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Abstract

:

The continuous cropping (CC) of major agricultural, horticultural, and industrial crops is an established practice worldwide, though it has significant soil health-related concerns. However, a combined review of the effects of CC on soil health indicators, in particular omics ones, remains missing. The CC may negatively impact multiple biotic and abiotic indicators of soil health, fertility, and crop yield. It could potentially alter the soil biotic indicators, which include but are not limited to the composition, abundance, diversity, and functioning of soil micro- and macro-organisms, microbial networks, enzyme activities, and soil food web interactions. Moreover, it could also alter various soil abiotic (physicochemical) properties. For instance, it could increase the accumulation of toxic metabolites, salts, and acids, reduce soil aggregation and alter the composition of soil aggregate-size classes, decrease mineralization, soil organic matter, active carbon, and nutrient contents. All these alterations could accelerate soil degradation. Meanwhile, there is still a great need to develop quantitative ranges in soil health indicators to mechanistically predict the impact of CC on soil health and crop yield gaps. Following ecological principles, we strongly highlight the significance of inter-, mixture-, and rotation-cropping with cover crops to sustain soil health and agricultural production.
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1. Introduction


The existence of humanity is intertwined with the future of Earth’s soil health. There is an emerging consensus that the food security over the next century will be severely threatened by the destructive agronomic practices, which may amplify the adverse effects of climate and land-use change on soil ecosystems [1,2]. Therefore, maintaining soil health is central to meeting the demands of the growing population. However, the CC of major agricultural, horticultural, and industrial crops has been associated with significant soil health-related concerns. It is defined as the plantation of the same crop species over the years, mainly as a monoculture in the same agricultural field [3,4]. The agricultural crops, if grown continuously, could suffer from reduced plant growth and yield [5]. However, the impacts of CC on soil health are context-dependent in the sense that they depend on crop types (food, energy, annual, perennial), duration, soil, and climatic factors. Nevertheless, CC could lead to crop yield penalties due to the alteration in soil physicochemical properties and microbial communities with time.



Generally, in CC systems, growers employ standard and persistent agronomic practices over the years. For instance, the use of similar agrochemicals (pesticides, fertilizers), farm machinery, tillage depth, irrigation, and harvesting approaches [3,6]. Therefore, the standard farm management practices could lead to the selection and evolution of certain weeds, insect pests, and phytopathogens. Moreover, this type of cropping system not only depletes major soil nutrients such as nitrogen (N), phosphorus (P), and potassium (K), but it also reduces the contents of essential minerals in the agricultural soils [7,8]. Meanwhile, the CC could cause the accumulation of a similar type of plant-derived exudates. This phenomenon may lead to soil autotoxicity and reduced plant growth [9,10]. Furthermore, this practice could also reduce the diversity and inputs of crop residues into soil, which may also alter soil aggregation and physicochemical properties. Overall, changes in soil physicochemical properties under CC could ultimately alter soil biological properties. For instance, it may reduce the abundance of beneficial soil organisms over time [11,12], which are essential to soil fertility, health, and crop yield.



The CP may increase and decrease the abundance of soil-borne pathogens and beneficial microbes, respectively, in agricultural soils. Moreover, it may change the soil physicochemical properties, such as nutrient balance, pH, and structure, thus leading to overall soil degradation and reduction in crop yield [13,14,15]. For instance, the CC of corn and soybean caused yield penalties across hundreds of thousands of agricultural fields in the U.S., and researchers attributed this phenomenon to changes in soil and other environmental conditions [16]. Similarly, in another study, a reduction in sorghum yield under CC was attributed to the alteration in soil microbial communities, particularly, due to an increased abundance of pathogenic taxa in the soil [17]. It may also alter below-ground soil–plant interactions by exerting similar rhizospheric effects. For instance, a similar type of root exudation may lead to the accumulation of toxic metabolites, and ultimately soil auto-toxicity with time. The soil auto-toxicity may negatively affect soil health and crop yield [10,18,19,20].



In this review article, we review the effects of CC on soil biotic and abiotic properties, while advocating that it may alter soil health (Figure 1). Overall, we attempt to develop a broader understanding of the effects of CC on soil biome, followed by its impacts on soil physicochemical properties. Meanwhile, we also highlight the significance of alternative cropping strategies, such as inter-, mixture-, and rotation-cropping with cover crops in soil health.




2. Indicators of Soil Health


Soil health is a very a broad concept, and it is defined as the sustained capacity of agricultural soils to function and thrive as a healthy living ecosystem that supports microbes, plants, insects, and animals in a way which is desirable to and meets the demands of human beings [21,22,23,24,25]. Below, we discuss the impact of CC on soil biotic and abiotic health indicators. Meanwhile, we also provide a comprehensive list of soil health indicators and their responses to CC in the context of soil conservation (Table 1).




3. Biotic Indicators of Soil Health


The biotic indicators of soil health may include but are not limited to total biomass, activities, functioning, community composition, and interactions of soil-inhabiting macro-organisms and microorganisms that determine the trophic or food web complexity of soil ecosystems. At present, some studies have reported the impacts of CC on soil bacteria and fungi. However, we know little about the responses of other microbial groups such as viruses and protists to CC under a broad range of soil and environmental conditions. Both viruses and protists are micro-predators of microbial ecosystems, and they regulate and control soil microbial communities and their functions, which are essential to soil health and crop yield.



3.1. Microbiomic Indicators


Soil microbial communities regulate several biological functions, such as disease or pest suppression, crop plant nutrition, and resilience to anthrophonic and climatic changes [26,27]. Moreover, they also improve several abiotic indicators of soil health, such as soil aggregation, breakdown of crop residues, nutrient mineralization, and fixation. However, CC could negatively affect several parameters of soil microbial communities and their functions, as discussed below.



3.1.1. Microbial Biomass or Abundance


The microbial biomass or abundance is an essential component of the healthy soil ecosystem, and its contents determine the soil quality and crop yields [103,104]. A reduction in the soil microbial biomass as a function of CC not only decreases the abundance of beneficial microbial taxa, but it may also lead to a decline in general soil functions, which are critical for maintaining soil health and productivity [105]. For instance, there is an emerging consensus that the abundance of soil fungi and bacteria increases and decreases, respectively, under CC with time [106]. Specifically, the CC reduces the abundance of important beneficial bacterial taxa that deliver the vital soil ecosystem services such as N-fixing and disease suppression [107]. Regarding soil fungi, for instance, a continuous plantation of commodity crops reduces the abundance of important soil fungal taxa (e.g., Gliocladium and Trichoderma spp.), which act as biological control agents against soil-borne pathogens (e.g., Fusarium spp.) [108,109]. Similarly, some studies have also reported that long-term CC may also decrease the microbial biomass P [110] and C contents [111].



