Cover crops-based sustainable approach for managing soil health in organic vegetable system:  A review
Abstract 
Organic vegetable production is a sustainable farming approach that enhances soil health by leveraging natural processes and biodiversity. However, weed management remains a major challenge, traditionally addressed through tillage, which degrades soil structure and reduces long-term productivity. Cover crops have emerged as a potential alternative, improving soil health while mitigating the negative effects of tillage. This literature review explores the role of annual and perennial cover crops in organic vegetable production, with particular emphasis on their effects in soil physical properties (aggregate stability, available water capacity, soil texture, bulk density, infiltration, slaking, soil crust, soil structure), chemical properties (reactive carbon, soil electrical conductivity, nitrate-nitrogen, soil pH), and biological properties (earthworms, particulate organic matter, potentially mineralizable nitrogen, soil enzymes, soil respiration. The principles of organic agriculture emphasize soil conservation, biodiversity, and ecological balance, all of which align closely with the functions provided by cover crops. While organic farming has demonstrated advantages such as increased soil organic matter and microbial biomass, challenges persist in nutrient management, pest control, and weed suppression. This review highlights the need for further research on integrating cover crops, particularly perennial cover crops into organic vegetable production systems to enhance soil health and sustainability.
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1. Introduction
Organic vegetable production is a holistic method of farming that prioritizes soil health by utilizing natural processes, biological variety variability, and adapting to the local environment. Despite its benefits, weeds are a major challenge in organic vegetable production systems. They can reduce yields by competing for essential resources such as light, moisture, nutrients, and space (Menia & Sharma, 2021; Horvath et al., 2023; Bora et al., 2021). Tillage has been the traditional solution to weed infestation, but it has been identified as a significant cause of soil degradation and yield loss in organic vegetable production (Magdoff et al., 2009; Jahanbakht et al., 2025).
To address this issue, cover cropping has been recommended to reduce the impact of tillage on soil health of vegetable production system. It improves soil health and reduces soil degradation caused by tillage (Oquist et al., 2007; Smukler et al., 2008). 
In the United States, organic vegetable production is a significant industry worth $1.91 billion, (Matlock, 2022) and it is essential to ensure that farming practices are sustainable and maintain soil health. This review synthesizes recent literature on the use of cover crops in organic vegetable production systems, with a focus on their effects on soil physical, chemical, and biological health indicators.  It highlights the roles of both annual and perennial cover crops, associated with management practices, and their applicability to intensive vegetable-based agroecosystems.
2. Soil Health and Indicators
The US Department of Agriculture defines soil health as “the continued capacity of soil to function as a vital living ecosystem that sustains plants, animals, and humans”. Soil health is determined by soil's physical, chemical, and biological properties (USDA NRCS, 2025). The terms “soil health” and “soil quality” are often used interchangeably (Karlen et al., 1997; Brennan & Acosta-Martinez, 2017). However, the term “soil health” is used herein, because: it is used as a lead against exploitive soil management practices such as leaving the soil bare during the non-growing season which degrades the soil around the world (Doran & Parkin, 1996; Franzluebbers, 2016; Brennan & Acosta-Martinez, 2017). Soil health places a greater emphasis on the biological component of the soil since ‘health’ can be described as a living entity. However, physical and chemical properties of soil are still important to the soil health concept (Franzluebbers, 2016). There are many soil physical, chemical, and biological indicators as summarized in Table 1, 2 and 3, respectively, which are individually quantified and integrated into an index (Lehmann et al., 2020) to reflect the status of soil health. Figure 1 shows the key characteristics of an ideal indicator: 
Figure 1. Characteristics of an ideal soil health indicator (Adapted from Franzluebbers, 2016).
2.1. Soil Physical Properties and Indicators
Soil physical properties refer to the physical characteristics of soil, including its texture, structure, porosity, density, and water-holding capacity (Lal, 2018; Umair et al., 2025). They are responsible for regulating the movement, retention, and availability of water and nutrients to the plants, and determine the flow of heat and air into, within, and out of the soil thus affecting plant growth and production (Ng et al., 2022; Phogat & Dahiya, 2015) (Table 1).
Table 1. Major physical soil health indicators with definitions, indictive functions and references.

	Soil Physical Indicators
	Definition and Function
	References

	Aggregate stability
	Soil aggregate stability impacts soil permeability and infiltration properties, which are critical for water movement through soil profiles It is the ability of soil aggregates to withstand disruption from external forces. 
	(Zhai et al., 2025 ;
Kunhikrishnan et al., 2012 ; Mehra et al., 2018)

	Available water capacity
	The amount of water that soil can hold between field capacity and the permanent wilting threshold is known as available water capacity, and it indicates how well they can store and supply water to plant roots.
	(Amsili et al., 2024 ; Pulido Moncada et al., 2014 ; Rabot et al., 2018 ; Reynolds et al.,
2009).

	Soil Texture
	Soil Texture refers to the soil's sand, silt, and clay proportions. It is the primary factor responsible for the soil structure and porosity, which, in turn,
affects water infiltration and retention.
	(Upadhyay & Raghubanshi, 2020)

	Bulk density
	The mass or weight of a specific volume of soil is referred to as bulk density. Infiltration, available water holding capacity, soil porosity, rooting depth and limits, root polifiration, soil microbe activity, and nutrient availability are all determined by it. 
	(Indoria et al., 2020)

	Infiltration
	Infiltration is the downward entry of water into the
soil. It is dependent on inherent factors (soil texture, clay mineralogy) and dynamic factors (climate and
landscape position, management practices and crops
demand)
	(Xu et al., 2026; USDA Natural Resources Conservation Service,
2008).

