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Abstract

:

Greenhouse vegetable production has become increasingly important in meeting the increasing global food demand. Yet, it faces severe challenges in terms of how to maintain soil productivity from a long-term perspective. This review discusses the main soil productivity limiting factors for vegetables grown in greenhouses and identifies strategies that attempt to overcome these limitations. The main processes leading to soil degradation include physical (e.g., compaction), chemical (e.g., salinization, acidification, and nutrient imbalances), and biological factors (e.g., biodiversity reduction and pathogen buildup). These processes are often favored by intensive greenhouse cultivation. Mitigation strategies involve managing soil organic matter and mineral nutrients and adopting crop rotation. Future research should focus on precisely balancing soil nutrient supply with vegetable crop demands throughout their life cycle and using targeted organic amendments to manage specific soil properties. To ensure the successful adoption of recommended strategies, socioeconomic considerations are also necessary. Future empirical research is required to adapt socioeconomic frameworks, such as Science and Technology Backyard 2.0, from cereal production systems to greenhouse vegetable production systems. Addressing these issues will enable the productivity of greenhouse vegetable soils that meet growing vegetable demand to be sustained using limited soil resources.
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1. Introduction


Over the last decades, global vegetable demand has rapidly increased with socioeconomic development [1,2]. According to FAO (Food and Agriculture Organization of the United Nations), between 1991 and 2021, vegetable consumption per capita has almost doubled (from 76 to 147 kg), which has been paralleled by an expansion of land use for vegetable production (from 29 to 58 million hectares) [3]. These significant increases demonstrate not only the critical role of vegetable production for global food security but also the growing pressures on agricultural systems to meet this rising demand [4].



Greenhouse agriculture has become increasingly important for vegetable production, especially in the Global South after the 2000s [5]. According to the assessment using satellite data, there are 1.3 million hectares of greenhouses on the earth’s surface [5]. The largest coverage has been found in China, which accounts for 60.4% of the global greenhouse coverage and is far higher than the 5.6% in the second largest Spain. In China, about 30% of the vegetables are currently produced in greenhouses, which is aimed to increase to 40% by 2030 (data: Ministry of Agriculture and Rural Affairs of China, 2023). Greenhouses provide a controlled or semi-controlled environment for vegetable growth that prevents yield losses from extreme weather conditions (e.g., heavy rainfall and hail) and pests (e.g., Bactrocera dorsalis). Meanwhile, technologies such as fertigation, precise irrigation, and nutrient management are enabled in greenhouses, which minimizes leaching waste and increases resource use efficiency [6,7]. Moreover, the controlled environmental conditions in greenhouses allow for year-round vegetable production, which is not possible in open fields due to temperature and light variabilities [8]. Therefore, greenhouse vegetable production maximizes the yield and allows a stable and predictable supply to meet the vegetable demand.



A significant fraction of greenhouses are located in urban and suburban areas where the pressure on vegetable supply is especially high because of the population and the limited land resources [5]. The investments are significant in greenhouse structures as well as the associated climate control and irrigation instruments [9]. The limited land surfaces and high cost put pressure on greenhouse vegetable production to maximize yield and efficiency in resource usage to ensure economic viability [10,11]. Consequently, greenhouse vegetable production systems are characterized by high planting density, both spatially (many plants per unit area) and temporally (multiple crop cycles per year). This intensive cropping system demands substantial material inputs, including fertilizers, pesticides, and fungicides, to maintain high yields and to reduce yield losses due to pests and diseases. The intensive cropping practices in greenhouse vegetable production, while optimized for current crop growth, can contribute to stresses affecting long-term productivity.



Soil degradation occurs as the primary issue causing the potential decline in greenhouse vegetable productivity (Figure 1) [12,13,14]. This issue can be mainly attributed to the intensive nature of this cropping system. Previous studies have shown that overfertilization and continuous cropping can result in 30–40% yield losses in greenhouse tomato production in about 10 years or even less [15,16]. The repeated use of greenhouse soils without adequate soil management can lead to soil compaction, which reduces soil pore spaces and limits root growth and water infiltration [17]. The high input of fertilizers contributes to salt accumulation and acidification of the soil, which can suppress the uptake of soil nutrients by vegetables [18]. These changes in soil physiochemical properties can disrupt the soil microbial community, which inhibits soil nutrient cycling processes and favors the growth of microbial pathogens [19]. Moreover, the extensive use of agrochemicals can introduce toxic substances from both the chemicals themselves and their impurities (e.g., accumulated minerals, organic compounds, and heavy metal contaminants), which poses potential risks to crop and human health [18]. The soil degradation processes can even be accelerated under the unique environment in greenhouses, which is characterized by elevated temperature and humidity and protection from sunlight and rainfall. For example, the absence of rainfall limits natural leaching and retains these agrochemicals in topsoil, which accelerates soil salination, acidification, and toxification [12]. Under warm and humid conditions, soil pathogens can persist and spread rapidly [20]. The cumulative effect of these physical, chemical, and biological degradations of soils reduces the productivity of greenhouse vegetables over time. To sustain the vegetable supply, factors that contribute to soil degradation in greenhouse vegetable production systems need to be recognized and mitigated [21].



The aim of this review is to provide a synthesis of the current knowledge on the causes and processes limiting productivity in greenhouse vegetable soils and mitigation strategies for their sustainable use over crop cycles. This review does not cover the broader issues of environmental sustainability in the production of greenhouse vegetables, like carbon neutrality, soil ecosystem services, or protection of the surrounding environments, as this is well addressed in recent review papers (e.g., [12,18,22,23]). Instead, this review focuses on sustaining long-term soil productivity in greenhouse vegetable systems to meet the present and future demands.




2. Soil Factors Limiting Greenhouse Vegetable Productivity


2.1. Physical Soil Degradation


Physical degradation of soil involves the destruction of the soil’s porous structure, primarily through the breakdown of soil aggregates and the consequent compaction [24,25]. Soil aggregates are composed of soil organic and inorganic particles that are bound together. These aggregates together constitute a soil’s porous structure, which is essential for the delivery of soil water and minerals to crop roots and root expansion toward soil resources [26]. Therefore, the breakdown of soil aggregates can limit the accessibility of air, water, and nutrient resources to crops [17]. During irrigation, soil with limited water infiltration and drainage can easily be flooded, which deprives roots of oxygen and causes root rot. These factors collectively reduce plant growth and, thereby, biomass production and crop yield [27,28]. In greenhouse vegetable production systems, intensive agricultural practices often negatively impact soil aggregate stability, which makes the soil more susceptible to compaction and negatively impacts its productivity.