Moreover, in general, some classical comparative studies have also shown relatively lower soil microbial biomass under a continuous rather than rotation cropping system [112,113,114], and these effects were attributed to lower and higher resources or crop residues for microbes under monoculture rather than mixture cropping [114]. Overall, a reduction in microbial biomass under CC may predict a reduced input of organic materials and crop residues into soil, and it highlights the need for increasing cropping diversity to improve the soil organic matter and microbial biomass contents.




3.1.2. Microbial Community Composition and Diversity


The composition and diversity of soil microbes may influence microbial-driven soil functions, which determine soil fertility and crop productivity [26,115,116,117]. Previous research has demonstrated that agricultural intensification may alter the diversity, composition, and functioning of microbial communities in soils under different crops [108,118,119]. For instance, CC of tea plants from five to eight years increased the microbial community composition, though it was negatively affected in the long term (50-year-old to 90-year-old) [120]. In another study, authors showed that the relative abundance of important bacterial phyla such as Proteobacteria, Actinobacteria, and Firmicutes increased in the soils under wheat-corn-soybean crop rotations than in soil under continuous soybean cropping [121]. Moreover, the CC of tea plants also reduced Shannon’s diversity index of soil microbial communities [122].



Moreover, the CC may also alter microbial community structure by changing the abundance of certain microbial taxa; for instance, Tang et al., (2009) reported that Actinobacteria became more abundant in agricultural soils under soybean-corn rotation than under continuous soybean cropping [123]. They reported significant changes in the composition of soil microbial communities under canola rather than wheat monocultures, which suggested a monoculture-specific effect of CC on the soil microbial diversity [124]. In another study, the continuous banana cropping tended to decrease the soil bacterial diversity, and it altered the bacterial community structure [79]. Similarly, the CC of legume pea plants changed the composition of soil microbial communities by negatively affecting the abundance of arbuscular mycorrhizal fungi and gram-positive bacteria [125]. Similarly, the CC of cotton increased the abundance of certain soil fungal taxa such as Ascomycota [126], while the differential effects of monoculture cropping systems such as soybean [127], peanut [128], and vanilla [129] on soil microbial community composition and diversity were also reported. A recent study investigated the impact of Bacillus amyloliquefaciens on soil microbial communities under sorghum–maize rotation, sorghum, and maize CC systems [17]. The microbial communities of rhizosphere soil under continuous sorghum cropping showed lower and higher bacterial and fungal diversity, respectively, than the soil under a sorghum–maize rotation system. They reported that some bacterial phyla such as Acidobacteria and Gemmatimonadetes, in addition to some fungal taxa such as Basidiomycota, showed a greater abundance under the CC system. Though fungal taxa belonging to class Tremellomycetes was the most dominant group under CC, the use of B. amyloliquefaciens significantly reduced its abundance in the soil under CC [17]. Another study investigated the root-endophytic and rhizospheric bacteria under the CC of Panax notoginseng [130]. They reported that the CC of P. notoginseng reduced the abundance of rhizospheric bacteria, though it did not affect the endophytic bacteria significantly. Moreover, they reported that the bacterial diversity was higher in healthy than infected rhizospheric soils under plantation of P. notoginseng. But in general, the CC increased the abundance of some bacterial phyla such as Proteobacteria, Cyanobacteria, Actinobacteria, and Acidobacteria, and the alterations in microbial community composition were determined by the changes in the soil properties such as total P, pH, and soil organic matter contents [130].



Though several studies have reported the impact of CC on the composition of soil microbial communities, some studies did not find differences between the composition of soil microbial communities under monoculture or rotation cropping [131,132,133]. The variable impacts of CC on soil microbial communities could be attributed to different research methods, types of cropping systems, planting years, soil, and climatic conditions [133]. We suggest that the continuous plantation of crops, either legumes or non-legumes (agricultural, horticultural, medicinal, industrial), may negatively affect the species diversity, composition, and functioning of soil microbial communities. In general, CC may increase the abundance of soil fungi while the converse is true for soil bacteria, though further research is needed to elucidate its impacts on microbial functions. Moreover, little is known about the impact of CC on other important soil microbial groups such as soil protists and viruses. Therefore, future research should also focus on these microbial groups since they determine microbial trophic (predation, grazing) and non-trophic (competition) interactions, as these microorganisms are highly sensitives to the land-use changes.





3.2. Soil Enzyme Activities


Soil microbes and plant roots produce a tremendous diversity of extracellular enzymes [134], and these enzymes play a major role in catalyzing biochemical reactions in the soil. Therefore, the activities of enzymes determine the intensity and magnitude of soil biogeochemical processes [134,135]. The activities of soil enzymes regulate several properties of soil ecosystems depending on soil, vegetation, and climatic conditions. Other than influencing soil edaphic properties, soil enzymes may also predict the biological health of soil ecosystems. For instance, the soil sucrase activities demonstrated a strong negative correlation with the abundance of the important soil-borne pathogen, such as Fusarium spp. [136]. That is why the soil enzymes are considered key indicators of soil health, sustainability, and functioning [134,137]. The soil enzyme-driven processing of organic matter is critical for nutrient cycling and sequestration of essential elements, such as soil C. Given that soil enzyme activities are very sensitive to land-use changes, a better understanding of the sensitivity of soil enzymes to continuous monoculture cropping is essential for the management of agricultural soils in present scenarios of agricultural intensification and climate warming [138]. For instance, soil dehydrogenase activity is known to decrease in the soil under CC [111]. The CC of important crops such as potato and cotton could substantially reduce the activities of important soil enzymes such as urease, alkaline phosphatase, and sucrose [139,140]. Dou et al. (2016) investigated the impact of CC of sorghum, cotton, corn, and cotton/sorghum rotations on soil enzyme activities after 26 years of cropping. They reported that the activities of soil enzymes, such as arylsulfatase, alkaline phosphatase, and -d-glucosidase, were highest and lowest in soils under sorghum and cotton monoculture cropping. Overall, the soil enzyme activities were lower in soils under monoculture than rotation cropping [141]. Similarly, in another study, the CC also reduced the activities of urease, dehydrogenase, and catalase in agricultural soil [142]. Though several examples can be found regarding the impact of CC on soil enzyme activities, we suggest that monoculture cropping may reduce the activities of vital soil enzymes, which are essential for soil biological and biogeochemical health.




