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Introduction

There is a need to rebuild soil health by implementing regenerative agricultural practices across cropping systems dependent on agrochemicals, such as in United States corn production. One increasingly utilized regenerative practice is the application of biostimulants, or microbial inoculants that can rebuild soil health and productivity. In this study, we describe results from a multi-year corn trial conducted to quantify the impact of Re-Gen, a biostimulant invented to recycle plant biomass and increase nutrient bioavailability in the soil.





Methods

Re-Gen was applied across four fields (VA01, BH01, VA04, and LA05) at a dairy cattle farm in Ferrisburgh, VT.





Results

Over the two consecutive years (2022-2023) of the trial, Re-Gen application on corn stover and cover crop residues increased ear corn yield by 24% and corn silage yield by 12.5-30%, depending on the field. Analysis of soil nutrients and plant tissues showed increased nutrients, particularly in field LA-05. Multi-year Re-Gen application increased yield and generated additional economic value, indicating that the effects of Re-Gen do not diminish with multiple applications. The increased corn silage yield correlated to increased potential milk yield from cows fed silage grown in Re-Gen-treated fields. Further investigation into the mechanism suggests that increased phosphatase production Re-Gen could contribute to increased phosphorus bioavailability in the soil and uptake in the tissue, potentially increasing yields.





Discussion

These results highlight the potential for Re-Gen to foster regenerative agriculture processes on cropland and livestock farms while also increasing corn and milk yield and, therefore, revenue for corn farmers in the United States and for similar cropping systems worldwide.
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1 Introduction

More than 389 million metric tons (15.1 billion bushels) of corn (Zea mays) for grain were produced in the United States in 2023 alone (USDA, 2023). To grow such large quantities of corn, the use of synthetic chemical inputs is often required, including fertilizers and pesticides. In Midwestern corn and soybean cropping systems, where more than 75% of all US corn is grown, nitrogen fertilizer is applied at an average rate of 135 kg N/ha/year, amounting to $15.8B spent on fertilizer in 2022 in the Midwestern US alone (Russell et al., 2009; USDA, 2023; USDA and US Agricultural Statistics Service, 2023). The dependency upon agrochemicals and other synthetic inputs has ultimately negatively impacted the environment and soil microbiome of the Midwest (Russell et al., 2009; Revillini et al., 2019; Potter et al., 2022) and increased financial strain on farmers due to rising costs and demand for soil nutrients (USDA, 2022). Soil productivity is particularly a concern for agricultural regions in the United States responsible for the production of high demand commodity crops, namely corn and soybean (Hatfield et al., 2013). As farmers wish to reduce reliance on harmful agricultural chemicals in their growing practices, there is a need to rebuild soil health while protecting farmer health and maintaining crop yields.

Regenerative agricultural practices endeavor to mitigate farmer dependence on synthetic inputs and conventional pesticides, while increasing the resilience and sustainability of the global food production system (Muhie, 2022). Many regenerative and organic practices further aim to restore natural processes, bridge gaps in nutrient cycling, and promote ecosystem services (McLennon et al., 2021). Thermophilic composting is one practice that utilizes natural microbial decomposition for the recapture of nutrients from managed organic wastes (Grand, 2020). While compost improves soil health and serves as a rich amendment of microorganisms and nutrients, this strategy also requires upfront resource, time, and labor investments, which may not be feasible for farmers at certain production scales (Wright et al., 2022; CLIMOD Northeast RCC CLIMOD 2, 2024; Olson et al., 2024). Even for those making these upfront investments, the consistency and succession of microbial populations from composting systems can still vary (Neher et al., 2013; Olson et al., 2024). Additional regenerative practices for improving soil health and reducing nutrient loss include cover cropping and leaving corn residues, called corn stover, in-field after harvest (Adetunji et al., 2020). Cover crops and corn stover can mitigate erosion and improve soil biological characteristics through increasing organic matter and available nutrients, further stimulating microbial abundance and diversity (Melkonian et al., 2017; Adetunji et al., 2020; Nalley and Lee, 2023). However, like composting, cover crop and stover systems require proper management to ensure farmers receive soil health benefits. Without proper management, cover crop residues and corn stover can sequester or tie up nutrients, decreasing or reducing nutrient availability for the subsequent crop (Melkonian et al., 2017; Adetunji et al., 2020). Ultimately, regenerative solutions such as composting and cover cropping can increase soil heath and improve sustainability within food production systems (Adetunji et al., 2020; Khangura et al., 2023). However, access to resources, time, labor investments, or perceived value may remain as barriers for the adoption of such practices at large agricultural scales.

