98, 421–435. [Google Scholar] [CrossRef]

	



Ankenbauer, K.J.; Loheide, S.P. The effects of soil organic matter on soil water retention and plant water use in a meadow of the Sierra Nevada, CA. Hydrol. Process. 2017, 31, 891–901. [Google Scholar] [CrossRef]

	



Igalavithana, A.D.; Ok, Y.S.; Niazi, N.K.; Rizwan, M.; Al-Wabel, M.I.; Usman, A.R.; Moon, D.H.; Lee, S.S. Effect of corn residue biochar on the hydraulic properties of sandy loam soil. Sustainability 2017, 9, 266. [Google Scholar] [CrossRef]

	



Baiamonte, G.; Crescimanno, G.; Parrino, F.; De Pasquale, C. Effect of biochar on the physical and structural properties of a sandy soil. Catena 2019, 175, 294–303. [Google Scholar] [CrossRef]

	



Ni, J.J.; Bordoloi, S.; Shao, W.; Garg, A.; Xu, G.; Sarmah, A.K. Two-year evaluation of hydraulic properties of biochar-amended vegetated soil for application in landfill cover system. Sci. Total Environ. 2020, 712, 136486. [Google Scholar] [CrossRef]

	



Rabbi, S.M.; Minasny, B.; Salami, S.T.; McBratney, A.B.; Young, I.M. Greater, but not necessarily better: The influence of biochar on soil hydraulic properties. Eur. J. Soil Sci. 2021, 72, 2033–2048. [Google Scholar] [CrossRef]

	



Alkharabsheh, H.M.; Seleiman, M.F.; Battaglia, M.L.; Shami, A.; Jalal, R.S.; Alhammad, B.A.; Almutairi, K.F.; Al-Saif, A.M. Biochar and its broad impacts in soil quality and fertility, nutrient leaching and crop productivity: A review. Agronomy 2021, 11, 993. [Google Scholar] [CrossRef]

	



Zheng, J.; Wang, S.; Wang, R.; Chen, Y.; Siddique, K.H.; Xia, G.; Chi, D. Ameliorative roles of biochar-based fertilizer on morpho-physiological traits, nutrient uptake and yield in peanut (Arachis hypogaea L.) under water stress. Agric. Water Manag. 2021, 257, 107129. [Google Scholar] [CrossRef]

	



Lim, T.J.; Spokas, K.A.; Feyereisen, G.; Novak, J.M. Predicting the impact of biochar additions on soil hydraulic properties. Chemosphere 2016, 142, 136–144. [Google Scholar] [CrossRef]

	



Barnes, R.T.; Gallagher, M.E.; Masiello, C.A.; Liu, Z.; Dugan, B. Biochar-induced changes in soil hydraulic conductivity and dissolved nutrient fluxes constrained by laboratory experiments. PLoS ONE 2014, 9, e108340. [Google Scholar] [CrossRef]

	



Chang, Y.; Rossi, L.; Zotarelli, L.; Gao, B.; Shahid, M.A.; Sarkhosh, A. Biochar improves soil physical characteristics and strengthens root architecture in Muscadine grape (Vitis rotundifolia L.). Chem. Biol. Technol. Agric. 2021, 8, 7. [Google Scholar] [CrossRef]

	



Bondì, C.; Castellini, M.; Iovino, M. Compost amendment impact on soil physical quality estimated from hysteretic water retention curve. Water 2022, 14, 1002. [Google Scholar] [CrossRef]

	



Brown, S.; Cotton, M. Changes in Soil Properties and Carbon Content Following Compost Application: Results of On-farm Sampling. Compost Sci. Util. 2011, 19, 88–97. [Google Scholar] [CrossRef]

	



Adugna, G. A review on impact of compost on soil properties, water use and crop productivity. Acad. Res. J. Agric. Sci. Res. 2016, 4, 93–104. [Google Scholar] [CrossRef]

	



Kranz, C.N.; McLaughlin, R.A.; Amoozegar, A.; Heitman, J.L. Influence of compost amendment rate and level of compaction on the hydraulic functioning of soils. J. Am. Water Resour. Assoc. 2023, 59, 1115–1127. [Google Scholar] [CrossRef]

	



Assefa, S.; Tadesse, S. The principal role of organic fertilizer on soil properties and agricultural productivity–A review. Agric. Res. Technol. Open Access 2019, 22, 556192. [Google Scholar] [CrossRef]

	



Abujabhah, I.S.; Bound, S.A.; Doyle, R.; Bowman, J.P. Effects of biochar and compost amendments on soil physico-chemical properties and the total community within a temperate agricultural soil. Appl. Soil Ecol. 2016, 98, 243. [Google Scholar] [CrossRef]

	



Hailegnaw, N.S.; Mercl, F.; Pračke, K.; Száková, J.; Tlustoš, P. Mutual relationships of biochar and soil pH, CEC, and exchangeable base cations in a model laboratory experiment. J. Soils Sediments 2019, 19, 2405–2416. [Google Scholar] [CrossRef]

	



Domingues, R.R.; Sánchez-Monedero, M.A.; Spokas, K.A.; Melo, L.C.A.; Trugilho, P.F.; Valenciano, M.N.; Silva, C.A. Enhancing Cation Exchange Capacity of Weathered Soils Using Biochar: Feedstock, Pyrolysis Conditions and Addition Rate. Agronomy 2020, 10, 824. [Google Scholar] [CrossRef]

	



Hossain, M.K.; Strezov, V.; Chan, K.Y.; Ziolkowski, A.; Nelson, P.F. Influence of pyrolysis temperature on production and nutrient properties of wastewater sludge biochar. J. Environ. Manag. 2011, 92, 223–228. [Google Scholar] [CrossRef] [PubMed]