3.3. Abundance, Composition, and Diversity of Soil Macro-Organisms


Soil macro-organisms consist of several invertebrate animal groups, such as mites, nematodes, and earthworms, while these organisms demonstrate a remarkable complexity in their biotic and abiotic interactions in the soil environment. These organisms drive many trophic (predation) and non-trophic (competition, facilitation) interactions, which overall determine their top-down effects on soil microbial communities in the soil food web. These organisms may influence several vital soil processes such as the decomposition of crop residues, mineralization, breakdown of humic substance, bioturbation, bioengineering of soil structure, immobilization of nutrients, nutrient cycling, and biological N-fixation. However, unfortunately, the CC coupled with destructive and homogenous farm management practices may negatively affect the composition, diversity, and functioning of these organisms since they are more sensitive to agriculture-driven soil disturbances [143,144,145]. Moreover, at present, the impact of CC on soil macro-organisms is mainly limited to soil nematodes and earthworms, whereas further work on other groups of soil macro-organisms such as mites, soil-dwelling insects, and other animals is limited and merits future research.



3.3.1. Soil Nematodes


Nematodes are one of the dominant groups of soil macro-organisms, and their significance in soil food web interactions and soil ecosystem functioning is established. The community composition and functional attributes of nematodes play an important role in nutrient recycling, processing of crop residues, soil aggregation, aeration, and priming [146,147]. The agronomic practices and soil disturbances are considered to negatively affect the soil nematodes [148,149]. For instance, the CC of strawberry reduced the diversity of soil nematodes, while the accumulation of toxic metabolites inhibited the abundance of some nematode taxa, such as Acrobeloides spp. [18]. In another study, Tian et al. (2019) investigated the relative abundance of bacterial-feeding and plant-parasitic nematodes after 2 and 10 years of CC under greenhouse conditions. Regarding α-diversity, the bacterial eating nematodes were dominant in the two years across the whole growing season, whereas the plant-parasitic nematodes were dominant after 10 years in the late growing season [150]. Moreover, the meloidogyne and rhabditidae became dominant after 10- and 2-year cropping. Similarly, the β-diversity of soil nematodes also differed after the 10-year and 2-year CC. Some soil properties such as organic matter, N, and other biotic conditions also influenced the composition of soil nematodes under CC [150]. These examples suggest that CC may alter the diversity and composition of soil nematodes, while these effects may be driven by both top-down (plants and predator derived effects) and bottom-up effects under changing soil conditions. For instance, CC could potentially reduce soil pH due to, among others, N-enrichment, which could increase and decrease fungal and bacterial abundance, thus leading to an overabundance of fungal rather than bacterial eating nematodes [20].




3.3.2. Soil Earthworms


As one of the most common soil invertebrate organisms, earthworms are called the biological engineers of soil ecosystems because they can alter the soil biophysical properties to increase soil health and crop productions. They play a major role in improving the soil conditions, such as breakdown of organic substance, soil aggregation, aeration, nutrient cycling and sequestration, microbial community composition, and functioning [151,152]. Meanwhile, earthworms are considered to be sensitive to the climatic conditions [153], soil moisture, organic matter [154,155], physicochemical properties [156], nutrient resources [157], heavy metals [158], organic pollutants [159,160], and trophic interactions (predation) [161]. The repeated tillage practices under CC may also affect their abundance and functioning in the agricultural soils [162]. Moreover, it is also commonly perceived that conventional CC practices decrease the biodiversity of soil earthworms more than conservation cropping practices [163,164]. Another study also reported that continuous cropping of cotton reduced the abundance of soil earthworms; among these, the abundance of Diplocardia caroliniana and Diplocardia caroliniana decreased up to 55–68%, and 88%, respectively [59]. Moreover, the total earthworm numbers were lower in the cotton-corn than corn-soybean monoculture sequence cropping, which also suggested a negative effect of cotton soil earthworms. However, in cotton-soybean monoculture sequence cropping, the earthworm abundance did not differ among monoculture treatments, which may suggest that legume plants have a positive effect on soil earthworms [165]. The relatively positive and negative effects of soybean and cotton on earthworms could be attributed to the N availability and accumulation of toxic metabolites in soils, respectively. In another study, the soil under wheat-clover rather than wheat mono-cropping showed twice as large and more abundant earthworm species [166]. Moreover, the relatively higher abundance, biomass per individual, and species diversity of earthworms were seen in the soil under winter wheat plantation in an organic rather than conventional cropping system [167], which may also suggest that conventional agronomic practices may amplify the impact of monoculture cropping on soil earthworms. Moreover, higher abundance and diversity of earthworms were linked to higher amounts of organic matter in the monocultures of organic rather than conventional cropping [167]. Though there is not much research on the functional ecology of earthworms in monoculture cropping systems, recent research suggests that agricultural intensification in the form of monoculture cropping may negatively affect the composition, diversity, and functioning of soil earthworms, depending on soil, crop, and environmental conditions.




3.3.3. Soil Mites and Other Organisms


Mites (Acari) constitute the most abundant group of arthropods in soil throughout the world and can reach up to 100,000 individuals per m2 [168]. Because soil mites respond relatively quickly to land-use changes, these are considered as important indicators of soil quality and health [169,170]. Few studies have investigated the impact of monoculture cropping on soil mites, whereas legumes crops may favor certain groups of mites [171] due to greater N availability. Gruss et al. (2017) investigated the impact of a single crop, potato, or winter rye on the assemblage of soil-inhabiting mites after 90 years of CC. Different taxa of mites showed preferences for certain crops. For instance, a higher abundance mite (Prostigmata) was observed in potato, while Oribatida and Gamasida were more abundant in the winter rye [172]. Similarly, some studies have also investigated the impact of CC on other soil mesofauna groups such as springtails [173,174]. However, comparative studies are needed to investigate the effects of CC in comparison to other cropping systems (inter, mixture, rotation) on soil mites. Moreover, integrated studies involving different organisms at various soil trophic levels are needed to elucidate the impact of CC on the soil food web complexity and functioning.





3.4. Increased Incidences of Soil-Borne Diseases and Evolution of Disease Suppressive Soils


The soil-borne diseases are caused by several groups of soil microorganisms such as viruses, bacteria, fungi, and protists, while soil macro-organisms, such as nematodes, could also cause this phenomenon. Moreover, some free-living elements, such as prions and nucleic acids (micro-RNAs), may also cause plant diseases, though we know little about their role in soil-borne diseases. The CC may increase the incidents of soil-borne diseases, and in some cases, it may also lead to the evolution of disease-resistant soils, as discussed below.