With an increased demand for sustainable food production, there is a need for environmentally friendly solutions that increase farm profitability. Additionally, these solutions must have the potential for adoption at all growing scales and alongside conventional inputs. An emerging class of non-chemical products aimed at addressing this need is biostimulants (Albrecht, 2019). Although multiple definitions of “biostimulant” are currently in use, biostimulants are generally considered to be substances or microorganisms applied to plants, seeds, and/or soils to enhance nutrient uptake efficiency, protect against pathogens, increase tolerance to abiotic stressors, or improve characteristics of crop quality (Du Jardin, 2015; Perdue, 2019; Braun, 2023). Biostimulants are commonly applied as a seed coating or provided to the plants and/or roots in-furrow or by broadcast spraying (Sible et al., 2021; Paravar et al., 2023). Examples of biostimulants applied as a seed coating include NodulatorⓇ Duo SCG (BASF, Florham Park, NJ) that enhances nitrogen fixation in soybean, and ProveNⓇ 40 OS (Pivot Bio, Berkeley, CA) that addresses nitrogen deficiencies in corn. Other biostimulants that can be applied in-furrow with the goal of increasing yield in corn and other plants include Vertex-IF Corn Inoculant (TerraMax Ag, Eagan, MN), TROVEC™ Fertilizer Additive (Growmark, Bloomington, IL), as well as ProveNⓇ 40 In-Furrow (Pivot Bio). These examples represent a small number of products available in a rapidly evolving novel market of biostimulants that is primarily driven by private companies.

Re-Gen (IMIO Technologies, Inc, Essex Junction, VT) is one such commercially available microbial inoculant applied by broadcast spraying and is composed of a consortium of naturally occurring, beneficial soil microorganisms. The inoculant was developed to accelerate the in-field degradation of lignin-rich plant biomass, mainly through Re-Gen’s three primary functional groups: 1) Lignin degrading microbes, to degrade tough plant fibers, increasing the nutrient potential of residual biomass (Kumar and Chandra, 2020); 2) Lactic acid producers, to increase the rate of biodegradation and improve soil organic matter content (Raman et al., 2022); and 3) Plant Growth Promoting Rhizobacteria (PGPR), to develop a symbiotic relationship between plants and microbes and facilitate increased nutrient uptake and protection against pathogens (De Andrade et al., 2023). The capacity for Re-Gen to degrade lignin-rich plant material into a high nutritive value growing substrate was evaluated previously in Cannabis sativa, which showed an increase in the production of oxidase and phenol oxidase, oxidative enzymes facilitating lignin degradation, in the presence of Re-Gen (Olson et al., 2024). Additionally, nutrient analyses of the microbial treated hemp biomass revealed profiles similar to those of finished compost after a 3-week digestion period (Olson et al., 2024). Together these findings suggest Re-Gen-treated plant matter may serve as an organic fertilizer substitute, based on the inoculant’s ability to access the nutrient potential of plant biomass through ligninolytic enzyme production.

Based on the findings demonstrated in Cannabis sativa, the ability for IMIO Re-Gen to increase bioavailable nutrients for subsequent crops was further evaluated on corn grown for livestock feed. In collaboration with an independent agronomist and a 500-head Vermont dairy farm, Re-Gen was applied in-field to stover and cover crop residues prior to planting feed corn at multiple field sites in Ferrisburgh, VT over two years. The objective of this study was to determine if field-application of Re-Gen could increase corn yields through improved degradation of cover crop residues compared to untreated fields; specifically, by increasing the pool of bioavailable nutrients in the soil, such as phosphorus, for the subsequent corn crop. The impacts of Re-Gen at the field scale were evaluated according to soil and plant tissue analyses, as well as total milk yield and corresponding economic value.