	Slaking
	Slaking is the breakdown of large air-dry soil aggregates (>2-5 mm) into smaller sized microaggregates (<0.25 mm) when they are suddenly immersed in water. It depends on wetting rate, soil water content, soil texture, type of
clay, and organic matter.
	(USDA Natural Resources Conservation Service, 2008).

	Soil Crust
	Soil crusts can be divided into three morphological types i.e., Physical soil crusts, biological soil crusts, and chemical soil crusts.
They act as a bridge for the transfer of resources between plants, through their roots in connection with networks of mycorrhizal fungi and transport C
and N in both directions between plants and crusts
	(Williams et al., 2018).

(López-Hernández	et al., 2014).

	Soil structure and macropores
	Soil structure is defined as the arrangement of soil particles and soil aggregates.
It regulates water retention, infiltration, gaseous exchanges, soil organic matter, nutrient dynamics, root penetration, and susceptibility to erosion.
	(Zhang et al., 2021). (Rabot et al., 2018)



2.2. Soil Chemical Properties and Indicators
The ability of the soil to supply nutrients to the plants, as well as to retain chemical substances or compounds that are detrimental to plant growth is referred to as soil chemical properties. According to USDA Natural Resources Conservation Service Soil Quality Indicators Chemical Indicators and Soil Functions, (2015) the chemical properties of the soil play a vital role in many processes and reactions occurring in the soil environment (Table 2).
Table 2. Major soil chemical health indicators with definitions, indictive functions and references.
	Soil Chemical Indicators
	Definition and Function
	References

	Reactive Carbon
	Reactive Carbon, also known as permanganate oxidizable carbon (POXC), is a fraction of the SOM pool that is oxidizable in the presence of
potassium permanganate in the solution.
	(USDA		Natural Resources Conservation	Service,
2015a)

	Soil Electrical Conductivity
	Soil Electrical Conductivity is defined as the ability of the soil water to carry out electrical current. It is affected by inherent (amount and type of soluble salts in solution, porosity, soil texture (especially clay content and mineralogy), soil moisture, and soil temperature) and dynamic
factors.
	(Dou et al., 2026; USDA	Natural Resources Conservation	Service, 2015a)

	Nitrate - Nitrogen
	Nitrate- Nitrogen is defined as the nitrogen portion of the total nitrate in a sample.
Mineralization of soil organic matter results in nitrate-nitrogen as the product when governed by predictable factors (soil clay content, bulk density, organic matter content, pH, temperature,
and rainfall.
	(Olness et al., 2001).

	Soil pH
	Soil pH is defined as the degree of acidity or alkalinity in the soil.
It is considered an important soil property because it affects a large range of soil chemical and biological processes such as microbial activity and nutrient availability.
	(USDA Natural Resources Conservation Service Soil Quality Indicators Chemical Indicators and Soil Functions, 2015a)
(Devkota et al., 2022)



2.3. Soil Biological properties and Indicators



Soil biological properties refer to the living component of the soil and include plants, animals, and microbes ranging in size and function (Gregorich et al., 1997). According to USDA Natural Resources Conservation Service Soil Quality Indicators, (2015), biological soil indicators are dynamic soil properties that provide an apprehension into the living components of the soil(Gao et al., 2026). (Table: 3)
Additionally, soil biological properties have the potential to provide early warning because they can capture subtle changes in land quality because of their integrative nature and can affect specific soil chemical and physical properties as well as the evolution of the soil. For instance, the activity of earthworm increases infiltration rate (Barrios, 2007; Swami, 2017). It is therefore essential to understand the functional significance of this living component of organic soil matter to develop sustainable systems. (Brennan & Acosta-Martinez, 2017).
Table 3. Major soil biological health indicators definitions, indictive functions and references.

	Soil Biological
Properties
	Definition and Function
	References

	Earthworms
	Earthworms are annelids that are known as ecosystem engineers since they alter the biological regimes of the soil through their activities such as burrowing, casting, feeding and propagating.
	(Sharma, Tomar & Chakraborty, 2017)

	Particulate Organic Matter
	The portion of soil organic matter that is mainly made of plant and microbial structural elements that have fragmented and lost leaching but have little to no depolymerization is known as particulate organic matter. 
	(Leuthold	et	al., 2022)

	Potentially Mineralizable Nitrogen
	Potentially Mineralizable Nitrogen is the fraction of organic nitrogen converted to plant available (or mineral) forms under specific conditions of
temperature, moisture, aeration, and time.
	(USDA,2015b)

	Soil Enzymes
	Soil enzymes are proteins that work with substrates to catalyze the biochemical processes in the soil that are required for microbial life.
They play a vital role in the breakdown of
organic materials and recycling of nutrients by oxidation (dehydrogenase, hydrolase,  glucosidase)  and mineralization (protease, amidase, urease,
phosphatase, and sulfatase).
	(DeLuca		et	al., 2019;	Dick		&
Kandeler, 2005) (DeLuca	et	al., 2019; Inamdar et
al., 2022)

	Soil Respiration
	Soil Respiration is the measure of carbon dioxide released from the soil. It is released when soil bacteria break down plant litter and soil organic matter through plant roots and soil fauna. 
	(Wang et al., 2025; USDA,2015b)