3.4.1. Soil-Borne Fungal Diseases


Most soil-borne diseases are caused by fungi under the CC systems. For instance, pathogenic fungi caused soil-borne diseases in the continuous peanut [13] and soybean cropping [127] systems by reducing the abundance of anti-pathogenic taxa [119,175]. In another study, the soil fungal diversity was significantly reduced after three years of continuous notoginseng cropping. Moreover, a negative relationship between plant death rate and the fungal diversity was also observed, thus implying that higher fungal diversity is a key biotic indicator of soil health [176]. However, the relative abundance of Fusarium oxysporum and Phaeosphaeria rousseliana positively correlated with the death rate of P. notoginseng [176]. A reduction in soil fungal diversity under CC may also alter the community composition of soil fungi; for example, the continuous soybean cropping caused root rot by increasing the abundance of Fusarium in soil [177]. Though there are several examples of soil-borne fungal diseases under CC that we cannot discuss, we still can provide some examples to explain this topic. For instance, the take-all of wheat (Triticum aestivum) is an important fungal disease caused by Gaeumannomyces graminis (Sacc.) Arx and Olivier var. tritici Walker (Ggt) [178]. The soil sickness caused by this disease increased with the long-term monoculture cropping of wheat [5,179], which also reduced crop yield [180]. Similarly, an increased abundance of fungal pathogens coupled with simplification and reduction of soil beneficial fungal community decreased the growth and yield of continuous peanut crop [181]. In another study, a large-scale field study reported that the soybean root rot disease increased dramatically after less than three years as compared to the soil under crop rotation [182]. Similarly, under the CC of industrial food crops such as vanilla, the emergence of vanilla stem wilt was reported due to increased and decreased abundance of pathogenic (Fusarium) and beneficial microbes, respectively, in soil with the time [129]. Shen et al. (2018) investigated bacterial and fungal communities of soils under CC of banana monoculture [183]. The CC of banana was significantly linked to the emergence of Fusarium wilt. The soil fungal rather than bacterial communities were more responsive to the banana consecutive monoculture cropping. Unlike most other studies as discussed above, higher fungal species richness was significantly linked with the higher prevalence of banana Fusarium wilt and reduction in crop yield, thus suggesting a strong antagonistic effect of soil fungi on the banana crop. Specifically, the abundance Fusarium and Phyllosticta showed a strong correlation with the reduction in the banana yield [183]. Similarly, Gao et al. (2019) investigated the impact of continuous sweet potato cropping on soil fungal communities. They showed that the fungal diversity and richness significantly increased in soil under CC, while the abundance of fungal phyla such as Ascomycota decreased with time. Overall, the abundance of beneficial fungi such as Chaetomium decreased but that of pathogenic taxa such as Verticillium, Fusarium, and Colletotrichum increased under in soil under CC [184]. Both results of [184] and [183] are opposite to studies showing a positive role of relatively higher fungal diversity in soil disease suppression, which nevertheless suggests that fungal species identity rather than diversity may be important for soil health, though further research is needed to elucidate the role of fungal community parameters in the emergence and suppression of soil-borne diseases under a broad range of soil and crop types.




3.4.2. Soil-Borne Bacterial Diseases


Similar to soil fungi, alterations in the bacterial communities may also impair soil health under the CC systems. The soil-borne bacterial diseases may damage crop plant and overall yield, for instance, the bacterial wilt can reduce potato yield drastically [185]. The alterations in soil microbial communities are often linked to the occurrence of soil-borne bacterial diseases, such as bacterial wilt [186,187]. Moreover, some studies have also shown that microbial communities in the healthy rather than diseased rhizosphere soils were more richness in species and diverse, thus suggesting that species-rich soil microbiome may exclude pathogens and narrow down the ecological niches of soil-borne pathogens [26,188]. The continuous monoculture cropping may affect the composition of soil microbial communities. Zhang et al. (2011) investigated soil microbial communities of healthy and diseased cotton fields at different plant growth stages. They reported that the microbial communities in the rhizosphere of healthy rather than diseased cotton fields were more species-rich. The higher evenness of microbial communities was observed in the soil of diseased cotton plants, thus suggesting a variable relationship of microbial community composition with the soil sickness. Moreover, the soil of diseased cotton plants showed a higher abundance of bacterial phyla such as Deinococcus-Thermus and Firmicutes [189]. In another study, Wu et al. (2015) showed that the soil of sick rather than healthy P. notoginseng showed a reduction in the microbial diversity at the alpha diversity level. Moreover, soil bacterial community composition also differed between healthy and diseased soil [190]. The long-term CC of cash crops such as wheat, corn, soybean, tobacco, and sorghum could potentially cause soil degradation [191]. Soil-borne bacterial diseases could disturb soil-root interactions, which may lead to soil degradation. Therefore, as compared to healthy soils, the degraded soils may show a relatively lower diversity of beneficial microorganisms [192]. She et al. (2017) investigated bacterial communities in soil under tobacco CC. They showed that bacterial diversity indices such as species richness and evenness were reduced. However, the abundance of the soil-borne pathogen such as Ralstonia spp. increased, and it was positively correlated with the tobacco bacterial wilt disease [193]. In another study, Wang et al. (2018) investigated the effect of N addition and bacterial wilt disease on soil bacterial community parameters under continuous sesame cropping. Both N-addition and bacterial wilt altered bacterial composition and structure [194]. Though CC may induce soil-borne bacterial diseases with time, more research is needed to elucidate its impacts on soil-borne bacterial diseases.




3.4.3. Soil-Borne Nematode Infections


Soil-borne nematode infections may also affect soil health. The CC may increase nematode infections to crop plants with time. Among these, the soybean cyst nematode (SCN; Heterodera glycines Ichinohe) is an obligate sedentary parasite that causes substantial crop losses [195]. There is some evidence that suggests a relatively higher abundance of pathogenic fungi in SNC and their infections in soil under continuous monoculture cropping [6,196].




3.4.4. Evolution of Disease Resistance


Some studies have reported the evolution of disease resistance in soils due to an enrichment of disease-suppressing microbial taxa [197], though the magnitude of this phenomenon may be less effective against soil-borne diseases under the CC systems. Moreover, though some studies have reported the antagonistic effects of some bacterial (e.g., Pseudomonas, Bacillus) and fungal taxa (e.g., Trichoderma) against soil-borne pathogens, results from most studies are based on statistical correlations. For instance, Dong et al. (2016) suggested that the negative correlation of some microbial taxa such as Thermogemmatisporaceae, Actinosynnemataceae, Hydnodontaceae, Herpotrichiellaceae, and Coniosporium with soil-borne fungal pathogen and plant death rate might predict their disease-suppressing effects [176]. Similarly, in another study, the soil disease suppression was correlated with several bacterial phyla, such as Acidobacteria, Nitrospira, Chloroflexi, Planctomycetes, Alphaproteobacteria (notably Azospirillum), and Firmicutes (Thermoanaerobacter) after 10 years of sorghum CC [198]. Similarly, the enrichment of beneficial fungal taxa (Penicillium sp.) in diseased soils is also reported in some studies [176,199]. However, some studies have also reported the enrichment of beneficial bacterial and fungal taxa in the soils infected with nematodes under some crops, for instance, soybean [200]. Nevertheless, the evolution of disease resistance under monoculture cropping does not mean that it can overcome the soil-borne disease with time. However, some studies suggest that the adoption of conservation practices may also suppress soil-borne pathogens and improve soil disease suppression under CC [198,201]. Nevertheless, we need to discern the molecular and ecological mechanisms or processes that determine the emergence and evolution of disease-suppressive soils to sustain soil health under agricultural intensifications.