Multiple cropping cycles of greenhouse vegetables often mean frequent soil tillage, which is carried out between cycles and disrupts soil aggregates. Tillage involves breaking up, overturning, and mixing topsoil and subsoil, which is typically done to prepare the soil for planting and to manage crop residues (such as roots) and weeds. This practice can immediately improve the soil’s porous structure, which enhances root growth and water and fertilizer use efficiency due to increased soil aeration and resource retention [29]. However, frequent tillage repeatedly breaks down the larger aggregates into smaller particles, reducing the physical protection of macroaggregates for microaggregates and soil organic matter [24]. This impact, together with elevated soil oxygen levels, accelerates aerobic microbial decomposition processes and results in the loss of soil organic matter [25,30]. Soil organic matter, such as polysaccharides and humic substances, serves as binding agents for soil particles that form aggregates [31]. Upon frequent tillage, especially under the warm and humid conditions in greenhouses and under plastic mulches, the decomposition of this organic matter can be significant, which decreases soil aggregation and leads to physical soil degradation [32,33,34].



Many vegetable crops have fast-growing roots that can rapidly occupy the soil while exerting mechanical pressure on the surrounding soil particles with the expansion of root tips and root diameter [35]. This compressing force results in a 12–35% increase in soil bulk density in the rhizosphere (50–200 μm from the root surface) relative to that of the surrounding bulk soil [36,37]. Meanwhile, plant roots can penetrate and break large aggregates [38,39]. Nevertheless, these effects can be counterbalanced by the input of organic matter through root excretion, turnover, and fungi symbiosis, but are species-dependent [24,40]. The impact of root growth on soil aggregation can be significant in greenhouse vegetable production systems where high cropping density results in extensive root networks.



The compressing force on greenhouse soil can be derived from equipment such as tillage tractors and harvesting machinery and from the continuous trampling by workers performing planting, pruning, spraying, and harvesting tasks [41]. These machinery and human traffic are significant in the greenhouse vegetable production system, which is often labor intensive due to the high cropping density and turnover rate and the requirement for precise and continuous monitoring and management. Meanwhile, greenhouse vegetable soils are often consistently wet during crop growth to support vigorous plant growth. The controlled irrigation system, such as drip irrigation, can lead to localized soil saturation [42]. Wet soils are particularly susceptible to compaction because the presence of water fills the soil pores, reducing the cohesion and friction among soil particles and aggregates to resist dispersion when pressure is applied [17,43]. These factors combined contribute significantly to soil compaction in greenhouse vegetable production systems, negatively impacting long-term soil productivity.



Physical degradation of greenhouse vegetable soils has received relatively less attention compared to the chemical and biological factors discussed in the following sections [25]. Indeed, these factors exist interactively. For instance, the accumulation of sodium (Na) ions in soils not only causes salination but also disrupts electrostatic forces by replacing calcium (Ca) and magnesium (Mg) ions that help bind soil particles and stabilize aggregates [26]. Furthermore, soil microbial communities can affect and be influenced by soil aggregation (Figure 1). Changes in soil aggregation alter the soil microenvironment, affecting the activities of soil microbes, while microbes influence organic matter turnover that may affect soil aggregation [24]. Such interaction illustrates the complex nature of the soil degradation processes in the greenhouse vegetable production systems and requires integrated solutions toward sustainable productivity.




2.2. Chemical Soil Degradation


2.2.1. Soil Salinization


Soil salinization refers to the accumulation of soluble salts in the soil at levels that may negatively affect plant growth and development (Figure 1). Greenhouse vegetable production often causes soil salinization due to intensive fertilization, especially with chemical fertilizers, and irrigation with poor-quality water [44,45,46]. Almost all chemical fertilizers contain salts that dissolve in soil upon application [47]. Salts are also present in organic fertilizers and other agrochemicals and can be released with their decomposition [48]. Furthermore, irrigation water may contain significant levels of salts when sourced from, for example, groundwater in arid and coastal areas [49,50]. Over time, as crops absorb only a portion of the salts input through fertilizers and irrigation water, the residual salts gradually accumulate in the soil [51,52].



Although open-field vegetable production also requires intensive fertilization and irrigation, soil salinization is less significant compared to greenhouse systems, which underlines the effect of closed greenhouse environments [53,54,55]. The absence of rainfall inside greenhouses results in limited leaching of salts out of the soil profile, which is evidenced by a reduced salt accumulation in the topsoil after opening the greenhouse to natural rainfall [54]. Moreover, evapotranspiration in greenhouses averages about 62% of that in open fields due to a significant reduction in solar radiation and ventilation [50]. This reduced evapotranspiration and precise water management (e.g., drip fertigation) further reduce water use and salt leaching in greenhouse soils. Drip fertigation, which introduces fertilizers with irrigation water, may accelerate soil salinization when crops absorb water more quickly than mineral nutrients [56]. Generally, salt accumulation in rhizosphere soil occurs during the growth stage of vegetable crops because of the high water consumption by plants with attendant depletion of water in the root zone and a lack of sufficient leaching [57]. Together, these environmental and management characteristics of greenhouse vegetable production systems often create conditions favorable to salt accumulation in the soils.



The accumulation of soluble salts in soil elevates the concentration of salts in soil solution, consequently increasing the osmotic potential. The principal ions contributing to heightened osmotic potential in arable soils include Na+, Ca2+, potassium (K+), Mg2+, nitrate (NO3−), chloride (Cl−), and sulfate (SO42−) [49,55,58]. The impact of individual ions on soil osmotic potential varies. Notably, at the same concentrations, monovalent ions (e.g., Na+, K+, Cl−) contribute more to osmotic pressure compared to multivalent ions (e.g., Ca2+, Mg2+, SO42−). The “Fertilizer Salt Index” serves as a valuable reference to mitigate the osmotic effects of fertilization [59]. Certain fertilizers, such as potassium chloride (KCl) and ammonium nitrate (NH4NO3), produce much higher osmotic potentials than others, such as potassium sulfate (K2SO4) and ammonium polyphosphate (APP). Under high osmotic pressure, crop roots have to consume more energy to absorb water and may even be unable to take up sufficient water in highly salinized soils [60]. Beyond osmotic stress, the toxicity induced by ions themselves can negatively influence essential physiological processes, including photosynthesis and nutrient transport. These effects will be discussed in detail in Section 2.2.4 of this review. In summary, soil salinization reduces crop dry matter production through osmotic stress and specific ion toxicity. These effects have been thoroughly reviewed e.g., by Haj-Amor et al. [58].



