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Presentation Notes


Slide 3 – Can we grow food without disturbing the soil? 

Here in Virginia, the native vegetation over nearly all of the land mass other than wetlands is or was forest. Whenever forested land is cleared for food production, the soil microbiome is fundamentally altered and some soil carbon is inevitably lost, even under the best organic or conservation agricultural management. The two examples here are a vegetable field in the Piedmont region (Korey Erg, Greensboro, NC) and a rotationally grazed pasture in Kansas. 


Slide 4 – Perennial systems that simulate the native plant community minimize disturbance

In regions where forest is the dominant native plant community, agroforestry practices such as forest farming (CPS 379), alley cropping (CPS 311), or integration of food-bearing species into hedgerows (CPS 422), windbreaks (CPS 380), or riparian forest buffers (CPS 391) would require the least amount of disturbance to or modification of the pre-existing soil-microbe-plant-wildlife ecosystem.  In drier regions with prairie or savanna vegetation, pasture-based livestock production with advanced grazing management methods like management intensive rotational grazing and other CSP enhancements on prescribed grazing (CPS 528), silvopasture CPS 381, and perennial grain crops would most closely resemble the native soil-microbe-plant community.

Photos:
· Asian pears – Paul and Youngsuk Estabrook, Virginia Gold Orhard, Natural Bridge, VA
· Permaculture – Lee and David O’Neill, Radical Roots Farm, Keezletown, VA
· Rotational grazing – Meadowcreek Dairy, Galax, VA
· Silvopasture – John Bell, Anne Bell, Mac Stone, Elmwood Stock Farm, Georgetown, KY

Studies in New York and New Hampshire have shown that conversion of mature secondary growth forest to silvopasture results in less disturbance to soil carbon and nitrogen cycles than conversion to open pasture, with the latter resulting in much greater emissions of the greenhouse gases carbon dioxide (CO2) and nitrous oxide (N2O) (Contosta et al., 2022).


Slide 5 – But much of our diet is annual-based

While most fruits and nuts and a few vegetables come from perennial plants, virtually all our grains and beans and most of our vegetables are produced on annual plant species whose cultivation requires tillage or other soil disturbance (e.g., herbicides) on a regular basis. Ruminant livestock can be raised on grass, yet in today’s agricultural system the vast majority are raised wholly or in part on grains, mainly corn, soybeans, and wheat.  Poultry and swine, even when pastured, require some grain-based feed to remain healthy and productive.


Slide 6 – Healthy forest soils and healthy cropland soils differ

Converting any natural area to annual crop production – organic or otherwise – entails considerable alteration of the soil microbiome and macro-fauna. Soils in mature organic or regenerative cropping systems can be described as “healthy,” yet their community of life differs considerably from that of a native forest or prairie.  For example, while forest trees are interconnected by vast networks of diverse ectomycorrhizal fungi, and high populations of mites, collembola (springtails) and other micro-arthropods process forest tree litter, a well-managed organic field teems with a great diversity of beneficial bacteria, arbuscular mycorrhizal fungi (AMF) and earthworms. Total (soil plus plant biomass) carbon sequestration remains higher in the mature forest than in the long-term organic or regenerative crop field.  Thus, the conversion of forest to even the best managed crop rotation entails some net carbon loss.

Photo shows David O’Neill at Radical Roots Farm in vegetable beds within the berm-and-swale terrace system, with diverse permaculture on berms and annuals on the level.


Slide 7 – Restoring degraded land with best crop management

In contrast degraded land, which includes millions of acres of depleted cropland and pasture as well as abandoned and neglected city lots, represents a carbon sequestration opportunity waiting to happen. All but the most severely damaged lands can be restored through best organic or conservation agriculture practices, even when annual crops are produced organically with judicious routine tillage, or with no-till and judicious use of agrochemicals.  


Slide 8 – How to minimize soil and ecosystem disturbance while meeting our needs 

How do we minimize soil disturbance while meeting our agricultural needs?
· “Half-Earth” is an aspirational goal to devote half of the Earth’s land area and oceans to natural ecosystems without human occupation or interference and devote the other half to meeting human needs with optimal soil and resource stewardship. (Wilson, 2016). 
· The 30% by 2030 Initiative aims to conserve/protect 30% of Earth’s land area and ocean area by 2030. This must be done in a way that fully protects Indigenous people’s rights and homelands. https://en.wikipedia.org/wiki/30_by_30. 
· Increase emphasis on perennial food production systems that require no or minimal soil disturbance after initial planting – forest farming, orchard, pasture-based livestock, silvopasture, etc. In Iowa, Chinese chestnut and pawpaw agroforestry systems accrued an additional 4 tons/acre soil organic carbon (SOC ~ SOM X 0.5) at 24 years after planting in comparison to adjacent land in a no-till corn-soybean rotation (Eddy and Yang, 2022).  
· Conversion of erodible and fragile soils to perennial production and natural areas. Note that orchards must have year-round living cover for the orchard floor to protect the soil. Living cover can double orchard soil SOC, improve nutrient cycling, and enhance beneficial mycorrhizal fungal diversity over bare soil orchard floor systems (Azarenko et al., 2009; Lorenz and Lal, 2016; Reeve, 2014; Rodriguez-Ramos et al., 2022; Rowley et al., 2012; Vicente-Vicente et al., 2017)
· Organic and regenerative agriculture and soil health practices for annual crop production – on land most suitable for annual cropping – least erodible, well drained, good productive potential, level or minimally sloping, etc. The balance of this webinar will focus mainly on annual and annual-perennial crop rotations.


Slides 9 and 10 – How does annual crop production disturb the soil?

Physical disturbances caused by tillage are well known to harm soil health in several ways, including soil erosion, compaction, degradation of aggregate structure, loss of soil organic matter (SOM), and direct harm to soil organisms.  Inversion tillage literally “turns the house upside down,” moving near-surface soil organisms to a depth at which they may no longer thrive, breaking up earthworm burrows, and burying residues so that they may undergo anaerobic decay. Disks, harrows, and rotary tillers can pulverize the soil, break up fungal filaments, damaging earthworms and other macro-organisms, accelerating oxidation of SOM, and increasing risks of surface crusting, compaction, and wind and water erosion.

Prolonged unplanted fallow periods, such as may occur in a corn-soybean rotation without winter cover crops or cereal grains, cut off the vital supply of living plant root exudates on which many soil microbes depend. The soil life undergoes partial starvation and goes dormant, and carbon sequestration, nutrient cycling, and other biological soil functions suffer.  

Pesticides, herbicides, fungicides, and nematicides that are applied to the soil or that reach the soil before they break down can harm soil organisms.  Concentrated nutrient sources including conventional soluble fertilizers and certain organic fertilizers like poultry litter or blood meal that have low ratios of organic carbon to nitrogen can alter soil microbiome and biological function.  

One goal of regenerative agriculture is to minimize all these disturbances to the soil ecosystem.

The photo of agricultural spraying by tractor was downloaded from Pixabay, https://pixabay.com. 


Slide 11 – Minimizing soil disturbance through conservation agriculture

No-till (CPS 329 Residue and Tillage Management – No-till) leaves production crop residues on the surface and commonly relies on herbicides for weed management and seedbed preparation.  Conservation agriculture combines this practice with cover cropping (CPS 340 Cover Crop) and cover crop termination by roller-crimping followed by no-till planting, which can be done in a single pass. The cover crop residue hinders weeds and reduces reliance on herbicides.  

Research has shown that no-till by itself without cover crop, e.g., corn with winter fallow, may not be sufficient to improve soil aggregation; only the no till treatment with a winter grass cover crop enhanced macro-aggregates (>2.0 mm) over conventionally tilled corn without cover crop (Fernandes et al., 2023). No-till promotes SOC accumulation in macro-aggregates in the top two to four inches of soil and thereby improves water infiltration and other soil health functions, but it does not build SOC deeper in the soil profile and does not greatly increase per-acre SOC stock (Mondal et al., 2023; Xiao et al., 2020). This physically protected yet inherently active (degradable) SOC is readily lost after a single tillage pass, and most no-till farmers till at least once every several years to manage weeds or compaction (Grandy et al., 2006; Kane, 2015).

Stable SOM is built throughout the soil profile by living plant roots and their exudates, on which soil microbes feed, converting some of the organic substances into mineral-associated organic carbon (MAOC) (Prescott et al., 2021).  This form of carbon sequestration is less vulnerable to the impacts of tillage and to higher temperatures and extreme weather related to climate change.  Both MAOC and the active SOC in near-surface aggregates play vital roles in long-term soil health and fertility.  Thus, conservation agriculture supports soil health and reduces disturbance through a combination of no or reduced tillage with high biomass cover cropping.

Strip tillage opens a narrow swath through cover crop residues.  With a Soil Tillage Intensity Rating (STIR) value of about 7, strip tillage can meet the criteria for CPS 329 No-till (total STIR not to exceed 20 per crop cycle). Crops like peanut that are difficult to establish with strict no-till can often be grown with strip tillage No-till vegetable transplanters have been developed to set starts into a slot opened by the transplanter itself or into narrow tilled strip prepared in a preceding pass.

Some of these techniques have been adopted by organic producers using a “rotational no-till” system. Although continuous no-till without herbicides is generally not practical for annual crop production, a high biomass cover crop can often be roller-crimped for no-till or strip-till planting of an organic crop The lower right-hand photo in the slide shows a successful crop of organic summer squash planted no-till through roll-crimped winter cereal rye + hairy vetch at Virginia Tech’s Kentland Agricultural Research Farm in Blacksburg, VA.  Yields reached 15 tons/ac, competitive with conventional squash yields in the region.


Slide 12 – Minimizing soil disturbance through conservation agriculture

Conservation agriculture generally includes a diversified crop rotation, the use of high biomass multispecies cover crops, and sometimes strategies such as relay interplanting or overseeding to eliminate or minimize bare soil periods.  The Soil Health Crop Rotation, enhancement E328E on the Conservation Crop Rotation practice (CPS 328) integrates the following features:
· Diversify the rotation with at least four different crops.
· Maintain living roots for 90% of the growing season.
· Grow high-residue or cover crops in at least two out of three years.
· Minimize tillage and leave residues on the surface.  No more than one crop in the rotation will entail a total STIR value above 20.
· SOM component of the Soil Conditioning Index (SCI) must be positive.