3. Organic vegetable faming systems and soil health
Traditional farming of many kinds was the original type of agriculture and has been practiced for thousands of years. All traditional farming now considered as organic farming since that time there were no known inorganic methods (Goldammer, 2017). However, the scenario of agriculture changed after the introduction of the green revolution in the 1940s. It refers to the development of high-yielding plant varieties, especially wheat, and rice, which increased food production and prevented widespread poverty in emerging nations (Phillips, 2014). The green revolution technologies include high-yield variety seeds, irrigation, inorganic pesticides, and nitrogenous fertilizers (Brainerd & Menon, 2014). However, this caused a detrimental impact on the natural capital, such that 18 out of the total 24 currently acknowledged ecosystem services have been impaired (Lavelle et al., 2014). This detrimental impact of the green revolution has motivated farmers and consumers toward more environmentally friendly practices and products (Arvanitoyannis, 2008) such as organic agriculture (Goldammer, 2017).
The International Federation of Organic Agriculture Movement (IFOAM) (2008) defines organic agriculture as “a production system that sustains the health of soils, ecosystems, and people. It relies on ecological processes, biodiversity and cycles adapted to local conditions, rather than the use of inputs with adverse effects. Organic Agriculture combines tradition, innovation, and science to benefit the shared environment and promote fair relationships and good quality of life for all involved.” According to FAO, organic agriculture was practiced in 188 countries, and 96 million hectares of agricultural land were managed organically by at least 4.5 million farmers in 2022 (Willer et al., 2024).  
The principles of organic agriculture proposed by IFOAM are listed below. They serve as the foundation for the growth and development of organic agriculture. 
1. According to the principle of health ‘Organic Agriculture should sustain and enhance the health of soil, plant, animal, human and planet as one and indivisible’.
2. According to the principle of ecology ‘Organic Agriculture should be based on living ecological systems and cycles, work with them, emulate them and help sustain them.’
3. According to the principle of fairness ‘Organic Agriculture should build on relationships that ensure fairness with regard to the common environment and life opportunities.’
4. According to the principle of care ‘Organic Agriculture should be managed in a precautionary and responsible manner to protect the health and well-being of current and future generations and the environment.’
The proponents of organic agriculture believed that “feeding the soil” would increase soil fertility and provide the highest quality food and ensure agricultural sustainability (Goldammer, 2017). It does so by
1. Maximized use of natural alternatives to synthetic inputs (pesticides, fertilizers, veterinary products, etc.).
2. A focus on soil health (use of compost, minimal tillage, cover crops, green manure, etc.).
3. Diversification of species, breeds or varieties (polyculture, rotations, companion crops, animal–plant integration, etc.).
4. Maintenance or establishment of seminatural habitats (grass strips, flower strips, hedges, etc.).
5. Livestock management that privileges animal welfare (cage-free management, access to open fields, etc.), sustainable pasture management and use of local feed sources (IFOAM, 2017).
Even though the environmental benefits of organic farming are well documented for water and soil conservation (Dorais & Alsanius, 2015), organic agriculture consists of many challenges listed below (Lammerts van Bueren et al., 2012).
1. There is difficulty in achieving balanced nutrient composition of organic amendments and a timely release of plant nutrient uptake (Dorais & Alsanius, 2015). For example, in an organic vegetable cropping system, compost N mineralization was not synchronous with N assimilation resulting in leaching in the absence of appropriate agricultural practices (Evanylo et al., 2008).
2. There is a lack of crop cultivars specifically for organic agriculture. More than 95% of organic agriculture is based on crop cultivars developed for conventional production systems using high-input inorganic fertilizers and pesticides. Additionally, the availability of plant seeds and plant materials is extremely limited (Lammerts van Bueren et al., 2012).
3. There is a limited number of pest and disease management for organic fruit and vegetable growers (Dorais & Alsanius, 2015) and Uma and Kumar (2025) found that intensive pest management is needed to ensure marketable produce. 
4. Since there is a greater use of animal waste products and composts in organic agriculture, organically grown vegetables and fruits may be a hot spot for the transmission of fecal pathogens (Cardiff et al., 2008).
Organic horticulture (organic vegetable and fruit production) has doubled from 2003-2013. The average yield of an organic fruit and vegetable agricultural system can be 89-102% more than of a conventional system. (Dorais & Alsanius, 2015). Campanelli and Canali (2012) and Lorenz et al. (2025) both reported that total soil organic carbon and total nitrogen were higher in organically managed soil than in conventional management of vegetable production system.Similarly, the result of 3-year transition period from conventional vegetable management to organic vegetable farming showed increase in soil biological indicators (microbial biomass and arbuscular mycorrhizae), low soil nitrate pools, adequate crop nutrients, minor disease and weed problems, and sporadic mild insect damage (Smukler et al., 2008). A meta-analysis and review carried out by Norris & Congreves, (2018) found that alternative organic modifications to conventional agriculture tend to improve the aspects of soil. For instance, the incorporation of cover crops into vegetable crop rotations tends to improve nitrogen cycling via reduced nitrate leaching risks, increased soil carbon levels, and weed suppression, the use of soil amendments generally improved soil chemical and nutrient indices of health.
However, in organic vegetable production the common sources of nutrients to maintain and enhance soil health (manure, compost, green manure, cover crops, bone meal, fish emulsion, fish protein, animal tankage and various vegetable meals) are required in larger quantities than conventional fertilizers to obtain the same nutrient value (Brust, 2019). Additionally, vegetable cropping systems are intensive and based on crop rotations with a limited number of species. These systems are vulnerable to pests and diseases (Collange et al., 2014). Therefore, vegetable growers still rely on conventional tillage for bed preparation, weed control, fertilizers and pesticides particularly on diverse, high-intensity market farms (Magdoff et al., 2009), resulting in structural degradation of the soil (Liu et al., 2005). There is a research gap and a need to incorporate organic practices such as cover cropping in vegetable production systems.
	4.Cover crops based sustainable approaches for managing soil health.
Sustainable approaches in agriculture involve eco-friendly practices that efficiently utilize avalible resources to meet current food demands while safeguarding the productivity of ecosystems for future generations. (Cardoso et al., 2013; Sharma et al., 2024). There is a plethora of approaches that surround the subject of sustainable agriculture. However, Oberč & Schnell, (2020) included “agroecology, nature-inclusive agriculture, permaculture, biodynamic agriculture, climate-smart agriculture, organic farming, conservation agriculture, regenerative agriculture, carbon farming, climate-smart agriculture, high-nature value farming, low external input agriculture, circular agriculture, ecological intensification and sustainable intensification into sustainable approaches”. Cover crops are also included in organic farming. 
According to SSSA (1997 and 2008), “cover crops can be defined as close-growing crops that provide soil protection and soil improvement between periods of normal crop production, or between trees in orchards and vineyards”.
4.1. Types of Cover Crops
There are 3 main categories of cover crops based on their season of growth (Marr et al., 1998) listed below with some commonly grown cover crops in the United States presented in Table 4.