2 Materials and methods



2.1 Farm information and corn trials

Nea Tocht Farm is a 323.7-hectare (ha) (800-acre), 500-head dairy cattle farm in Ferrisburgh, VT (44° 10’44.763” N, 73° 15’23.185” W, 73 m MSL). The property consists of land formations and soils typical of Addison County on the west side of US Route 7. Most of the soils are heavy Vergennes or Covington clays, dotted with “mounds” of stony silt-loam, such as Melrose, or sandy-loam such as Adams. The farm family owners-operators keep themselves apprised of current information and technology, and farm with the care of keeping the herd and land as healthy and resilient as possible over time. They use no-till, conservation tillage, and strategic full tillage, as well as cover cropping and crop rotation strategies. Liquid dairy manure is the main source of applied nutrients. Several types of organic residuals such as wood ash, and paper fiber as well as calcitic lime are used in conjunction with the farm’s NRCS 590-compliant Nutrient Management Plan, as required within the Vermont Required Agricultural Practices. This farm family has been exploring how to enhance soil health, soil functions, nutrient cycling efficiencies, and reducing the use of chemical inputs such as herbicides, seed treatments, and conventional fertilizers.

The first year of the two-year corn trial spanned May to October 2022 and utilized four fields, VA01, BH01, VA04, and LA05. VA01, BH01, VA04, and LA05 are the field names within one tract of land as ascribed by the USDA. For each field, 0.2 ha (0.5 acres) total were included in the trial. The biostimulant Re-Gen was applied on 0.1 ha (0.25 acre) for each field directly to the in-field cover crop residues on May 18, 2022. The remaining 0.1 ha (0.25 acre) of control fields were left untreated. Seedway 3750 (SW3750) corn (Hall, NY), a conventional grain with fast maturation and efficient water utilization for high quality silage across northern environments (Seedway, 2024), was planted during both trial years. During the first year, SW 3750 seeds were sown on May 25 and 27, 2022 at a seeding rate of 83,950 seeds/ha (34,000 seeds/acre). The crop was managed with minimal interventions throughout the season. Corn was harvested between October 6-8, 2022, and sample data for each treatment and field was collected by harvesting one contiguous row representing 0.0004 ha (0.001 acre). Weight per plant and ear weight for one ear per plant was recorded to calculate total plant weight, total ear weight, and bushels/acre. Once weighed, the 0.0004 ha (0.001 acre) ear samples were chopped, and combined representative samples for each treatment group were sent to an accredited agricultural feed laboratory (Dairy One, Inc., Ithaca, NY) for forage feed analysis as feed for commercial dairy cattle. Wet ear weight was converted to bushels/acre using the Method for Hand Harvested Ear Corn described by the University of Wisconsin Agronomy Department (Wright et al., 2022), then converted to kg.