Other CSP rotation and cover crop enhancements that support this integrated approach to minimizing disturbance include:
· E328A Resource conserving crop rotation.
· E328F Modifications to crop rotation to improve soil health with soil health monitoring.
· E328N Intercropping to improve soil health.
· E328O Perennial grain (with two other crops) rotation.
· E340B Intensive cover cropping (plant cover crop mixes during each non-production period in the rotation).
· E340D Intensive orchard/vineyard floor cover cropping.
· E340E Cover crop mix with soil health assessment.
· E340F Cover crop mix to reduce soil compaction.
· E340G Cover crop mix to utilize excess nutrients.
· E340H Cover crop mix to suppress weeds and pests.

Organic soil amendments and organic nutrient sources also play a significant role in conservation agriculture. While conservation farmers use some conventional soluble fertilizers, they often apply organic amendments to build and maintain SOM, provide habitat for soil microbes, sustain long-term soil fertility, and sequester carbon, as described in CPS 336 Soil Carbon Amendment. The combination of diverse rotation, cover cropping, and organic soil amendments can reduce the amount of soluble fertilizer needed to sustain crop yields. 


Slide 13 – Minimizing soil disturbance through conservation agriculture

The conservation approach to protecting soil health prioritizes the avoidance of physical disturbance and increasingly recognizes the need to limit chemical disturbance as well.   Conventional agricultural inputs including soluble mineral fertilizers, synthetic pesticides, and other crop protection chemicals are used judiciously, only if and when needed, and with careful dosing to meet but not exceed optimum nutrient levels and pest control objectives. 

Conservation Practice Standards 590 Nutrient Management and 595 Pest Management Conservation System provide criteria and guidance for best use of inputs to achieve desired outcomes while avoiding excessive disturbance to the soil and agroecosystem.  CSP Enhancements elevate the stewardship level by implementing precision agriculture techniques (E590B and E595A) and science based guidelines for optimizing nutrient use efficiency and minimizing nutrient losses and water quality degradation (E590A).  Enhancement E595B implements an advanced Integrated Pest Management (IPM) system of Prevention, Avoidance, Monitoring, and Suppression (PAMS). When control measures are needed, the least disruptive suppression techniques that will do the job are implemented. 

Additional CSP Enhancements on CPS 595 include:
· E595D Provide sufficient refuge (non-Bt crops) to avoid pest resistance to Bt.
· E595E Eliminate broad spectrum pesticides and ivermectin for livestock pests and parasites to protect dung beetles.
· E595F Minimize neonicotinoid seed treatments to protect ground beetles and other natural enemies of pests.  


Slides 14 and 15 – Minimizing soil disturbance through organic agriculture

The National Organic Program (NOP) Standards prohibit the use of most synthetic agricultural chemicals including soluble NPK fertilizers, pesticides, herbicides, fungicides, and nematicides (USDA NOP, undated). A few of the least-toxic synthetic materials are included on the National List of allowed synthetic materials in organic crop production. 

These NOP Standards protect the soil life and soil ecosystem from chemical disturbance including exposures to synthetic and potentially toxic crop protection chemicals with which soil organisms have not evolved over millennia, and to which they may not be adapted. The NOP soil fertility standards also minimize the more subtle effects of soluble fertilizers, which can, at higher application rates, stress the soil microbiome through salinity and an imbalance between available organic carbon (active SOM) and inorganic nitrogen (N) and other nutrients.  

NOP allows naturally occurring crop protection substances including botanical pesticides (e.g. azadirachtin, pyrethrin), mineral fungicides (e.g. copper and sulfur), vinegar- and essential oil-based herbicides, and microbially-derived substances (Bt pesticides), as well as a short list of synthetics on the National List. However, these materials can be used only if and when integrated cultural, physical, and biological controls prove insufficient to control target pests, pathogens, or weeds.  Certified organic producers must document the rationale for using these materials, including a full accounting of other IPM strategies and tactics, and why they are not sufficient without using the substance as well.

Of the four NOP allowed disease control substances illustrated in Slide 15, repeated use of copper is known to have potentially adverse effects on soil life, soil health, and nutrient balance; the peroxide (Oxidate) may kill nontarget microbes that it directly contacts, and the two biological materials (disease-suppressive Bacillus species that commonly occur in agricultural soils) are less likely to disrupt soil ecosystems.


Slide 16 – Minimizing soil disturbance through organic agriculture

Organic production of annual crops usually entails some tillage for weed and cover crop management and seedbed preparation.  NOP standards require certified producers to use tillage and cultivation practices that protect and maintain soil health and minimize erosion. This is a goal and a well-known challenge for organic producers seeking to co-manage weeds and soil health (Snyder et al., 2022). Tillage tends to accelerate the microbial oxidation of SOM, and adding organic materials such as residues of a high-biomass grass-legume or multispecies cover crop can help restore and maintain SOM lost through the disturbance.  While the rototiller run at high power takeoff (PTO) speed can pulverize the soil and promote crusting and compaction, reducing PTO speed and raising the tailgate so that soil is not thrown forcibly against it can reduce damage to soil aggregates and soil organisms.  

The NOP soil fertility and nutrient management standard requires organic producers to rely primarily on cover crops, crop rotation, and “plant and animal materials” for crop nutrition. Most of these nutrient sources provide N, P, K, and other nutrients in relatively low concentrations along with abundant organic carbon, which supports soil microbial communities, and provides a slow release of plant-available nutrients. Exceptions include chicken litter and liquid manure (slurry) which have low carbon-to-nitrogen (C:N) ratios and unstable, soluble nutrients; NOP standards include strict criteria for manure management and use, including a 120-day application to harvest interval for manure that has not undergone composting at >130°F for 15 days and five turns (windrow system).

The Standards allow the use of nutrients from other sources including natural minerals and micronutrient salts when soil or foliar nutrient analyses document the need. NOP requires all nutrient inputs to be used in a way that maintains or improves SOM levels and avoids “contamination of crops, soil, or water with plant nutrients, pathogenic organisms, heavy metals, or residues of prohibited substances.”


Slide 17 – Virginia farm story: gearing down the rototiller

At Mattawoman Creek Farms in Cape Charles, VA (Eastern Shore), crops are grown in rotation with a winter rye + hairy vetch cover crop, which is planted over the entire field (beds and alleys) to maximize biomass.  In spring, the cover crop is mowed, pulled onto bed tops with a front-mounted disk bedder and mixed in shallowly with a rear mounted tiller. For later-planted vegetables, the cover crop is mowed to a 1 ft stubble height and allowed to regrow to enhance biomass and N fixation before mowing again and tilling in.
.  
After the cover crop has decomposed for a few weeks, Rick adds organic nutrient sources according to crop need and works bed tops 3-4 inches deep to prepare the seedbed. 
 
Tillage is done with a tractor-drawn rototiller with the PTO on a low gear and a forward speed of about 2.5 mph to get the job done with less damage to soil structure. Many farmers operate their tillers at maximum PTO speed with a forward speed of 1 mph, which creates a finely pulverized seedbed that crusts over and erodes easily.
 
Rick and Janice implement a tight crop rotation with no bare fallow periods, return all residues to the soil, maintain permanent raised beds with traffic limited to alleys, and use fertilizers sparingly to avoid overloading N, P, and other nutrients.  

Despite annual rotary tillage, soil health and fertility have improved steadily over the farm’s 20+ years of operation. The sandy topsoil has developed visible crumb structure, SOM has climbed to 2.0-2.2% (excellent for this soil type), phosphorus has not built up to excessive levels, and nitrogen availability has improved so that fertigation with fish-seaweed fertilizer is no longer needed. In Rick’s words, “the soil gets better every year, and we have excellent growth.”  


Slide 18 – Minimizing soil disturbance through organic agriculture

The NOP standards require organic producers to implement a crop rotation that includes cover and/or sod crops.  Although the organic standards do not include quantitative criteria like those associated with NRCS Practice Standards, NOP requires the crop rotation to serve four key functions: build and maintain SOM, prevent erosion, provide and manage plant nutrients, and provide for pest management. Organic producers, especially those growing specialty crops for direct markets, often develop highly complex and diverse crop rotations that include six or more plant families and that keep the soil occupied by living roots throughout most of the growing season.  Crop diversity and continuous cover support soil microbial biodiversity and help ensure that the full gamut of biological functions of a healthy soil are maintained. 


Slide 19 – Virginia farm story: strategic rotation and cover cropping

Farmer, author, and educator, Pam Dawling has developed a sophisticated and flexible approach to maximizing year-round soil coverage, living root, plant biomass, N fixation, nutrient cycling, and diversity through cover cropping in a four-acre vegetable operation, Twin Oaks Farm in Louisa, VA, which provides year round produce for a community kitchen serving 100 people.

Pam developed her ten-year crop rotation and detailed guidance for what cover crop to plant and when to plant them, based on personal experience and knowledge gained through decades of farming at this site. She has adapted the cover crop undersowing strategies of New England organic farmers, choosing cover crops that can thrive in the heat of a Virginia Piedmont summer or take advantage of the long, mild autumn. Examples include red and white clover seeded into fall brassica crops to begin the one-year green fallow in her 10-year rotation and sowing a mixture of oats and soybean into sweet corn. Cover crop interseeding is timed to balance the growth of the vegetable and the relay-planted cover crop so that neither one chokes out the other.  

With climate change causing more erratic weather patterns, Pam takes an adaptive approach to maintain living cover.  For example, spring cover crops include a mixture of cool-season cereal grains with soybean and/or buckwheat so that at least one of the cover crops will thrive should the spring bring unusually cold or hot weather.  In the event that a cover crop or production crop fails, she has contingency plans to keep the soil fed until it is time for the next vegetable planting. Sorghum-sudangrass with its high biomass and extensive root system is her cover crop of choice when a summer vegetable crop fails or finishes early, or if the clovers in the green fallow year become thin or weedy during the heat of summer.  


Slide 20 – A comparison of disturbances and soil health practices in three agricultural systems

Although organic systems rely on tillage to some degree for annual crop production, experienced organic producers implement tools and strategies to reduce both frequency and intensity of tillage.  NOP standards for nutrient, weed, pest, and disease management materials and methods reduce the potential for chemical disturbance to soil ecosystems. 

Conservation agriculture seeks to eliminate physical soil disturbance and utilizes both organic and soluble nutrient sources to meet but not exceed crop needs for N and other nutrients (the “four Rs” as outlined in CPS 590 Nutrient Management).  Pesticides and other crop protection chemicals are used when necessary within the context of Integrated Pest Management.