1. Winter annuals— Crops that are grown between crop harvests in the fall and crop planting the following spring are referred to as winter annuals (Lu et al., 2000). “Winter cover crops have been primarily used to protect soil from erosion for many years. Winter annuals or perennials could be incorporated for warm-season vegetables such as tomatoes, peppers, sweetcorn, cucumbers, melons, squash, and pumpkins” (Marr et al., 1998).
2. Summer annuals— Summer Crops that are seeded in the spring or summer season and grown for a short time in that season are classified as summer annuals (Marr et al., 1998). Summer annuals are a management strategy that vegetable producers may utilize to mitigate the negative consequences of soil degradation by physically preserving the soil, providing biomass to soil organic matter (SOM), reducing weed development, and improving nutrient cycling (Wauters et al., 2020).
3. Perennials— Perennial cover crops work as living mulch that is intercropped with a cash crop to protect against soil erosion and structural deterioration without taking land out of production (Grubinger & Minotti, 1990). They can live for many years without being replanted. Perennials can be utilized as cover crops for one season or as feed crops for multiple years. The perennial crop must be killed with termination and incorporation so that it does not reappear as a weed crop in the vegetable crop (Marr et al., 1998).

Table 4. Cover crops commonly used in the United States.

	Type
	Common name
	Scientific name
	Primary benefits
	References

	Grasses

	Winter annual
	Rye
	Secale cereale L.
	Erosion control and N recovery, most winter hardy cover crop
	(Grubinger, 2021), (Lu et al., 2000)

	
	Barley
	Hordeum vulgare L.
	Erosion control and N recovery
	 (Lu et al., 2000)

	
	Oat
	Avena sativa L.
	Weed suppressor
	(Marr et al., 1998), (Lu et al., 2000)

	
	Annual rye grass
	Lolium multiflora Lam.
	Erosion control and N recovery
	(Lu et al., 2000)

	Summer annual
	Sorghum- Sudangrass
	Sorghum bicolor (L.) Moench × S. sudanese (Piper) Stapf
	Summer biomass production, good N trap crop
	Marr et al., 1998), (Lu et al., 2000)

	Perennial
	Perennial rye grass
	Lolium perenne L.
	Erosion control and recycling nutrients
	(Hart et al., 2013)

	Perennial
	Kentucky Blue Grass
	Poa pratensis L.
	soil stabilization and conservation
	(Shortell et al., 2006)

	Legumes

	Winter annual
	Hairy vetch
	Vicia villosa Roth
	N production, most winter-hardy legume
	(Duiker et al., 2010), (Lu et al., 2000)

	
	Austrian winter pea
	Pisum sativum ssp. sativum var. arvense (L.) Poir
	N production
	(Roberts et al., 2010), (Lu et al., 2000)

	
	Subterranean clover
	Trifolium subterraneum L.
	Effective weed suppression
	(Lu et al., 2000)

	Winter annual / Summer annual
	Crimson Clover
	Trifolium incarnatum L.
	N production, early maturity
	(Agneessens et al., 2014), (Lu et al., 2000)

	Summer annual
	Woollypod vetch
	Vicia dasycarpa L.
	N production
	(Dyler., 2005), (Lu et al., 2000)

	 
	Berseem Clover
	Trifolium alexandrinum L.
	Summer biomass production
	(Noggle & Cochran, 2023), (Lu et al., 2000)

	
	Cowpea
	Vigna unguiculata L. Walp
	Drought tolerant
	(Marr et al., 1998), (Lu et al., 2000)

	Perennial
	Perennial Soybean
	Neonotonia wightii
	N enhancement
	(Chimera, 2022)

	
	Perennial white clover
	Trifolium repens
	Erosion control & pathogen reduction
	(Helios, 2021)

	Brassicas

	Winter annual
	Mustard species
	Brassica spp.
	Potential fumigation effects
	 (Lu et al., 2000)

	Summer annual
	Oilseed Radish
	Raphanus sativus or R. sativus var. Oleiferus
	Deep taproot, breaks up heavy soils and have nematocidal effect
	(Sundermeier, 2008), (Marr et al., 1998)