4. Abiotic Indicators of Soil Health


The abiotic indicators of soil health include but are not limited to soil aggregation, aggregate stability, organic C and organic matter contents, nutrient cycling and sequestration, the composition of soil exudates and metabolites, nutrient balance, and other essential properties such as pH and CEC. These properties are not only linked with each other and regulate soil biodiversity, but these may also influence other important physicochemical processes such as aeration, infiltration, gaseous exchange, soil bulk density, and strength, etc. The CC could potentially alter or disturb these properties, as discussed below.



4.1. Soil Aggregation and Structure


The soil’s physical health is determined by soil structure, which is defined as the aggregation of soil minerals and particles into both large and macro-aggregate-size classes. The soil aggregation and aggregate stability regulate several physical and chemical processes, such as soil compaction, pore geometry, nutrient cycling, water, air infiltration, erosion, drainage, nutrient leaching, root penetration, strength, biological activities, and crop productivity [202,203,204]. Therefore, soil aggregate stability is used as an important physical indicator of soil structure and health [205,206]. However, CC may lead to soil degradation by dismantling the soil structure. For instance, the continuous soybean cropping reduced the soil aggregate stability [207]. A recent study reported the impact of different cropping systems such as continuous corn (CC), soybean-corn rotation (SC), corn-soybean rotation (CS), fallow corn (FC), and fallow soybean (FS) on soil aggregates stability [208]. Their results showed that the CS and FS treatments significantly enhanced the mean weight diameter (MWD) and fractal dimension (D). These treatments also enhanced MWD and geometric mean diameter (GMD) in the water-stable aggregates (WSAs), as compared to the CC treatment. Moreover, rotation treatments also increased the water-stable aggregates stability rate (WSAR), in addition to reducing the aggregates destruction (PAD) more than the CC treatment. Furthermore, rotation rather than CC treatments enhanced the percentage of macro-aggregates [208], thus suggesting that CC may negatively affect soil aggregation, aggregate stability, and the composition of aggregate-size classes. However, the impact of CC on soil structure may differ among crops. For Instance, Acikgoz et al. (2017) studied the impact of 125 years of CC of corn, wheat, timothy, and a rotation of corn–wheat–red clover on soil physical properties. They collected intact soil cores from soils under continuous corn, continuous wheat, continuous timothy, and a rotation of corn–wheat–red clover cropping systems. Among these treatments, CC of timothy rather than wheat and corn showed three- to four-times better soil aggregate stability [209]. The CC of corn showed the lowest aggregate stability, soil strength, and highest bulk density [209], thus suggesting that CC may affect soil structure and strength. In another study, the CC of corn reduced and increased the proportion of macro-aggregates (>0.25 mm) and micro-aggregates (<0.25 mm), respectively, as compared to the initial composition of soil particles or that of fallow soil [210]. Similarly, several studies have reported the adverse effects of horticultural plants, such as tea plantation on soil structure [211,212]. Not only the CC but also the conversion of land from native vegetation to monoculture cropping could reduce soil aggregation [213]. In general, the CC may deteriorate soil aggregates, thus leading to a net release of C and nutrients from agricultural soils [214,215,216]. The differential effects of different CC systems on soil aggregation and structure may also emerge from differences in crop residue inputs to the soil ecosystems [207]. Soils under monoculture rather than diverse cropping systems may receive a lower level of crop residues, which in return may lead to less soil organic matter production and particle aggregation. Other than soil aggregate stability, more research is needed to elucidate the impact of CC on the composition of different soil aggregate-size classes regarding their relative significance in soil health and plant growth, as influenced by the crop identity.




4.2. Soil Organic Matter and Organic C Contents


The soil organic matter and C contents are the key drivers and indicators of soil health, as they play a central role in soil fertility, functioning, quality, and sustainability [217,218,219]. There is an emerging consensus that CC with destructive tillage practices may negatively affect soil organic matter in the agricultural soils [207]. For instance, Miao et al. (2017) showed that fallow soil showed relatively higher contents of soil organic C than the soil under a continuous corn cropping [210]. In another study, Qiao et al. (2018) studied the effect of maize-soybean rotation, continuous soybean, and continuous maize cropping on soil organic C contents and its chemical composition. They reported that a continuous rather than rotation cropping system altered the relative composition of two main classes of soil organic C, such as O-alkyl and aromatic C, across the soil depth profiles [220]. In another study, Börjesson et al. (2018) studied the impact of ley-dominated rotation and the cereal monoculture cropping systems on soil organic C contents. They found a significant increase in the soil organic C contents under ley-dominated rotation than under cereal monoculture cropping systems [221]. The relative impact of continuous monoculture cropping on soil organic contents may also vary depending on soil and plant types. For example, Fugen et al. (2016) showed that the soil under CC of sorghum (15%) and corn (11%) showed relatively higher soil C contents than soil under continuous cotton [141]. Similarly, in another study, a reduction in soil organic C contents was observed under continuous cotton [222]. The reduced C contents under cotton rather than other crops might be attributed to the nature of cotton crop residues and plant-derived toxic metabolites, which could limit the breakdown of the crop litter, thus limiting the amount of soil organic C in general. Similarly, a decrease in soil organic C contents under CC of sesame is also reported [142]. Understanding the impacts of CC on soil organic matter and C are difficult to comprehend at some level because of opposing results obtained from different soil and crop systems. Nevertheless, the soil organic matter and C contents may sustain or increase under the CC systems that follow conservational approaches (e.g., reduced tillage, manure input) [223,224]. Therefore, some soil and crop factors, such as tillage intensity, fertilizer use, crop residue input, crop root system, plant-derived metabolites, and soil biodiversity, could potentially determine the impact of CC on soil organic matter contents [225,226].