Both approaches to maintaining soil health and to minimizing soil disturbance emphasize crop diversity and maximizing living cover and living root. Both yield substantially reduced overall levels of soil disturbance in comparison to conventional agricultural systems, which often entail prolonged unplanted fallows (e.g. only about 10% of Corn Belt acreage is cover cropped overwinter, though this percentage is now increasing steadily), and sometimes heavier use of soluble fertilizers and synthetic pesticides than is needed, or than would be needed if soil health were enhanced through cover cropping, organic amendments, and other conservation practices.  

There is no doubt that the organic system (minimal chemical disturbance, moderate tillage intensity) and the conservation system (minimum tillage intensity, moderate use of chemical inputs) would result in qualitatively different soil microbiomes and macro-biota.  Recent research has begun to reveal the various ways that both tillage and agricultural inputs impact the soil community of life.  Some of these findings are reviewed later in the Webinar.


Slide 21 – Virginia farm story: crop-livestock conservation agriculture

C J Isbell raises pastured beef, pork, and poultry on a combination of permanent pasture (sloping land) and a succession of winter and summer annual cover crop mixes (nearly level bottomland) designed to provide excellent forage, build soil, protect water quality, and choke-out weeds.  The bottomland rotation also integrates a specialty grain, culinary corn, or soybean crop for human consumption once every three or four years.  

No tillage is performed, and all crops are planted with a no-till drill.  When a new, weedy field is brought into production, C J does a single herbicide application to “reset” the field and facilitate establishment of the first cover crop.  All subsequent inputs and practices are organic.  

Fields are divided into 2.5-acre units for intensive soil sampling and precision nutrient management.  When practical, poultry or hogs are rotated to provide nutrients where they are needed, and organic fertilizers are used to meet any remaining needs.  

This system exemplifies conservation agriculture at its best and approaches organic (though not certified), integrating crops with livestock, sloping land in permanent pasture, continuous cover and living root, and advanced nutrient and pest management with one-time herbicide use.

Slide 22 – Reducing tillage intensity in organic systems: Low-impact tools
Subtitle slide


Slide 23 –Conservation Tillage Practices and Organic Systems

The Soil Tillage Intensity Rating (STIR) is a NRCS tool that estimates the soil disturbance impacts of different tillage implements and other field operations. STIR integrates the intensity, depth, and area (full field versus strip or zone tillage) of the disturbance. While the criteria for no-till (no full width tillage, total crop cycle STIR < 20) are challenging for organic producers to meet in annual crop production, many organic farmers use non-inversion tillage and integrated weed management strategies that reduce the need for cultivation and can meet the criteria for reduced tillage with a total crop cycle STIR of 80 or less.  


Slide 24 – An example of a conventional tillage regimen

In this example of conventional full tillage, moldboard plowing is followed by a disk with a rolling basket tool to prepare the seedbed, and two cultivations for weed control.  The total STIR rating is 140, reflecting sufficient soil disturbance to accelerate organic matter oxidation, reduce aggregate stability, fragment fungal mycelia, and harm larger soil organisms such as earthworms.  

The following slides illustrate several implements that can meet the goals of tillage with less damage to soil life and soil structure than the “conventional tillage” example shown here.   The STIR values shown were obtained from the current RUSLE2 program.


Slide 25 – Shallow noninversion tillage: power harrow

Often, shallow tillage can meet weed control or soil preparation needs while leaving the deeper part of the soil profile intact, thereby avoiding subsurface compaction and reducing harm to earthworms and other soil life.  Tools such as a light disk, springtooth harrow, or rototiller can be adjusted to till shallowly (1 to 4 inches); the challenge is to avoid pulverizing surface aggregates, which can oxidize near-surface organic matter and lead to crusting or erosion.  

Newer tools such as the power harrow have been designed specifically to till the soil shallowly and conserve aggregates while dislodging weeds and mixing amendments and light residues into the surface to prepare a seedbed for direct-sown crops.


Slide 26 – Shallow noninversion tillage: high-speed disk with rolling baskets

While this tool has a considerably higher STIR (41) than either the power harrow (21) or rototiller (18) several organic farmers interviewed by the presenter find that this new disk design leaves surface aggregates more intact than either the rototiller or older designs of disk harrow.  

Vertical tillage implements (not shown here) are designed to minimize horizontal movement of soil, and to mix residues and amendments vertically into the soil without inversion.  Many of these tools consist of coulters oriented along the line of travel (zero offset angle) alone or combined with a shank or a spike harrow to prepare planting rows. 


Slide 27 – Deep noninversion tillage for small scale: broadfork

Some form of deep tillage or “subsoiling” is sometimes needed if the soil has a naturally compaction-prone texture (e.g., silty), a compaction-prone horizon (e.g, the E horizon of a sandy coastal-plain Ultisol) or if the use of plow, disk, or rototiller to the same depth year after year has created a “tillage pan” (management caused hardpan) that restricts rooting depth. The broadfork offers a soil-saving and ergonomically friendly alternative for small scale operations such as a high tunnel or market garden.  The broadfork is used to loosen the soil to a depth of 8 to 12 inches without inversion. Broadforking improves drainage and aeration and facilitates manual removal of weeds.  In conjunction with permanent raised beds with traffic limited to alleys, the broadfork can help maintain good physical condition (aggregation) and prevent compaction, especially when its use is followed by deep rooted cover or production crops.  

At a larger scale the chisel plow provides a non-inversion approach to deep tillage that is less likely to cause subsurface compaction than a moldboard or disk plow.  A meta-analysis of multiple tillage studies showed that, despite its high STIR value (45 for straight point chisels running 7 inches deep), chisel plowing may have less adverse effects on soil biological activity than inversion tillage (Zuber and Villamil, 2016).  


Slide 28 – Kentucky farm story: intensive cropping, gentle on soil

Jesse Frost and Hannah Crabtree grow vegetables intensively on one acre, including one 24 X 96 ft high tunnel and two 15 X 50 ft caterpillar tunnels. Jesse, an organic vegetable farmer, author, consultant, and podcast host, described their approach at the NOFA Vermont conference in February 2022.  Their primary tillage tool is the broadfork, used perhaps once per year in each bed.

“The soil is like a giant battery, living plants are the solar panels, and the soil life transforms plant root exudates into soil carbon,” he began.  Once the soil battery is “full,” its microbial activity supports larger organisms, including food crops and farm animals.  Embracing all four NRCS soil health principles, they place top priority on keeping the soil planted to feed soil life and recharge the soil battery, and they minimize physical disruption as much as possible within the context of the farming operation. Crops are grown in two diversified rotations:
· An intensive succession of short-season crops (60 days or less) including green onions, beets, arugula, spinach, carrots, lettuces, and an occasional cover crop. Each bed is replanted immediately after harvest is finished, with no individual crop occurring more than once in a 12-month period.
· A rotation of long-season crops like potatoes, sweet potatoes, and tomatoes with cover crops.  For example: cover crop  summer tomatoes  garlic  winter squash  cover crop  popcorn, etc.

Soil management practices include:
· Using a broadfork to open and loosen the soil without inversion, which improves root penetration, plant growth, and microbial activity. “Some disturbance can be beneficial,” Jesse noted.  “Our ‘no till’ does not mean no engagement with the soil at all.”  Beds are broadforked only when they seem compacted, usually no more than once per season.
· Cutting crops at time of bed turnover.  Because uprooting vegetable plants after harvest can steal 40 lb or more of soil and roots per 100 ft bed, they cut plants at or just below the surface, remove weeds, spread amendments (compost, seaweed, biochar, humic acid), broadfork if needed, rake amendments in, then plant the next crop. 
· Living pathways between beds. When intense rainfalls washed woodchip mulch away from paths on their sloping land, Jesse and Hannah planted low-growing grasses, clovers, thyme, and chamomile and maintained paths with a 17-inch electric mower and an edger to keep the perennial sod from overgrowing bed tops. Living paths enhance soil health while cultivated bare paths would erode and degrade soil and destabilize raised beds.
· Intercropping two or more crops in a bed. Low-growing basil, onions, greens, and beets thrive between taller crops like tomatoes. Differing root depths minimize competition for nutrients, and diverse root exudates support microbial biodiversity.
· Relay planting short- and long-season crops, such as radish with summer squash, green onions after radish, and later, napa cabbage after squash, yielding four marketable crops with continuous vegetative cover and living roots.


Slide 29 – Moderate-impact deep tillage: spading machine

The spading machine is highly versatile and many vegetable producers report that it can incorporate a high biomass cover crop or even sod and prepare the soil adequately for transplanting or large-seeded crops in a single pass, while doing less damage to soil life and soil aggregates than plow-disk or rotary tillage.  It does require a slow tractor speed, and thus may be most practical for smaller scale horticultural crop production.

Research at Washington State University has shown that, compared to “conventional” tillage of moldboard plow, disk, and rototiller, the spader substantially reduces compaction at 5-12 inches below the surface, and sometimes improves crop yields (Cogger et al., 2007, 2012, and 2013). In more recent studies, the team has adopted the spader as the “conventional” (full field) tillage treatment against which to compare no-till and strip-till treatments for vegetable production. 
 

Slide 30 – Tilling part of the field: strip tillage

Strip tillage works a narrow strip of soil to facilitate seed-soil contact, crop establishment, and N mineralization in and close to the crop row, while leaving 70-80% of the field area undisturbed.  For more information on strip tillage and various strip tillage tools, see Cornell (2018).

Slide 31 – Rotational no-till in organic production

In organic no-till systems, a high biomass cover crop (photo A in the slide) is grown to a reproductive stage at which it can be killed mechanically without tillage, usually full bloom to early seed development (before seeds are viable); at or after pollen shed for cereal grains and other grasses.  The cover crop must attain high biomass (3 to 5 tons/ac  aboveground dry weight) with uniform, relatively weed-free stands to provide a thick, even mulch after rolling or mowing.  

While conventionally produced crops that are protected from weed pressure by herbicides can be grown no-till without cover crops, a high biomass cover crop is essential for organic no till systems, as it provides weed suppression and contributes to soil health and fertility.  

The roller-crimper (photo B) crushes cover crop stems to prevent regrowth and flattens and orients residues to facilitate mechanical no-till planting.  Cover crop maturity is critical, as many cover crops will stand back up and resume growth if roll-crimped before full bloom. Some cultivars may be more amenable to roll-crimp termination than others; for example, ‘Purple Bounty’ hairy vetch is more reliably killed by the roller-crimper than most other strains.