Salt stress resistance in vegetable crops varies significantly both between and within species and is further influenced by growth stages and environmental factors such as ventilation and humidity [61]. The review from Machado et al. provides a list of the salinity threshold among a variety of vegetable crops, where some species (e.g., broccoli (Brassica oleracea) and tomato (Solanum lycopersicum)) are more tolerant to salinity than other species (e.g., strawberry (Fragaria × ananassa)) [62]. Overall, most vegetable crops are poorly tolerant of salt, as yield reductions start at electrical conductivity (EC; soil saturation extracts) levels of 1–2.5 dS m−1. For instance, previous studies have shown that tomato yield decreased by 21% when soil EC increased from 1.1 to 5.4 dS m−1 [63], while pepper (Capsicum annuum) yield exhibited a 58% reduction when soil EC increased from 1.5 to 6.5 dS m−1 [64]. These examples demonstrate the importance of salinity management in greenhouse vegetable soils to ensure sustainable productivity and optimal yield.




2.2.2. Soil Acidification


The high input of certain salts, namely nitrogen (N) fertilizers, can induce soil acidification. To maximize the instant vegetable yield, the application rates of N fertilizers often reach even above 4000 kg N ha−1 year−1 (e.g., in Shandong, China), while the N use efficiency is very low (<10%), resulting in excessive N accumulation in the soil [65,66]. In soils, ammonium ions (NH4+) are primarily released from urea upon hydrolyzed by urease and from ammonium-based fertilizers such as ammonium sulfate ((NH4)2SO4) (Figure 1). Subsequently, nitrifying bacteria (i.e., nitrite bacteria and nitrobacteria) convert NH4+ to nitrite (NO2−) and then to NO3−. Protons (H+) are released in this nitrification process, which lowers soil pH. Apart from chemical fertilizers, organic fertilizers also contribute significantly to soil ammonium levels, but the influence varies. For instance, clover green manure application markedly decreases soil pH, while mustard green manure has negligible effects due to differences in their ammonium contents [67]. The degree of maturation and the types of materials added during organic fertilizer composting can significantly influence the ammonium contents and acidifying potential of the fertilizer [68,69]. For example, as composting progresses, NH4+ is oxidized to NO3−, which reduces ammonium levels in the fertilizer [68]. Adding Mg2+ and phosphate (PO43−) salts during composting can precipitate ammonium as struvite crystals (MgNH4PO4·6H2O), which preserves the ammonium within the fertilizer [69]. Lastly, crops take up NH4+ and release H+ to balance the charge in root cells, which can acidify the rhizosphere soil [70]. However, this acidification can be counterbalanced by NO3− uptake, which consumes soil H+ and releases hydroxide ions [71]. Nevertheless, the impact on soil acidification by H+ release through nitrification or root exudation varies among soil types. For example, calcareous soils, which contain significant amounts of calcium carbonate (CaCO3), exhibit a high buffering capacity against acidification [72].



Soil acidification is a frequently reported issue in greenhouse vegetable production systems, particularly in those cropping intensively for years [18]. A study in Northern China demonstrated that excessive fertilizer application (842 kg N ha−1) led to the accumulation of available N in the soil and lowered soil pH from 5.7 to 4.6 over 15 years of greenhouse vegetable cultivation [73]. The same study found that after a decade of cultivation, greenhouse vegetable soils showed notably lower pH levels (5.1) compared to nearby wheat-maize fields (pH 6.5). In another study of greenhouse vegetable production, Lv et al. reported that 10 years of greenhouse cultivation resulted in pH reductions of 0.5 units in the topsoil and 0.3 units in the subsoil relative to adjacent corn fields, attributing this mainly to the accumulation and subsequent leaching of N [74]. A nationwide investigation in China revealed substantial potential acidity accumulated in greenhouse vegetable soils (approx. 230 kmol H+ ha−1 year−1), which is five times higher than in double-cropping cereal soils [75].



Soil pH significantly influences the chemical speciation of minerals and their interactions, such as adsorption and the formation of insoluble complexes, thereby directly affecting their availability in the soil [26]. In acidic soils (e.g., pH < 5.5), essential mineral nutrients such as phosphorus (P) and molybdenum (Mo) become less available, while the solubility of potentially toxic elements like aluminum (Al) and copper (Cu) increases [76,77]. The altered mineral availability can lead to crop nutrient deficiencies and toxicity, which suppress crop growth and productivity. Furthermore, soil acidification alters the surface charge and composition of clay minerals. These changes reduce soil cation and anion exchange capacities, which may diminish the ability of soil to retain and supply essential nutrient ions to plants [26,78]. For example, artificially lowering soil pH from 6.9 to 4.2 resulted in an 18% reduction in tomato yield [79]. Therefore, soil pH needs to be maintained at an optimal range (neutral or nearly neutral) to sustain the productivity of greenhouse vegetables.




2.2.3. Soil Nutrient Imbalance


In greenhouse soils, some mineral nutrients may accumulate in excess, while others may become depleted or less available to crops [46]. Despite being essential for plant growth, high concentrations of certain mineral nutrients can interfere with the uptake and utilization of other mineral nutrients in the soil [80,81,82]. Conversely, because micronutrients are not supplied as frequently as macronutrients, and fertilizer application rates are typically calculated based on macronutrient (e.g., N) content, micronutrients can be significantly depleted from the soil [83,84,85,86].



Soil nutrient imbalance may cause antagonistic interactions between different elements [87]. For example, in plants, elevated levels of K can markedly compete with Mg and Ca for uptake pathways (i.e., root cation transporters), inhibit their uptake, and may lead to deficiencies in these elements [82,88]. Insufficient Mg supply limits chlorophyll production, which reduces photosynthetic efficiency and dry matter production [89]. Cell wall formation may be disrupted under Ca deficiency, which weakens tissue structural integrity. In vegetables like tomatoes and melons, insufficient Ca supply during fruit development can make the fruits susceptible to disorders such as blossom-end rot and fruit cracking [90,91,92]. However, at this stage, high K fertilization is often employed to enhance the sugar content in the fruit. This practice can limit Ca uptake and its subsequent translocation within the plant, increasing the risk of yield loss and fruit cracking during transportation [93,94]. For example, a greenhouse experiment with tomatoes showed a 10–15% reduction in fruit yield when the ratio of K:Ca supply increased from 0.82–0.85 to 1.00 [88]. Similarly, tomatoes grown in quartz sand substrate, supplied with nutrient solutions containing the same total concentration of macronutrients, showed a decrease in fruit yield of 15–26% when the proportion of K increased from 16% to 68% while the proportion of Ca decreased from 68% to 16% [95]. Meanwhile, depending on the cultivar, the marketable yield decreased more significantly, by 26–52%, due to an increased incidence of blossom-end rot by 17–33%. The interaction between K, Ca, and Mg in soil-plant systems needs to be carefully managed, especially in fruit vegetable production to balance the crop yield and quality.



