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Regenerative agriculture aims to improve soil health and promote biodiversity while producing nutritious food profitably. Almonds are the dominant crop in California agriculture in terms of acreage and revenue generated. We examined the soil health, biodiversity, yield, and profit of regenerative and conventional almond production systems that represented farmer-derived best management practices. Regenerative practices included abandoning some or all synthetic agrichemicals, planting perennial ground covers, integrating livestock, maintaining non-crop habitat, and using composts and compost teas. Total soil carbon (TSC), soil organic matter (SOM), total soil nitrogen (TSN), total soil phosphorous, calcium, sulfur, and soil health test scores were all significantly greater in regenerative soils. Water infiltrated regenerative soils six-fold faster than conventional soils. Total microbial biomass, total bacterial biomass, Gram+ bacteria, and Actinobacteria were significantly greater in regenerative soils. There was more plant biomass, species diversity, and percent cover in regenerative orchards. Invertebrate richness and diversity, and earthworm abundance and biomass were significantly greater in regenerative orchards. Pest populations, yields, and nutrient density of the almonds were similar in the two systems. Profit was twice as high in the regenerative orchards relative to their conventional counterparts. No one practice was responsible for the success of regenerative farms; their success was the result of simultaneously combining multiple regenerative practices into a single, functional farm system. This style of farming may assist in combatting planetary scale problems (e.g., climate change, biodiversity loss, agricultural pollution, chronic human health problems, and declining rural communities) while making farms more profitable and resilient.
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INTRODUCTION

Regenerative agriculture can be defined as an “approach to farming that uses soil conservation as the entry point to regenerate and contribute to multiple provisioning, regulating and supporting services, with the objective that this will enhance not only the environmental, but also the social and economic dimensions of sustainable food production” (Schreefel et al., 2020). The principles of regenerative agriculture are similar to those of conservation agriculture and consist of minimizing soil disturbance, eliminating or reducing agrichemical use, eliminating spatio-temporal bare soil events, maximizing plant diversity, and integrating livestock into a cropping operation (Rodale, 1983; Rhodes, 2017; LaCanne and Lundgren, 2018; Gosnell et al., 2019; Pecenka and Lundgren, 2019; Fenster et al., 2021). These regenerative practices increase organic matter in the soil, which is an active area of research for soil health and climate mitigation efforts (Veenstra et al., 2007; Ryals and Silver, 2013; Demestihas et al., 2017; LaCanne and Lundgren, 2018; Soto et al., 2021). Agriculture is an important cause for reductions in biodiversity (Kovács-Hostyánszki et al., 2017; Sanchez-Bayo and Wyckhuys, 2019; Stewart et al., 2019), and regenerative practices that enhance soil C, such as maintaining permanent ground cover, can help to promote biodiversity (Lundgren et al., 2006; Eilers and Klein, 2009; Klein et al., 2012; Vukicevich et al., 2016, 2019; Demestihas et al., 2017; Kovács-Hostyánszki et al., 2017; LaCanne and Lundgren, 2018). Adoption of regenerative practices at large scale requires empirical validation across a range of agroecosystems.

An important question is whether established regenerative farms consistently contribute key environmental services and profitability in a diversity of cropping systems. Research frequently examines the effects of isolated regenerative practices, such as cover cropping or organic amendments on cropping systems, rather than quantifying regenerative systems which integrate and “stack” multiple regenerative practices into a single operation (Derpsch et al., 2014; Soto et al., 2021). Further, studies that compare conventional systems to alternative systems frequently do not compare in situ systems developed and practiced by farmers (Derpsch et al., 2014; Soto et al., 2021). However, studies that have examined regenerative farming in situ have documented positive ecosystem impacts and high profitability. For example, regenerative maize and cattle grazing systems in the Midwest have significantly better soil health metrics, improved biodiversity, and reduced pest damage, while being twice as profitable relative to conventional systems (LaCanne and Lundgren, 2018; Pecenka and Lundgren, 2019). Additionally, research in tomato fields in California's Central Valley showed that tomato-cotton rotations that integrated cover cropping and conservation tillage led to higher levels of soil carbon than either practice on its own (Veenstra et al., 2007). Research comparing rain fed regenerative and conventional almond (Prunus dulcis) orchards in Spain found that regenerative management can improve soil quality and ecosystem services, particularly in systems that stack regenerative practices (Soto et al., 2021).

Regenerative management in California almond orchards may influence large swaths of the agricultural community. Almond orchards are California's highest grossing crop at $6.09 billion, spanning 619,169 ha, while producing 80% of the world's supply and nearly 100% of the domestic supply of almonds (California Almond Board, 2016; CDFA, 2019, 2020). Conventional orchards are reliant on synthetic inputs for nutrient management and pest control (Wade et al., 2019). These orchards primarily maintain bare orchard floors with synthetic herbicides (in 2017, 664,158 ha of almond orchards were sprayed with glyphosate; California Department of Pesticide Regulation, 2019), leaving exposed soil for most of the year. The simplification of the landscape forces almond growers to use synthetic pesticides (16 million kg of pesticide/ year) to manage pest outbreaks (California Department of Pesticide Regulation, 2019). In California's San Joaquin Valley, agriculture is the primary driver of biodiversity loss, with certain species having lost up to 98% of their habitat range (Williams et al., 1998; Stewart et al., 2019). Glyphosate and other pesticides also have significant human health impacts (Beard et al., 2014; von Ehrenstein et al., 2019). As of 2017, 2,386 ha, only 73 farms (<1% of California's almond acreage) were certified organic (USDA-AMS, 2020). Further, organic production systems occasionally conflict with regenerative philosophies, making regenerative almond systems a rarity within the industry.

Ground cover may enhance the natural resource base of almond orchards in several ways. Exposed soils erode and lose soil carbon (Kosmas et al., 1997; Abdalla et al., 2020), with orchards and vineyards experiencing the highest levels of soil losses among cultivated landscapes (Abdalla et al., 2020). The loss of carbon via soil erosion negatively affects land and water quality, reducing yields (Lal, 2007; Lal et al., 2007). Twenty percent of the eroded SOC is mineralized and released into the atmosphere in a gaseous state (0.8–1.2 Pg C year−1), contributing to global climate change (Lal, 2007). Bare orchard floors eliminate critical habitat and resources that support beneficial invertebrates and microbial populations (Eilers and Klein, 2009; Paredes et al., 2013; Saunders et al., 2013; Vukicevich et al., 2016). Allowing for ground cover and reducing soil disturbances in vineyards increases microbial biomass (Ingels et al., 2005; Whitelaw-Weckert et al., 2007; Steenwerth and Belina, 2008; Vukicevich et al., 2019), and these soil microbes play a significant role in forming stable and chemically diverse soil organic carbon (Kallenbach et al., 2016). Increasing vegetation diversity increases invertebrate biodiversity in croplands (Root, 1973; Lundgren et al., 2009; Lundgren and Fausti, 2015) and orchards (Chaplin-Kramer et al., 2011; Paredes et al., 2013; Vukicevich et al., 2016). Invertebrate diversity, abundance, and biological network interactions limit pest pressure through predation and competition, but also in ways that remain poorly understood (Barbosa et al., 2009; Lundgren and Fausti, 2015). Further, increasing plant diversity in farmlands eliminates the yield gap between organic and conventional production systems (Ponisio et al., 2015). The impacts of increasing orchard floor vegetation coverage and reducing synthetic inputs in almond orchards involves complex chemical, physical, and biological factors which require systems-level scientific studies.