4.2. Benefits of cover crops
Cover crops are plants grown mainly to improve soil conditions  and crop performance and offer a wide range of agricultural and environmental benefits (Quintarelli et al., 2022). In recent years, farmers and even urban and backyard gardeners are starting to understand the importance of cover crops for soil health, environment and ultimately to their businesses and gardens (McNiff, 2022).
1. Cover crops provide a wide range of ecosystem services beyond nutrient retention and erosion control. Cover crops (red clover, winter wheat, and winter rye) used cumulatively over a three-year crop rotation in a soybean-wheat-corn rotation increased the provisioning of eight of the eleven ecosystem services compared to the system without cover crops (Schipanski et al., 2014).
2. Cover crops increase the effectiveness of applied N fertilizer by improving the structure and water-holding capacity of the soil (Lu et al., 2000).
3.  Cover crops contribute to improved water quality by reducing nutrient leaching and runoff from agricultural lands into surface and groundwater systems. (Steele et al., 2012).
4. Cover crop use can address eutrophication caused by NO3-, N, and P contamination of water bodies (Villamil et al., 2006). Use of cover crops could increase P retention and internal soil P recycling and minimize erosion and leaching rates (Maltias- Landry et al., 2015). 
5. The additive effect of cover crops decrease weed density, improve soil fertility and support diseases suppression in vegetable production systems (Jackson et al., 2004; Pecenka, Bozzolo, & Smith, 2025). For instance, mustard cover crops are suggested as a potential biofumigant for the control of soil-borne agricultural pests and weeds. The incidence of lettuce drop caused by Sclerotinia minor was lower in mustard-cover-cropped plots across the short-term experiments in Salinas valley, California (Bensen et al., 2009).
6. Cover crops can prevent drought stress for the following crop when used as a mulch in water-limited systems (Poeplau et al., 2015).
7. Biological tillage helps to create biopores that can be used by subsequent crops (Dexter, 1991).
Cover crops are an important management option to increase soil organic carbon stocks in agricultural soils (Poeplau & Don, 2015).
4.2.1. Benefits of annual cover crops to soil physical properties
There was a pattern of decreasing bulk density and increasing air permeability, water infiltration rate, and hydraulic conductivity in soil during the season following cereal rye planting, a trend that was not observed in the control soil. (Steele et al., 2012). Similarly, a 7% reduction in bulk density within the 0- 5 cm depth in Flanagan soil under crop sequences that included winter cover crops. This decrease in soil density resulted in an increase in total soil porosity (Villamil et al., 2006). Additionally, using sunn hemp as a late summer cover crop and crimson clover as a winter cover resulted in a decrease in bulk density (Hubbard et al., 2013). Similarly, in lettuce and broccoli vegetable production, there was a decrease in bulk density in the surface layer (0- 6 cm) in comparison to that of conventional tillage (Jackson et al., 2004). Cogger et al., (2016) reported that cover crops resulted in a decrease in bulk density in vegetable production systems. In contrast, soil bulk density was higher in annual rye mulch treatments than in the conventionally tilled plots within the snap bean production system (Bottenberg et al., 1999). Sunn hemp increased water infiltration rates and cumulative infiltration by three times relative to no-cover cropped plots. The number of earthworms, mostly Lumbricus terrestris L., was six times greater in sunn hemp plots than in plots without cover crops which might be the reason for the increase in water infiltration with sunn hemp (Blanco-Canqui et al., 2011).
Water aggregate stability was found to be increased by 9%, 13%, and 17% with the incorporation of rye, rye-vetch, rye vetch, and rye in corn followed by soybean cropping sequence respectively (Villamil et al., 2006). Similarly, water aggregate stability increased by 41% in corn plots cover cropped with cereal rye (Steele et al., (2012). Lastly, there was an increase in water aggregate stability with the incorporation of sunn hemp in winter wheat followed by sorghum plot (Blanco-Canqui et al., 2011).
Soil aggregate stability increased with the incorporation of killed cereal rye in a mixed vegetable production system (tomato, cabbage, cucurbits, carrots, lettuce) compared with conventional control systems (Pieper et al., 2015). Sunn hemp and late-maturing soybean reduced proctor maximum, a soil compatibility parameter, by 5% in a winter wheat-sorghum rotation, indicating that soils under cover crops may be less susceptible to compaction. The mean weight diameter of aggregates increased by 80% from 0 to 7.5 cm in depth. (Blanco-Canqui et al., 2011). Liu et al., (2005) conducted an experiment to assess the ability of non-leguminous winter cover crops (spring barley, fall rye, and annual ryegrass) to affect soil aggregate stability expressed as the mean weight diameter of intensively vegetable cultivated soil. They concluded that all cover crop amendments increased the mean weight diameter as well as the proportion of water-stable aggregates in the 2–6 mm size range.
4.2.2. Benefits of annual cover crops to soil chemical properties
According to White, Brennan, & Cavigelli, (2020), the greatest increase of POXC in annual legume-rye mix (48% greater than control), followed by annual mustard mix, compared with the annual rye in an organic vegetable production system. This effect may be attributed to the low C:N ratio of legume-rye and mustard residues in comparison to that of rye. Villamil et al., (2006) reported that corn-rye-soybean sequence was the most efficient in fixing soil phosphorus. In contrast, the corn-rye/soybean vetch sequence was the most effective in reducing soil NO3- N. Use of cover crops (sun hemp and crimson clover) under conservation tillage resulted in an increase in carbon and nitrogen (C and N) levels in the top 2.5 cm of soil. However, more C was significantly added to the soil when sun hemp was added in a rotation as a late summer crop in comparison to using only crimson clover as a winter crop (Hubbard et al., 2013).