	



Cooper, J.; Greenberg, I.; Ludwig, B.; Hippich, L.; Fischer, D.; Glaser, B.; Kaiser, M. Effect of biochar and compost on soil properties and organic matter in aggregate size fractions under field conditions. Agric. Ecosyst. Environ. 2020, 295, 106882. [Google Scholar] [CrossRef]

	



Spaeth, K.E., Jr. Soil Health on the Farm, Ranch, and in the Garden; Springer: Cham, Switzerland, 2020; pp. 227–295. [Google Scholar] [CrossRef]

	



Barker, A.V. Management of Farm Manures. In Science and Technology of Organic Farming, 1st ed.; Barker, A.V., Ed.; CRC Press: Boca Raton, FL, USA, 2010; pp. 81–103. [Google Scholar] [CrossRef]

	



Bateni, C.; Ventura, M.; Tonon, G.; Pisanelli, A. Soil carbon stock in olive groves agroforestry systems under different management and soil characteristics. Agroforest Syst. 2021, 95, 951–961. [Google Scholar] [CrossRef]

	



Lacolla, G.; Fortunato, S.; Nigro, D.; De Pinto, M.C.; Mastro, M.A.; Caranfa, D.; Gadaleta, A.; Cucci, G. Effects of mineral and organic fertilization with the use of wet olive pomace on durum wheat performance. Int. J. Recycl. Org. Waste Agric. 2019, 8 (Suppl. S1), 245–254. [Google Scholar] [CrossRef]

	



Mpanga, I.K.; Neumann, G.; Brown, J.K.; Blankinship, J.; Tronstad, R.; Idowu, O. Grape pomace’s potential on semi-arid soil health enhances performance of maize, wheat, and grape crops. JPNSS 2023, 186, 276–285. [Google Scholar] [CrossRef]

	



Ozlu, E.; Kumar, S. Response of soil organic carbon, pH, electrical conductivity, and water stable aggregates to long-term annual manure and inorganic fertilizer. Soil Sci. Soc. Am. J. 2018, 82, 1243–1251. [Google Scholar] [CrossRef]

	



Ouyang, W.; Wu, Y.; Hao, Z.; Zhang, Q.; Bu, Q.; Gao, X. Combined impacts of land use and soil property changes on soil erosion in a mollisol area under long-term agricultural development. Sci. Total Environ. 2018, 613, 798–809. [Google Scholar] [CrossRef]

	



Sharma, A.; Tiwari, K.N.; Bhadoria, P.B.S. Effect of land use land cover change on soil erosion potential in an agricultural watershed. Environ. Monit. Assess. 2011, 173, 789–801. [Google Scholar] [CrossRef]

	



Li, Z.; Fang, H. Impacts of climate change on water erosion: A review. Earth-Sci. Rev. 2016, 163, 94–117. [Google Scholar] [CrossRef]

	



Bogunovic, I.; Pereira, P.; Kisic, I.; Sajko, K.; Sraka, M. Tillage management impacts on soil compaction, erosion and crop yield in Stagnosols (Croatia). Catena 2018, 160, 376–384. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, J.H.; Zhang, Z.H.; Jia, L.Z. Impact of tillage erosion on water erosion in a hilly landscape. Sci. Total Environ. 2016, 551, 522–532. [Google Scholar] [CrossRef]

	



Shi, Z.H.; Fang, N.F.; Wu, F.Z.; Wang, L.; Yue, B.J.; Wu, G.L. Soil erosion processes and sediment sorting associated with transport mechanisms on steep slopes. J. Hydrol. 2012, 454, 123–130. [Google Scholar] [CrossRef]

	



Bajracharya, R.M.; Lal, R.; Kimble, J.M. Soil Organic Carbon Distribution in Aggregates and Primary Particle Fractions as Influenced by Erosion Phases and Landscape Positions. In Soil Processes and the Carbon Cycle; Lal, R., Kimble, J.M., Follet, R.F., Stewart, B.A., Eds.; CRC Press: Boca Raton, FL, USA, 1997; pp. 353–368. [Google Scholar]

	



Stocking, M. Soil erosion and land degradation. In Environmental Science for Environmental Management, 2nd ed.; O’Riordan, T., Ed.; Routledge: Oxfordshire, UK, 2000; pp. 287–321. [Google Scholar] [CrossRef]

	



Kadlec, V.; Procházková, E.; Urbanová, J.; Tippl, M.; Holubík, O. Soil Organic Carbon Dynamics and its Influence on the Soil Erodibility Factor. Soil Water Res. 2012, 7, 97–108. [Google Scholar] [CrossRef]

	



Arunrat, N.; Sereenonchai, S.; Kongsurakan, P.; Hatano, R. Soil organic carbon and soil erodibility response to various land-use changes in northern Thailand. Catena 2022, 219, 106595. [Google Scholar] [CrossRef]

	



Rose, N.L.; Yang, H.; Turner, S.D.; Simpson, G.L. An assessment of the mechanisms for the transfer of lead and mercury from atmospherically contaminated organic soils to lake sediments with particular reference to Scotland, UK. Geochim. Cosmochim. Acta 2012, 82, 113–135. [Google Scholar] [CrossRef]

	



Huang, B.; Yuan, Z.; Li, D.; Zheng, M.; Nie, X.; Liao, Y. Effects of soil particle size on the adsorption, distribution, and migration behaviors of heavy metal(loid)s in soil: A review. Environ. Sci. Process. Impacts 2020, 22, 1596–1615. [Google Scholar] [CrossRef]

	



Nearing, M.A.; Xie, Y.; Liu, B.; Ye, Y. Natural and anthropogenic rates of soil erosion. Int. Soil Water Conserv. Res. 2017, 5, 77–84. [Google Scholar] [CrossRef]