This study compared established and successful regenerative and conventional almond orchards. We hypothesize that practices that enhance soil health and carbon storage will also increase biodiversity. Specifically, we hypothesize that regenerative orchards will have higher levels of soil organic matter (SOM), Total Soil Carbon (TSC), lower soil bulk densities, higher rates of water infiltration, and more robust and diverse microbial and invertebrate populations (LaCanne and Lundgren, 2018; Fenster et al., 2021; Soto et al., 2021). We hypothesize that regenerative orchards will have reduced pest pressure relative to insecticide-treated conventional systems. Finally, we hypothesize that regenerative orchards will have lower yields while being more profitable. We believe that this improved profitability will stem from a reduction in synthetic input costs as well as a greater market value for their product (LaCanne and Lundgren, 2018). Overall, we do not believe these differences will be due to a particular management practice, but rather the interacting effects of stacked regenerative practices (Fenster et al., 2021).



METHODS

Sixteen orchards were studied in 2018 and 2019 (N = 8 each year). In 2018 four regenerative and four conventional orchards were sampled and in 2019 a new set of four regenerative and four conventional orchards were sampled. Regenerative and conventional orchard pairs were within 15.4 km of each other (mean of 3.7 km). The Web Soil Survey was used to select similar soil types for the conventional-regenerative orchard pairings (NRCS, 2021). To further establish similar soil conditions between treatments in pairs soil samples were sent to the Oregon State Soil Lab, where the sand-silt-clay composition was determined via the hydrometer technique (OSU, 2017). The farms in the study ranged from the Northern half of the San Joaquin Valley through the Capay Valley to Chico, and the clay percentages ranged from 7 to 35%. The clay percentages of the soils were strongly correlated with TSC [[image: image] = 0.52; F(1, 14) = 17.32, P = 0.001]. The clay percentages of the soils were considered as co-factors in all subsequent models that examined TSC. The average age of the trees in conventional orchards was 13.6 ± 2.96 y and the average age in the regenerative orchards was 17.6 ± 3.27 y, which was not statistically different [t(13) = −0.91, Welch P-value = 0.38]. The ages of trees in regenerative orchards ranged in years from 8 to 38 y, while in the conventional orchards, trees ranged from 3 to 25 y. All the orchards in the study were planted to at least two varieties to improve pollination (Klonsky et al., 2016), and almond varieties varied among the orchards (Table 1).


Table 1. The regenerative matrix score is the sum of regenerative practices on each farm, as determined through grower surveys.
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The treatments were defined by rankings derived from a character matrix of nine different practices that were considered as regenerative or conventional (Table 1) (LaCanne and Lundgren, 2018; Fenster et al., 2021). Engaging in a regenerative practice or abstaining from a conventional practice resulted in the farm receiving a score of 1 for that matrix category. Therefore, the maximum regenerative score a farm could receive is 9. Use of organic amendments (compost, manure, mulch, compost teas) (Bugg et al., 1994), no-till (NRCS, 2016), prescribed grazing (NRCS, 2009), maintaining ground cover through planting cover crops (NRCS, 2014) or fostering resident vegetation (Bugg et al., 1994; Kosmas et al., 1997; Abdalla et al., 2020), and planting hedgerows (Bugg et al., 1994; NRCS, 2012) were all considered regenerative and received a score of 1 in a binary system. Using non-OMRI listed insecticides, herbicides, fungicides, and fertilizers (forthwith referred to as synthetics inputs), bare soil, and tillage were all considered conventional practices, and received a 0 score. Additionally, the literature suggests that OMRI approved fungicides containing copper have detrimental environmental effects (Vukicevich et al., 2016). They do not biodegrade, thereby accumulating in agricultural soils (Wang et al., 2009), reduce microbial biomass (Kandeler et al., 1996; Fernandez-Calvino et al., 2010), and biodiversity (Tobor-Kaplon et al., 2005), while potentially limiting key groups of beneficial fungal species, such as Arbuscular Mycorrhizal fungi (Graham et al., 1986). Therefore, despite being OMRI approved, the use of fungicides containing copper resulted in orchards receiving a zero in the fungicide category. Orchards that scored 5 or greater in our matrix were declared regenerative orchards, and those that received a score of 4 or lower were categorized as conventional orchards. A minimum of five regenerative practices was used as the regenerative threshold for two reasons. First, there are five principles underlying regenerative agricultural systems: minimizing soil disturbance, eliminating or reducing agrichemical use, eliminating spatio-temporal bare soil events, maximizing plant diversity, and integrating livestock into a cropping operation (Rodale, 1983; Rhodes, 2017; LaCanne and Lundgren, 2018; Gosnell et al., 2019; Pecenka and Lundgren, 2019; Fenster et al., 2021). Furthermore, in Fenster et al. (2021) it was found that in cropland systems, farms separated into two distinct clusters based on their regenerative score. These natural groupings could be divided at the score of 5. As a result, Fenster et al. (2021) proposed that regenerative cropland operations should be defined as those operations that score a minimum of 5 out of 9 in the regenerative-conventional matrix. In this study, all the orchards that qualified as regenerative were also certified organic. However, organic certification was not a requirement for a farm being defined as regenerative in this study, and organic orchards could be considered as non-regenerative.

Four study plots were established in each orchard. The plots were 40 × 40 m and separated by at least 15 m, resulting in 64 total observation points for the study. Plots were established 20 m into the field to avoid field margin effects. Smaller plots were used in one Capay Valley regenerative orchard and one Capay Valley conventional orchard (approximately 30 × 15 m, 6 m margins) due to the smaller sizes of these orchards.