These antagonistic effects are also observed, especially between P and certain micronutrients, such as zinc (Zn) and iron (Fe). In soils with elevated P levels, the availability of Zn and Fe is often reduced due to the formation of insoluble compounds between phosphate and metal ions. For instance, Aghili et al. reported that high P fertilization in greenhouses, as compared to open-field conditions, led to lower and deficient levels of Zn and Fe in pepper, cucumber (Cucumis sativus), and tomato plants [96]. Deficiencies in Zn and Fe not only reduce the nutritional value of the fruit for human consumption but also adversely affect essential physiological processes such as photosynthesis and fruit development, thereby reducing crop productivity and quality [97]. In hydroponic tomato seedlings, the highest plant yield was observed in the treatment that combined the highest Zn and the lowest P concentrations. The yield decreased by up to 80% when the log(Zn2+) activity decreased from −10.6 to −11.5, with more significant reductions observed as P levels increased [98]. The authors, therefore, suggest that the yield loss may also be attributed to the potentially toxic accumulation of P in the leaves. These cases about interactions between elements highlight the complexity of nutrient management in greenhouse vegetable production and indicate the importance of maintaining a balanced soil nutrient profile for sustaining long-term productivity.




2.2.4. Soil Toxification


The accumulation of certain substances in greenhouse soils, while not causing salinization or acidification, may still harm crop growth and development due to their toxicity [12,18]. These toxic substances may originate from the input materials themselves, such as mineral elements from fertilizers that accumulate in the soil at toxic levels and organic compounds from pesticides. Additionally, impurities and additives in these materials can introduce pollutants, including heavy metals and organic contaminants from fertilizers and agricultural films. Moreover, some vegetable crops can excrete autotoxins, which accumulate in soil due to monocropping and harm subsequent crops of the same species. These diverse sources of soil toxicity present a significant challenge to sustainable greenhouse vegetable production, as they can significantly impact crop yield and quality (Figure 1).



The excessive use of fertilizers leads to the accumulation of mineral ions in the soil to levels that are toxic to crops. These mineral ions can be macro- and micronutrients, as well as contaminants that are not essential for higher plants. Regarding macronutrients, excessive application of ammonium-based fertilizers can lead to ammonium accumulation in soils, resulting in reduced vegetable yield due to ammonium toxicity [99]. Soil ammonium can easily transfer to ammonia and volatilize in greenhouse environments with high temperatures, insufficient ventilation, and lack of rainfall leaching. Ammonium volatilization can be especially enhanced when a nitrification inhibitor is applied to prevent the loss of ammonium and enhance the ammonium N use efficiency [100]. High concentrations of ammonia in the air (incl. soil air) can be toxic upon being absorbed through the leaves and roots [101]. In cells, ammonia reacts with water in the cytoplasm and releases ammonium and hydroxide ions, which disturb cellular pH and fundamental physiological processes such as photosynthesis. More importantly, ammonia absorbed and concentrated in the roots rapidly effluxes from root cells against the concentration gradient [102]. This influx-efflux cycle is unavailing and highly energy consuming, which causes losses of dry matter and crop yield.



Compared to macronutrients, soil trace elements are generally more risky to be toxic to plants. These elements are often transition metals. Some of them are essential for plant growth, but the sufficient levels are very close to the critical level of toxicity. For example, Cu and Zn can be toxic to crop plants at concentrations above 15 and 100 μg g−1 dry matter, respectively, while the concentrations of sufficiency are 5 and 30 μg g−1 dry matter, respectively [103]. Other trace elements, such as cadmium (Cd), are contaminants that can limit plant growth even at very low concentrations. Animal manure is the main source of these metal elements introduced into arable soils [104,105,106]. In livestock husbandry, trace elements are introduced through feed additives to prevent animal disease or reduce its severity (e.g., Cu and Zn) or through bioaccumulation by consuming contaminated feeds and pastures (e.g., Cd) [107,108]. Furthermore, wastewater irrigation, impurities in mineral fertilizers, and pesticides are also considerable sources of these potentially toxic elements in greenhouse soils, such as impure P fertilizers, which can contribute to soil Cd [109,110,111]. Isotope tracing studies have provided evidence that the buildup of these elements in topsoil is significant because only a small portion of the input can be removed from the soil through harvesting [106,112,113,114]. Greenhouse vegetable production systems are a hotspot of soil heavy metal (incl. essential micronutrients and contaminants) contamination, where higher concentrations of these elements are present in soils as compared to open-field soils due to the intensive land use and material inputs [115,116,117]. When absorbed by crops, these elements can potentially become toxic by inducing nutrient deficiency symptoms due to antagonistic effects (e.g., Zn competing with Fe, or Cd competing with Mn and Fe for transporters) [118,119]. Furthermore, elevated accumulation of these elements can trigger oxidative stress, which leads to the production of reactive oxygen species that damage cellular structure and inhibit metabolic processes [120,121]. However, although greenhouse vegetables have been shown to take up excessively these toxic elements from the soil [122], the loss of yield caused by these toxic effects is rarely reported on vegetables cultivated under field conditions. This observation suggests that the accumulation of these metals primarily impacts vegetable quality and human food safety rather than significantly affecting the productivity of greenhouse soils.



Organic contamination is a severe environmental issue in vegetable production systems because vegetables are often grown as cash crops for which farmers intensively use pesticides (e.g., insecticides and fungicides) to prevent yield losses from pests and pathogens [123]. These agrochemicals introduce organic compounds into the vegetable production system, where some of them, such as organochlorines, can remain in the soil even though their use has been prohibited for decades due to their resistance to degradation [18]. Additionally, the use of plastic films causes the contamination of phthalate acid esters, which are mixed into the plastic material in the production process as plasticizers and can readily be released and accumulated in the soil [124,125]. The controlled environment in greenhouses favors the release of these organic compounds while limiting natural degradation processes, including photodegradation, which result in a higher presence of organic contaminants in soils compared to open-field soils [126,127,128]. It has long been known that vegetable crops can take up these organic contaminants from the soil or, when volatilized, through their leaves from the air [129]. The accumulation of organic contaminants in edible parts of vegetables poses threats to human health [130], where organochlorines and leafy vegetables are of major concern [131]. While soil contamination by organic compounds raises significant ecotoxicological concerns, yield losses in vegetables due to such contamination have rarely been reported under field conditions. Therefore, similar to trace metals, the accumulation of organic contaminants in crops is not considered a major factor affecting greenhouse vegetable soil productivity.