Flail mowing can also terminate certain cover crops, although others such as sorghum-sudangrass may regrow with renewed vigor.  A row cleaner may be needed for no-till planting, and the finely chopped residue breaks down faster than roll-crimped covers, which shortens the period of effective weed suppression.  Supplemental weed control with high-residue cultivators may be easier in flail-mowed than in roll-crimped residues.  

Non-hardy cover crops can be terminated by freezing temperatures at any growth stage, which may allow for no-till planting of early spring crops.  However, a high biomass residue is essential to prevent early spring weed growth from interfering with no-till planting or crop establishment.  

Direct seeded crops like corn and soybean are planted through cover crop residues using no-till drills and planters. For transplanted vegetables, the subsurface tiller-transplanter, developed by Dr. Ron Morse and colleagues at Virginia Tech in the late 1990s includes a coulter to part residues followed by a shank to open a slot in the soil, a transplanter wheel, a tank to water starts with liquid fish fertilizer, and closing press wheels (photo C). Similar no till transplanting equipment has been developed by other researchers, farmers, and agricultural engineers. Another approach is to use a “no-till planting aid” that includes a coulter to part residues and a shank to prepare a narrow slot in the soil for transplanting with standard equipment.

When residues are sufficient, they can provide adequate season-long weed control for an organic production crop such as this summer squash (photo D).  If weeds do break through midseason, a high residue cultivator, interrow mower, or manual weeding can reduce weed pressure.

Normally, some tillage is needed at the end of harvest to prepare the soil for seeding the next cover or production crop in the rotation.


Slide 32 – Organic no-till is challenging

Organic rotational no-till systems can be challenging to manage and may fail for any of several reasons. Careful planning and timing are needed to ensure that the cover crop can be grown until mature enough to terminate without herbicides or tillage and still allow timely planting of the subsequent cash crop. Long growing seasons in Virginia ease this challenge significantly.
 
Weeds are the biggest challenge with organic rotational no-till, especially in warmer climates. This system is most suitable for fields with low to moderate weed populations dominated by small-seeded annuals, whose seedlings are substantially hindered by cover crop residues.  Perennial weeds such as nutsedge and johnsongrass will easily break through the residue, and a heavy weed seedbank of vigorous summer annuals like pigweed can result in excessive weed competition against the cash crop.  
 
If the cover crop has not achieved at least 3 tons/ac aboveground dry weight and does not cover the ground completely when viewed from above, its roll-crimped residue may not adequately suppress weeds.  In warm, rainy regions such as Virginia, higher cover crop biomass may be needed. For example, in North Carolina, organic soybean planted no-till into roll-crimped rye with a 4.5 ton/ac biomass remained nearly weed-free and gave top yields, whereas a 3 ton/ac rye biomass resulted in reduced soybean yield because of weed competition (Reberg-Horton, 2009).
 
If the cover crop is planted immediately after breaking sod, residual grass clumps therefrom are likely to grow through a mowed or roll-crimped cover crop. Problems can also arise if the cover crop itself becomes overmature and self-seeds.  For example, in a Virginia Tech field trial near Blacksburg, VA, organic summer squash planted no-till into roll-crimped barley + crimson clover became overwhelmed by self-seeding cover crops, while squash thrived and yielded well in an adjacent plot with roll-crimped rye + vetch, neither of which self-seeded.  The key difference was maturity date of the cover crops. 
 
Cover crop residues slow soil warming and drying, which can delay cash crop planting, hinder crop establishment, and slow biological N mineralization.  No-till cover crop management without supplemental applied N often results in N deficiencies, especially in cooler climates and in heavy-feeding crops like corn (Carr et al., 2020). Soybeans, which fix their own N, have given high yields in organic no-till systems when planted into roll-crimped rye in North Carolina, Missouri, and Maryland (Barbercheck, 2016; Clark, 2016; Reberg-Horton, 2009).  Snap bean and dry common bean (Phaseolus vulgaris) have more limited N fixing capacity and can be adversely affected by tie-up of soil N under a grass cover crop residue, as shown in the slide. 
 
Cover crops grown until shortly before cash crop planting can help remove excess soil moisture in wet seasons but can also leave the soil too dry in limited-rainfall regions or dry seasons.  


Slide 33 – When organic rotational no-till is most likely to succeed

In warm, rainy regions with long growing seasons, it is easier to ensure sufficient time and resources for both cover and cash crop.  No-till yields may equal or exceed yields after cover crops are tilled in, especially when a combination of hot rainy climate and sandy soil might mineralize N too quickly after a cover crop is tilled in.  For example, in Hawaii, green onions planted no-till into mowed sunnhemp yielded better and had fewer pests than onions planted in bare ground or black plastic mulch after the sunnhemp was tilled in (Chen et al., 2015).  
 
Organic soybeans planted no-till into roll-crimped rye can gain a selective advantage over N-responder weeds (which the rye residues hinder by immobilizing N) and can give excellent yields (Caldwell et al., 2016; Clark, 2016; Reberg-Horton, 2009). Other strong N fixers such as southern pea or lima bean might also do well in a rolled cereal grain cover crop.   


Slide 34 – New York farm story – rotational no-till for organic grains

Klaas and Mary Howell Martens grow certified organic feed grains, sorghum-sudangrass forage, dry beans and peas, and vegetables on 1,900 acres in the Finger Lakes region of upstate New York.  They collaborate extensively with researchers at Cornell University and University of Wisconsin in two Long Term Agroecological Research (LTAR) trials to tackle the challenges of reducing tillage and building soil health while maintaining crop nutrition and weed control. They have been able to extend no-till sequences for at least two years. For example: winter barley/ no-till doubled cropped with sorghum-sudan or buckwheat, followed by a fall no-till planting of rye with Austrian winter peas, crimped down the next spring and no-tilled with soybeans, then fall no-tilled with triticale and winter peas. Klaas noted that “This is a best-case scenario when everything works.”  

When tillage is necessary, the goal is to find the right tool and use it correctly. Their farm is located on silty soils that readily clog, seal, and compact when plowed too deeply or tilled incorrectly. Klaas notes that “we still use our European moldboard plows when we have heavy residue to incorporate and keep them set shallow and correctly adjusted so that they don’t fully invert the soil and the result has been a big improvement in soil health.”  He makes sure that the plow goes no deeper than the depth to which the soil is well aggregated, about 4 to 6 inches.

When compaction does occur, Klaas uses a subsoiler with narrow shanks set 30 inches apart and running just deep enough to penetrate the silt-deposit hard layer.  The roots of forage rape seeded into the slots created by subsoiling enhance soil aggregation to a 12-inch depth. “We use a narrow chisel to avoid lateral force that shatters hardpan – this can disrupt soil capillaries so water cannot go in, while the narrow slots allow both downward and upward transfer of water and improves cover crop germination.”

For secondary tillage to prepare a seedbed, Klaas uses either a rotary harrow or a speed disk to loosen and mix the top two inches of soil without pulverizing aggregates.  These tools are less likely to form a tillage hardpan than a standard disk or rototiller.  

For the past 25 years, Klaas has studied the ecological roles of weeds, soil microbial communities, and the positive and negative interactions among different crop species and varieties to develop strategic crop diversification strategies. For example:
· Red clover and canola promote soil aggregation through root exudates that support rhizosphere biological activity.
· Terminating red clover by shallow undercutting leaves residue on the surface and creates “pasture for earthworms.”  Together, the worms, roots, and microbes “biotill” the soil.
· Heavy growth of chickweed, deadnettle, and henbit over winter, or galinsoga in summer indicate a loss of soil carbon due to excessive tillage or soluble N. These winter weeds die back in late spring, making organic no-till corn or even spring wheat feasible.
· Adding mustard or buckwheat to a rotation of grasses and legumes can reduce root rot in dry bean and wild mustard weed pressure in wheat.
· Canada thistle and perennial sowthistle commonly infest organic corn-soy-wheat-red clover rotations in upstate New York. Adding winter barley followed by buckwheat or dry bean reduces thistle populations because the timing of barley harvest corresponds to the thistles’ most vulnerable stage of development.
· Sorghum-sudangrass loosens soils and suppresses pest nematodes, and the brown midrib (BMR) forage cultivars produce high volumes of valuable forage for dairy operations.
· Adding a winter grain to a corn-soy rotation makes the field less favorable to velvetleaf, turning this aggressive weed into a weak, disease-prone plant with stunted roots.
· Planting Austrian winter pea with rye stimulates rye growth by providing N, creating a heavier, more weed-suppressive roll-crimped cover for organic no-till soybean.
· No-till planting winter peas and rye into sorghum-sudangrass stubble protects the emerging crop from wind, desiccation, and winterkill, resulting in good stands (Figure 8).
· A winter grain broadcast-seeded into soybeans at the first yellow leaf stage of maturation works well, as soybean leaf fall covers the seed and promotes germination.  


Slide 35 – What does the research show?
	Impacts on SOM and soil microbes: tillage, crop protection materials, fertilizers.
Subtitle slide


Slide 36 - Making Sense of Conflicting Results: Does One Tillage Pass Ruin Soil Health?

For every peer-reviewed research article that shows how destructive any tillage is to SOM and soil health and how incompatible with carbon sequestration, one can find another article featuring organic or non-organic systems that include routine tillage yet substantially improve soil health.  Thus, the debate over tillage, soil disturbance, and the relative merits of organic systems (which rely on some tillage) and conventional no-till (which replaces tillage with herbicides) can be difficult to resolve.  Review articles attempt to find the answers by considering numerous published studies and seeking to identify trends across regions and farming systems, as well as factors that can lead to varying outcomes.

Meta-analysis is a statistically rigorous and powerful approach to identify and quantify overall impacts of a given practice or management system, and to identify factors that can alter or modify outcomes on a site- or region-specific basis.  In recent years, a growing number of meta-analyses have been published that address each of the major forms of soil disturbance: physical (tillage), nutritional (different forms and rates of fertilizers), and chemical (crop protection materials).  Meta-analysis can draw on field research conducted all around the world (global meta-analysis) or from within a region, country, climatic zone, or continent to gain a greater understanding of agroecosystem dynamics within that region.

The following slides summarize recent findings related to soil disturbance, pesticides, tillage, and organic farming, drawing on meta-analyses supplemented with selected individual studies.