	



Lal, R. Soil conservation and ecosystem services. Int. Soil Water Conserv. Res. 2014, 2, 36–47. [Google Scholar] [CrossRef]

	



Xiong, M.; Sun, R.; Chen, L. Effects of soil conservation techniques on water erosion control: A global analysis. Sci. Total Environ. 2018, 645, 753–760. [Google Scholar] [CrossRef]

	



Haregeweyn, N.; Tsunekawa, A.; Nyssen, J.; Poesen, J.; Tsubo, M.; Tsegaye Meshesha, D.; Schütt, B.; Adgo, E.; Tegegne, F. Soil erosion and conservation in Ethiopia: A review. Prog. Phys. Geogr. 2015, 39, 750–774. [Google Scholar] [CrossRef]

	



Rickson, R.J. Can control of soil erosion mitigate water pollution by sediments? Sci. Total Environ. 2014, 468, 1187–1197. [Google Scholar] [CrossRef] [PubMed]

	



Prosdocimi, M.; Tarolli, P.; Cerdà, A. Mulching practices for reducing soil water erosion: A review. Earth-Sci. Rev. 2016, 161, 191–203. [Google Scholar] [CrossRef]

	



Chen, D.; Wei, W.; Chen, L. Effects of terracing practices on water erosion control in China: A meta-analysis. Earth-Sci. Rev. 2017, 173, 109–121. [Google Scholar] [CrossRef]

	



Baumhardt, R.L.; Stewart, B.A.; Sainju, U.M. North American soil degradation: Processes, practices, and mitigating strategies. Sustainability 2015, 7, 2936–2960. [Google Scholar] [CrossRef]

	



Peng, X.; Zhu, Q.H.; Xie, Z.B.; Darboux, F.; Holden, N.M. The impact of manure, straw and biochar amendments on aggregation and erosion in a hillslope Ultisol. Catena 2016, 138, 30–37. [Google Scholar] [CrossRef]

	



Shi, Y.; Zhang, Q.; Liu, X.; Jing, X.; Shi, C.; Zheng, L. Organic manure input and straw cover improved the community structure of nitrogen cycle function microorganism driven by water erosion. Int. Soil Water Conserv. Res. 2022, 10, 129–142. [Google Scholar] [CrossRef]

	



Li, Y.; Zhang, F.; Yang, M.; Zhang, J.; Xie, Y. Impacts of biochar application rates and particle sizes on runoff and soil loss in small cultivated loess plots under simulated rainfall. Sci. Total Environ. 2018, 649, 1403–1413. [Google Scholar] [CrossRef] [PubMed]

	



Alaoui, A.; Rogger, M.; Peth, S.; Blöschl, G. Does soil compaction increase floods? A review. J. Hydrol. 2018, 557, 631–642. [Google Scholar] [CrossRef]

	



Kim, H.; Anderson, S.H.; Motavalli, P.P.; Gantzer, C.J. Compaction effects on soil macropore geometry and related parameters for an arable field. Geoderma 2010, 160, 244–251. [Google Scholar] [CrossRef]

	



Nawaz, M.F.; Bourrie, G.; Trolard, F. Soil compaction impact and modelling. A review. Agron. Sustain. Dev. 2013, 33, 291–309. [Google Scholar] [CrossRef]

	



Celik, I.; Gunal, H.; Budak, M.; Akpinar, C. Effects of long-term organic and mineral fertilizers on bulk density and penetration resistance in semi-arid Mediterranean soil conditions. Geoderma 2010, 160, 236–243. [Google Scholar] [CrossRef]

	



Gao, W.; Watts, C.W.; Ren, T.; Whalley, W.R. The effects of compaction and soil drying on penetrometer resistance. Soil Tillage Res. 2012, 125, 14–22. [Google Scholar] [CrossRef]

	



Hargreaves, P.R.; Baker, K.L.; Graceson, A.; Bonnett, S.; Ball, B.C.; Cloy, J.M. Soil compaction effects on grassland silage yields and soil structure under different levels of compaction over three years. Eur. J. Agron. 2019, 109, 125916. [Google Scholar] [CrossRef]

	



Shah, A.N.; Tanveer, M.; Shahzad, B.; Yang, G.; Fahad, S.; Ali, S.; Bukhari, M.A.; Tung, S.A.; Hafeez, A.; Souliyanonh, B. Soil compaction effects on soil health and cropproductivity: An overview. Environ. Sci. Pollut. Res. 2017, 24, 10056–10067. [Google Scholar] [CrossRef] [PubMed]

	



Munkholm, L.J.; Heck, R.J.; Deen, B. Long-term rotation and tillage effects on soil structure and crop yield. Soil Tillage Res. 2013, 127, 85–91. [Google Scholar] [CrossRef]

	



Capello, G.; Biddoccu, M.; Ferraris, S.; Cavallo, E. Effects of tractor passes on hydrological and soil erosion processes in tilled and grassed vineyards. Water 2019, 11, 2118. [Google Scholar] [CrossRef]

	



Alaoui, A.; Lipiec, J.; Gerke, H.H. A review of the changes in the soil pore system due to soil deformation: A hydrodynamic perspective. Soil Tillage Res. 2011, 115, 1–15. [Google Scholar] [CrossRef]

	



Prats, S.A.; Malvar, M.C.; Coelho, C.O.A.; Wagenbrenner, J.W. Hydrologic and erosion responses to compaction and added surface cover in post-fire logged areas: Isolating splash, interrill and rill erosion. J. Hydrol. 2019, 575, 408–419. [Google Scholar] [CrossRef]

	



Ahmadi, I.; Ghaur, H. Effects of soil moisture content and tractor wheeling intensity on traffic-induced soil compaction. J. Cent. Eur. Agric. 2015, 16, 489–502. [Google Scholar] [CrossRef]