To align our data collection with the metrics most relevant to dairy cattle farmers and better address our trial partner’s needs, our 2023 trial focused on corn silage yield. The second year of the two-year corn trial spanned May to October 2023. Two fields used in the first year of the trial, VA04 and LA05, were treated in the second year with a total of 0.4 ha (1 acre). The other two fields, VA01 and BH01, were not used because they were rotated out of corn for the 2023 growing season. The biostimulant Re-Gen was applied to 0.2 ha (0.5 acre) total for each field, and each field was split into two equal 0.1 ha (0.25 acre) treatment groups: “Re-Gen: 1st year,” in which Re-Gen was applied to cover crop residues for the first time to a section of the field previously used in the control group; and “Re-Gen: 2nd year,” in which Re-Gen was applied to cover crop residues for the second consecutive year. The biostimulant application date was May 22, 2023. The remaining 0.1 ha (0.25 acre) of control areas were left untreated. SW 3750 corn was planted on June 8, 2023 at a seeding rate of 83,950 seeds/ha (34,000 seeds/acre), and the corn was managed using minimal interventions throughout the season. Corn was harvested for silage from October 2-7, 2023 and sample data for each treatment and field was collected by harvesting three separate contiguous rows, each representing 0.0004 ha (0.001 acre). Weight of whole plants in each 0.0004 ha (0.001 acre) section was recorded and averaged to calculate total silage/acre. Once weighed, the 0.0004 ha (0.001 acre) ear samples were chopped, and combined representative samples for each treatment group were sent to an accredited agricultural feed laboratory (Dairy One, Inc.) for commercial dairy cattle forage feed analysis, including milk pounds/ton of dry matter. This figure is often used to determine corn silage feed quality (Shaver, 2007). To determine the overall milk pounds that could be generated by feeding cows with corn silage harvested from control- or Re-Gen-treated fields, the milk pounds/ton of dry matter was multiplied by the tons of corn silage determined from the yield data, then converted to kg.

Growing season statistics for both years of the trial are detailed in Table 1 (CLIMOD; DeGaetano et al., 2016). In 2023, Vermont faced unprecedented flooding in July (25.4 cm or 10.02 inches) that negatively impacted farm yields throughout the state, most commonly damaging crops meant for feed (Banacos, 2023; Watson, 2023). Because the soils are predominantly clay-based, most of the Nea Tocht Farm fields were super-saturated with some ponding for much of the month of August and into September. However, the Re-Gen trial plots and control areas were not ponded at any time.


Table 1 | Seasonal weather data collected in 2022 and 2023.






2.2 Biostimulant preparation

Re-Gen (IMIO Technologies, Inc.) was prepared according to the manufacturer’s directions. In 2022, liquid Re-Gen was activated with the provided microbial nutrient media for 4-8 hours, then further diluted to 279-325 L/ha (30-35 gallons/acre) of water prior to in-field application. In 2023, approximately 29.6 g/ha (12g/acre) of Re-Gen lyophilized powder was reanimated in 580 mL/ha (8 ounces/acre) of water and allowed to sit for 16-24 hours to activate the product. Reanimated Re-Gen was then further diluted into 279-325 L/ha (30-35 gallons/acre) of water for application. Diluted Re-Gen was applied to the fields as a broadcast spray via commercial sprayers.




2.3 Soil analysis

At the conclusion of the 2023 growing season, soil samples were collected from each treatment field using the Zig-Zag method as described by the University of Vermont Extension Agricultural and Environmental Testing Lab (UVM, 2022). A pooled sample from each field’s treatment group was sent to the Maine Soil Testing Service for soil analysis. Nutrients were extracted using a Modified Morgan nutrient extraction procedure, allowing extraction of all major nutrients and micronutrients (McIntosh, 1969).




2.4 Plant tissue analysis

In the tassel to silking stage, samples of plant tissue were collected by choosing representative leaves at ear nodes for each treatment condition in the 2023 trial. Samples from multiple plants in each treatment group were pooled and sent to Agro One/Dairy One for plant tissue analysis using Service Package 180 that tests total nitrogen, phosphorus, potassium, calcium, magnesium, sulfur, zinc, copper, iron, boron, and manganese (Dairy One, 2023).




2.5 Phosphatase activity

In previous experiments conducted and described by Olson et al., 2024, leftover organic hemp biomass was treated with Re-Gen at the rate of 1 mL/gram of organic matter and incubated for 21 days. Control samples were treated with water at the rate of 1 mL/gram of organic matter and incubated for 21 days. Samples were collected at day 7, 14, and 21 to determine phosphatase activity using previously published protocol in which 0.3 g of shredded hemp was mixed in 200 mL of autoclaved nanopure water (Neher et al., 2017; Olson et al., 2024).




2.6 Statistical analysis

A paired two-tailed t-test was employed to analyze the yield results from the first year of the trial. Phosphatase data were analyzed using two-way analysis of variance (ANOVA) models with one mean per group with Fisher’s posttest (GraphPad Software, Inc.).