4.3. Mineralization and Cycling of C and N


The mineralization of soil organic C and N is an essential indicator of soil fertility and agroecosystem functioning. The impact of CC on either soil C or N mineralization may also depend on soil texture (sandy vs. clay soil), structure, amount of crop residues and fertilizer use, etc. For instance, the clay rather than sandy soil may have a more binding capacity for organic and inorganic compounds, which may limit mineralization. Moreover, an unpredictable nature of nutrient mineralization may also cause growers to overuse N fertilizers, which may lead to alteration in N mineralization and losses in soils under CC [227,228,229,230]. For instance, under a continuous corn cropping, the use of NH+4-N fertilizer suppressed the mineralization (i.e., 13–21% reduction in gross ammonification) of organic matter [231], thus liming nutrient cycling and affecting soil fertility. Moreover, a wider C/N ratio of some crop residues, such as corn rather than soybean, may also explain variations in C and N mineralization under the CC systems [232,233]. In a comprehensive study [229], authors compared the N mineralization at various N fertilizer rates in soil under continuous corn and corn-soybean cropping systems. In unfertilized soils of continuous corn rather than soybean-corn cropping, they observed a reduced N mineralization, while several other studies have also reported a reduced N mineralization under continuous corn than corn-soybean rotation cropping [233,234]. Similarly, in another study, fertilized rather than unfertilized control soil showed an increase in the C and N mineralization under a continuous corn cropping system [235]. Meanwhile, it is also anticipated that the soil under legume crops such as soybean may show increased nutrient contents and C mineralization due to more N and greater microbial activities [229,236,237]. Moreover, an increased coverage of corn rather than soybean residues and consequently reduced soil temperature may also affect nutrient mineralization [229]. Similarly, CC of sesame also showed a reduced soil total C and N content [142]. Regarding the comparison of nutrient mineralization among various CC systems, Dou et al. (2016) showed increased contents of soil C and N under continuous sorghum and corn rather than under cotton, which nevertheless suggests a greater breakdown and processing of crop residues and nutrient mineralization in these systems [222]. In addition to affecting nutrient cycling in the soil ecosystem, CC systems have relatively less capability to sequester nutrients, and thus more nutrient losses mainly through leaching or surface run are expected [238]. Moreover, continuous monoculture cropping systems may produce relatively less diverse crop residues, which may not only affect nutrient cycling but also other biological and physical components of soil ecosystems [239] that regulate nutrient cycling and mineralization. Therefore, an in-depth understanding of the impact of CC on nutrient cycling is important to predict its consequence on soil health and productivity.




4.4. Soil Physicochemical Properties and Nutrient Deficiencies


The soil physicochemical properties include but are not limited to: soil pH, moisture, nutrient contents and their ratios, water holding capacity, conductivity, cation exchange capacity, bulk density, compaction, strength, microclimate and temperature, saturation percentage, acidity, and alkalinity, porosity, buffering capacity, etc. The CC could potentially affect several soil physicochemical properties, particularly soil pH and levels of essential macro-and micro-nutrients. Among soil properties, the important ones are soil pH and CEC, which determine the soil biochemistry, biology, and plant growth. Nevertheless, the impact of CC on soil physicochemical properties may also depend, among others, on soil conditions and climatic factors. For instance, CC may increase soil pH by increasing salinity, alkalinity, and sodicity in semi-arid and arid agroecosystems, and correspondingly could affect soil nutrient availability to plants. Similarly, it may reduce soil pH and increase soil acidity in relatively acidic soils. At present, the impact of CC on soil physicochemical properties and nutrient availability is mostly tested in relatively acidic soils, while most studies have reported a reduction in soil pH and an increase in soil acidity under CC of several crops such as black pepper [240], tobacco, [241], tea [242], wheat [243], potato [244], corn [245] and soybean [246], including several other crops. A reduction in soil pH under CC is mostly attributed to the use of nitrogenous fertilizers, tillage intensity, biodegradation of crop residues, and resultantly increased production of organic acids in the soil. In addition to negatively affecting soil organisms as mentioned above, the soil acidity may also negatively affect the availability of essential macro- and micro-nutrients, such as N, P, K, calcium (Ca), magnesium (Mg), and Mo (molybdenum) [247]. It may also cause the toxicity of some heavy metals, for instance, Al or Mn, to plants [248]. Therefore, the negative impacts of soil acidity on yields of agricultural crops are also reported in several studies [207,249,250]. Moreover, the CC could also mine soil resources, thus leading to the depletion of essential nutrients and/or causing an imbalance in soil nutrient contents. For instance, the continuous corn showed relatively less soil K contents than the soils under crop rotation systems at three northern corn/soybean belt locations in the United States [207]. Jiao et al. (2019) reported that soil under American ginseng showed relatively higher micronutrients such as manganese (Mn), copper (Cu), and iron (Fe) being 113%, 99%, and 80% higher than in the soil of continuously cultivated maize crop [251]. Moreover, the CC under certain standard practices may create obnoxious conditions under which plants may not take up sufficient nutrients from the soil, which may also lead to reduced plant growth and crop yield [84,252]. Though readers can find several examples of soil nutrient deficiencies under CC, these kinds of cropping practices may also alter CEC and salt levels in soil, which may also lead to soil degradation [253]. Moreover, the CC may also increase soil bulk density and compaction, thus reducing the infiltration of water, nutrient movement, and aeration, which are important indicators of soil physical health [207,253]. Finally, among other changes, the CC may also alter a multitude of changes that determine the soil physicochemical environment, and with time, it may also lead to the accumulation of toxic substances and leaching of nutrients that may impair soil and water quality [212,254] in the agricultural neighborhoods.




4.5. Accumulation of Plant- and Microbe-Derived Exudates in Soil


The plant-derived exudates, metabolites, secondary metabolites, and other chemical compounds shape biotic and abiotic indicators of soil health and thus are an important predictor of soil- and root-associated microbial communities [255,256]. These metabolites accumulate in the soil through plant roots, flowers, residue incorporation, and biodegradation during and after crop harvesting [257,258]. The continuous monoculture cropping could reduce the composition and diversity of soil metabolites because monoculture rather than diverse cropping systems may produce and release less diverse metabolites into the soil. For instance, long-term CC of soybean may add similar types of metabolites with time, such as phenolic acids [259,260]. Similarly, the production of vanillic acid in soybean root may also affect the biotic component of soil [261,262]. Similarly, the accumulation of phenolic acids, such as cinnamic acids and p-hydroxybenzoic, under strawberry monoculture cropping is considered to cause autotoxicity in soil [18,263]. Likewise, long-term cropping of cotton plants may also increase the abundance of toxic compounds such as gossypol [264]. The cucumber roots also release a chemical metabolite named coumarin, while its accumulation under monoculture cropping may also affect soil health [265]. Given these examples, it is very likely that the accumulation of consistently similar types of plant- or microbe-derived metabolites such as alcohols, fatty acids, ketones, phenolic acids, aldehydes, and other organic and inorganic compounds could potentially lead to toxic conditions or auto-toxicity in agricultural soils. Therefore, auto-toxic conditions along with reduced soil pH, imbalanced nutrient contents and CEC, nutrient mining, and altered soil physical properties may lead to soil degradation and cropping penalties.