	



Botta, G.F.; Tolon-Becerra, A.; Tourn, M.; Lastra-Bravo, X.; Rivero, D. Agricultural traffic: Motion resistance and soil compaction in relation to tractor design and different soil conditions. Soil Tillage Res. 2012, 120, 92–98. [Google Scholar] [CrossRef]

	



Becerra, A.T.; Botta, G.F.; Bravo, X.L.; Tourn, M.; Melcon, F.B.; Vazquez, J.; Rivero, D.; Linares, P.; Nardon, G. Soil compaction distribution under tractor traffic in almond (Prunus amigdalus L.) orchard in Almería España. Soil Tillage Res. 2010, 107, 49–56. [Google Scholar] [CrossRef]

	



Elaoud, A.; Chehaibi, S. Soil compaction due to tractor traffic. J. Fail. Anal. Prev. 2011, 11, 539–545. [Google Scholar] [CrossRef]

	



Shaheb, M.R.; Venkatesh, R.; Shearer, S.A. A review on the effect of soil compaction and its management for sustainable crop production. Biosyst. Eng. 2021, 46, 417–439. [Google Scholar] [CrossRef]

	



Bandyopadhyay, K.K.; Misra, A.K.; Ghosh, P.K.; Hati, K.M. Effect of integrated use of farmyard manure and chemical fertilizers on soil physical properties and productivity of soybean. Soil Tillage Res. 2010, 110, 115–125. [Google Scholar] [CrossRef]

	



Walters, R.D.; White, J.G. Biochar in situ decreased bulk density and improved soil-water relations and indicators in Southeastern US Coastal Plain Ultisols. Soil Sci. 2018, 183, 99–111. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, K.; Sun, C.; Yang, K.; Zheng, J. Differences in soil physical properties caused by applying three organic amendments to loamy clay soil under field conditions. J. Soils Sediments 2022, 22, 43–55. [Google Scholar] [CrossRef]

	



Bogunovic, I.; Dugan, I.; Pereira, P.; Filipovic, V.; Filipovic, L.; Krevh, V.; Defteradovic, J.; Matisic, M.; Kisic, I. Effects of Biochar and Cattle Manure under Different Tillage Management on Soil Properties and Crop Growth in Croatia. Agriculture 2023, 13, 2128. [Google Scholar] [CrossRef]

	



Blanco-Canqui, H. Biochar and soil physical properties. Soil Sci. Soc. Am. J. 2017, 81, 687–711. [Google Scholar] [CrossRef]

	



Chamizo, S.; Cantón, Y.; Lázaro, R.; Solé-Benet, A.; Domingo, F. Crust composition and disturbance drive infiltration through biological soil crusts in semiarid ecosystems. Ecosystems 2012, 15, 148–161. [Google Scholar] [CrossRef]

	



Indoria, A.K.; Rao, C.S.; Sharma, K.L.; Reddy, K.S. Conservation agriculture–A panacea to improve soil physical health. Curr. Sci. 2017, 112, 52–61. Available online: https://www.jstor.org/stable/24911616 (accessed on 6 December 2023). [CrossRef]

	



Šimanský, V.; Jonczak, J. Aluminium and iron oxides affect the soil structure in a long-term mineral fertilised soil. J. Soils Sediments 2020, 20, 2008–2018. [Google Scholar] [CrossRef]

	



Fujii, K.; Funakawa, S.; Kosaki, T. Soil acidification: Natural processes and human impact. Pedologist 2012, 55, 415–425. [Google Scholar] [CrossRef]

	



En-Qing, H.O.U.; Xiang, H.M.; Jian-Li, L.I.; Jiong, L.I.; Da-Zhi, W.E.N. Soil acidification and heavy metals in urban parks as affected by reconstruction intensity in a humid subtropical environment. Pedosphere 2015, 25, 82–92. [Google Scholar] [CrossRef]

	



Msimbira, L.A.; Smith, D.L. The roles of plant growth promoting microbes in enhancing plant tolerance to acidity and alkalinity stresses. Front. Sustain. Food Syst. 2020, 4, 106. [Google Scholar] [CrossRef]

	



Fageria, N.K.; Nascente, A.S. Management of soil acidity of South American soils for sustainable crop production. Adv. Agron. 2014, 128, 221–275. [Google Scholar] [CrossRef]

	



Han, J.; Shi, J.; Zeng, L.; Xu, J.; Wu, L. Effects of nitrogen fertilization on the acidity and salinity of greenhouse soils. Environ. Sci. Pollut. Res. 2015, 22, 2976–2986. [Google Scholar] [CrossRef] [PubMed]

	



Bojórquez-Quintal, E.; Escalante-Magaña, C.; Echevarría-Machado, I.; Martínez-Estévez, M. Aluminum, a friend or foe of higher plants in acid soils. Front. Plant Sci. 2017, 8, 1767. [Google Scholar] [CrossRef] [PubMed]

	



Penn, C.J.; Camberato, J.J. A critical review on soil chemical processes that control how soil pH affects phosphorus availability to plants. Agriculture 2019, 9, 120. [Google Scholar] [CrossRef]

	



Ch’ng, H.Y.; Ahmed, O.S.; Majid, N.M.A. Assessment of soil carbon storage in a tropical rehabilitated forest. Int. J. Phys. Sci. 2011, 6, 6210–6219. [Google Scholar] [CrossRef]

	



Bolan, N.; Sarmah, A.K.; Bordoloi, S.; Bolan, S.; Padhye, L.P.; Van Zwieten, L.; Sooriyakumar, P.; Khan, B.A.; Ahmad, M.; Solaiman, Z.M.; et al. Soil acidification and the liming potential of biochar. Environ. Pollut. 2023, 317, 120632. [Google Scholar] [CrossRef]