For the economic efficiency and supply of a particular vegetable, farmers prefer to continuously grow the same species in the same field for multiple seasons without rotating with other crops [11,132]. This continuous monocropping often leads to the accumulation of autotoxins in the soil [133], which can even be accelerated in greenhouse systems by the absence of rainfall washing and limited natural degradation. Autotoxins are excreted by roots or released from degraded crop residues that can be toxic to the subsequent growing plants of the same or closely related species [134,135]. This autotoxicity is commonly observed in vegetable crops and causes growth reduction and yield losses. For example, cucumber yield was reduced by 41% after 4 years of continuous monocropping [136], and the growth of tomato seedlings was significantly limited in soils continuously used for 7 years of tomato cultivation [137]. The composition of autotoxins varies among species. In cucurbit crops, root exudates include organic acids (e.g., benzoic acid and cinnamic acid) and phenol derivatives (e.g., p-thiocyanatophenol) are responsible for the autotoxicity [138,139]. In tomatoes, fatty acid esters, including palmitate methyl ester and oleic acid methyl ester, respectively, affect hypocotyl and root elongation [137]. On the one hand, these autotoxins can be directly toxic to plants by inducing oxidative stress and generating reactive oxygen species, which can eventually lead to cell structure destruction [139,140]. On the other hand, crops can be more susceptible to diseases with the accumulation of autotoxins in soils. For example, cinnamic acid reduced cucumber yield by promoting the infection of roots to Fusarium wilt [141], which is similar to the eggplant (Solanum melongena) infection by Verticillium wilt with the presence of autotoxins cinnamic acid and vanillin [142]. A previous study on peanuts (Arachis hypogaea) indicates that this infection could be attributed to changes in root-colonizing microbial communities, which increased the abundance of pathogenic microbes while decreasing that of beneficial microbes [143]. In summary, continuous monocropping leads to crop exposure to species-specific autotoxins in soils, which reduce yield by limiting plant growth and increasing susceptibility to soil-borne diseases, posing significant challenges to the productivity of greenhouse vegetable soils.





2.3. Biological Soil Degradation


Soil is a living system where plants coexist with soil organisms, including microbes and fauna [144]. These soil organisms can be beneficial to soil fertility and crop productivity by delivering various functions, such as nutrient cycling and soil aggregate formation, while some organisms can be harmful, such as plant pathogens. Biological soil degradation is characterized by disruption of soil biological function and pathogen buildup, which is often associated with intensive land use like vegetable production [145]. As illustrated in Figure 1, the biological degradation does not occur in isolation and is often induced by the specific environmental conditions resulting from the physical and chemical degradation of soil [146,147,148]. Conversely, a reduction in soil organism population and diversity can lead to a less resilient soil ecosystem, which potentially makes the soil more susceptible to disturbance and degradation [149,150].



The functions of the soil microbes are primarily influenced by how environmental factors impact soil aggregates and the spaces between them [146]. When soils become compacted, the destruction of soil aggregates breaks the habitats of microbes and, thereby, affects the soil microbial populations [151]. The soil’s altered porous structure limits oxygen diffusion in soils. This shift towards an anaerobic environment favors the activity of anaerobic microbes such as methanogens (Methanosarcina) and denitrifiers, leading to greater methane and nitrous oxide production, which represent losses of organic matter and N from the soil system [146,152,153]. In addition, under the anaerobic conditions of compacted soils, the activity of iron- and sulfate-reducing bacteria (e.g., Geobacter and Desulfovibrio) can be promoted, which affects soil redox conditions and potentially leads to nutrient imbalances that affect plant growth and development [144,154]. By contrast, beneficial aerobic organisms, such as arbuscular mycorrhizal fungi (AMF) and fauna, can be depressed under low soil oxygen availability [146,155]. The impairment of symbiotic colonization of AMF on roots can negatively impact crop nutrient uptake and stress tolerance [156]. The decrease in the abundance of soil fauna, like earthworms, further compromises the physical structure of soils [24,157]. Collectively, these studies imply that physical degradation in greenhouse vegetable soils can significantly influence soil biological communities crucial for functions such as nutrient cycling and structural maintenance, which lead to decreased soil fertility and vegetable productivity.



Chemical soil degradation in greenhouse vegetable production systems also significantly influences soil biological community and function [158]. As soil salinity increases, soil fauna can be negatively affected, among which earthworms (e.g., Eisenia fetida and Aporrectodea caliginosa) are particularly sensitive to osmatic stress [159]. The decline in these organisms’ populations leads to poor soil structure, which, as discussed in Section 2.1, can adversely impact vegetable water and nutrient uptake [160]. Meanwhile, osmotic stress and the often-associated soil acidification can decrease AMF colonization (e.g., Claroideoglomus etunicatum and Rhizophagus intraradices) in vegetable roots, thereby limiting P uptake and overall plant nutrition [161,162,163,164]. Furthermore, mycorrhizal colonization has been shown to be a protective factor against soil-borne diseases in vegetable crops, such as Fusarium wilt in cucumber, and its decline can make crops more susceptible to infection [162,165]. Additionally, increased soil acidity and salinity in greenhouse vegetable soils reduce the abundance and diversity of beneficial bacteria such as Pseudomonas and Bacillus species, which play key roles in soil nutrient cycling and disease resistance [166,167,168,169]. Studies have indicated that soil acidification is a major factor contributing to crop infections caused by soil-borne pathogens [170]. For instance, in acidic soils, reduced activities of Pseudomonas fluorescens and Bacillus cereus, antagonists of the pathogen Ralstonia solanacearum, contribute to the outbreak of bacterial wilt disease in susceptible vegetables like tomatoes [171]. Fusarium wilt can also be induced with decreased suppression effect of Pseudomonas and Bacillus species in acidified and salinized greenhouse soils [166].



Heavy metals and persistent organic pollutants (e.g., pesticide residues) in soils can be toxic to beneficial soil organisms, which further limits the resilience and biological function of the soil ecosystem [172,173]. For example, heavy metal (e.g., Cd, Zn, and Cu) contamination can significantly reduce the diversity and colonization of soil mycorrhizal fungi [174,175], thereby affecting plant nutrient uptake and disease resistance. Multiple substances and broad-spectrum pesticides have strong impacts on soil microbial and fauna communities [176,177]. For example, fungal cells with DNA topoisomerase II can be affected by carboxylic acid fungicides, which are designed to control fungal pathogens but may act on beneficial fungi involved in soil nutrient cycling [177]. Neonicotinoid pesticides like dinotefuran and cycloxaprid can affect the survival of earthworms upon epidermal contact or food intake [178]. Meanwhile, certain pesticides exhibit increased toxicity to soil fauna either when combined with other pesticides (e.g., neonicotinoids with glyphosate) or with longer exposure periods (e.g., afidopyropen and diafenthiuron), which suggests a cumulative negative impact on soil fertility over time in greenhouse systems [176,179]. In summary, chemical soil degradation in greenhouse vegetable production systems disturbs soil organisms and their communities, which breaks crucial soil functions that facilitate plant nutrient uptake and protect against soil-borne diseases, eventually limiting vegetable yield and soil productivity.