Slide 37 – Research findings: tillage, SOM, and soil biology

In a global meta-analysis of 60 studies, conservation tillage (defined as either no till or reduced tillage with at least 30% residue cover) significantly increased bacterial (31%) fungal (11%) and total microbial biomass (37%) without altering fungal to bacterial ratios (Chen et al., 2020).  Total soil organic carbon (SOC ~SOM X 0.5) and total soil N (primarily organic N) increased proportionally with microbial biomass. 

In an earlier global meta-analysis of 62 studies comparing various forms of tillage with no-till, Zuber and Villamil (2016) reported higher microbial biomass and enzymatic activities in the no-till systems.  In addition, no-till showed a lower metabolic quotient (qCO2), the ratio of soil respiration rate (CO2 emissions) to microbial biomass. An elevated qCO2 value indicates greater use of organic residues for maintenance respiration at the expense of microbial growth and formation of stable mineral-associated organic carbon (MAOC). High qCO2 is considered an indicator of soil ecosystem stresses such as intensive tillage, prolonged fallow, or excessive soluble N (Dick, 1992; Lori et al., 2017; Zuber and Villamil, 2016).

Meta-analysis indicates that shallow tillage has less negative impact on soil life and soil health than deep inversion tillage (moldboard plow or heavy disk), and that shallow tillage in conjunction with organic practices can enhance SOM (Cooper et al., 2016; Zuber and Villamil, 2016).  In a long term (21 yr) trial in Germany, “minimum tillage” (3 inches) and organic practices together improved SOM and microbial biomass more than either one alone (Sun et al., 2016), and a 15-year organic systems trial in Switzerland accrued 25% higher SOC in shallow noninversion tillage than moldboard plowing (Krauss et al., 2020). 


Slide 38 – Research findings: microbial biomass in three tillage systems

Morugán-Coronado et al. (2022) conducted a global meta-analysis of 77 studies comparing soil fungal, bacterial, and total microbial biomass under different tillage (full, reduced, no till), fertilization (organic, conventional, none), and crop diversification practices.  Twenty-six of these studies compared microbial biomass under no-till versus full tillage (defined as moldboard plowing to a depth of 8-10 inches plus secondary tillage), and 16 compared reduced tillage (defined as noninversion tillage to <6 inches) versus full tillage.  While reduced tillage supported nearly double the microbial biomass found in full tillage, strict no-till increased fungal biomass by only 28% and bacterial or total biomass not at all. 

The authors attributed this finding to higher soil bulk density and restricted gas exchange under no-till, which thus restricted the growth of soil microbes. Other factors could include increased dependence on herbicides in no-till systems or a lack or insufficiency of cover cropping to sustain soil life between successive production crops in the no-till systems.

As noted earlier, reduced tillage that meets the criteria of CPS 345 is quite practical for many organic operations, and thus appears to be a viable means for organic producers to mitigate physical soil disturbances sufficiently to protect and build soil health.  


Slide 39 – Making sense of conflicting results: the case of glyphosate

Does glyphosate, the most widely used herbicide in conventional agriculture across the world, harm soil health?  This is a hotly debated question and there are plenty of studies showing everything from no harmful effect to subtle yet alarming disruptions to plant physiology, soil microbiology, or ecosystem functions.  Following is a sample of findings:

Experiments were conducted within long-term farming systems trials at Beltsville, MD and Stoneville, MS to determine whether foliar applications of glyphosate at normal rates (two applications at 0.75 lb active ingredient per acre) would affect rhizosphere microbiomes (Kepler et al., 2020).  Glyphosate resistant (GR) corn and soybean cultivars were planted in plots with (conventional) or without (organic at Beltsville, unsprayed perennial grass at Stoneville) a history of glyphosate use, and either foliar-sprayed with the herbicide or left untreated.  Root and root zone soil samples collected 20 days after treatment showed no differential effect of glyphosate sprays on endophytic, rhizosphere, or bulk soil microbiomes (Kepler et al. 2020).  

Field applications of glyphosate at ¼ and 1X recommend rates sharply (>80%) reduced the spore viability of arbuscular mycorrhizal fungi (AMF) in soil samples collected 10 or 30 days after field application and reduced the ability of AMF to form functional arbuscules in ryegrass (Lolium multiflorum) roots (Druille et al., 2013).

Application of glyphosate at roughly half-label rates to orchard grass, dandelion, or white clover growing in in greenhouse mesocosm trials (large pots, 12-gallon capacity) significantly reduced the activity and reproductive success of two earthworm species (Lumbricus terrestris and Apporectodea caligenosa) that were introduced into the pots five weeks before treatment (Gaupp-Berghausen et al., 2015). Herbicide treatment also caused a sharp increase in soluble soil N and a slight increase in soluble P.  Field studies would be needed to clarify the practical implications of these greenhouse observations for earthworms, soil health, and water quality in agricultural production.

A study of the prevalence of wheat head blight caused by two species of Fusarium in wheat production in Saskatchewan showed an apparent positive association between the disease and a history of glyphosate use (Fernandez et al., 2009).  

Ten years of field trials in Missouri showed significantly increased root colonization by Fusarium fungi of glyphosate-resistant corn and soybean treated with the herbicide compared to the same crop cultivars without herbicide treatment.  Glyphosate treatment also appeared to affect soil microbes involved in manganese (Mn) availability, N fixation, and disease suppression (Kremer and Means, 2009).  It is notable and surprising that this trial gave such different results from Kepler et al (2020).  One possible factor is different regions and soil types. 

In a review of 67 published studies of the impacts of herbicides on soil invertebrates (arthropods, earthworms, pot worms, and nematodes), 77% of “tested parameters” studied in lab experiments and 32% of parameters in field conditions showed negative impacts (Gunstone et al., 2021). Glypohsate showed adverse effects in some studies, and no effect in others, and appeared less damaging to soil life than amide/anilide herbicides and most insecticides and fungicides.  

Possible mechanisms of glyphosate effects on soil life include direct exposure via spray reaching the soil surface or translocation of the chemical from sprayed foliage to the root system, changes in the physiological condition of treated plants that curtail or alter the composition of root exudates including chemical signals, and long-term effects of low-level herbicide exposure year after year. One concern is that, given its frequent and widespread use and sometimes overuse, glyphosate may exert significant agroecosystem impacts despite is relatively low toxicity compared to other crop protection chemicals.


Slide 40 – Research findings: pesticides and soil organisms

In an extensive review of 398 studies that included a total of 2,842 tested parameters, Gunstone et al (2021) evaluated the impacts of five classes of crop protection chemicals – insecticides, herbicides, fungicides, bactericides, and mixtures of two or more chemicals – on a wide range of soil invertebrates including nematodes, annelids (earthworms and pot worms), and arthropods (mites, springtails, insects, centipedes, etc).  The authors defined a “tested parameter” as the chemical’s effect on one aspect of the health of one species or larger taxonomic group of soil organisms - the survival, growth, reproduction, or a behavioral or physiological function of the organism studied.  Most studies addressed multiple organisms and/or multiple indicators of pesticide impacts on a single organism.  All classes of pesticides affected all groups of organisms with negative impacts found in 70% of tested parameters.  Lab studies found negative impacts more often (81%) than field trials (53%), and the field studies found more negative impacts of insecticides (61%) than fungicides (38%) or herbicides (32%). Earthworms were the most widely studied organisms (1,321 tested parameters) and showed sensitivity to all classes of agrochemicals including insecticides (82%), fungicides (78%) and herbicides (72%).

Researchers have documented significant impacts of corn and soybean seed treatments (fungicides and neonicotinoid pesticides) on the crop rhizosphere microbiomes (bacteria and fungi) and on several trophic levels of the soil fauna (Atwood et al., 2018; Nettles et al., 2016).  Neonic seed treatment had greater impact on non-target soil organisms, especially predatory and mixed-feeding guilds, while having relatively little impact on the target herbivore (pest) species.

In laboratory studies, mixtures of Mesotrione and S-metolachlor herbicides degraded more slowly and exerted tenfold greater impact on soil microbial biomass and activity than either herbicide alone (Joly et al., 2012).  A similar synergism related to enhanced persistence was documented for diflufenican and glyphosate (Tejada, 2009).


Slide 41 – Research findings: pesticides and earthworms

In an extensive literature review, Pelosi et al (2014) identified significant impacts of pesticides and herbicides on earthworm populations at many levels, including physiological (enzyme functions), individual survival and health (mortality, growth, fecundity), behavioral (feeding and burrowing activity), and community (biomass, population density, diversity).  While some studies showed no effect at normal field use rates of crop protection chemicals, others showed evidence of significant adverse impacts at one or more of these levels of organization. For example, application of the neonicotinoid pesticide imidacloprid at normal field use rates substantially reduced the burrowing activity of two earthworm species.  

In a meta-analysis of nine studies cited in the review article, conventional pesticide use was compared with organic practices (seven studies), or minimum-pesticide use (two studies). The organic/minimum pesticide systems supported about 18% higher earthworm populations and 46% higher earthworm biomass.  The larger increase in biomass suggests a greater pesticide impact on the larger anecic species (e.g. European nightcrawler, Lumbricus terrestris), which benefit soil drainage and aeration by creating burrows that open at the surface and extend several feet deep. The higher earthworm biomass and apparently greater numbers of large anecic species in organic systems indicates that routine tillage does not prevent establishment of substantial earthworm populations in organic crop production.  


Slide 42 – Research findings: pesticides crop rotation, and soil nematodes

In a global meta-analysis of 103 published studies, Puissant et al. (2021) investigated the impacts of pesticides, tillage, crop rotation, and other agricultural practices on the abundance, diversity, and foodweb structure of soil nematode communities, now widely recognized as key indicators of soil health and biological function. The analysis showed that chemical inputs and monoculture adversely affect the nematode community and shift species composition toward “copiotrophic” species - those that thrive in environments rich in nutrients and organic carbon.  

Not surprisingly, nematicides were the most harmful inputs for the soil nematode community, while soluble fertilizers and herbicides appeared much less so.  Biocides in general reduced the abundance, diversity, and community structural complexity of soil nematode biota.  