Soil Macro- and Micro-Nutrients and Haney Soil Health Score

Soil pH, soil macro, and micronutrients and Haney soil health scores were quantified in each orchard (Ward Laboratories, Kearney, NE). Four soil cores (15 cm deep, 1.9 cm diam.; N = 16), were taken from each of the four plots during the fruiting period of the orchard. The samples were taken at random locations halfway between the tree and the drip line within the wetting zone of the sprinkler/emitter (~1.5 m from the nearest tree) (Geisseler and Horwath, 2016) within each plot, at least 5 m apart, using a transect that diagonally bisected the plot. All samples were collected in the same week, and each regenerative and conventional orchard pair occurred within 24 h. Soil cores for each orchard were combined in a sealed plastic bag and placed in a cooler with dry ice (Franzluebbers et al., 2000; Haney et al., 2008). To determine SOM, the Loss on Ignition (LOI) technique was used. Soil pH was quantified using the slurry method with a 1:1 ratio soil: water (Weil and Brady, 2017). Soil nutrients levels and the Haney Soil Health Score were measured on samples that were dried at 50°C. The samples were ground to pass a 2 mm sieve and divided into three subsamples (two were 4 g each and one weighed 40 g). The 40 g soil sample was incubated for 24 h at 24°C. This sample was wetted through capillary action by adding 20 ml of deionized water to a 237 ml glass jar and then capped. After 24 h, the gas inside the jar was analyzed using an infrared gas analyzer (IRGA) (Li-Cor 840A, LI-COR Biosciences, Lincoln NE) for CO2-C. The two 4 g samples were extracted with 40 ml of deionized water and 40 ml of H3A, respectively. H3A extracts NH4, NO3, and P from soil. The extractant, H3A, is made up of organic root exudates, lithium citrate, and two synthetic chelators (DTPA, EDTA) (Haney et al., 2006). The water and H3A extracts were analyzed on a flow injection analyzer (Lachat 8000, Hach Company, Loveland CO) for NO3-N, NH4-N, and PO4-P. The water extract was analyzed on a Teledyne-Tekmar Torch C:N analyzer for water-extractable organic C and total N (WEOC and WEON). WEOC and WEON are the fraction of soil organic carbon and nitrogen present that is mobile and bioavailable to the microbial community (Zsolnay, 1996; Zhang et al., 2011; Grebliunas et al., 2016). The H3A extract was also analyzed on a Thermo Scientific ICP-OES instrument for P, K, Mg, Ca, Na, Zn, Fe, Mn, Cu, S, and Al (Haney et al., 2018).

The Haney Soil Health Score provides a general estimate of the overall health of a soil system. The score combines five independent measurements of soil biological and chemical properties, consisting of NH4-N, NO3-N, WEOC, WEON, and 1 day CO2-C. The calculation examines the balance of soil C and N and their relationship to microbial activity. This soil health calculation number can vary from 0 to > 50 (Haney et al., 2018). The Haney Soil Health Score is calculated as 1-d CO2-Carbon/10 plus Water Extractable Organic Carbon (WEOC)/50 plus Water Extractable Organic Nitrogen (WEON)/10.



Soil Classification, Bulk Density, and Gravimetric Moisture Percentage

Soil classification and surface bulk density (BD) samples were collected in three plots per farm, following the protocol outlined by the (NRCS, 2017). These samples were collected during the fruiting period in 2018 and during the bloom period in 2019. The BD cores were collected next to the soil cores destined for TSC/TSN analysis. A metal cylinder (7.62 cm wide and 12.7 cm tall) was hammered to a depth of 8 cm. Wet weights of each soil core were recorded. The samples were then allowed to air dry for at least 40 wk at ~28°C. Soil samples were then microwaved to constant weight (Usmen and Kheng, 1983). We compared the gravimetric soil moisture percentages for all the orchards as well as just the 2019 orchards, which were sampled in early March and therefore could not be affected by variations in irrigation regimes. This weight was recorded to the 0.01 g and used to calculate BD and the soil's gravimetric moisture percentage. Bulk density is calculated by dividing the mass of the dry sample by the volume of the cylinder. The soil gravimetric moisture percentage was calculated by subtracting the dry weight from the wet weight and then dividing by the dry weight and multiplying by 100. These soil samples (>200 g) were then analyzed for their sand, silt, and clay percentages using the hydrometer technique (OSU, 2017). Prior to starting the particle size separation steps, the sample was dried and particles >2 mm were removed, the sample was weighed, then organic matter and any other potential cementing-agents were removed. Sodium hexametaphosphate was added to the suspension and placed on a shaker overnight to overcome flocculation during settling. Suspension was measured using a hydrometer in 1 L of water at multiple time points to determine the specific gravity of the suspension (OSU, 2017). We determined that there were no treatment level biases in soil textures, pH, and clay percentages.



Water Infiltration Rates

Water infiltration rates were measured twice per orchard in 2019 (four regenerative and four conventional) during the bloom and fruit development stages. Samples were taken from the middle of the tree row at randomly selected locations. We followed the NRCS protocol, where 444 ml of water was poured into a sheet-metal ring (15.2 cm diam, 13.5 cm tall), which was hammered 6.5 cm into the soil (Doran, 1999). The time until all the water saturated into the soil was recorded to the nearest second. During the fruiting period in the Chico conventional orchard, the infiltration time assigned was 8,077 s with 1 cm of water remaining in the ring. This process simulates an instantaneous 5 cm of rainfall (Doran, 1999). The two samples were averaged for each farm.



Total Soil Carbon and Nitrogen (0–60 cm)

Soil samples were collected in each plot to determine TSC and total soil nitrogen (TSN). Random samples were taken halfway between the tree and the drip line within the wetting zone of the sprinkler/emitter. The probe (2.54 × 91.44 cm Plated Replaceable Tip Probe w/61 cm Window and Hammer Head Handle, AMS, American Falls, ID) was inserted 60 cm deep and the resulting soil samples (2.28 cm diameter) were partitioned into 0–5, 5–10, 10–15, 15–30, 30–45, and 45–60 cm depths. Each section of the core was placed into a plastic bag that was stored on ice until it could be transferred to a paper bag in the laboratory. Samples were weighed to the nearest 0.1 g, and then were air dried for at least 12 wk before they were prepared for elemental analysis of TSC and TSN. The air-dried weight of the soil was recorded to 0.01 g. All visible pieces of rock and organic matter were removed from the samples using tweezers, and the samples were ground using a sterilized mortar and pestle. Samples were then passed through a sieve with 0.180 mm openings. The samples were stored in manilla envelopes in a desiccator. Soil (12–15 mg) was removed from the manilla envelope and placed into tin capsules (5 × 9 mm, Costech, Valencia, CA) for elemental analysis. For each soil depth, three sub-samples underwent elemental analysis (ECS 8020, NC Technologies, Milan, Italy). To calibrate the analysis, each group of samples on a multi-sample plate consisted of five bypass samples that removed any gas or residue from the machine (12–15 mg of soil), two blanks, and four standards, 0.5–2.0 mg acetanilide (Costech, Valencia, CA), followed by the soil samples (12–15 mg). A standard was placed between every 10 soil samples to ensure accurate results. To control for the relative compaction and other circumstances associated with each vertical depth, the mass (Mg) of TSC per ha was assessed using the Equivalent Soil Mass (ESM) method, in which a cubic spline of Mg of TSC per depth layer was calculated (Wendt and Hauser, 2013). This resulted in the assessment of carbon as Mg of TSC/ha at the following ESM layers, and the average calculated depth for each reference mass is presented in parentheses: 500 Mg (6.1 cm), 1,000 Mg (11.0 cm), 1,500 Mg (15.8 cm), 3,000 Mg (30.4 cm), 4,500 Mg (45.2 cm), and 6,000 Mg (59.2 cm).