3 Results



3.1 Corn yield

In 2022, control-treated fields averaged 8709 kg/ha (138.7 bushels/acre) while Re-Gen treated fields averaged 10792 kg/ha (171.9 bushels/acre), an increase of 24% or 2083 kg/ha (33 bushels) (Figure 1). The increase was not statistically significant (p=0.29, n=4).




Figure 1 | Corn yield in fields treated with Re-Gen increased 24% compared to control-treated fields. VA01, BH01, VA04, and LA05 were treated with control or Re-Gen 2 weeks prior to planting corn. Upon harvesting, plant and ear mass was collected for each treatment in each field. Wet ear mass was converted to bushels/acre using the Wisconsin method for Hand Harvesting Ear Corn, after which it was converted to kg/ha. Each data point per bar represents one biological replicate corresponding to a distinct, paired field. Statistics were calculated using a paired, two-tailed t-test.



In 2023, control treatment in fields LA05 and VA04 resulted in 31.68 and 27.95 metric tons/ha (14.14 and 12.48 tons/acre), respectively (Figure 2). First-time treatment with Re-Gen (“Re-Gen: 1st year”) resulted in 41.19 and 31.43 metric tons/ha (18.29 and 14.03 tons/acre), an increase of 30% and 12.5%, respectively, compared to control fields. Second-time treatment with Re-Gen (“Re-Gen: 2nd year”) resulted in 37.84 and 32.77 metric tons/ha (16.89 and 15.76 tons/acre), an increase of 19% and 17%, respectively, compared to control treatment. The average yield improvement over both fields and seasons was 20%.




Figure 2 | Re-Gen treatment increased corn silage yield compared to control treated fields, an increase seen in consecutive treatment years. LA05 and VA04 were treated with control or Re-Gen 2 weeks prior to planting corn. Upon harvesting, corn silage was collected for each treatment at 3 sites in each field, then pooled to determine yield for the field.






3.2 Soil and plant nutrients

Soil nutrient analysis results, including optimal nutrient levels for corn as provided by Maine Soil Testing Service, are shown in Table 2. Most nutrients are within the optimal levels for corn for each field, however, there are substantial differences between LA05 and VA04 nutrient concentrations, such as in pH, organic matter %, and most notably phosphorus (as phosphate in kg/ha).


Table 2 | Properties of soil over 2 years of Re-Gen treatment (n=1).



Plant tissue nutrient results and sufficiency levels for silking as provided by Cornell University Cooperative Extension are shown in Table 3. Most plant nutrients are within the sufficiency levels for corn for each field, however, there are noteworthy nutrients that were deficient or nearly deficient in the plant tissue for control-treated samples from field VA04 that were increased upon 1st- or 2nd-year Re-Gen treatment: nitrogen, phosphorus, copper, and zinc (Table 3). These results were only seen in field VA04, highlighting the differences in the two fields within the 2023 trial (Table 4).


Table 3 | Leaf tissue content following control and Re-Gen treatment (n=1).




Table 4 | Experimental information for the Re-Gen farm trial at Nea Tocht Farm in Ferrisburgh, VT.






3.3 Phosphorus bioavailability

Sufficient phosphorus is important for high yield crops, but an excess of phosphorus in the soil can lead to this nutrient moving off-site and causing water quality issues. As noted above, treatment of cover crop residues with Re-Gen for the 1st or 2nd year increased phosphorus bioavailability in the soil (Figure 3A) and in plant tissue (Figure 3B), particularly for field VA04. Re-Gen treated biomass had elevated phosphatase activity at days 7, 16, and 21 compared to the control that was treated with water, indicating that the microbes within Re-Gen are able to produce phosphatases (Figure 4). Phosphatase activity at day 16 was significantly increased in Re-Gen-treated biomass compared to control-treated biomass (p=0.0143). These phosphatases could be partially responsible for the phosphorus results described in Tables 1 and Table 2 and highlighted in Figure 3.