Best practices associated with organic and conservation agricultural systems showed substantial benefits including a 47% reduction in plant feeding (pest) nematodes with a diversified crop rotation of three years or more, and an 80% increase in abundance of “omnivore and predator” nematode guilds from cover cropping.  The use of organic nutrient sources (organic fertilizers and soil amendments such as compost) yielded large increases in bacteria-feeding (113%) and fungal-feeding (141%) nematodes. These microbe-feeders play a vital role in nutrient cycling, releasing surplus N and other nutrients near plant roots as they feed on the high populations of nutrient-dense bacteria and fungi living in the plant rhizosphere.  

In a study in South Africa, organic farming systems for corn and common bean (Phaseolus vulgaris) enhanced free-living soil nematode biodiversity and community stability compared to conventional systems with synthetic fertilizers and pesticides.  Organic systems especially enhanced the abundance and diversity of bacterial feeding nematodes (Atandi et al., 2022).

In a comparison of 20 fields in conventional vegetable production, 20 organic vegetable fields, and 20 fields in perennial grass in the Zurich canton of Switzerland, the organic fields showed substantially higher nematode abundance than conventional, though not as high as the grassland (Yang, et al., 2021).  Both beneficial (bacterial and fungal feeding, predatory) and pest (herbivore) nematodes increased with organic practices, and the authors suggested a need for management strategies to protect organic vegetable crops from these pests. Given the reduction in pest nematodes found in the meta-analysis cited above, the upward trend in pest nematodes in this survey of organic vegetable fields may reflect soil, climate, or management factors specific to the study’s locale.


Slide 43 – Research findings: NOP allowed pesticides and soil life

Soil under an avocado orchard regularly treated with copper (Cu) fungicides showed elevated soil Cu levels and nearly double the rate of microbial respiration, yet significantly lower microbial biomass compared with soil in an adjacent, untreated area (Merrington et al., 2002).  The copper-treated soil had a much higher metabolic quotient (qCO2), an indicator of a stressed soil microbiome.

Studies comparing the impacts of azadirachtin (a NOP-allowed neem-based pesticide), chlorpyrifos, and cypermethrin (synthetic NOP-prohibited pesticides) on the rhizosphere (root zone) microbiome of mung bean (Vigna radiata) showed similarly adverse impacts of all three pesticides on fungal and bacterial communities, including bacteria involved in nitrogen fixation and nitrogen cycling (Singh et al., 2015).

In an irrigated organic vegetable field in Montana, Atthowe (2010) evaluated the impacts of organic weed management tactics on arbuscular mycorrhizal fungal (AMF) activity.  While the no-till system had twice the density of extraradical (growing out from crop roots) AMF hyphae compared to tilled plots, three applications of an NOP-approved vinegar herbicide in addition to tillage cut AMF hyphal density by half compared to the tilled but unsprayed treatments.  


Slide 44 – Plastic film mulches: an NOP-allowed synthetic.

Microplastic residues derived from conventional polyethylene film mulch and biodegradable polybutyrate-polyvalerate film mulch were mixed into the top 4 inches of soil in a field trial in Wales.  Plastic residues were applied at a rate of 89 lb/ac, roughly equivalent to a plastic film mulch application that is tilled in at the end of the season and degrades into microplastic fragments. Neither type of plastic residue affected either soil microbiome or winter barley grain yields (Greenfield et al., 2022).  The conventional plastic residue reduced N2O emissions by 70%, probably by reducing the soil’s water-filled pore space compared to the other treatments.

In contrast, experiments with cotton produced with drip irrigation and plastic film in an arid region in China showed severe effects of “residual plastic film” (RPF, not stated whether as macro- or micro-plastic residues) on both soil health and crop yield.  As the RPF application rate was increased from 135 to 205, 275, 350, and 425 lb/ac, soil CO2 emissions declined, yet SOC sequestration was also inhibited by 15-17% (for 135 lb/ac) and up to 60-70% (at 425 lb/ac). At the highest rate, cotton yields declined by 33% and 43% in the two years of trials (Wen et al., 2022).  The severe impacts of the plastic residues on the soil microbiome were indicated by declines in soil respiration (an index of soil microbial activity), SOC sequestration (MAOC formation is microbe-driven), and crop yield (which is related to a robust soil microbiome).

NOP regulations allow the use of conventional polyethylene (PE) film mulches provided that the mulch is removed from the field at the end of the season.  Because this plastic must usually be disposed in the landfill, more and more organic producers are seeking alternatives to PE, including biodegradable and biobased films.  However, questions remain regarding the fate of biodegradable plastic in the soil, and whether they could become a microplastic that poses hazards to soil life and soil health.


Slide 50 – Georgia farm story: Minimum tillage with tarping

Farmer Bryan Hager has developed a minimum-till system utilizing landscape fabric to manage weeds and cover crops for organic vegetable and strawberry production in the Piedmont region of Georgia.  He lays heavy black fabric (3.0 oz/sq yd) with UV block to terminate cover crops and block weeds during production of leafy and fruiting vegetables and strawberries.  This material effectively kills cover crops and controls most weeds except for nutsedge and Bermuda grass. Unlike silage tarp, the landscape fabric “breathes” and allows rainfall to reach the soil. 

Bryan uses a plywood jig and propane torch to prepare rolls of landscape fabric with planting holes for a range of crops (one to three rows, 9 -36 inch within-row spacing), and uses blank fabric (no holes) for cover crop termination and fallow periods. A typical schedule for field operations is:
· After harvest, apply lime and manure as indicated by soil test, broadcast cover crop seed, and pack with tractor-drawn rototiller with PTO off.  Cover crops include ryegrass + ladino clover over winter, buckwheat (for short windows) or sorghum-sudan with iron and clay southern peas in summer, and oats or forage radish in fall ahead of an early spring crop.
· If cover crop planting is delayed, cover beds with blank fabric to suppress weeds until the cover crop can be sown.
· One month before vegetable planting, mow the cover crop (two passes, the second one close to ground), then lay blank fabric.
· One day before planting, remove fabric, apply fertilizers if needed, work in shallowly.  
· Lay drip tape and fabric with hole spacing appropriate to the crop, then plant.
· One month after planting, remove any weeds emerging through holes.

Additional minimum-till and soil building practices include:
· Annual broadforking in hoophouses; residues and amendments mixed in with a stirrup hoe or a small electric cultivator.
· Outdoor beds tilled shallowly (BCS tiller) if needed.
· Digging potatoes and sweet potatoes is the “most significant soil-disturbing activity.”
· Cover crops planted immediately after harvest, including ryegrass + ladino clover over winter, buckwheat or sorghum-sudan + iron and clay southern peas in summer, and oats or forage radish in fall ahead of an early spring crop.
· Production crop residues added to beds and tarped to decompose.
· Hay mulch on white and sweet potatoes; wood chip and leaf mulches for fertility.

Starting with a Piedmont “red clay” soil from which much of the topsoil had been lost through a long history of severe erosion, Bryan has restored fertility and built SOM levels to 5-8%.


Slide 46 – Pesticides, tillage, and soil life

Walder et al (2022) investigated soil microbial communities and the occurrence of pesticide residues in 60 fields in central Europe representing conventional, no-till, and organic farming systems.  While climate, soil, and other environmental factors were the main drivers of microbiome structure and composition, presence and amount of pesticide residues exerted a greater influence than tillage, farming system, or other management variables.  Pesticide residues were positively associated with certain bacterial and fungal taxa, including known pesticide-degrading organisms, and negatively related to overall bacterial biodiversity and nitrogen fixing capacity.  

In a survey of mycorrhizal, saprophytic, and pathogenic fungi in 78 Estonian agricultural fields, mineral fertilizers and frequent pesticide use reduced fungal biodiversity, and these two inputs together can accentuate adverse impacts (Vahter et al., 2022).  Tillage regime had far less effect, and fungal diversity increased with the proportion of the field “influenced by non-cropped landscape elements,” possibly referring to hedgerows, conservation plantings, or natural areas.  

Tillage practices also had less impact on the biodiversity and structure of soil nematode communities than fertilization practices (organic versus soluble), crop rotation, cover crops, or pesticide use (Puissant et al., 2021).  

Earthworms are known to be harmed by tillage, yet organic cropping systems (which usually entail routine tillage) sustained higher earthworm populations and biomass than conventional systems, possibly because organic systems exclude synthetic pesticides. Exposure to pesticides may weaken the earthworms’ capacity to escape direct tillage impacts, and tillage itself may intensify pesticide exposure by mixing the chemicals into the soil profile; thus potential synergistic interactions between these two stressors merit additional research (Pelosi et al., 2014).


Slide 47 – Research findings: organic versus soluble nutrient inputs

In a global meta-analysis of 77 studies, soils receiving organic nutrient sources (manure, compost, green manures, sewage sludge) maintained 127% higher total microbial biomass than soluble fertilizers, with substantial increases in both bacterial and fungal components of the soil microbiome (Morugán-Coronado et al., 2022).

Young et al. (2022) conducted a compilation of multiple meta-analyses on nitrogen (N) management.  Fifteen of these meta-analyses compared SOC levels in fields receiving organic N versus fields receiving only soluble fertilizers, and the organic N sources enhanced SOC by an average of 1.1% per year compared to soluble N. Organic N sources also resulted in 43% lower N leaching losses (4 meta-analyses) and 52% less ammonia (NH3) volatilization (2 meta-analyses) but also  23% increase in nitrous oxide (N2O) emissions (8 meta-analyses), likely because organic fertilizers provide active organic C along with the N, thereby stimulating denitrifying microbes.  

In a 7-year, multi-site field trial comparing organic (manure) versus chemical fertilizers, the organic treatment enhanced SOC by 38% and wheat yields by 13%.  Organic fertilizer supported a more diverse bacterial microbiome with increased levels of bacterial genes related to carbon, nitrogen, and phosphorus cycling.  Wheat yields in the conventionally fertilized system were strongly related to air temperature and soil pH, while in the organic system, yield was driven largely by the bacterial community and functional (C, N, and P cycling) genes, and was much less affected by weather conditions or soil pH (Li et al., 2022).  This finding suggests that the stronger role of the bacterial microbiome in sustaining crop yields in manure-fertilized wheat contributes to yield stability or resilience to non-optimum climatic or soil conditions.

Difficulties with growing the same or closely related crops two years in a row can result from a deterioration in the rhizosphere microbiome (Zhang et al., 2022a).  While watermelon grown in large containers in the greenhouse with conventional soluble NPK fertilizers for three successive years suffered yield losses related to a decline in beneficial bacteria, watermelon grown with organic or “bio-organic” fertilizers sustained yields over the three-year period, during which pathogenic fungal species in the growing medium declined in numbers.  