	



Dai, Z.; Zhang, X.; Tang, C.; Muhammad, N.; Wu, J.; Brookes, P.C.; Xu, J. Potential role of biochars in decreasing soil acidification-a critical review. Sci. Total Environ. 2017, 581, 601–611. [Google Scholar] [CrossRef] [PubMed]

	



Goulding, K.W.T. Soil acidification and the importance of liming agricultural soils with particular reference to the United Kingdom. Soil Use Manag. 2016, 32, 390–399. [Google Scholar] [CrossRef]

	



Zhang, S.; Zhu, Q.; de Vries, W.; Ros, G.H.; Chen, X.; Muneer, M.A.; Zhang, F.; Wu, L. Effects of soil amendments on soil acidity and crop yields in acidic soils: A world-wide meta-analysis. J. Environ. Manag. 2023, 345, 118531. [Google Scholar] [CrossRef]

	



Cai, A.; Xu, M.; Wang, B.; Zhang, W.; Liang, G.; Hou, E.; Luo, Y. Manure acts as a better fertilizer for increasing crop yields than synthetic fertilizer does by improving soil fertility. Soil Tillage Res. 2019, 189, 168–175. [Google Scholar] [CrossRef]

	



Nest, T.V.; Ruysschaert, G.; Vandecasteele, B.; Houot, S.; Baken, S.; Smolders, E.; Cougnon, M.; Reheul, D.; Merckx, R. The long term use of farmyard manure and compost: Effects on P availability, orthophosphate sorption strength and P leaching. Agric. Ecosyst. Environ. 2016, 216, 23–33. [Google Scholar] [CrossRef]

	



Mockeviciene, I.; Repsiene, R.; Amaleviciute-Volunge, K.; Karcauskiene, D.; Slepetiene, A.; Lepane, V. Effect of long-term application of organic fertilizers on improving organic matter quality in acid soil. Arch. Agron. Soil Sci. 2022, 68, 1192–1204. [Google Scholar] [CrossRef]

	



Vašák, F.; Černý, J.; Buráňová, Š.; Kulhanek, M.; Balík, J. Soil pH changes in long-term field experiments with different fertilizing systems. Soil Water Res. 2015, 10, 19–23. [Google Scholar] [CrossRef]

	



Aziz, M.A.; Ahmad, H.R.; Corwin, D.L.; Sabir, M.; Hakeem, K.R.; Öztürk, M. Influence of farmyard manure on retention and availability of nickel, zinc and lead in metal-contaminated calcareous loam soils. J. Environ. Eng. Landsc. Manag. 2017, 25, 289–296. [Google Scholar] [CrossRef]

	



Hale, S.E.; Nurida, N.L.; Mulder, J.; Sørmo, E.; Silvani, L.; Abiven, S.; Joseph, S.; Taherymoosavi, S.; Cornelissen, G. The effect of biochar, lime and ash on maize yield in a long-term field trial in a Ultisol in the humid tropics. Sci. Total Environ. 2020, 719, 137455. [Google Scholar] [CrossRef]

	



Chintala, R.; Mollinedo, J.; Schumacher, T.E.; Malo, D.D.; Julson, J.L. Effect of biochar on chemical properties of acidic soil. Arch. Agron. Soil Sci. 2014, 60, 393–404. [Google Scholar] [CrossRef]

	



Peña, D.; Fernández, D.; Albarrán, A.; Gómez, S.; Martín, C.; Sánchez-Terrón, J.; Vicente, L.; López-Piñeiro, A. Using olive mill waste compost with sprinkler irrigation as a strategy to achieve sustainable rice cropping under Mediterranean conditions. Agron. Sustain. Dev. 2022, 42, 36. [Google Scholar] [CrossRef]

	



Aranda, V.; Macci, C.; Peruzzi, E.; Masciandaro, G. Biochemical activity and chemical-structural properties of soil organic matter after 17 years of amendments with olive-mill pomace co-compost. J. Environ. Manag. 2015, 147, 278–285. [Google Scholar] [CrossRef]

	



Perri, S.; Molini, A.; Hedin, L.O.; Porporato, A. Contrasting effects of aridity and seasonality on global salinization. Nat. Geosci. 2022, 15, 375–381. [Google Scholar] [CrossRef]

	



Bui, E.N. Soil salinity: A neglected factor in plant ecology and biogeography. J. Arid Environ. 2013, 92, 14–25. [Google Scholar] [CrossRef]

	



Machado, R.M.A.; Serralheiro, R.P. Soil salinity: Effect on vegetable crop growth. Management practices to prevent and mitigate soil salinization. Horticulturae 2017, 3, 30. [Google Scholar] [CrossRef]

	



Shrivastava, P.; Kumar, R. Soil salinity: A serious environmental issue and plant growth promoting bacteria as one of the tools for its alleviation. Saudi J. Biol. Sci. 2015, 22, 123–131. [Google Scholar] [CrossRef]

	



Abdi, M.R.; Askarian, A.; Safdari Seh Gonbad, M. Effects of sodium and calcium sulphates on volume stability and strength of lime-stabilized kaolinite. Bull. Eng. Geol. Environ. 2020, 79, 941–957. [Google Scholar] [CrossRef]

	



Shabtai, I.A.; Shenker, M.; Edeto, W.L.; Warburg, A.; Ben-Hur, M. Effects of land use on structure and hydraulic properties of Vertisols containing a sodic horizon in northern Ethiopia. Soil Tillage Res. 2014, 136, 19–27. [Google Scholar] [CrossRef]

	