Figure 3 | Phosphorus in soil and plant tissue is elevated after Re-Gen treatment in field VA-04. End of season soil samples (A) and silking plant tissue samples (B) were collected from soil and plants in fields LA05 and VA04. Each bar represents one combined representative sample. Gray shading represents optimal and sufficiency levels for soil and plant tissue, respectively.






Figure 4 | Leftover organic biomass treated with Re-Gen had increased phosphatase activity compared to control-treated biomass. Phosphatase enzyme activity was measured at days 7, 16, and 21 on organic hemp biomass that was recycled with water (control) or Re-Gen. Each data point represents one experimental unit. Each bar represents the mean of 5 replicates, and the error bar is one standard deviation of the mean. A two-way ANOVA was conducted followed by Fisther's post-test. Only statistically significant results are illustrated.






3.4 Economic impact of Re-Gen application

In our 2022 trials, there was a 24% increase in corn yield, equaling a 2083 kg/ha or 33-bushel/acre increase. Considering that the 2022 average price of a bushel of corn was $6.54, this represents a $215.82 increase per acre. With the cost of Re-Gen at $18/acre, this is an 11-fold return on investment based on yield improvement.

These data indicate a potential 24% or 20% increase in total milk yield for corn silage harvested from field LA05 with 1st- or 2nd-year Re-Gen treatment, respectively, compared to control (Figure 5A). There was also a more moderate increase in total milk yield for silage harvested from field VA04 of 9% or 7% upon 1st- or 2nd-year Re-Gen treatment compared to control (Figure 5B). Together, these data indicate the potential for a considerable economic gain when Re-Gen is used to recycle cover crop or corn stover residues in fields prior to planting corn.




Figure 5 | Treatment with Re-Gen can increase the economic value of corn silage as reported by total milk yield (kg). Total milk yield for the 2023 corn silage harvest for LA05 (A) and VA04 (B) was calculated by multiplying the number of milk pounds/ton, as determined by corn silage analysis, by the yields in tons/acre, after which it was converted to kg.







4 Discussion

Our study demonstrated that in-field residue treatment with Re-Gen would increase corn yield and the resultant milk yield from dairy cattle that are fed corn silage grown in Re-Gen treated fields. Yield increases were directly related to increased nutrient bioavailability, as evidenced by soil nutrient analysis as well as plant tissue analysis data. The increased yield may be particularly influenced by increased phosphorus availability, a hypothesis that is supported by an experiment showing elevated phosphatase activity in Re-Gen-treated organic biomass. These effects translate into greater net income for farmers, indicated by an increase in revenue based on bushels/acre in 2022 as well as increased total milk production in 2023.

One pattern evident in the data is the variability in overall productivity between the two fields used in the 2023 trial, LA05 and VA04. Both fields were treated with the same batch of reanimated inoculant and on the same day, eliminating this cause of potential variability. Planting and harvesting dates varied by 2 and 4 days, respectively, potentially contributing to the variability between fields. However, the largest potential cause of variability in the results may be the field characteristics themselves. Although these two fields are both part of the larger Nea Tocht Farm, they are located in different areas on the property and have contrasting soil characteristics. LA05 is a higher elevation field with more sandy soil, whereas the soil in VA04 is variable throughout, but generally is a heavier soil with more clay. Even though these fields have unique characteristics, both fields saw double-digit increases in yield upon Re-Gen treatment when compared to control. However, the pattern of yield increases was different: LA05’s yield increase was larger for 1st year treatment of Re-Gen compared to the 2nd year treatment, whereas VA04 saw a larger yield increase for 2nd year Re-Gen treatment compared to the 1st year treatment. These data could indicate that lighter (sandy, sand-silt-loam) soil texture fields like LA05 could have a large spike in yield from Re-Gen treatment during the first year of Re-Gen implementation that lessens or plateaus with multi-year treatment, whereas heavier (clayey, clay-silt-loam) texture fields may have compounding benefits the longer that Re-Gen is used on the field. Another way the field variability could have impacted the results is the interaction between the soil type with the seed used, SW 3750. SW3750 corn seed is specifically targeted for use in Northern environments and is commonly used in the Northeast (Seedway, 2024). This seed type is preferred in the Northeast in part due to its efficient water utilization, and the extreme flooding that occurred in July 2023 could have impacted growth and yield (Table 1). Although no ponding was recorded in the trial fields throughout the intense rain, it is possible that the different soil profiles combined with the extreme precipitation may explain some of the variation. Heavier fields with clayey textures, like VA04, often hold more water (Gupta and Larson, 1979), and because this seed is characterized by its efficient water utilization, it is possible that too much water had a negative impact on the yield. Additional research is necessary to better understand the benefits of Re-Gen treatment on cover crop residues on different types of fields and over extended multi-year treatments. Additional field trials with Re-Gen are currently underway throughout the Midwestern US and will examine the impact of field variability, geography, and climate on yield improvements associated with Re-Gen use.