Slide 48 – Is soluble N toxic to soil life? Not if C:N is balanced!

Based on five meta-analyses, Young et al. (2022)  found that fertilizer regimens that combined organic and soluble N sources supported at least as much SOC accrual (1.3% per year) as all-organic N fertilization.  The combination reduced leaching and NH3 volatilization by 28% (intermediate values between all organic and all soluble N treatments), but eliminated the increase in N2O emissions seen with all-organic sources.  

In a long term (10 year) greenhouse vegetable production trial, substituting half of the soluble NPK inputs with organic nutrient sources (manure, straw, manure + straw) enhanced soil taxonomic and functional microbial diversity, and specifically promoted the diversity and function of soil microbes involved in P cycling, resulting in greater P mineralization for crop uptake and at the same time holding excess P against leaching or runoff losses (Zhang et al., 2022b).

These findings suggest that soluble N sources disturb the soil microbiome not because of what they contain (nitrate, ammonium, urea) but because of what they lack – organic carbon. Soil microbes thrive on a balanced mixture of organic carbon and nitrogen, and soil health can suffer under organic management if C and N inputs are not balanced. This was clearly illustrated in an 11-year organic vegetable farming systems trial conducted in Washington State comparing plots fertilized with poultry litter (C:N ~7) versus finished compost (C:N ~ 20) at equivalent total N rates.  While the two treatments gave similar crop yields, the compost-amended soil had 43% higher total SOC, 65% higher active SOC, and 35% higher microbial activity than the poultry litter-amended soil (Bhowmik et al., 2016, 2017).


Slide 49 – Protecting the soil resource in organic crop production
Subtitle slide


Slide 44 – Know why you are disturbing the soil.  

Farmers till the soil to manage weeds, crop residues, and cover crops; prepare the seedbed and mix-in amendments; or promote nutrient mineralization from residues and SOM. Fertilizer or pest control inputs are sometimes needed to meet crop nutritional needs or manage pests and diseases.  

In colder, northern climates, nutrient mineralization is slower and some tillage is often needed to promote timely nutrient release from organic sources, even in healthy, fertile soils.  In the deep South, the hot climate promotes nutrient mineralization so that reduced till or no till systems may provide a better match between nutrient release and crop need.  However, more intense weed, pest, and disease pressures in the South may necessitate more tillage, cultivation, and/or pest and disease control materials to protect crops.  

Clarifying objectives before tilling or applying potentially soil-disturbing inputs can help meet crop production and protection objectives with the least amount of damage to soil health.


Slide 45 – Practical tips for minimizing and managing soil disturbance

Self-explanatory.






References

Atandi, J. G.,  N. Adamtey,  A. W. Kiriga, E. N. Karanj, M. W. Musyoka, F. M. Matheri, C. M. Tanga, D. L. Coyne, K. K.M. Fiaboe, D. Bautze, and S. Haukeland. 2022. Organic maize and bean farming enhances free-living nematode dynamics in sub-Saharan Africa.
Agriculture, Ecosystems, and Environment, Vol 327 article 107846. https://doi.org/10.1016/j.agee.2021.107846. 

Atthowe, H. 2010. Weed Management, Reduced-tillage, and Soil Health: Weed Ecology in Biodesign Farm’s Organic, Minimum-Till Vegetable Production System. Final report, Organic Farming Research Foundation. Grant 2007.

Atwood, L.W., Mortensen, D.A., Koide, R.T. and Smith, R.G., 2018. Evidence for multi-trophic effects of pesticide seed treatments on nontargeted soil fauna. Soil Biology and Biochemistry, 125, pp.144-155. 

Azarenko, A. N., R. E. Ingham, D. D. Myrold, and C. F. Seavert. 2009.  Ecological Soil Community Management for Enhanced Nutrient Cycling in Organic Sweet Cherry Orchards. Final report for ORG award number 2005-51106-02389.*

Barbercheck, M. E. 2016. A Reduced-Tillage Toolbox: Alternative Approaches for Integrating Cover Crops and Reduced Tillage in an Organic Feed and Forage System. OREI project 2014-51300-22231.*

[bookmark: _Hlk96084080]Bhowmik, A. A-M. Fortuna, L. J. Cihacek, A. Bary, P. M. Carr, and C. G. Cogger. 2017. Potential carbon sequestration and nitrogen cycling in long-term organic management systems. Renewable Agriculture and Food Systems, 32 (6): 498-510.

Bhowmik, A., A. Fortuna, L. J.Cihacek, A. I.Bary, and C. G.Cogger. 2016. Use of biological indicators of soil health to estimate reactive nitrogen dynamics in long-term organic vegetable and pasture systems. Soil Biology and Biochemistry 103: 308-319.

Caldwell, B., J. Liebert, and M. Ryan. 2016. On-Farm Organic No-Till Planted Soybean in Rolled Cover Crop Mulch. What’s Cropping Up Blog vol 26, no. 5 (Sept-Oct, 2016). http://blogs.cornell.edu/whatscroppingup/2016/09/29/on-farm-organic-no-till-planted-soybean-in-rolled-cover-crop-mulch/. 

Carr, P. M, M. A. Cavigelli, H. Darby, K. Delate, J. O. Eberly, H. K. Fryer, G. G. Gramig, J. R. Heckman, E. B. Mallory, J. R. Reeve, E. M. Silva, D. H. Suchoff, and A. . Woodley.  2020.  Green and animal manure use in organic field crop systems.  Review article.  Agronomy Journal 112 (2): 648-674.

Chen, G., C. R. Hooks, M. Lekveishvili, K. H. Wang, K. H., N. Pradhan, S. Tubene, S., R. R. Weil, and R. Ogutu. 2015. Cover Crop and Tillage Impact on Soil Quality, Greenhouse Gas Emission, Pests, and Economics of Fields Transitioning to Organic Farming. ORG award number 2011-51106-31203.*

Chen, H., Z. Dai, A. M. Veach, J. Zheng, J. Xu, and C. W.Schadt. 2020. Global meta-analyses show that conservation tillage practices promote soil fungal and bacterial biomass. Agriculture, Ecosystems, and Environment, Vol. 293, Article 106841.  https://doi.org/10.1016/j.agee.2020.106841.

Clark, K. 2019. Organic weed management systems for Missouri. OREI project 2014-51300-22251.*

Caldwell, B., J. Liebert, and M. Ryan. 2016. On-Farm Organic No-Till Planted Soybean in Rolled Cover Crop Mulch. What’s Cropping Up Blog vol 26, no. 5 (Sept-Oct, 2016). http://blogs.cornell.edu/whatscroppingup/2016/09/29/on-farm-organic-no-till-planted-soybean-in-rolled-cover-crop-mulch/. 

Cogger, C. G. M. Ostrom, K. Painter, A. Kennedy, A. Fortuna, R. Alldredge, A.; Bary, T. Miller, D. Collins, J. Goldberger, A. Antonelli, and B. Cha. 2013.  Designing Production Strategies for Stewardship and Profits On Fresh Market Organic Farms.  Final report for OREI award 2008-51300-04460.*

Cogger, C., A. Bary, D. Collins, L. Myhre, and A. Kennedy, Washington State University Puyallup Research and Extension Center. 2007. Soil Quality Research: Organic vegetable crop systems experiment and on-farm evaluations, October 2007. https://s3.wp.wsu.edu/uploads/sites/411/2014/12/Paper_IF-Sum_SQual1.pdf. 

Cogger, C., D. Collins, A. Bary, A.-M. Fortuna, and A. Kennedy. 2012.  Soil quality in intensive organic management systems. http://smallfarms.oregonstate.edu/sites/default/files/SQNlogos/soilqualityinintensiveorganicmanagementsystems.pdf. 

Contosta, A. R., H. Asbjornsen, J. Orefice, A. Perry, and R. G. Smith. 2022. Climate consequences of temperate forest conversion to open pasture or silvopasture. Agriculture, Ecosystems, and Environment, Vol. 333, article 107972.

Cooper J., M. Baranski, G. Stewart, M. Nobel-de Lang, P. Bàrberi, A. Flieûbach, et al.  2016. Shallow non-inversion tillage in organic farming maintains crop yields and increases soil C stocks: a meta-analysis. Agron Sustain Dev. 2016; 36(1).

Cornell University.  2018. Reduced Tillage in Organic Systems Field Day Program Handbook.  July 31, 2018 at Cornell University Willsboro Research Farm, Willsboro NY. https://rvpadmin.cce.cornell.edu/uploads/doc_699.pdf. 

Dick RP. 1992. A review: long-term effects of agricultural systems on soil biochemical and microbial parameters. Agriculture, Ecosystems, and Environment, Vol. 40, pp 25-36.

Druille, M., Cabello, M.N., Omacini, M., and Golluscio R.A (2013) Glyphosate reduces spore viability and root colonization of arbuscular mycorrhizal fungi, Applied Soil Ecology, 64, pp.99–103. https://doi.org/10.1016/j.apsoil.2012.10.007.  

Eddy, W. C., and W. H. Yang. 2022. Improvements in soil health and soil carbon sequestration by an agroforestry for food production system. Agriculture, Ecosystems, and Environment, Vol 333, article 107945.

Fernandes, M. M. H., M. F. da Silva, A. S. Ferraudo, and C. Fernandes. 2023. Soil structure under tillage systems with and without cultivation in the off-season. Agriculture, Ecosystems, and Environment, Vol. 342, article 108237.  

Fernandez, M.R.,  R.P. Zentner, P. Basnyat, D. Gehl, ... D. Huber. 2009. Glyphosate associations with cereal diseases caused by Fusarium spp. in the Canadian Prairies. European Journal of Agronomy, vol 31 issue 3, pages 133-143.

Gaupp-Berghausen, M., Hofer, M., Rewald, B. and Zaller, J.G., 2015. Glyphosate-based herbicides reduce the activity and reproduction of earthworms and lead to increased soil nutrient concentrations. Scientific reports, 5, p.12886. 

Grandy, A.S., G.P. Robertson, and K.D. Thelen. 2006. Do Productivity and Environmental Tradeoffs Justify Periodically Cultivating No-till Cropping Systems? Agron. J. 98(6): 1377-1383.