The significant yield reduction of vegetables grown in soils with continuous monocropping (i.e., continuous cropping obstacles) can be mainly attributed to biological soil degradation, namely the development of soil-borne pathogens [133]. Long-term cultivation of the same or relative species, together with similar management practices applied over the years, simplifies the agroecosystem, which reduces soil microbial diversity [180]. For example, continuous watermelon (Citrullus lanatus) cropping (up to 21 years) largely affected the diversity and community structure of soil bacteria and fungi, which was significantly correlated with yield reduction [181,182]. These changes disturb the interactive balance between soil organisms and may reduce the competitive pressure on soil-borne pathogens, thereby creating conditions for their expansion [180,183]. Continuous strawberry cropping (>8 years) caused a significant shift in the composition of soil bacteria, fungi, and nematode communities toward higher fractions of phytopathogenic species [184]. Root-knot nematode disease caused by phytophagous nematodes is a commonly reported factor that causes continuous cropping obstacles for greenhouse vegetables, such as tomatoes, cucumbers, and melons (Cucumis melo), even when adopting crop rotation with different vegetable species [185,186,187]. Recently, Wang et al. pointed out the importance of the soil food web in the invasion of soil-borne diseases in soil continuous cropping obstacles [133], which emphasizes that understanding and managing the complex interactions within the soil ecosystem is crucial for mitigating vegetable yield losses.





3. Mitigating Soil Degradation toward Sustainable Greenhouse Vegetable Productivity


In agriculture, many strategies have been developed to mitigate soil degradation, such as the use of advanced materials, innovative chemical treatments, electrokinetic techniques, and phytoremediation. These strategies have been comprehensively discussed in recent reviews [22,188,189]. In the context of greenhouse vegetable production, establishing mitigation strategies requires further considerations to ensure their effectiveness and feasibility. Unlike open-field systems, greenhouse production cannot be interrupted for extended periods for soil remediation due to the pressure of investment costs and continuous demand. Moreover, although numerous materials have shown effectiveness in mitigating soil issues, only those that are readily accessible and cost-effective have the potential to be widely adopted in practice. Given these considerations, this section focuses on soil organic matter management, nutrient management, and crop rotation. These strategies have multiple benefits in mitigating soil degradation and are feasible for practical adoption, particularly when socioeconomic drivers are properly addressed. More importantly, these strategies contribute not only to addressing current issues of soil degradation but also to improving soil ecosystem resilience and long-term productivity.



3.1. Soil Organic Matter Management and Nutrient Management


Soil organic matter management can be effective in mitigating soil degradation and maintaining stable crop production (Figure 2) [190,191]. As discussed in Section 2.1, soil organic matter is important for soil physical structure. In greenhouse vegetable soils, organic inputs such as straw and animal manure provide a primary food source for soil microbes and can significantly enhance soil microbial growth and respiration [192]. Moreover, these organic inputs can influence the soil microbial community, especially copiotrophic bacteria (e.g., Pseudomonas and Bacillus species) and saprotrophic fungi (e.g., Trichoderma and Aspergillus species) [193]. This influence can promote the decomposition of complex plant residues containing cellulose and hemicellulose, which enhances the production of binding agents such as polysaccharides and humus. These substances interact and create adhesive bonds among soil particles (e.g., clay minerals), which form soil aggregates and maintain the soil’s porous structure [24,31]. In greenhouse and open-field soils producing vegetables such as tomatoes, peppers, eggplants, and leafy greens, organic amendments have been shown to reduce soil bulk density and increase water holding capacity [194,195]. A meta analysis involving 141 studies on multiple crops including vegetables showed that manure application significantly increased soil organic matter by 18%, water-stable aggregation by 29%, and decreased soil bulk density by 4%, compared to systems using only mineral fertilizers [196]. The loose soil structure allows root growth and facilitates the delivery of water, oxygen, and nutrients toward the root surface. Therefore, maintaining the balance and level of greenhouse soil organic matter is crucial for preventing soils from physical degradation and its associated vegetable yield losses.



Soil organic matter contains various functional groups, such as carboxyl (−COOH) and phenolic hydroxyl (−OH), which can interact with ions in soil solution [197]. Depending on soil pH, these groups can accept or release H+, which helps buffer soil pH and, thereby, enhances soil resistance to acidification [198]. Furthermore, these functional groups create negatively charged sites, which can attract and hold mineral cations such as Ca2+, Mg2+, K+, and NH4+ [199]. Soil organic matter has a large surface area and can form organo-mineral complexes with clay, which further increases the density of these functional groups and enhances the soil’s ability to buffer pH and nutrient availability [26]. Previous studies have suggested that organic matter can contribute to 20–70% of total soil cation exchange capacity (CEC) [200]. This increased CEC improves nutrient retention in soils, which prevents mineral nutrients from leaching loss and makes them readily available for plant uptake. Based on a 12-year study in vegetable cultivation systems, Warman [201] reported that, compared to conventional fertilizers (i.e., inorganic N, P, and K fertilizers applied at recommended levels), compost amendment significantly increased soil pH from 5.6 to 6.4, CEC from 8.5 to 12.1 cmol kg−1, and Mehlich-3 extractable levels of several macro- and micronutrients by 73–147%. In addition, a 10-year study showed that partially replacing inorganic N supply with organic amendments (animal manure and straw) significantly improved soil P retention [202]. This improvement was attributed to a higher soil carbon-to-nitrogen (C/N) ratio, which enhanced microbial immobilization of P, increasing the organic P fraction while reducing the inorganic P fraction in the soil. Similarly, the long-term application of compost can nearly double the level of soil organic N [203]. This increase in the organic fraction of soil minerals slows nutrients release, which prolongs their availability to crops. Therefore, managing soil organic matter can help buffer soil pH and available nutrients, which mitigates soil acidification and nutrient imbalance.



Soil organic matter often contains multiple essential nutrients. As it decomposes over time, nutrients are slowly and continuously released for plant use [190]. Therefore, organic amendments can serve as an alternative source of mineral nutrients, partially replacing inorganic fertilizers (Figure 2). The advantages of this organic substitution have been widely reported. On the one hand, as mentioned above, the increase in soil organic matter input can improve soil structure and the ability to retain available nutrients [202,204]. On the other hand, reducing the use of inorganic fertilizers helps mitigate the soil acidification and salinization that are associated with ammonium and salt ions. A meta analysis has shown that, in greenhouse vegetable systems, substituting organic for inorganic fertilizers increased soil pH by 5% [205]. Furthermore, Zhang et al. [55] identified an inverse relationship between soil organic matter and soil salinity in greenhouse soils: areas with higher soil organic matter content tend to show lower soil salinity, and vice versa. This result confirms the mitigation effect of organic substitution on soil salinization, which can be attributed to the lower input of soluble ions and, more importantly, to the facilitated water infiltration and salt leaching thanks to the soil’s improved porous structure.