Rengasamy, P. Soil processes affecting crop production in salt-affected soils. Funct. Plant Biol. 2010, 37, 613–620. [Google Scholar] [CrossRef]

	



de Oliveira, A.B.; Alencar, N.L.M.; Gomes-Filho, E. Comparison between the water and salt stress effects on plant growth and development. Responses Org. Water Stress 2013, 4, 67–94. [Google Scholar] [CrossRef]

	



Grieve, C.M.; Grattan, S.R.; Maas, E.V. Plant salt tolerance. In ASCE Manual and Reports on Engineering Practice No. 71 Agricultural Salinity Assessment and Management, 2nd ed.; Wallender, W.W., Tanji, K.K., Eds.; ASCE: Reston, VA, USA, 2012; pp. 405–459. [Google Scholar]

	



Duan, M.; Liu, G.; Zhou, B.; Chen, X.; Wang, Q.; Zhu, H.; Li, Z. Effects of modified biochar on water and salt distribution and water-stable macro-aggregates in saline-alkaline soil. J. Soils Sediments 2021, 21, 2192–2202. [Google Scholar] [CrossRef]

	



Mahmoodabadi, M.; Yazdanpanah, N.; Sinobas, L.R.; Pazira, E.; Neshat, A. Reclamation of calcareous saline sodic soil with different amendments (I): Redistribution of soluble cations within the soil profile. Agric. Water Manag. 2013, 120, 30–38. [Google Scholar] [CrossRef]

	



Alcívar, M.; Zurita-Silva, A.; Sandoval, M.; Muñoz, C.; Schoebitz, M. Reclamation of saline–sodic soils with combined amendments: Impact on quinoa performance and biological soil quality. Sustainability 2018, 10, 3083. [Google Scholar] [CrossRef]

	



Mahdy, A.M. Comparative effects of different soil amendments on amelioration of saline-sodic soils. Soil Water Res. 2011, 6, 205–216. [Google Scholar] [CrossRef]

	



Abdel-Fattah, M.K. Reclamation of Saline-Sodic Soils for Sustainable Agriculture in Egypt. In Sustainability of Agricultural Environment in Egypt: Part II. The Handbook of Environmental Chemistry, 1st ed.; Negm, A., Abu-hashim, M., Eds.; Springer: Cham, Switzerland, 2018; Volume 77, pp. 69–92. [Google Scholar] [CrossRef]

	



Stockmann, U.; Adams, M.A.; Crawford, J.W.; Field, D.J.; Henakaarchchi, N.; Jenkins, M.; Zimmermann, M. The knowns, known unknowns and unknowns of sequestration of soil organic carbon. Agric. Ecosyst. Environ. 2013, 164, 80–99. [Google Scholar] [CrossRef]

	



Chenu, C.; Angers, D.A.; Barré, P.; Derrien, D.; Arrouays, D.; Balesdent, J. Increasing organic stocks in agricultural soils: Knowledge gaps and potential innovations. Soil Tillage Res. 2019, 188, 41–52. [Google Scholar] [CrossRef]

	



McDaniel, M.D.; Tiemann, L.K.; Grandy, A.S. Does agricultural crop diversity enhance soil microbial biomass and organic matter dynamics? A meta-analysis. Ecol. Appl. 2014, 24, 560–570. [Google Scholar] [CrossRef]








[image: Agriculture 14 00643 g001] 





Figure 1. Improved soil properties and their environmental and agricultural impact on all soil textures. 
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Figure 2. Specific soil property improvements in specific soil textures after several organic amendment applications. Abbreviations: SOM—soil organic matter, PAW—plant available water, BD—bulk density. 
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Table 1. Soil amendment impact on soil physical properties.
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Digestate food waste

	
20

	
NE

	

	

	
NE

	




	
Com

	
Sewage sludge,

green waste

	
20

	
NE

	

	

	
I

	




	
Vcom

	
Sewage sludge

	
20

	
NE

	

	

	
I

	




	
Ct

	

	

	
-

	

	

	
-

	




	
LC

	
Dd

	
Food waste

	
20

	
NE

	

	

	

	




	
Vcom

	
Digestate food waste

	
20

	
NE

	

	

	
I

	




	
Com

	
Sewage sludge,

green waste

	
20

	
NE

	

	

	
I

	




	
Vcom

	
Sewage sludge

	
20

	
NE

	

	

	
I

	




	
Ct

	

	

	
-

	

	

	
-

	




	
[40]

	
SL

	
LT

	
ND

	
Ct

	

	
0

	

	

	
-

	
-

	
-




	
FYM

	
Solid + liquid phase

	
15 + 4

	

	

	
I

	
I

	
I




	
[41]

	
SiC

	
LT

	
Con

	
Ct

	

	

	
-

	

	

	

	
-




	
M

	
Olive leaves

	
236

	
D

	

	

	

	
NE




	
Pom

	
Olive mill waste

	
270

	
D

	

	

	

	
NE




	
[42]

	
SiC

	
LT

	
Con

	
Bf

	

	
0

	
-

	

	

	
-

	
-




	
Ct

	

	
0

	
NE

	

	

	
I

	
NE




	
FYM

	
Cattle manure

	
38

	
D

	

	

	
I

	
NE




	
SiL

	
LT

	
Con

	
Ct

	

	
0

	
-

	

	

	
-

	
-




	
FYM

	
Cattle barn

	
20

	
NE

	

	

	
NE

	
NE




	
30

	
NE

	

	

	
NE

	
NE




	
SL

	
LT

	
Con

	
Ct

	

	
0

	
-

	

	

	
-

	
-




	
FYM

	
Cattle slurry

	
25

	
NE

	

	

	
NE

	
I




	
37.5

	
D

	

	

	
NE

	
I




	
[43]