Re-Gen treated organic biomass produces more phosphatase enzyme compared to control biomass, which correlates positively with elevated phosphorus in the soil in the 2023 farm trial. Phosphorus has the positive impact of supporting corn growth but can have a negative environmental impact if applied in excess (Stewart et al., 2016). Phosphorus is essential for nearly all stages of corn growth, from root development and early growth to reproductive development of the corn plant (Pereira et al., 2020). Because of its importance, phosphorus is commonly applied at planting to ensure adequate yields at a rate of 89.7 – 134.5 kg/ha (80-120 pounds/acre), depending on geographic location and soil characteristics (LaBarge, 2022). However, excessive application of phosphorus results in dangerous runoff into streams and lakes that results in eutrophication (Conley et al., 2009). Another factor contributing to phosphorus runoff is the presence of non-labile phosphorus, or phosphorus that is unavailable for plant uptake due to a variety of factors including immobilization, adsorption, and soil pH and/or mineralogy (Stewart et al., 2016; Prasad and Chakraborty, 2019). Non-labile phosphorus requires processes like desorption and mineralization of organic matter by soil microbes, including phosphatase processing, for phosphorus to become available for uptake (Prasad and Chakraborty, 2019). Many states, including Vermont, Ohio, and Minnesota, have instituted programs to reduce phosphorus runoff into bodies of water, such as Lake Champlain and the Great Lakes (H2Ohio, 2024; MDA, 2024; NRCS, 2024). If Re-Gen application can increase phosphorus bioavailability in the soil, this could result in additional phosphorus uptake (immobilization) by the plant, potentially preventing phosphorus runoff into nearby lakes and streams, and/or a decreased need for phosphorus to be applied in-field. More work needs to be done to characterize the contribution of Re-Gen recycled biomass and its potential impact on phosphorus uptake and runoff.

While these data are encouraging for Vermont dairy and corn farmers, further trials need to be performed to understand the impact of Re-Gen on farms in the Midwestern United States, where the vast majority of US corn cultivation takes place. These trials, currently underway, will investigate the effectiveness of Re-Gen in the region as well as the feasibility of incorporating Re-Gen into current farming protocols. One concern that will be addressed in these studies is the ability of Re-Gen to be mixed with common herbicides, such as glyphosate. In the Midwestern US, herbicide burndown is a common cover crop termination method, used to mitigate nutrient competition and ensure a release of any scavenged nutrients back to the field (Jewett and Thelen, 2007; Palhano et al., 2018; Adetunji et al., 2020). A widely used commercial herbicide for this strategy is glyphosate (Kumar et al., 2023). While herbicidal desiccation of residual cover crop biomass increases soil nutrient levels (Jewett and Thelen, 2007), the use of glyphosate has also been associated with decreased soil biological activity and microbial diversity (Busse et al., 2001; Nguyen et al., 2016), as well as adverse non-target effects on human and environmental health (Kanissery et al., 2019). Therefore, if a farmer is able to mix Re-Gen with glyphosate-based herbicides, it could help restore the microbial population while increasing nutrient bioavailability following cover crop burndown. Furthermore, the logistical benefit of mixing Re-Gen with glyphosate-based herbicides is that it requires a single pass through the fields rather than two, saving labor and fuel costs. This method of application would keep costs low while restoring the microbial ecosystem and generating additional revenue from the farm’s corn harvest.