Nevertheless, under organic substitution, reducing inorganic fertilizer use may limit the supply of available mineral nutrients for the current cropping cycle. For instance, in mature compost, only about 5–15% of the N is readily available, while the majority portion is gradually released in subsequent years after application [206]. This slow release of N from organic amendments, especially for vegetable crops with a high N demand at the rapid growth stage, is a major factor limiting the yield under organic substitution [207]. To avoid yield loss, precise nutrient management is required to synchronize nutrient supply and crop demand. Management practices for N have been established for both cereal (e.g., maize) and vegetable crops, where N supply is adjusted based on modeling approaches that account for multiple cropping patterns and soil conditions [208,209]. However, compared to cereals, vegetable production relies more on meso- and micro-nutrient supply, which affects not only the yield but also resistance to diseases and product quality [210]. To date, there remains a significant knowledge gap regarding the precise nutrient requirements, particularly for micronutrients, of greenhouse vegetables throughout their growth stages, as well as the complex interactions among these elements, which is essential for optimizing yield and quality in these systems.



Soil organic matter requires dynamic management because it is not persistent and undergoes continuous decomposition [211]. This management involves regulating the decomposition of existing soil organic matter and strategically supplying new organic materials to the soil. To slow decomposition, practices such as reduced tillage and organic mulches (e.g., straw) are effective. Unlike frequent tillage and plastic mulches, these practices minimize changes in soil conditions by maintaining moderate aeration, temperature, and moisture levels [32,34,212]. While adding new organic material directly increases soil organic matter content, its impact on soil fertility and crop production varies depending on multiple factors [199]. For example, increasing the application rate of sodium-rich food waste compost introduced salinity to the soil, which resulted in decreased pepper yield compared to the lower application rate [48]. In N-fertilized soils, manure application is less efficient in increasing soil organic matter content than in N-deficient soils, since a sufficient N supply (lower soil C/N ratio) supports more active soil microbes that can more readily decompose organic inputs [213]. Compared to mature composts, organic amendments containing more microbially available C (e.g., raw manure and fresh plant residues) can be more easily decomposed, which can more rapidly release mineral nutrients and improve soil structure [214]. However, these amendments cannot provide a stable and continuous effect on soil fertility improvements over time [199,203]. Moreover, without the sustained high temperature during composting, these fresh organic amendments may contain pathogens (especially for the fresh plant residues of the same species that are affected by diseases) and weed seeds, posing a potential negative impact on crop health and yield [215]. Therefore, to achieve optimal improvements in soil fertility and vegetable yield, the application of organic amendments must be strategically managed based on both their compositional characteristics and the specific conditions of the target soil. However, in current agricultural practice, organic amendment remains, to some extent, a generalized concept, with farmers primarily relying on their source and N content for application. Further research is required to elucidate the specific interactions between organic amendment components and various soil properties, which is necessary for more precise management of soil organic matter and fertility.




3.2. Crop Rotation


As discussed in Section 2.2.4 and Section 2.3, continuous cropping obstacle is a significant problem in greenhouse vegetable production systems. This issue occurs when the same crop is grown repeatedly in the same soil, leading to yield decreases due to the accumulation of autotoxins and the development of pathogens in the soil [133]. An effective practice to overcome this issue is to adopt crop rotation, involving multiple crop species over several growing cycles (Figure 3).



Crop rotation can suppress soil-borne pathogens and enhance soil ecosystem resilience through several mechanisms. Firstly, this practice breaks the lifecycle of pathogens by introducing non-host crops. For example, rotating solanaceous crops (e.g., tomatoes, peppers, and potatoes) with non-solanaceous crops (e.g., carrots and millet) can significantly lower the incidence of soil-borne diseases like bacterial wilt by disrupting the lifecycle of Ralstonia solanacearum [216]. Secondly, the cultivation of certain crops in rotation can create environments hostile to pathogens. For example, the anaerobic flooding condition during rice (Oryza sativa) cultivation can suppress aerobic pathogens such as Fusarium oxysporum, which causes Fusarium wilt in tomatoes [217]. Thirdly, Brassicaceae plants like mustard, cabbage, and broccoli release sulfur-containing compounds (e.g., glucosinolates) during decomposition, which break down into isothiocyanates that can be toxic to various soil-borne pathogens, including fungi, bacteria, and nematodes [218]. Therefore, these compounds serve as a natural soil fumigation agent (i.e., biofumigation). Biofumigation provides an alternative to chemical fumigation (e.g., metham sodium) and physical disinfestation (e.g., soil steaming). These conventional methods can disrupt soil C and N cycling or create a soil biological vacuum, potentially leading to pathogen invasion [219,220]. Instead, biofumigation can influence the soil microbial community in a way that is beneficial to vegetable growth. For example, in soils under long-term pepper monoculture, rapeseed (Brassica napus) meal addition enhanced bacteria diversity through varying organic matter and nutrient input while reducing fungal diversity through the biocidal effect of isothiocyanates [221]. These changes could provide more biological competition against pathogens. Similar decreases in the incidence of soil-borne diseases have also been reported in diversified melon and eggplant production systems in rotation with Brassicaceae and other crops [222,223]. Furthermore, different crops with varying root systems contribute to a more diverse soil pore structure, which can improve overall soil physical quality [224]. Therefore, crop rotation is an effective practice in sustaining the productivity of greenhouse vegetable soils by preventing crops from soil-borne diseases and improving soil physicochemical properties.




3.3. Mitigation Strategies to Practice


Practically, the mitigation strategies have to be carefully designed and integrated with full consideration of the characteristics of greenhouse vegetable production systems and local soil and environmental conditions [12,194]. In greenhouse soils, organic matter decomposition and nutrient cycling are often accelerated by the intensive, year-round cropping in limited soil volumes, combined with controlled fertigation and often elevated temperatures [73,225]. Therefore, compared to open-field systems, more frequent and more diverse (e.g., varying decomposition rates) additions of organic materials are required to maintain the level of soil organic matter, which, as discussed above, is crucial to the soil’s porous structure, chemical buffering ability, and ecosystem resilience. Frequent organic fertilization implies a frequent nutrient input, which needs to be precisely integrated within the fertigation schedule to ensure a balanced soil nutrition status [226]. The controlled environment presents additional challenges with the potential for salinity buildup and rapid pH change, which highlights the use of organic amendments with, e.g., lower ammonium and soluble salt levels. Furthermore, the warm, humid conditions that are favorable to soil-borne pathogens further point to the need for using well-composted materials from diverse sources or even inoculating with beneficial microbes to enhance soil ability in disease resistance [227]. For example, various bacteria (e.g., Pseudomonas fluorescens, Bacillus subtilis) and fungi (e.g., Trichoderma species, non-pathogenic Fusarium oxysporum) can be used as biocontrol agents to suppress soil-borne pathogens [228]. Moreover, plant nutrition and resistance to disease can be improved by introducing arbuscular mycorrhizal fungi like Glomus intraradices to plant-soil systems.