Microbial Community

Phospholipid fatty acid profiles were used to characterize the microbial communities. Soil cores (10 cm depth, 1.9 cm diam), were taken from four replicates per plot during the fruiting period. The samples were taken at random locations halfway between the tree and the drip line within the wetting zone of the sprinkler/emitter within each replicate, at least 5 m apart, using a transect that diagonally bisected the plot. All samples were collected within the same week; samples on each paired regenerative and conventional orchard occurred within 24 h. The 16 soil cores for each orchard were combined in a sealed plastic bag and placed on dry ice (Drenovsky et al., 2010). Soil samples were stored at −80°C until they could be freeze-dried and ground to 2 mm particle sizes. The microbial biomass and community composition were recorded as Total microbial biomass, Undifferentiated microbial biomass, Total bacteria, Gram-positive bacteria, Actinobacteria, Gram-negative bacteria, Rhizobia bacteria, Total fungi, Arbuscular mycorrhizal fungi, Saprophytic fungi, and Protozoa. PLFA testing was performed by Ward Laboratories in Kearney, NE (White, 1988; Zelles et al., 1992; Zelles and Bai, 1993; Ramsey et al., 2006).



Invertebrate Community

The epigeal invertebrate communities were sampled using a 15 cm tall 0.25 m2 sheet metal quadrat (Lundgren et al., 2006; LaCanne and Lundgren, 2018). The quadrats were placed at two random locations in the inter-row areas of each plot, and invertebrates collected were combined. Sampling of the invertebrate communities occurred during the bloom, fruit development, and harvest periods. The invertebrate communities were collected from the soil surface and top 2 cm of the soil with mouth-operated aspirators over 15 min, and were preserved in 70% ethanol. The biomass of the invertebrates per 0.5 m2 were weighed to the nearest 0.0001 g. Invertebrates were identified to the morphospecies level. Voucher specimens are all housed in the Mark F. Longfellow Biological Collection at Blue Dasher Farm, Estelline, SD, USA.



Plant Community

Percent ground cover and composition in each of the replicates/plots was recorded during each of the three sampling periods. The percent ground cover was categorized as 0–25, 25–50, 50–75, and 75–100%. Percent ground cover was assessed using visual assessments in each invertebrate quadrat (Hanley, 1978). The community composition and whether the ground cover was resident vegetation or planted was determined using information from farmer surveys and direct field observations.



Pest Damage

We used pest damage to almonds collected from the orchard floor as an indicator of pest incidence. Pest damage to the tree was not monitored, nor were actual pest populations scouted. We assessed pest damage on 500 almonds per farm in 2018 and 600 almonds per farm in 2019 (<20 from any one tree) (Bentley et al., 2001; Doll, 2009). In 2018, 125 almonds were randomly collected from the orchard floor diagonally across each plot, and almonds from each farm were pooled across plots. The samples were collected identically in 2019, but 150 almonds were collected per plot and were analyzed per plot. Almonds were stored in a −20°C freezer until they were inspected. The almonds were each categorized as having no pest damage, navel orange worm damage (Amyelois transitella [Walker]; Lepidoptera: Pyralidae), ant damage (Formicidae), oriental fruit moth damage (Grapholita molesta [Busck]; Lepidoptera: Tortricidae), peach twig borer damage (Anarsia lineatella Zeller; Lepidoptera: Gelechiidae), leaf footed plant bug (LFPB) or stinkbug damage (Hemiptera: Coreidae, Pentatomidae), and unknown pest damage (Bentley et al., 2001; Doll, 2009; Symmes, 2018). Regarding the no pest damage qualification, this designation was separated based upon the USDA standard for serious damage (USDA, 1998). These designations were: zero pest damage and no serious pest damage (still edible and would make a USDA grade). The almonds that fell in the less strict standard (no serious pest damage) were those that had slight discolorations and/or indentations, indicative of minor LFPB or stinkbug damage, while still making an edible USDA grade (USDA, 1998).



Nutrient Density

We quantified the nutrient composition of 500 almonds per orchard in 2018 and 600 almonds per orchard in 2019 (<20 from any one tree). In 2018, 125 almonds were randomly collected from the orchard floor diagonally across each plot, and almonds from each farm were pooled across plots. The samples were collected identically in 2019, except the 150 almonds per plot were not pooled across plots. Almonds were analyzed for the following nutrients at mg/g basis: Total Carbon, Total Nitrogen, Phosphorus, Potassium, Calcium, Magnesium, Sodium, Sulfur, Zinc, Iron, Manganese, Copper, Boron, Aluminum, Molybdenum (Regen Ag Labs, Pleasanton, NE). To quantify the overall nutrient profile of the almonds we utilized the Shannon index (H′), Simpson index (DS), and Peilou's community evenness index (J). Briefly, almonds (30 g; stored at −20°C) were ground to pass through a 1 mm sieve. Total Carbon and Nitrogen was determined via dry combustion elemental analysis using a LECO 928C/N analyzer (LECO, St. Joseph, MI). For the other nutrients, the ground almonds were digested with nitric and hydrochloric acid to burn off organic matter. Hydrogen peroxide was then added to dissolve any fats and oils within the sample. The samples were brought to a high boiling point and then cooled under the hood. Once cooled, the samples were brought to volume, mixed, and filtered. Finally, the digested samples were placed into test tubes and the nutrient levels were determined via inductively coupled plasma mass spectrometry (Thermo iCAP 7400 ICP-OES Duo, ThermoFisher Scientific, Waltham, MA).



Economic Analyses

A producer survey was used to determine management practices, costs, and revenues that contributed to the direct net profitability of each operation (Supplementary Materials). Under production operating costs, the study included costs associated with winter sanitation, sampling for tree nutrient status and soil salinity, pH, and nutrient levels, irrigation and frost protection, fertilizers, insecticides, herbicides, fungicides, disease treatment sprays, trapping vertebrate pests, cover crop seed/bag, tillage, mowing, flamers, grazers, and harvest. Within the harvest category the study factored the hourly labor to conduct the harvest and/or the price paid to external contractors, kernel kg/ha, returns, and additional revenue streams such as almond hulls and co-products, as well as returns on harvesting the grazing livestock (Klonsky et al., 2016). No farm in the study reported additional revenue from grazers or additional revenue streams such as almond hulls, but two regenerative orchards reported revenues from selling value added products, such as almond butter. Under labor and operating costs, the study included people hours worked at a rate of $18.90/h (Klonsky et al., 2016; Yaghmour et al., 2016). For the yield analysis, one conventional (too young) and one regenerative orchard (information not supplied) from the Capay Valley were not included. For the profitability analysis, in addition to the two orchards we excluded from the yield analysis, we omit an additional regenerative orchard, as its 2019 revenue numbers have not yet come in (N = 13).