Furthermore, after 2 years, total C and N concentrations in a vegetable production system were higher with the addition of rye compared with non-amended soil in the surface 0-15 cm layer (Jackson et al., (2004). Soil mineral nitrogen was found to be typically highest in legume- rye and mustard cover cropping in comparison to control in the lettuce-baby spinach/broccoli production system (Brennan & Acosta-Martinez, 2017). Similarly, incorporating sweet corn residues into the corn-cabbage rotation increased total soil N by 7% (vertosol) and 4% (chromosol) when compared with no residue treatments and the conventional soil management system (Bajgai et al., 2015). However, Cogger et al., (2016) reported that cover crops did not increase soil C in organic vegetable production system.
Chloroform-extractable phosphorus (Pchl) was higher in tomato cultivation altered with cover crops such as hairy vetch, magnus pea, fava bean, and Montezuma oat in comparison to conventional one. (Maltais- Landry et al., 2015). Fall-planted cereal cover crops (winter wheat) and relay-planted legume cover crops (red clover) in an organic vegetable production system caused an increase in magnesium levels (190 mg kg-1 ) in comparison to baseline samples (72 mgkg-1). However, red clover increased NO3-N significantly more than the fall cover crop system (winter wheat), likely due to the vigorous stand of red clover interseeded into relay wheat in the previous spring (Cogger et al., 2016).
The total estimated carbon input from cover crop shoots, root and root exudates and vegetable shoot residue, root and root exudates were higher in Legume-rye annually followed by Pacific Gold Indian Mustard or Merced Rye Alone annually and mustard mix annually in comparison to that of Legume-rye 4th year. Similarly, “the shoot carbon concentrations of rye and legume-rye were consistently higher than those of mustard across all eight years and harvests in the lettuce-baby spinach/broccoli production system” (White et al., 2020). On the contrary, mustard and legume-rye had higher shoot nitrogen concentrations (Brennan et al., 2013). Brennan & Acosta-Martinez, (2017) estimated that “the cumulative, below-ground C inputs (i.e., roots and root exudates) in annual cover cropped systems over the course of six years were equivalent to the amount of carbon added by cover crop shoots alone during 1.5 winter cropping periods, with about 40% of the below-ground input coming from root exudates”. Total salt- extractable inorganic N, ammonium-N plus nitrate-N, was found to be 61% greater in legumes (cowpea, mung bean, and sunn hemp) compared with grasses (sorghum sudangrass and teff grass), particularly sunn hemp on cabbage cultivation. However, other soil nutrients, along with pH, and CEC did not differ among treatments (Bilenky et al., 2022). Similarly, Sharma et al., (2018) did not find any significant difference in soil pH with the incorporation of cover crops in a maize cropping system. Electrical conductivity was found to be greater in bare soil than in cover cropped mixtures planted in seed maize or soybean residue at all depths (Sharma et al., 2018).
4.2.3. Benefits of annual cover crops to soil biological properties
Cover crop management improved soil organic carbon, water retention, microbial biomass and biodiversity, nutrient cycling, and ecosystem self-regulation, while reducing bulk density and shifting microbial communities toward anaerobic taxa (Haruna et al., 2025). A significant increase in soil organic matter in the crop sequences Corn- Rye/Soybean-Vetch (increase of about 10 kg/ha of SOM) and corn-rye/soybean-vetch and rye in comparison to the control (Villamil et al., 2006). Cereal rye planting had a more significant impact on the labile carbon fraction while compared with total organic carbon in the 0-7 cm soil (Steele et al., 2012). Soil organic carbon concentration was 30% greater for sunn hemp and 20% greater for late-maturing soybean than for no cover crop plots in the 0 to 7.5 cm depth in winter wheat-grain sorghum rotation (Blanco-Canqui et al., 2011). Soil organic carbon increased by 16% in strip tillage treatments using killed cereal rye as a cover crop in a mixed vegetable production system (Pieper et al., 2015). White, Brennan, & Cavigelli, (2020) carried out 8-year research on the impact of winter cover crops (legume-rye mix, mustard mix, pacific gold indian mustard or merced rye alone) in intensive organic vegetable production that included Broccoli and Lettuce at USDA-ARS in Salinas, CA. They concluded that the difference in cover crop type did not have a consistent effect on soil organic carbon stocks. However, annual cover cropping of a legume-rye mixes increased soil organic carbon stocks when compared to quadrennial cover cropping. Similarly,Brennan & Acosta-Martinez (2017) concluded that cover cropping frequency affects soil organic carbon in organic vegetable production systems.
In intensive vegetable production, annual cover cropping with legume-rye, mustard, and rye increased microbial biomass carbon (ranging in an increase from 87 to 155 mg C kg-1 soil in comparison to the control. Similarly, microbial biomass nitrogen followed a pattern similar to that of microbial biomass carbon (Brennan & Acosta-Martinez, 2017). Ferris et al., (1996) reported a significantly higher microbial biomass carbon in the organic farming systems that included cover cropping with lana vetch compared with conventional system throughout the tomato growing season. However, after the termination of lana vetch in the summer, microbial biomass carbon declined to levels comparable with the conventional plots by the end of the growing season.
Numerous studies have utilized particulate organic matter (POM) as an index of labile SOM status. Organic management with the use of a hairy vetch cover crop, a red clover cover crop, and organic manure increased the size of the labile nitrogen reservoir and the amount of POM protected within aggregates (Marriott & Wander, 2006). Similarly, the highest soil POM-N was observed in the reduced tillage system incorporating common wheat and crimson clover as cover crops and mulch. They also observed that POM-C trends mirrored those of POM-N, with reduced tillage system exhibiting significantly higher soil POM-C (Butler et al., 2016). Additionally, an increase in potentially mineralizable nitrogen with the incorporation of killed cereal rye in mixed-vegetable production systems in comparison to control plots (Pieper et al., 2015).