For crop rotation, a well-scheduled plan should sequence species to complement each other in terms of pathogen susceptibility, nutrient use, and phenology. Such a rotation system can disrupt the life cycle of pathogens and pests, maintain a balanced soil nutrient level, and use the limited land space efficiently. Factors such as market demand and greenhouse climate control capacity need to be considered for a productive and profitable cycle each year. In southern China, for example, a widely applied rotation frame is gourd vegetables (March to July)—late rice (July to November)—Brassica vegetables (November to February), which is evident to improve soil physical properties and mitigate continuous cropping obstacles (as shown in Figure 3) [229].



To achieve an optimal and balanced nutrient supply in greenhouse vegetable soils, integrated soil management approaches are required. Foremost, regular testing of the nutritional status of soil and crops is essential to identify soil nutrient imbalances and conduct corrective measures according to soil conditions and crop requirements, e.g., adjusting fertigation schemes in real time or basing fertilization before the next crop cycle. For example, in southwestern China, Zhou et al. demonstrated that NPK fertilizer application can be reduced or even eliminated without lettuce (Lactuca sativa) yield loss when the concentrations of soil nitrate, Olsen-P, and exchangeable K were above the critical soil nutrient thresholds [230]. The thresholds were determined by conducting a series of experiments with varying fertilizer application rates across different soil residual nutrient levels. The nutrient supply can be taken care of steadily with minimum risk of antagonistic effects while offering a balanced supply of macro- and micronutrients using slow- or controlled-release fertilizers, ideally with a known nutrient release rate in the specific soil [231]. Additionally, between crop cycles, using cover crops or green manures can help diversify the organic inputs, which is beneficial to a resilient soil ecosystem for nutrient cycling and a balanced soil nutrient supply. In case of severe nutrient imbalances occur on crops, foliar fertilization provides a rapid correction before the soil mitigation measures are carried out [232].



In sum, in practical implementation, these mitigation measures should be integrated and dynamically adjusted according to regular soil and crop tests and the changing greenhouse environments. An in-depth understanding of the interactions among soils, crops, and amendments is essential to effectively and simultaneously address multiple soil degradation issues and create a resilient greenhouse system that is sustainable for long-term vegetable production.





4. Concluding Remarks


According to Giampietro [11], socioeconomic pressures, including demographic growth, economic demands for higher labor productivity, and market forces favoring specialization, are major drivers that push farmers toward high-input and high-yielding cropping intensification. These practices favor short-term rather than long-term soil productivity, potentially leading to soil nutrient depletion, structural disruption, and loss of biodiversity in the agroecosystem. According to the discussion in the preceding sections, it is evident that modifying fertilization practices (including organic substitution and precise nutrient supply) and adjusting cropping patterns (such as rotation) are basic approaches to mitigate physical, chemical, and biological soil degradation and sustaining the productivity of greenhouse vegetable soils. For more precise management of greenhouse vegetable soils, a better understanding of nutrient requirements for vegetable crops throughout their growth stages is required, particularly regarding plant meso- and micronutrients. Additionally, it remains to improve the model of the complex interactions between organic amendment components and the soil properties to be managed.



The recommended mitigation strategies will only be feasible if there is an understanding of their prospective socioeconomic challenges and the incorporation of relevant socioeconomic factors in their adoption. Recently, An et al. introduced a framework for identifying and overcoming barriers to farmers’ adoption of recommended practices, informed by decades of experience from “the Science and Technology Backyard (STB)” platform [233]. This framework, called STB 2.0, emphasizes the importance of farmer-centered dialogue and multistakeholder involvement. Equal and open dialogue not only bridges the knowledge gap between scientists and farmers but also helps adapt recommended practices to farmers’ specific experiences, concerns, and local conditions. Furthermore, multistakeholder collaboration can better align government support with the interests of farmers and suppliers of agricultural materials, thereby increasing the feasibility of recommended practices by enabling benefit-sharing and distributing risks related to crop failure and resource supply instability.



While this STB 2.0 framework has proven effective for wheat and maize production, its application to greenhouse vegetables requires further adjustment and development. Several challenges may arise in the context of greenhouse vegetable production, including higher market fluctuations in product demand and price, as well as the diverse crop species requiring varying and more frequent adjusted management, which makes it difficult to develop standardized recommendation practices. Moreover, unlike staple cereals that focus primarily on yield, vegetable crops often prioritize quality attributes. This emphasis on quality necessitates infrastructure investments and intensive labor, representing higher capital input and potentially increasing farmers’ perceived financial risk in adopting novel practices. To address these challenges, potential adaptations for greenhouse vegetable production systems should include focusing on quality management and emphasizing market-oriented collaborations that involve stakeholders from the entire value chain (including retailers and consumers) to overcome market uncertainties. Furthermore, creating crop-specific sub-networks within the STB 2.0 framework could help to recommend customized practices and provide specialized support. Such support and collaboration should be long-standing and maintained throughout the entire process of greenhouse vegetable production, which is essential to provide farmers with the confidence to invest in long-term practices that sustain soil productivity.
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Figure 1. Conceptual diagram illustrating the key factors contributing to soil degradation in greenhouse vegetable production systems. Socioeconomic pressures drive high cropping density and material inputs. Physical degradation occurs through the destruction of the soil’s porous structure associated with soil organic matter (SOM) loss. Chemical degradation occurs as salinization, acidification, and toxification from accumulation of soluble salts, ammonium, metals, autotoxins, and organic compounds. These changes reduce soil microbial activity and diversity, leading to biological degradation and inducing continuous cropping obstacles. The interactions between physical, chemical, and biological factors reduce soil productivity over time and lead to yield loss of vegetable crops. The greenhouse environment, characterized by high temperature, humidity, and limited leaching, favors soil degradation processes. 
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Figure 2. Conceptual diagram illustrating the effects of soil organic matter (SOM) on mitigating soil degradation in greenhouse vegetable production systems. SOM serves as a food source for soil microbes. The increase in soil microbial activity and diversity enhances soil aggregation and ecosystem resilience, which mitigates physical and biological degradation. SOM also provides slow-release nutrients, substituting for inorganic fertilization, which mitigates soil salinization and acidification. The functional groups in SOM contribute to pH buffering and available nutrient retention, further mitigating acidification and nutrient imbalance. 
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Figure 3. Conceptual diagram illustrating crop rotation strategies to mitigate soil-borne diseases in greenhouse vegetable production. Continuous cropping of a certain vegetable species leads to pathogen invasion. Rotation to rice creates anaerobic soil conditions, suppressing aerobic pathogens. Introduction of a Brassicaceae crop releases isothiocyanates, which act as natural soil fumigants. 
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