5. Conclusions: Alteration in Soil Physicochemical and Food Web Interactions


The soil ecosystems are characterized by physicochemical and biological components, while interactions between them determine the structure, complexity, and functioning of soil food webs. There is an established consensus that soil food web interactions regulate the productivity of agroecosystems. From the above-mentioned review, we suggest that CC may adversely affect the abiotic and biotic indicators of soil health. Regarding physical components, the CC may lead to degradation of soil physicochemical properties, such as the reduction in soil organic C, essential nutrients, aggregation, and pH, in addition to the accumulation of biochemically less diverse or similar types of metabolites, etc. It could also cause environmental penalties by increasing the surface runoff and leaching of nutrients, thus contaminating the surface and groundwaters. Consequently, the degraded soils with a reduced pH may alter the soil food structure or microbial interactions by promoting the abundance of soil fungi rather than bacteria and these effects are also translated to higher trophic-level organisms, for instance, increasing the abundance of fungal than bacterial feeders (nematodes). Overall, a reduction in beneficial microbial taxa and an enrichment of pathogenic microbes not only negatively impact crop production but also dismantle the beneficial soil food web and microbial loop interactions, which are essential for soil health and sustainability. Meanwhile, it is anticipated that breaking the continuity of monoculture cropping by introducing alternative cash or cover crops may restore soil physicochemical and biological properties, and thus might help in sustainable cropping in the long run. However, where necessary, the conservation or organic cropping practices may help in sustaining soil health under CC, though their cost may increase with time.



Finally, we summarized the adverse effects of CC on soil health indicators, in addition to predicting the positive impacts of conservation cropping practices such as inter, mixture, and alternative cropping with the inclusion of cover crops on soil health (Figure 2). As biodiversity and ecosystem function theory suggests that an increase in species diversity may increase ecosystem functioning [266,267], we conclude that enhancing cropping diversity may sustain or improve the health and fertility of soil ecosystems, which are essential for the provision of agroecosystem services.
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Figure 1. Predicted hypothetical impact of continuous cropping (CC) on soil health. 
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Figure 2. The summary of the comparative effects of continuous monoculture vs. alternative cropping (inter, mixture, cover-crop rotation) systems on multiple health indicators of soil health. 
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Table 1. A brief overview of key indicators of soil health.
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Soil Indicators

	
Functions

	
Monoculture Cropping

	
Measures to Improve

	
Relevant Literature






	
Visual indicators




	
Weeds

	
Low weed coverage or presence is an indicator of healthy soil.

	
Promotes weeds.

	
Weeding, cover crops, cleaned use of farm machinery, increasing cropping diversity.

	
[28,29]




	
Soil surface

	
Relatively even soil surface and less shallow patches are indicators of healthy soil.

	
Alters the degree of soil surface evenness.

	
Precise use of farm machinery, proper land leveling

	
[30,31]




	
Water or moisture distribution

	
Relatively even moisture and fewer water ponds are indicators of healthy soil.

	
May alter moisture distribution in soil.

	
Proper land leveling, cover cropping, even distribution of crop residues and snow.

	
[32,33]




	
Physical indicators




	
Soil texture

	
Loam-textured soils are considered productive. Sandy or clay-textured soils challenge plant growth.

	
Though no effect on texture, it may intensify textural effects.

	
Organic amendments, crop residues, biochar, livestock, and poultry waste, could improve soil conditions.

	
[34]




	
Bulk density (BD)

	
Soil with BD 1.3–1.6 g/cm3 is considered good for roots.

	
May increase BD.

	
Same as above, reduced use of farm machinery.

No-till agriculture.

	
[35,36,37]




	
Soil porosity

	
Macro-, meso-, and micro-porosities regulate nutrient, gas, and water mobility and improve soil functions.

	
May reduce soil porosity.

	
Same as above, reduced use of farm machinery.

No-till agriculture.

	
[38,39]




	
Available water capacity (AWC)

	
The AWC determines soil functioning.

	
May alter AWC.

	
Water conservation practices, mulching, organic amendments, crop residues.

	
[40,41]




	
Penetration resistance

	
It determines root penetration into soil and root-microbe (e.g., mycorrhizae) interactions.

	
May increase penetration resistance.

	
Organic amendments, no-till agriculture, cover cropping.

	
[42,43]




	
Saturated hydraulic conductivity

	
It may influence water and nutrient movement.

	
May alter or reduce hydraulic conductivity.

	
Organic amendments, no-till agriculture, cover cropping.

	
[44,45]




	
Soil aggregate size classes, their composition

	
These determine soil structure, nutrient dynamics, microbial activities, plant growth, and carbon (C) storage.

	
May reduce soil aggregation or aggregate composition.

	
No-till, cover cropping, organic amendments,

cropping diversity.

	
[46,47,48]




	
Soil surface hardness

	
It is a measure of the maximum soil surface (0–15 cm depth) penetration resistance (psi), and it is determined by a field penetrometer. It must not exceed 300 psi. Low values are good for soil functioning and root growth.

	
May increase soil hardiness

	
No-till, crop rotation, organic amendment, crop residues, and reduced use of farm machinery.

	
[49,50,51]




	
Subsurface Hardness:

	
It is also a measure of the maximum resistance (psi) in soil between 15 to 45 cm depths using a field penetrometer.

	
May increase soil hardiness

	
Same as above.

	
[49,50,51,52]




	
Soil aggregate Stability

	
It is a measure of soil aggregates’ resistance to disintegration under raindrop impact. It is determined by testing the impact of simulated rainfall on aggregates in the soil sieves (0.25–2.0 mm). The proportion of soil that stays on the sieve reflects the percentage of aggregate stability. Healthy soils should have >50% stable aggregates.

	
May reduce soil aggregate stability.

	
No-till, crop rotation, organic amendment, cover cropping mulching, and reduced

use of machinery.

	
[53,54,55]




	
Biological indicators




	
Root pathogen pressure assessment

	
It is an estimation of pathogen load on plant roots and it is rated from 2 to 9. The higher numbers show higher plant sensitivity and pathogen damage.

	
May increase root

pathogen pressure.

	
The mixture, inter-cropping, cover cropping, organic amendments,

and biopesticides.

	
[56,57]




	
Beneficial nematode population

	
A higher abundance of beneficial nematodes is considered

as a good indicator of soil health.

	
May reduce their abundance.

	
The mixture, inter-cropping, cover cropping, cropping diversity, organic amendments,

	
[12,58,59]




	
Earthworms

	
A higher abundance of earthworms is considered a good indicator of soil health.

	
May reduce their abundance.

	
The mixture, inter-cropping, cover cropping, cropping diversity, and organic amendments.