As mentioned in the introduction, biostimulants represent a relatively novel and rapidly growing market with the potential to greatly enhance the sustainability of the agricultural industry. However, beneath farmer interest in biostimulants, there is a healthy degree of skepticism, with a recent survey indicating that 45% of farmers either need to know more prior to use or see no benefit in biostimulants, compared to 35% of farmers who see potential in their use (Begeman, 2021). This skepticism largely stems from a variety of factors that need to be addressed prior to their widespread adoption; including, but not limited, to increased manufacturing and safety regulations as well as clear and consistent government policies (reviewed in-depth by (Mannino, 2023)). Additionally, there is a dearth of comprehensive, peer-reviewed/independent research studies describing biostimulants, their effect on yields, and their mechanisms of action that can help farmers make informed purchases (Mannino, 2023). A common approach to evaluating biostimulant performance is through field trials at land-grant universities with agricultural extensions. In 2023, scientists and members of the NCERA-103 committee on non-conventional additives and amendments co-published results from trials examining the five most-common nitrogen-fixing biostimulants: Envita (Azotic, Guelph, Ontario); Utrisha (Corteva Agrisciences, Indianapolis, IN); ProveNⓇ and ProveN40Ⓡ (Pivot Bio, Berkeley, CA); and Micro-AZ-ST (TerraMax, Bloomington, IL) (Franzen et al., 2023). These biostimulants were trialed in 10 states within the North Central region of the US. Of the 61 site-years included in the trials, only 2 corn site-years had positive results with a product alone compared to nitrogen fertilizer alone (Franzen et al., 2023). This study particularly illustrates the understandable skepticism expressed by farmers when considering biostimulant adoption. Another avenue used to independently evaluate products is Beck’s Hybrids Practical Farm Research (PFR)Ⓡ program, an independent, farmer-focused research program that helps farmers find new ways to increase their return on investment (ROI) (Beck’s, 2024). In 2023, Beck’s PFR published results indicating that Micro-AZ-IF Liquid (TerraMax) and Vertex-IF (TerraMax) increased corn yield by 5.6 bushels/acre and 4.6 bushels/acre, respectively, corresponding to an average ROI of $15.61/acre and $10.90/acre, respectively, over 3 years of testing (Kalaher, 2023). Overall, these results highlight the importance of peer-reviewed/independent trials used to evaluate biostimulants. It is essential that biostimulants are investigated in rigorous, peer-reviewed or independent, and multiyear ways to help inform farmer use, determine guidelines for adoption, and ensure farmer success as agriculture moves towards a more sustainable future.

Overall, this study illustrates the potential yield gains made possible by applying the biostimulant Re-Gen to corn stover and cover crop residues, resulting in increased nutrient recycling and bioavailability in corn production. Additionally, this study highlights the potential for biostimulants to increase sustainability within conventional cropping systems while increasing economic value by mitigating the need for excess synthetic nutrients and increasing soil microbial life. More work must be done to develop, investigate, and integrate regenerative practices into agriculture to create a more sustainable, safe, and economically viable agricultural ecosystem.
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Parameter 1st year 2nd year 1st year 2nd year

pH 5.5-6.5 6.3 6.7 6.6 7.8 7.6 7.8

Organic

Matter % 5-8% 19 24 24 4.6 6.2 4.1

L I |

Nitrate-N
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|
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|

Boron (mg/kg) 0.5-1.2 0.3 0.4 04 13 15 14
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*Optimal levels provided by Maine Soil Testing Service.
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2022
Precipitation (cm) 391 7.70 6.35 7.87 1249 6.02
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Total Growing 2183
Degree Days
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10°C (86/50°F) base.
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