Data Analysis

Unless otherwise noted, data are reported as mean values followed by ±SE and α = 0.05. Analyses were performed in R (R development Core Team, https://www.r-project.org/, version 4.0). The study used the lme4 package to create the General Linear Mixed Models (GLMM) (Bates et al., 2015). To calculate the biodiversity indices we used the vegan: Community Ecology package (Oksanen et al., 2019). For non-parametric statistical calculations and comparing models the study used the RVAideMemoire: Testing and Plotting Procedures for Biostatistics and the Modern Applied Statistics with S. Fourth Edition packages (Brian et al., 2002; Hervé, 2020). For linear regression analysis and performing the Bonferroni Outlier Test, the analyses used the Companion to Applied Regression (car) package (Fox and Weisberg, 2019). The R base package was used for the multivariate analyses and the micompr R package (Fachada, 2018) was used to ensure the assumptions were met for those analyses (Supplementary Materials). The R package Rstatix (Kassambara, 2020) was used to determine collinearity. Th R base package and ggplot2 (Wickham, 2016) were used for the Principal Component Analysis (PCA).

We used univariate analyses to test whether regenerative and conventional orchards differed in their TSC, TSN, BD, water infiltration rates, macro and micro nutrients, microbial communities, invertebrate biomass, invertebrate and Arthropoda abundance, the Shannon-Wiener diversity Index (H′), species richness, species evenness, pest damage, the particular nutrient levels of the almonds, as well as nutrient distribution in the almonds as determined by H′, DS, and Pielou's Evenness (J), yield, revenue, costs, and profitability. As is standard practice, the vegan package log transformed the count of the invertebrate morphospecies to derive the H′ index. MANOVA was used to confirm the patterns in soil and biological response variables that were revealed by our univariate assessments, and investigate whether or not collinearity among the response variables was a driver of these relationships (Supplementary Table 1). Principle Component Analysis (PCA) was used to assess the interactions among the soil quality and biological metrics, as well as the importance of management practices in determining those metrics. Further, this analysis was used to determine whether our designation of regenerative and conventional orchards accurately distinguished the response variables we observed. To evaluate the association between management practices with the first two components of the ordination, we conducted Spearman rank correlations. The False Discovery Rate correction (FDR) was used to adjust for multiple comparisons. Similarly, Spearman rank correlations were used to assess the degree of association among the soil quality and biological metrics. Since the PCA used a wide range of metrics we used the prcomp command (Center = TRUE, scale. = TRUE) in base R to center and scale the model before performing the PCA. Center = TRUE, centers the variables so they have a mean of zero, while scale = TRUE scales the variables to have a standard deviation of one.



Soil Nutrients, Haney Scores, and SOM

During data collection these samples were pooled at the farm level, resulting in N = 16. The data was mostly normally distributed, so Welch's paired t-test was used for those samples. The exceptions were: total Phosphorus, inorganic Phosphorus, organic Phosphorus, and available Phosphorus. For these samples neither the data nor the residuals of the one-way ANOVA model were normally distributed, so we utilized the non-parametric Mood's Median test.



Soil Bulk Density, Water Infiltration, and Gravimetric Moisture Percentage

Soil BD and gravimetric moisture percentage data was averaged across plots and analyzed at the farm level (N = 16). Soil water infiltration rates were only measured on the eight farms sampled in 2019. Water infiltration data was averaged across sampling trips and analyzed at the farm level (N = 8). All these variables were analyzed using one-way ANOVA.



Total Soil Carbon and Nitrogen

Total soil carbon and total soil nitrogen data was analyzed at the plot level, with GLMM's used to analyze the data. To investigate how Total soil carbon and total soil nitrogen varied across soil depths in regenerative and conventional orchards, we ran GLMM's. Total soil carbon or total soil nitrogen in the various ESM layers were the response (Re) variables, treatment and clay percentage were the fixed factors (F), and farm was the random factor (Ra), [ESM Layer TSC/TSN(Re) × Treatment(F) + Clay%(F) + Farm(Ra), Number of observations = 49, groups: Farm = 16]. The second GLMM designated TSC as the response variable, the years regenerative, years conventional and clay percentage as fixed factors, and farm was the random factor [ESM Layer TSC(Re) × Years Regenerative/Years Conventional(F) + Clay%(F) + Farm(Ra), Number of observations = 49, groups: Farm = 16]. These models were run for the 0–3,000 Mg and 0–6,000 Mg ESM depth layers. As we only took three surface BD/soil texture samples per farm, one TSC/TSN soil sample per farm was randomly excluded from the GLMMs. Most of these models used a Gaussian distribution with the Gauss-Hermite approximation set to 1 (corresponding to the Laplace approximation; Bates et al., 2015). However, when examining TSC and TSN between the 3,000–6,000 Mg ESM layers the GLMM had to be built using a Gamma distribution. Additionally, the integer scalar was set to zero which optimized the random and fixed-effects coefficients in the penalized iteratively reweighted least squares step (Bates et al., 2015). Due to the current interest in utilizing regenerative management to sequester carbon we isolated the effect of each regenerative practices by analyzing the effect of all the regenerative management practices and soil clay percentage on TSC via multiple regression.



Microbial Community

During data collection these samples were pooled at the farm level, resulting in N = 16. While the data itself tended not to be normally distributed, the residuals from the one-way ANOVA models tended to be normally distributed allowing for the use of one-way ANOVA for most of these analyses. The exceptions were: Gram (–) %, Rhizobia Biomass, Rhizobia %, Sat: Unsat, Mono: Poly, Gram (+): Gram (–). For these samples neither the data nor the residuals of the one-way ANOVA model were normally distributed, so we utilized the non-parametric Mood's Median test.



Plant Community

Plant species richness and ground coverage (0–25, 25–50, 50–75, 75–100%) were analyzed at the farm level (N = 16). Plant species richness was assessed using one-way ANOVA analysis and ground coverage was assessed using Mood's Median test.



Invertebrate Community

To compare invertebrate biomass, diversity, and species richness among conventional and regenerative orchards we averaged these metrics across plots and sampling trips, resulting in this data being analyzed at the farm level (N = 16). This normalized the data allowing for the use of Welch's paired t-test to analyze this data.



Pest Damage

To compare pest damage among regenerative and conventional orchards the data was averaged at the farm level (N = 16) and one-way ANOVA analysis was used.



Relationship Between Invertebrate Diversity and Pest Damage

To analyze the relationship between invertebrate biodiversity and pest damage we built separate GLMM's. Pest damage was the response variable, H′ and species richness were the fixed factors, and farm was the random factor [Diversity Index(Re) × Treatment (F) + Farm (Ra); N = 40. Groups: Farm = 16]. These models used a Gaussian distribution with Gauss-Hermite approximation set to 1 (corresponding to the Laplace approximation) (Bates et al., 2015).