	
[12,58,59]




	
Parasitic nematode population

	
A low abundance of parasitic nematodes is considered a good indicator of soil health.

	
May increase their abundance

	
Biopesticides, mixture, inter-cropping, cover cropping, and crop rotation.

	
[60,61,62]




	
Potentially mineralizable N (PMN)

	
It is defined as the fraction of organic N that is available to plants.

	
May reduce PMN.

	
Cropping diversity, crop rotation, cover cropping, organic amendments,

and crop residues.

	
[63,64]




	
Cellulose decomposition rate

	
Higher decomposition leads to greater C and nutrient availability to soil organisms and health.

	
May reduce decomposition.

	
Organic amendments, crop rotation, cover cropping, crop residues, and organic amendments.

	
[65,66]




	
Particulate organic matter (POM)

	
POM is a fundamental indicator of soil health.

	
May reduce POM.

	
The mixture, inter-cropping, cover cropping, and organic amendments.

	
[67,68]




	
Active C

	
It is a small portion of SOM that is readily available for soil organisms and regulates soil food web interactions.

	
May activate C.

	
Organic amendments, cropping diversity, cover cropping,

and crop residues.

	
[25,69]




	
Weed seed bank

	
A higher weed seed bank may lead to weed invasion, and it is detrimental

to soil health.

	
May increase weed seed bank.

	
Cropping diversity, cover cropping, and crop rotation

	
[70,71]




	
Microbial respiration rate

	
It is an indicator of microbial activities and soil functions. It also determines soil C storage and sequestration.

	
May alter respiration.

	
Organic amendments, crop residues, crop rotation,

cover cropping,

and cropping diversity.

	
[72,73,74]




	
Soil protein contents.

	
These determine the quality of SOM,

and the level of soil biological activities.

	

	
Crop residues, organic amendments, cover cropping, and crop rotation.

	
[75,76]




	
Microbiomic indicators




	
Microbial networks, interactions

	
Microbial networks and teamwork regulate multiple soil functions.

	
May alter or deplete

microbial networks.

	
Cropping diversity, crop rotation, cover cropping, biofertilizers, organic amendments, biochar,

and crop residues.

	
[11,77,78]




	
Microbial abundance, biomass

	
Higher microbial biomass contents are considered

an indicator of healthy soil.

	
May reduce or alter microbial biomass.

	
Same as above.

	
[79,80]




	
Community composition

	
Higher values of community composition such as species evenness are indicators of healthy soil.

	
May reduce or

alter the microbial

community structure.

	
Same as above.

	
[17,81]




	
Diversity

	
Higher values of microbial diversity such as species richness are indicators

of healthy soil.

	
May reduce or alter microbial species richness.

	
Same as above.

Microbial probiotics

	
[17,81,82,83]




	
Beneficial properties

	
Soils with microbes of diverse properties are considered healthy soils.

	
May reduce the abundance of beneficial microbes.

	
Same as above.

Microbial probiotics.

	
[82,84]




	
Food web interactions

	
Soils with a greater abundance of different trophic level organisms and interactions are considered healthy soils.

	
May alter soil trophic complexity and interactions.

	
Same as above.

Microbial probiotics.

	
[85,86,87]




	
Chemical indicators




	
P

	
The optimum level of P (30–50 ppm) is also an indicator of healthy soil.

	
May reduce soil P contents.

	
Organic amendments, biofertilizers, crop residues, and cropping diversity.

	
[88,89,90]




	
N

	
The optimum level of N (50–75 mg-N/kg soil) is also an indicator of healthy soil.

	
May alter soil N contents.

	
Organic amendments, biofertilizers, crop residues, and legume cover cropping.

	
[88,89,90]




	
K

	
The optimum level of K (50–75 mg-N/kg soil) is also an indicator of healthy soil.

	
May reduce soil K contents.

	
Organic amendments, biofertilizers, crop residues, and cover crops.

	
[91]




	
pH

	
Near neutral pH is a sign of healthy soils while low and high pH damage soil health by causing acidity and salinity.

	
May alter soil pH. In slight acidic and saline soils, it may increase soil acidity and salinity, respectively.

	
Crop rotation, cover cropping, organic amendments,

and crop residues.

	
[89]




	
Magnesium (Mg)

	
The optimum level of Mg is also an indicator of healthy soil.

	
May alter or reduce soil

Mg contents.

	
Dolomitic limestone, quality irrigation water, cover cropping, and crop residues.

	
[92,93]




	
Calcium (Ca)

	
The optimum level of Ca determines soil structure and pH,

and are an indicator of healthy soil.

	
May alter or reduce soil Ca contents.

	
Limestone, gypsum, irrigation water, and crop residues.

	
[93,94,95]




	
Iron (Fe)

	
The optimum level of soil Fe contents is an indicator of healthy soil.

	
May alter or reduce soil Fe contents.

	
Iron chelates, manure or sewage sludge, foliar spray of ferrous sulfate solution

	
[93,94,95,96]




	
Aluminum

	

	

	

	
[93,94,95,96]




	
Manganese (Mn)

	
The optimum levels of soil Mn contents are an indicator of healthy soil.

	
May alter or reduce soil

Mn contents.

	
Crop residues, organic amendments, and conservation tillage.

	
[93,94,95,96,97]




	
Zinc (Zn)

	
The optimum levels of soil Zn contents are an indicator of healthy soil.

	
May alter or reduce soil

Zn contents.

	
Crop residues, zinc sulfate, zinc chelates, biofertilizers,

	
[93,94,95,96,97]




	
Copper (Cu)

	
The optimum levels of soil Cu contents are an indicator of healthy soil.

	
May alter or reduce soil Cu contents.

	
Organic matter, organic amendments, biofertilizers, and crop residues.

	
[66,67,68,69]




	
Exchangeable acidity

	
It is defined as the sum of the concentrations of Al and hydrogen (H) ions in the soil exchange complex, and it is inversely related to the pH and base saturation of the soil.

	
May alter it and soil pH

	
Lime, organic matter, manure, crop rotation,

and cover cropping.

	
[98,99]




	
Salinity/sodicity

	
Higher salt contents damage soil structure

and salinity is linked to soil degradation.

	
May increase soil salinity

in arid zones.

	
Organic amendments, cover cropping, crop residues, and crop rotation.

	
[100]




	
Heavy metals

	
Higher heavy metal contents damage soil health. Lower concentrations are considered as an indicator of healthy soil.

	
May increase or alter heavy

metal contents.

	
Heavy metal-free organic amendments, crop residues,

	
[101,102]








Note: Soil health indicator is a very broad term, and there are no universal values for them. Their significance and ranges may differ across different soil types, cropping systems, and climatic zones.
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