Greenfield, L. M., M. Graf, S. Rengaraj, R. Bargiela, ... Davey L. Jones. 2022.  Field response of N2O emissions, microbial communities, soil biochemical processes and winter barley growth to the addition of conventional and biodegradable microplastics. Agriculture, Ecosystems, and Environment, Vol 336, Article 108023.

Gunstone, T., T. Cornelisse, K. Klein, A. Dubey, and N. Donley. 2021. Pesticides and soil invertebrates: a hazard assessment. Frontiers in Environmental Science 04 May, 2021. https://doi.org/10.3389/fenvs.2021.643847

Joly, P., Besse-Hoggan, P., Bonnemoy, F., Batisson, I., Bohatier, J. and Mallet, C., 2012. Impact of Maize Formulated Herbicides Mesotrione and S-Metolachlor, Applied Alone and in Mixture, on Soil Microbial Communities. ISRN Ecology. Volume 2012, Article ID 329898, 9 pages http://dx.doi.org/10.5402/2012/329898. 

Kane, D. 2015. Carbon sequestration potential on agricultural lands: a review of current science and available practices. Breakthrough Strategies and Solutions and National Sustainable Agriculture Coalition. http://sustainableagriculture.net.publications.  35 pp.

Kepler, R. M., D. J. E. Schmidt, S. A. Yarwood, M. A. Cavigelli, K. N. Reddy, S. O. Duke, C. A. Bradley, M. M. Williams Jr., J. S. Buyer, and J. E. Maul.  2020. Soil Microbial Communities in Diverse Agroecosystems Exposed to the Herbicide Glyphosate. Applied and Environmental Microbiology, Vol 86 No 5. https://journals.asm.org/doi/10.1128/aem.01744-19#F1. 

Krauss, M., A. Buerner, F. Perrochet, R. Frie, U. Niggli, and P. Mader.  2020.  Enhanced soil quality with reduced tillage and solid manures in organic farming – a synthesis of 15 years. Scientific Reports 10:4403.  https://doi.org/10.1038/s41598-020-61320-8. 


Kremer, R.J., and N. E. Means. 2009. Glyphosate and glyphosate-resistant crop interactions with rhizosphere microorganisms. European Journal of Agronomy, vol 31 issue 3, pages 153-161.

Li, J., Y. Yang, J. Wen, F. Mo, and Y. Liu. 2022. Continuous manure application strengthens the associations between soil microbial function and crop production: Evidence from a 7-year multisite field experiment on the Guanzhong Plain.  Agriculture, Ecosystems, and Environment, Vol. 338, Article 108082.

Lorenz, K., and R. Lal. 2016. Environmental Impact of Organic Agriculture. Advances in Agronomy 139: 99-152.

Lori, M., S. Symnaczik, P. MaEder, G. De Deyn, A. Gattinger. 2017. Organic farming enhances soil microbial abundance and activity – A meta-analysis and meta-regression. PLOS ONE | https://doi.org/10.1371/journal.pone.0180442 July 12, 2017, 25 pp.

Merrington, G., Rogers, S.L. and Van Zwieten, L., 2002. The potential impact of long-term copper fungicide usage on soil microbial biomass and microbial activity in an avocado orchard. Soil Research, 40(5), pp.749-759.   

Mondal, S., D. Chakraborty, R. K. Paul, A. Mondal, and J. Ladha. 2023. No-till is more of sustaining the soil than a climate change mitigation option.  Agriculture, Ecosystems, and Environment, Vol. 352, Article 108498.

[bookmark: _Hlk95320077][bookmark: _Hlk95376794]Morugán-Coronado, A., P. Pérez-Rodríguez, E. Insolia, D. Soto-Gómez, D. Fernández-Calvino, and R. Zornoza. 2022. The impact of crop diversification, tillage and fertilization type on soil total microbial, fungal and bacterial abundance: A worldwide meta-analysis of agricultural sites. Agriculture, Ecosystems, and Environment 329, Article 107867, May 2022.

Nettles , R., Watkins, J., Ricks, K., Boyer, M., Licht, M., Atwood, L.W., Peoples, M., Smith, R.G., Mortensen, D.A. and Koide, R.T., 2016. Influence of pesticide seed treatments on rhizosphere fungal and bacterial communities and leaf fungal endophyte communities in maize and soybean. Applied Soil Ecology, 102, pp.61-69  

Pelosi, C., Barot, S., Capowiez, Y., Hedde, M. and Vandenbulcke, F., 2014. Pesticides and earthworms. A review. Agronomy for Sustainable Development, 34(1), pp.199-228.

[bookmark: _Hlk93992221]Prescott, C. E., Yi. Rui, M. F. Cotrufo, and S. J. Grayston. 2021. Managing plant surplus carbon to generate soil organic matter in regenerative agriculture. J. Soil & Water Conservation 76(6): 99A-104A.  

Puissant, J., C. Villenave, C. Chauvin, C. Plassard, E. Blanchart, and J.Trap. 2021. Quantification of the global impact of agricultural practices on soil nematodes: A meta-analysis. Soil Biology and Biochemistry Volume 161, October 2021, 108383.

Reberg-Horton, S. C. 2009.  New Tools to Make Organic No-till Soybeans and Corn a Reality.  SARE project OS08-042.*

Reeve., J. 2014. Organic Stone Fruit Production: Optimizing Water Use, Fertility, Pest Management, Fruit Quality and Economics. Final report for OREI award  2009-51300-05533.*

Rodriguez-Ramos, J. C., N. Scott, J. Marty, D. Kaiser, and L. Hale. 2022. Cover crops enhance resource availability for soil microorganisms in a pecan orchard. Agriculture, Ecosystems, and Environment, Vol. 337, Article 108049.

Rowley, M., B. Black, and G. Cardon. 2012. Alternative Orchard Floor Management Strategies. Utah State University Cooperative Extension, Horticulture/Fruit/2012-01pr, 4 pp.

Singh, S., Gupta, R., Kumari, M. and Sharma, S., 2015. Nontarget effects of chemical pesticides and biological pesticide on rhizospheric microbial community structure and function in Vigna radiata. Environmental Science and Pollution Research, 22(15), pp.11290-11300. 

Snyder, L., M. Schonbeck, T. Velez, and B. Tencer.  2022.   2022 National Organic Research Agenda: Outcomes and Recommendations from the 2020 National Organic & Transitioning Farmer Surveys and Focus Groups.  Organic Farming Research Foundation, https://ofrf.org.  232 pp.

Sun, H, P. Koal, D. Liu, G. Gerl, R. Schroll, A. Gattinger, R. G. Joergensen, and J. C. Munch. 2016. Soil microbial community and microbial residues respond positively to minimum tillage under organic farming in Southern Germany. Appl Soil Ecol. 108:16-24.

Tejada, M., 2009. Evolution of soil biological properties after addition of glyphosate, diflufenican and glyphosate+ diflufenican herbicides. Chemosphere, 76(3), pp.365-373. 

USDA National Organic Program.  Organic Regulations https://www.ams.usda.gov/rules-regulations/organic.

Vahter, T., S-K Sepp, A. Astover, A. Helm, T. Kikas, S. Liu, J. Oja, M. Öpik, P. Penu, M. Vasar, E. Veromann, M. Zobel, and I. Hiiesalu.  2022.  Landscapes, management practices and their interactions shape soil fungal diversity in arable fields – Evidence from a nationwide farmers' network. Soil Biology and Biochemistry, Volume 168, May 2022, article 108652.

Vicente-Vicente, J. L., B. Gómez-Muñoz, M.B. Hinojosa-Centeno, P. Smith, R. Garcia-Ruiz. 2017. Carbon saturation and assessment of soil organic carbon fractions in Mediterranean rainfed olive orchards under plant cover management.   Agriculture, Ecosystems and Environment 245: 135-146.

Walder, F., M. W. Schmid, J. Riedo, A. Y. Valzano-Held, S. Banerjee, L. Büchi, T. D. Bucheli, and M. G.A.van der Heijden. 2022.  Soil microbiome signatures are associated with pesticide residues in arable landscapes. Soil Biology and Biochemistry, Vol. 174, November, 2022.

Wen, Y., J. Liu, Y. Dhital, X. Wu, ... Zhenhua Wang.  2022.  Integrated effects of plastic film residues on cotton growth and field carbon sequestration under drip irrigation in arid oasis regions.  Agriculture, Ecosystems, and Environment, Vol 339, Article 108131.

Wilson, E. O.  2016. Half-Earth: Our Planet's Fight for Life  https://en.wikipedia.org/wiki/Half-Earth. 

Xiao, L., S. Zhou, R. Zhao, P. Greenwood, and N. J. Kuhn.  2020.  Evaluating soil organic carbon stock changes induced by no-tillage based on fixed depth and equivalent soil mass approaches. Agriculture, Ecosystems and Environment, vol. 300, article 10698. https://doi.org/10.1016/j.agee.2020.10698. 

Yang, B., S. Banerjee, C. Herzog, A. C. Ramírez, P. Dahlin, and M. G.A. van der Heijden. 2021. Impact of land use type and organic farming on the abundance, diversity, community composition and functional properties of soil nematode communities in vegetable farming. Agriculture, Ecosystems, and Environment, Vol. 318, Article 107488.

Young, M. D., G. H. Ros, and W. de Vries.  2022.  Impacts of agronomic measures on crop, soil, and environmental indicators: A review and synthesis of meta-analysis. Agriculture, Ecosystems, and Environment 319. https://doi.org/10.1016/j.agee.2021.107551.

Zhang, H., X. Zheng, X. Wang, W. Xiang, ... T. Ge.  2022. Effect of fertilization regimes on continuous cropping growth constraints in watermelon is associated with abundance of key ecological clusters in the rhizosphere. Agriculture, Ecosystems, and Environment, Vol. 339, Article 108135.

Zhang, Y., G. Wei, L. Ma, H. Luan et al.  2022.  Long-term partial substitution of chemical fertilizer by organic amendments influences soil microbial functional diversity of phosphorus cycling and improves phosphorus availability in greenhouse vegetable production. Agriculture, Ecosystems, and Environment, vol 342, article 108193.  (From abstract).

Zuber S. M., and M. B. Villamil. 2016.  Meta-analysis approach to assess effect of tillage on microbial biomass and enzyme activities. Soil Biol Biochem. 97:176-187.



[bookmark: _Hlk100135629]* For SARE project reports, see https://projects.sare.org/search-projects/. OREI and ORG project reports, see Gateway database at https://nifa.usda.gov/data/data-gateway. 