Almond Nutrient Density

To analyze differences in nutrient levels and the distribution of nutrients within the almonds we used a GLMM. Nutrient type was the response variable, treatment was the fixed factor, and farm was the random factor [Nutrient/Nutrient Distribution (Re) × Treatment (F) + Farm (Ra); N = 40, groups: Farm = 16]. These models used a Gaussian distribution with Gauss-Hermite approximation set to 1 (corresponding to the Laplace approximation; Bates et al., 2015).



Yield and Profitability

Yield (N = 14) and profitability data (N = 13) was collected at the farm level. This data was normally distributed, resulting in the use of Welch's paired t-test to analyze this data.




RESULTS


Soil Nutrients and Health

Soil macronutrients and micronutrients were calculated on a per farm basis (N = 16) (Table 2). Regenerative orchards contained higher levels of Water Extractable Organic Matter (WEOM), which is comprised of WEON and WEOC. Regenerative orchards also had higher levels of total Phosphorus, inorganic Phosphorus, available Phosphorus, Calcium, and Sulfur. Conventional orchards had significantly more aluminum than regenerative orchards. The soil quality index, Haney Soil Scores, were higher in regenerative orchards (Figure 1).


Table 2. Soil nutrients in regenerative and conventional orchards (N = 16).
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FIGURE 1. Haney soil health scores in regenerative and conventional almond orchards (mean ± SEM, N = 16 orchards; Welch's two-sample t-test; α = 0.05).




Soil Bulk Density, Water Infiltration, and Gravimetric Moisture Percentage

The soils in regenerative orchards had lower bulk densities and more effectively infiltrated water. The mean surface BD in regenerative orchards was 1.16 ± 0.02 g/cm3, and in conventional orchards it was 1.33 ± 0.05 g/cm3 [N = 16; [image: image] = 0.45, F(2, 13) = 7.02, treatment P = 0.004, clay P = 0.21]. In conventional orchards, the mean amount of time it took 444 ml of water to infiltrate the soil was 3,855 ± 1,213 s, and in regenerative orchards it was 609 ± 302 s [N = 8; [image: image] = 0.45, F(1, 6) = 6.74, P = 0.04] (Figure 2). Gravimetric soil moisture percentage was higher in regenerative orchards when comparing all the orchards and when only the 2019 orchards were compared (orchards in which we tested for water infiltration). The mean soil gravimetric moisture percentage of all the regenerative orchards was 25 ± 2% and for all the conventional orchards it was 18 ± 2% [N = 16; [image: image] = 0.22, F(1, 14) = 5.21 P = 0.04].


[image: Figure 2]
FIGURE 2. Time required for soils to infiltrate a 5 cm rain event (One-way ANOVA; mean ± SEM, N = 8 orchards, α = 0.05). Water infiltration rates were measured once per orchards during bloom and fruit development in 2019. A smaller number means that water infiltrated into the soil at a faster rate.




Total Soil Carbon and Nitrogen and Soil Organic Matter

Regenerative orchards had significantly higher levels of TSC, TSN, through all the ESM strata (0–6,000 Mg ESM layers; Figure 3; Table 3). Through the 0–6,000 Mg ESM layer (Total TSC Mg /ha) regenerative orchards had 54.52 ± 4.76 Mg TSC/ha, while conventional orchards contained 41.37 ± 7.27 Mg TSC/ha. Through the 6,000 Mg ESM layer, regenerative orchards had significantly higher TSC, and the amount of TSC increased as soil clay increased [ESM Layer TSC/TSN(Re) × Treatment(F) + Clay%(F) + Farm(Ra); Table 3]. Through the 6,000 Mg ESM layer, regenerative orchards contained 5.96 ± 0.45 Mg TSN/ha, while conventional orchards contained 5.00 ± 0.53 Mg TSN/ha (Table 2). The TSC:TSN ratio in regenerative orchards through the 6,000 Mg ESM layer was 9.42 ± 0.41 and in conventional orchards it was 8.01 ± 0.66 (N = 49; treatment: [image: image] = 3.46, P = 0.06; clay: [image: image] = 7.13, P = 0.01). Regenerative orchards had significantly more SOM% than conventional orchards, 3.88 ± 0.39 and 2.39 ± 0.47%, respectively [N = 16, P = 0.03, t(−13) = 2.45].


[image: Figure 3]
FIGURE 3. The differences in carbon and nitrogen through the 0–6,000 mg Equivalent Soil Mass (ESM) layer (~0–60 cm) in regenerative and conventional almond orchards (mean ± SEM). Statistical significance was determined using Linear Mixed Models, in which treatment and clay percentage were fixed factors, and farm was a random factor (N = 49 observations across 16 orchards, α = 0.05).



Table 3. The differences in carbon and nitrogen at different soil depths in regenerative and conventional almond orchards.
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Total Soil Carbon and TSN varied by treatment among the different soil depths. In the top 1,000 Mg ESM of soil, regenerative orchards had significantly more TSC and TSN, regardless of how much soil clay was present (Table 3). Clay became a significant factor in determining TSC at the 1,500 Mg ESM layer, but with TSN, clay was not a significant factor until the 3,000 Mg ESM layer (Table 3). The greatest percentage of TSC was found at the 0–500 Mg ESM layer. In regenerative systems the 0–500 Mg ESM layer accounted for 32% of the systems' TSC and 30% of its TSN. In conventional systems it accounted for 19% of the TSC and 17% of the TSN. The 0–1500 Mg ESM layer accounted for 54% of the TSC and 50% of the TSN in regenerative systems, while in conventional systems this layer contained 39% of the TSC and 35% of the TSN. The 0–3000 Mg ESM layer accounted for 72% of the TSC and 69% of the TSN in regenerative systems and 63% of the TSC and 59% of the TSN in conventional systems. Between the 3,000 and 6,000 Mg ESM layers there was no difference in TSC (N = 49; treatment: [image: image] = 0.10; P = 0.75; clay: [image: image] = 35.79; P < 0.001) and TSN (N = 49; treatment: [image: image] = 0.46, P = 0.50; clay: [image: image] = 32.29, P < 0.001) based on treatment.

The duration that these orchards had been in their respective systems had significant effects on soil carbon. The year by management type interaction term of the general linear mixed model was significant [ESM Layer TSC(Re) × Years Regenerative/Years Conventional(F) + Clay%(F) + Farm(Ra)]. Through the 3,000 Mg ESM layer, number of years under regenerative management correlated with increasing TSC (N = 49; [image: image] = 5.86, P = 0.02), while conventional management correlated with decreasing TSC ([image: image] = 4.85, P = 0.03; clay: [image: image] = 31.88, P < 0.001). Similarly, when we examined 0–6,000 Mg ESM layer in relation to time, regenerative management correlated with the buildup of TSC (N = 49; treatment: [image: image] = 8.07; P = 0.005; clay: [image: image] = 33.00; P < 0.001), and years under conventional management correlated significantly with reductions in TSC (N = 49; treatment: [image: image] = 10.20; P = 0.001; clay: [image: image] = 42.13; P < 0.001).