	
SiL

	
LT

	
ND

	
Bc

	
Paper fiber

	
10

	

	

	

	
I

	




	
20

	

	

	

	
I

	




	
[44]

	
L

	
LT

	
Con

	
Ct

	

	
0

	

	

	

	
-

	




	
Com

	
Grape pomace, poultry droppings,

mown grass, and straw

	
30

	

	

	

	
I

	




	
60

	

	

	

	
I

	




	
[45]

	
C

	
LT

	
Con

	
Ct

	

	
0

	
-

	

	
-

	

	




	
Gm

	
ND

	
ND

	
D

	

	
I

	

	




	
FYM

	
35

	
D

	

	
I

	

	




	
[46]

	
SiC

	
LT

	
Con

	
Ct

	

	
0

	
-

	

	

	

	




	
Min

	
FYM

	
ND

	
15

	
D

	

	

	

	
NE




	
Red

	
30

	
D

	

	

	

	
NE




	
[47]

	
SiL

	
LT

	
ND

	
Ct

	

	
0

	
-

	
-

	

	

	




	
FYM

	
ND

	
10

	
D

	
I

	

	

	




	
[48]

	
L

	
LT

	
Con

	
Ct

	

	
0

	
-

	

	

	

	




	
FYM

	
Cattle manure—composted

	
10

	
NE

	

	

	

	




	
[49]

	
LS

	
ST

	
ND

	
Ct

	

	
0

	
D

	

	

	

	
I




	
SL

	
Bc

	
Pine wood mill waste

	
4

	
-

	

	

	

	
I




	
20

	
D

	

	

	

	
I




	
L

	
100

	
-

	

	

	

	
-




	
100

	
-

	

	

	

	
I




	
SiL

	
100

	
D

	

	

	

	
-




	
SiCL

	
100

	
D

	

	

	

	
-




	
100

	
D

	

	

	

	
I




	
[50]

	
SiL

	
ND

	
Htt

	
Ct

	

	
0

	

	
-

	

	
-

	




	
Bc

	
Rice straw

	
0; 11.25; 22.5

	

	
NE

	

	
I

	
NE




	
Maize straw

	
0; 11.25; 22.5

	

	
NE

	

	
I

	
NE




	
Wheat straw

	
0; 11.25; 22.5

	

	
NE

	

	
I

	
I




	
Rice husk

	
0; 11.25; 22.5

	

	
NE

	

	
I

	
I




	
Bamboo

	
0; 11.25; 22.5

	

	
NE

	

	
I

	
I




	
[51]

	
CL

	
LT

	
Conservation

	
Ct

	
ND

	
0.015 per plant

	
-

	

	
-

	

	
-




	
Omw

	

	
0.8 per plant

	
NE

	

	
NE

	

	
NE




	
Com

	
Olive pomace

	
0.06 per plant

	
NE

	

	
NE

	

	
NE




	
0.12 per plant

	
NE

	

	
I

	

	
NE




	
[52]

	
SiL

	
ST

	
Con

	
Ct

	

	
0

	
-

	

	

	
-

	




	
Com

	
Olive pomace

	
4

	
NE

	

	

	
NE

	
D




	
[53]

	
SL

	
ST

	
ND

	
Ct

	

	
0

	
-

	

	
-

	

	
-




	
Bc

	
Poultry litter waste

	
12.39

	
D

	

	
I

	

	
I




	
24.78

	
D

	

	
I

	

	
I




	
37.17

	
D

	

	
I

	

	
I




	
49.56

	
D

	

	
I

	

	
I




	
61.95

	
D

	

	
I

	

	
I








Abbreviations: Rn—reference number, C—clay, SiC—silty clay, SiCL—silty clay loam, CL—clay loam, SiL—silt loam, L—loam, SL—sandy loam, LS—loamy sand, S—sand, Bc—biochar, Vcom—vermicompost, Dd—dewatered digestate, FYM—farmyard manure, M—mulch, Pom—pomace, Bf—bare fallow, Gm—green manure, Omw—olive mill wastewater, Htt—hand tool tillage, Str—straw, BD—bulk density, MWD—mean weight diameter, TP—total porosity, WSA—water-stable aggregates, SWC—soil water content, ST—short-term, LT—long term, Con—conventional, Red—reduced, Min—minimum, ND—non-defined, NE—no effect, I—increased, D—decreased.













 





Table 2. Soil amendment impact on soil chemical properties.






Table 2. Soil amendment impact on soil chemical properties.





	
Rn

	
Texture

	
Duration

	
Tillage

	
Amendment

	
Base Material

	
Rate

(t ha−1)

	
pH

	
SOM

	
TN

	
P

	
K

	
C






	
[31]

	
L

	
ST

	
Con

	
Ct

	

	
0

	
-

	
-

	

	

	

	




	
Com

	
Sheep manure

	
2

	
D

	
NE

	

	

	

	




	
4

	
D

	
I

	

	

	

	




	
6

	
D

	
I

	

	

	

	




	
8

	
NE

	
I

	

	

	

	




	
10

	
D

	
I

	

	

	

	




	
Str

	
Maize

	
6

	
NE

	
I

	

	

	

	




	
[34]

	
SiL

	
ST

	
Con

	
Ct

	

	
0

	
-

	
-

	

	
-

	

	




	
Bc

	
Douglas fir

	
11.2

	
I

	
I

	
D

	
I

	

	




	
22.4

	
I

	
I

	
D

	
I

	

	




	
44.8

	
I

	
NE

	
D

	
I

	

	




	
[35]

	
SL

	
ST

	
ND

	
Ct

	

	
0

	
-

	

	

	

	

	




	
Com

	
Winery solid waste

	
5

	
NE

	

	

	

	

	




	
10

	
I

	

	

	

	

	