There was a decrease in arbuscular mycorrhizal fungi in both cover cropping and control systems. “This indicates that the presence of arbuscular mycorrhizal fungi hosts (rye, legumes, and lettuce), non-hosts (broccoli, mustard, spinach), or bare fallow do not affect arbuscular mycorrhizal fungi levels. However, there was an increase in fungal populations (saprophytic fungi) according to FAME profiles and MBC rye systems that were cover cropped annually” (Brennan & Acosta-Martinez, 2017). This is because the decomposition of higher C: N is favored by fungi, whereas bacteria are better at decomposing higher quality material (low C: N) (Brennan et al., 2013). Similar results were obtained by Patkowska et al., (2016). They observed the largest population of fungi in the control, followed by sunflowers, buckwheat, and white mustard used as cover crops. The results show that the fungal population is twice as low in comparison to the control after the incorporation of rye as a cover crop.
Bacterial indicators showed an increase in abundance across cover crop types (legume-rye, mustard, and rye) compared with the control in an organic vegetable production system. The increase was most obvious among the gram-positive bacteria (Brennan & Acosta-Martinez, 2017). Similarly, the mean total population of Bacillus in the soil environment under carrot cultivation was found to be highest when rye was used as a cover crop (Patkowska et al., 2016). However, “there were no significant changes in actinomycete and gram-negative bacteria across systems, with a few note-worthy exceptions. For example: the relative abundance of Bacteroidetes increased from 6 to 8.5%” (Brennan & Acosta-Martinez, 2017). On the contrary, an increase in Pseudomonas spp. was noted when rye was used as a cover crop under carrot cultivation (Patkowska et al., 2016).
Compared with the control, the single FAME indicator for invertebrates increased across legume- rye and rye. Additionally, “nematode analysis done after 8 years at lettuce-broccoli/spinach production system showed a greater myriad of three colonizer-persister (cp) structural guilds of nematodes (cp1, cp2, cp3) in systems that received cover crops annually than infrequently cover cropped systems and control plots” (Ferris et al., 2012). The total number of bacterial-feeding nematodes increased following the incorporation of lana vetch compared with the conventional system of tomato cultivation. However, the decline in microbial biomass in cover crop treatment at mid-summer also led to a decrease in the number of bacterial-feeding nematodes as well. In contrast,the number of fungal-feeding nematode and predaceous nematode populations did not change through time or farming systems (Ferris et al., 1996). Brennan & Acosta-Martinez, (2019) reported that after 6 years of vegetable production with cover crops (legume rye, mustard, and rye), there was a positive relationship between microbial biomass and activities of all enzymes (ß-glucosidase, ß-glucosaminidase, alkaline phosphatase, dehydrogenase, and L-asparaginase) except aspartase. Soil enzyme activities were higher in annual legume-rye cover cropped plots compared to quadrennial legume-rye cover cropped plots. Even though mustard has a lower cover crop shoot biomass as compared to rye and legume-rye, it has minimal influence on enzyme activities. Therefore, it can be concluded that cover crop frequency primarily influences soil enzyme activities.
Incorporation of winter rye and winter rye/hairy vetch mixture in tomato, zucchini, and bell pepper reduced average annual weed density by 96% for 8 to 10 weeks after mechanical suppression with a roller- crimper (Leavitt et al., 2011). Additionally, Bilenky et al., (2022) reported that high-biomass-producing summer cover crops (>5 Mg ha-1) reduced weeds below ∼1 Mg ha-1. Hairy vetch, grain sorghum, and sudan grass were the most effective cover crops and reduced total weed dry biomass by 90.3%, 87.4%, and 86.9% in 2004, and by 88%, 86.3%, and 85.2% in 2005, respectively, in organic lettuce production (Isık et al., 2009).
4.2.4. Benefits of perennial cover crops to soil physical properties
According to Lal et al., (1978), Brachiaria cover crop increased cumulative infiltration of 500 cm in 160 minutes compared to the control (100 cm in 160 minutes). “This increase was attributed to a high horizontal component of hydraulic conductivity in these soils. The mean bulk density at 0- 10 cm depth 40 days after planting was 1.35 g cm -3 under cover crops as compared with 1.59 g cm -3 for the control. Bulk density at 10-20 cm depth was 1.44 and 1.63 g cm-3 for cover crops and control, respectively” (Lal et al., 1978). Nunes et al., (2018) reported an increase in water stable aggregates on clay loam soil by 76% under long-term no till (orchard grass cover crop) in comparison to long- term plow-till in the maize cultivation system. Additionally, no-till adoption increased water stable aggregates on loamy fine soil by 92% under the same management conditions. Similarly, water aggregate stability was found to be increased with the incorporation of perennial rye grass and perennial white clover in a mixed vegetable production system (tomatoes, cabbage, cucurbits, carrots, and lettuce) in comparison to conventionally controlled systems (Pieper et al., 2015).
4.2.5. Benefits of perennial cover crops to soil chemical properties
Nunes et al., (2018) found that soil maintained with an orchard grass cover crop and no-till in a maize production system on clay loam soil and loamy fine soil had 66% and 92% more Zn than soil managed long-term with plow-till. Similarly, 45% more K was maintained in loamy fine sand under similar management conditions. The pH of no-till and orchard grass cover cropped soil was lower than that of plow-till-managed soil over time. This may be due to acidification resulting from the decomposition of organic matter. (Nunes et al., (2018).
In maize, cowpeas, pigeon peas, soybeans, and cassava cropping system, incorporation of Stylo cover crop resulted in an increase in soil P within 2 years (Lal et al., 1978). Similarly, Nunes et   al., (2018) reported that use of orchard grass in maize cropping system resulted in an increase in soil P by 95% in 12 years.