Ground cover was the parameter best correlated with TSC through the soil column. Multiple regression models revealed that keeping 75–100% of the ground covered with vegetation was the sole practice that scaled with TSC through the 6,000 Mg ESM layer [N = 16; [image: image] = 0.78, F(7, 8) = 8.79, model P = 0.003, ground coverage P = 0.01, clay P = 0.01].



Microbial Community

Several metrics of soil microbial community structure were significantly different between regenerative and conventional orchards (N = 16; Table 4 and Supplementary Table 1). Soils in regenerative orchards contained greater total microbial biomass (ng/g) (Figure 4), total bacterial biomass, Gram (+) biomass, and Actinobacteria biomass (Table 4 and Supplementary Table 1). For many of these microbial community metrics there was no statistical difference between the regenerative and conventional orchards (P > 0.05). Conventional orchards never had greater metrics of microbial community structure than regenerative orchards.


Table 4. The soil microbial community in regenerative and conventional almond orchards.
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FIGURE 4. Total microbial biomass collected from the soil in regenerative and conventional almond orchards (mean ± SEM, N = 16 orchards, α = 0.05). This sampling occurred during the fruiting period.




Plant Community

Regenerative orchards had significantly more plant cover on the soil surface than conventional orchards. For regenerative orchards, the median ground coverage percentage category was 75–100% and for conventional orchards it was 0–25% (N = 16; [image: image] = 9.14, Mood's P = 0.002). Additionally, regenerative orchards averaged more plant species on the floors of their orchards. The mean number of plant species on the orchard floor in regenerative orchards was 7.0 ± 0.7 and in conventional orchards it was 2 ± 0.7 [N = 16; [image: image] = 0.60, F(1, 14) = 23.14, P < 0.001].



Invertebrate Community

We identified 275 different invertebrate morphospecies (270 arthropod morphospecies) from almond orchards, totaling 12,414 individuals. Larvae and adults were considered separate morphospecies, as adults and larvae serve distinct ecological functions (Pecenka and Lundgren, 2019) (Supplementary Table 2). The invertebrate species consisted of eight classes across 23 orders: Araneae, Blattodea, Coleoptera, Dermaptera, Diptera, Entomobryomorpha, Geophilomorpha, Hemiptera, Hymenoptera, Julida, Lepidoptera, Lithobiomorpha, Neuroptera, Oniscidea, Opiliones, Opisthopora, Orthoptera, Psocoptera, Solifugae, Spirobolida, Stylommatophora, Symphypleona, Thysanoptera. The orders containing the highest number of morphospecies were: Coleoptera (99), Hemiptera (39), Araneae (36), Diptera (30), and Hymenoptera (28). The most abundant orders were Entomobryomorpha (3,785), Opisthopora (2,136), Hymenoptera (1,527), Coleoptera (1,274), Oniscidea (986), Araneae (827), Diptera (347), Hemiptera (305), Dermaptera (157), Lithobiomorpha (131).

Invertebrate community structure was significantly different in the regenerative and conventional orchards. Invertebrate biomass [N = 16; t(12) = −3.15, P < 0.001] and abundance [N = 16; t(13) = −3.86, P = 0.002] were significantly higher in regenerative orchards. Invertebrate biomass in regenerative orchards was 5.94 ± 0.54 g per m2, while the invertebrate biomass in conventional orchards was 1.09 ± 0.39 g per m2 (Figure 5). Invertebrate abundance in regenerative orchards was 173.92 ± 17.88 per m2, while invertebrate abundance in conventional orchards it was 84.71 ± 14.68 per m2. Arthropod (excluding Opisthopora and Gastropoda) abundance was significantly greater in regenerative orchards than in conventional orchards [N = 16; t(12) = −2.42, P = 0.03]. The mean arthropod abundance in regenerative orchards was 141.16 ± 23.55 per m2 and the mean arthropod abundance in conventional orchards was 72.60 ± 15.68 per m2. Mean earthworm (Lumbricina) abundance in regenerative orchards was 24.70 ± 6.18 m−2, while earthworm abundance in conventional orchards was 4.92 ± 1.60 per m2 [n = 16; t(7) = −3.10, P = 0.01].


[image: Figure 5]
FIGURE 5. Invertebrate biomass and diversity (Shannon H) of the epigeal invertebrate communities in regenerative and conventional orchards (mean ± SEM, N = 16 orchards, Welch's two-sample t-test; α = 0.05). Invertebrate communities were collected during the bloom, fruit development, and harvest periods.


Regenerative orchards were significantly richer in invertebrate and arthropod morphospecies, while having more evenly distributed arthropod communities. The mean species richness of all invertebrates in regenerative orchards was 13.28 ± 1.32 and the mean species richness in conventional orchards was 6.66 ± 0.92 [N = 16; t(12) = −4.13, P = 0.001]. The mean species richness of arthropods in regenerative orchards was 12.31 ± 1.32 and in conventional orchards it was 6.08 ± 0.84 [N = 16; t(12) = −3.97, P = 0.002]. The mean J′ of invertebrates in regenerative orchards was 0.70 ± 0.02 and in conventional orchards it was 0.68 ± 0.04 [N = 16; t(11) = −0.45, P = 0.66]. The mean J′ of arthropods in regenerative orchards was 0.76 ± 0.02 and in conventional orchards it was 0.67 ± 0.04 [N = 16; t(11) = −2.15, P = 0.049].

Regenerative orchards were significantly more diverse than conventional orchards, with higher levels of invertebrate and arthropod H′. The mean H′ of all invertebrates in regenerative orchards was 1.69 ± 0.12 and the mean H′ in conventional orchards was 1.10 ± 0.12 [N = 16; t(13) = −3.34, P = 0.01] (Figure 5). These findings continue to hold true when we assessed arthropod H′. In this case, H′ of arthropod morphospecies in regenerative orchards was 1.75 ± 0.10 and H′ in conventional orchards was 1.05 ± 0.12 [N = 16; t(13) = −4.40, P = 0.001].