	
20

	
I

	

	

	

	

	




	
40

	
I

	

	

	

	

	




	
[36]

	
ND

	
ST

	
ND

	
Ct

	

	
0

	
-

	

	

	

	

	




	
FYM

	
Cow dung

	
10

	
D

	

	

	

	

	




	
Chicken manure

	
10

	
D

	

	

	

	

	




	
Cow dung + chicken manure

	
10

	
D

	

	

	

	

	




	
[37]

	
C

	
ST

	
ND

	
Ct

	

	
0

	
-

	

	

	

	
-

	
-




	
Com

	
Sheep manure

	
4.5

	
NE

	

	

	

	
NE

	
NE




	
9

	
NE

	

	

	

	
NE

	
NE




	
13.5

	
NE

	

	

	

	
I

	
NE




	
18

	
NE

	

	

	

	
I

	
NE




	
FYM

	
4.5

	
NE

	

	

	

	
NE

	
NE




	
9

	
NE

	

	

	

	
NE

	
NE




	
13.5

	
NE

	

	

	

	
I

	
NE




	
18

	
NE

	

	

	

	
I

	
NE




	
[40]

	
SL

	
LT

	
ND

	
Ct

	

	
0

	

	
-

	

	

	

	




	
FYM

	
Solid + liquid phase

	
15 + 4

	

	
I

	

	

	

	




	
[41]

	
SiC

	
LT

	
Con

	
Ct

	

	

	
-

	
-

	

	

	

	




	
M

	
Olive leaves

	
236

	
NE

	
I

	

	

	

	




	
Pom

	
Olive mill waste

	
270

	
NE

	
I

	

	

	

	




	
[42]

	
SiC

	
LT

	
Con

	
Bf

	

	
0

	
-

	
-

	
-

	
-

	
-

	




	
Ct

	

	
0

	
NE

	
NE

	
NE

	
D

	
D

	




	
FYM

	
Cattle manure with straw

	
38

	
NE

	
I

	
I

	
I

	
I

	




	
SiL

	
Ct

	

	
0

	
-

	
-

	
-

	
-

	
-

	




	
FYM

	
Cattle barn

	
20

	
NE

	
NE

	
NE

	
NE

	
NE

	




	
30

	
NE

	
NE

	
NE

	
NE

	
NE

	




	
SL

	
Ct

	

	
0

	
-

	
-

	
-

	
-

	
-

	




	
FYM

	
Cattle slurry

	
25

	
NE

	
I

	
I

	
I

	
I

	




	
37.5

	
NE

	
I

	
I

	
I

	
I

	




	
[47]

	
SiL

	
LT

	
ND

	
Ct

	

	
0

	
-

	

	
-

	
-

	
-

	




	
FYM

	
ND

	
10

	
I

	

	
I

	
I

	
I

	




	
[48]

	
L

	
LT

	
Con

	
Ct

	

	
0

	
-

	
-

	
-

	
-

	
-

	




	
Residues

	

	

	
NE

	
I

	
NE

	
NE

	
NE

	




	
FYM

	
Cattle manure—composted

	
10

	
NE

	
I

	
NE

	
NE

	
NE

	




	

	

	
60

	
NE

	

	
I

	
I

	
I

	




	
[52]

	
SiL

	
ST

	
Con

	
Ct

	

	
0

	
-

	
-

	

	
-

	
-

	




	
Com

	
Olive pomace

	
4

	
NE

	
NE

	

	
NE

	
I

	




	
[53]

	
SL

	
ST

	
ND

	
Ct

	

	
0

	
-

	

	

	
-

	
-

	
-




	
Bc

	
Poultry litter waste

	
2.02

	
I

	

	

	
I

	
I

	
I




	
4.05

	
I

	

	

	
I

	
I

	
I




	
6.07

	
I

	

	

	
I

	
I

	
I




	
8.1

	
I

	

	

	
I

	
I

	
I




	
10.12

	
I

	

	

	
I

	
I

	
I




	
[54]

	
S

	
LT

	
Htt

	
Ct

	

	
0

	
-

	

	
-

	
-

	
-

	




	
FYM

	
Sheep manure with straw

	
20

	
D

	

	
NE

	
NE

	
NE

	




	
40

	
D

	

	
I

	
I

	
NE

	




	
60

	
D

	

	
I

	
I

	
NE

	




	
Com

	
Sewage sludge

	
20

	
D

	

	
NE

	
I

	
NE

	




	
40

	
D

	

	
I

	
I

	
NE

	




	
60

	
D

	

	
I

	
I

	
NE

	




	
Municipal solid waste

	
20

	
D

	

	
NE

	
NE

	
NE

	




	
40

	
NE

	

	
NE

	
NE

	
NE

	








Abbreviations: Rn—reference number, C—clay, SiC—silty clay, SiL—silt loam, L—loam, SL—sandy loam, S—sand, Ct—control, Com—compost, Bc—biochar, FYM—farmyard manure, M—mulch, Pom—pomace, Bf—bare fallow, Htt—hand tool tillage, Str—straw, pH, SOM—soil organic matter, TN—total nitrogen, P—phosphorous, K—potassium, C—carbon, ST—short-term, LT—long-term, Con—conventional, ND—non-defined, NE—no effect, I—increased, D—decreased.













 





Table 3. Soil amendment impact on soil chemical properties.
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Rn

	
Texture

	
Duration

	
Tillage

	
Amendment

	
Base Material

	
Rate (t ha−1)

	
Na

	
Ca

	
Mg

	
S






	
[34]

	
SiL

	
ST

	
ND

	
Ct

	

	
0

	

	

	

	
-




	
Bc

	
Douglas fir

	
11.2

	

	

	

	
I




	
22.4

	

	

	

	
I