Poeplau et al., (2015) concluded that the soil maintained with orchard grass resulted in an increase in total nitrogen by 69% within 12 years in spring barley, oats, spring oilseed rape, and potatoes cropping system. Lal et al., (1978) also had similar results. He found that there was an increase in total nitrogen with the incorporation of molasses grass and perennial soybean grass in maize, cow peas, pigeon peas, soybeans, and cassava cropping system. Lastly, molasses grass also resulted in an increase in cation exchange capacity of the soil within 2 years (Lal et al., 1978).
4.2.6. Benefits of perennial cover crops to soil biological properties
According to Nunes et al., (2018), clay loam soil maintained under long-term no till and orchard cover crop in maize production systems produced 65% more soil protein than soil managed long- term under plow till and increased soil respiration by 17%. Additionally, in loamy fine sand, there was an increase of 49% in soil protein and an increase in soil respiration of 82% under the same cultivation conditions. In the first year, there was a decrease in soil organic matter in both conventional and perennial mulch treatments in a mixed vegetable production system, with the greatest decline observed in the conventional treatment. However, in the following year, levels continued to decrease in the conventional control and annual living mulch treatments, but levels in the perennial living mulch treatments remained constant (Pieper et al., 2015). Similarly, Karki (2025) concluded that mixture of perennial rye grass white clover resulted in increase in enzyme activities (β-Glucosidase, and β- Glucosaminidase) by 48% and 56% in organic vegetable production system. There was 17% more soil organic matter maintained with an orchard grass cover crop and no-till in the maize production system on clay loam soil than soil managed long-term with plow-till. Similarly, in loamy fine sand, there was 67% more soil organic matter under the same management conditions (Nunes et al., 2018).
Similarly, perennial mulch treatment (perennial rye grass and perennial white clover) resulted in the highest CO2 respiration in comparison to strip-till, annual mulch, and conventional treatments in a mixed vegetable production system (Pieper et al., 2015). “Earthworm activity was significantly higher under Brachiaria, Melinis, and Stylosanthes than under control and other crops, especially 4–10 weeks after planting” (Lal et al., 1978). Pieper et al., (2013) concluded that perennial rye grass and white clover limited broadleaf weeds in mixed vegetable production systems.
Banik et al., (2020) reported that kentucky blue grass and creeping red fescue resulted in an increase in soil organic carbon by 10.10% within 2 years in maize cropping system. Similarly, the soil cover cropped with molasses grass and perennial soybean grass resulted in an increase in soil organic carbon in maize, cowpeas, pigeon peas, soybeans, and cassava cropping system. In an intensive vegetable cultivation system including tomato, cabbage, cucurbits, carrot and lettuce, perennial rye grass & perennial white clover resulted in an increase in soil organic carbon by 14% within 3 years (Pieper et al., 2015). Lastly, perennial rye grass resulted in an increase in soil organic carbon in spring barley, oats, spring oilseed rape, and potatoes (Poeplau et al., 2015).
In maize cropping system, soil potential mineralizable N and soil organic N increased by 8.50% and 6.50% respectively over two 2 years under  kentucky blue grass and creeping red fescue cover crops (Banik et al., 2020).Pieper et al., (2015) concluded that there was an increase in soil potential mineralizable N in tomato, cabbage, cucurbits, carrot, and lettuce cropping system incorporating Perennial rye grass & perennial white clover.
5. Disadvantages of cover crops
[bookmark: _GoBack]Although incorporating cover crops into vegetable production systems offers many benefits, there are some drawbacks (Stivers-Young & Tucker, 1999). Brennan & Acosta  Martinez, (2017) mentioned that “cover cropping tends to reduce the number of cash crops produced and complicate management, leading to infrequent cover cropping on many organic farms in California”. For instance, “using a full season cover crop in a vegetable rotation means losing one or more crop income years unless hay (forage) is marketed” (Marr et al., 1998). From an economic point of view, the establishment and incorporation of cover crops include extra seed costs (mainly annual cover crops), farming operations, water consumption, and a potential increase in diseases and pests (Shennan, 1992). However, Franzluebbers, (2016) and Brennan & Acosta-Martinez, (2017) believe that farmers would focus on integrating cover crops into their rotations if they had access to reliable test results that measure soil biological activities. Additionally, providing specific information to the growers about how cover crop biomass quality changes during winter might help them select the most appropriate cover crops to rotate with vegetables, which might further increase cover cropping practices in organic farms (Brennan et al., 2013).
6. Conclusion and Future perspectives 
Intensive vegetable production systems are characterized by frequent tillage, reliance on fossil fuel–based fertilizers and pesticides, and intensive irrigation, all of which cause negative impacts on soil health (White et al., 2020). Incorporating organic practices such as cover cropping is therefore important for reducing soil degradation in these systems. This review highlights the significance of cover crops as a soil health management strategy in organic vegetable production by showing how they significantly affect the physical, chemical, and biological characteristics of soil.
Cover crops also tend to contribute to broader ecosystem services such as enhanced water quality, reduced fertilizer dependence, and increased carbon sequestration. Recent studies consistently indicate that these benefits can result in improved crop productivity and agroecosystem resilience. However, most existing research has focused on short-term or annual cover cropping systems, limiting our understanding of long-term soil health trajectories.
Future research should focus on studies that evaluate perennial cover crops and living mulches in intensive vegetable production. Such studies are needed to better understand their potential for soil carbon stabilization, enhanced biological functioning, and climate resilience. Advancing this knowledge will be essential for designing organic vegetable systems that balance productivity with long-term soil and environmental sustainability.
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