Pest Damage

Pest damage was similar in regenerative and conventional orchards. Using the stricter criteria of zero pest damage the mean percent of undamaged almonds in regenerative orchards was 92.6 ± 2.5%, while the mean percent of undamaged almonds in conventional orchards was 91.0 ± 1.3% [N = 16 [image: image] = −0.04, F(1, 14) = 0.33, P = 0.57]. Running the Bonferroni P outlier test indicated that one regenerative orchard was a significant outlier (P = 0.004). Without this outlier the mean percent of undamaged almonds in regenerative orchards increased to 94.9 ± 1.1% [N = 16 [image: image] = 0.21, F(1, 14) = 4.52, P = 0.055]. Using the less strict standard, no serious pest damage, the mean percent of almonds without pest damage in conventional orchards was 95.3 ± 1.0% and in regenerative orchards it was 94.2 ± 2.0% [N = 16 [image: image] = −0.05, F(1, 14) = 0.26, P = 0.62]. Again, the Bonferroni P outlier test indicated that one regenerative orchard was a significant outlier (P < 0.001). Without this outlier the mean percent of undamaged almonds in regenerative orchards increased to 96.1 ± 1.0%, with no difference among the percentage of undamaged almonds in regenerative and conventional orchards [N = 16, [image: image] = −0.03, F(1, 13) = 0.60, P = 0.45].

The GLMM's [Zero Pest Damage (Re) × Diversity (F) + Farm (Ra)] for the stricter criteria, zero pest damage, found significant correlations between invertebrate diversity (N = 40; [image: image] = 7.34, P = 0.01) and species richness (N = 40; [image: image] = 4.18, P = 0.04) and reduced pest damage. The GLMM's [No Serious Pest Damage (Re) × Diversity (F) + Farm (Ra)] for the less strict criteria, no serious pest damage, also found significant correlations between H′ (N = 40; [image: image] = 5.50, P = 0.02) and species richness (N = 40; [image: image] = 4.23, P = 0.04) and reduced pest damage.



Nutrient Density

One metric of almond nutrient density was significantly different between regenerative and conventional orchards (N = 16; Table 5). Almonds in regenerative orchards contained higher levels of magnesium (Table 5). To better understand this difference, we ran a GLMM with years under regenerative management and years under conventional management as fixed factors. This model reveals that magnesium is negatively correlated with years under conventional management (N = 40; years conventional: [image: image] = 5.22, P = 0.02; years regenerative [image: image] = 0.60, P = 0.27). Further, there was no difference between regenerative and conventional orchards when we used H′, DS, or J to examine the overall nutrient profile of the almonds (P > 0.05) (Table 5).


Table 5. The nutrient levels in the almonds.
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Yield and Profitability

There was no difference in yield between conventional (1,920 ± 315 kg/ha) and regenerative orchards (1,338 ± 248 kg/ha) [N = 14; t(11) = 1.45, Welch P = 0.17]. The yields in conventional orchards ranged from 538 kg/ha (480 lb/ac) to 3,026 kg/ha (2,700 lb/ac), with the yields in regenerative orchards ranging from 705 kg/ha (629 lb/ac) to 2,466 kg/ha (2,200 lb/ac).

Regenerative orchards were approximately twice as profitable as conventional orchards (Figure 6). The profitability of regenerative orchards [including value added products like almond butter was $15,055 ± 2,853 per ha ($6,093 ± 1,155 per ac)]. Since none of the conventional orchards sell value-added product, we only use the profit/revenue associated from selling solely almonds in subsequent analyses. The profitability of regenerative orchards not accounting for value-added products was significantly higher in the regenerative orchards vs. the conventional orchards ($5,299 ± 1,090 vs. $2,877 ± 733 per ac) [N = 13; t(9) = −2.32, P = 0.045] (Figure 6). The operating costs of regenerative orchards were $3,402 ± 425 per ha and for conventional orchards they were $2,494 ± 90.32 per ha [N = 15; t(6) = −0.86, P = 0.42]. Gross revenue of regenerative orchards was $18,178 ± 3,033 per ha and for conventional orchards it was $9,587 ± 1,851 per ha [N = 13; t(8) = −2.42, P = 0.04].
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FIGURE 6. Net profitability of regenerative and conventional almond production systems (Welch's two-sample t-test; mean ± SEM, N = 13, α = 0.05). A producer survey was used to determine management practices, costs, and revenues that contributed to the direct net profitability of each operation. One conventional and two regenerative orchards were not included.




Interactions Among Soil, Biodiversity, and Management Practices

Principal Component Analysis confirmed our distinct treatments, and revealed that nearly all management practices were correlated with improved soil and biological properties of the orchards. Two distinct clusters separated along the first principal component, relating to farms being designated as regenerative or conventional (Figure 7). All of the soil quality and biological community metrics (BD, TSC, TSN, TSP, microbial biomass, actinobacteria biomass, invertebrate H′, and invertebrate biomass) were significantly correlated with the first component of the ordination plot, with the first component explaining 61.48% of the variance (Figure 7). Additionally, the correlations showed that, moving toward the left side of the plot along principal component 1, orchards had lower soil bulk densities, higher levels of TSC, TSN, and TSP, greater microbial and actinobacteria biomasses, and larger and more diverse invertebrate communities (Figure 7). Permanent ground coverage, avoiding synthetic agrichemical inputs, and using organic amendments/compost teas were significantly correlated with the first component of the ordination plots (Figure 7). These correlations demonstrated that these are the critical management practices driving the improved soil quality and biological community metrics associated with regenerative orchards. Of the soil quality and biological community metrics, only microbial and actinobacteria biomass were significantly correlated with the second principal component, with none of the management practices significantly correlating to the second principal component (Figure 7). These correlations showed that moving down the plot toward the bottom results in greater microbial and actinobacteria biomasses. However, as none of the management practices correlated to the second principal component, it seems likely that there may be other correlated factors outside of the analysis that may not be causal (Figure 7). We also analyzed whether gravimetric soil moisture (PC1: P = 0.08, PC2: P = 0.89) or soil clay percentage (PC1: P = 0.96, PC2: P = 0.11) correlated to either to first or second principal component and neither of these variables were significantly correlated.


[image: Figure 7]
FIGURE 7. Principle Component Analysis of 16 almond orchards based on eight soil quality and biological community metrics. Blue points represent farms defined as regenerative and red points represent farms defined as conventional in the study. Spearman correlation coefficients are listed for associations of principle components 1 and 2, with soil quality/biological community metrics and with management practice importance. Coefficients in bold indicate significant correlations following False Discovery Rate Adjustment.





DISCUSSION

Regenerative management in almond orchards improved soil quality and increased biodiversity while producing almonds profitably. Nearly every major metric (soil carbon and micronutrient levels, water infiltration rates, and soil health indices) were improved on regenerative orchards vs. their conventional counterparts. Soil microbiology, plant community, and invertebrates (including earthworms) were also enhanced in regenerative systems, while pest damage to the nuts were equivalent in the regenerative and conventional orchards, with increasing invertebrate biodiversity correlating to reduced pest damage. Overall almond nutrient levels and yields were equivalent in the two treatments. Finally, profits were nearly doubled in the regenerative systems relative to their conventional counterparts. The soil and biological properties of the orchards were interconnected and produced by a combination of management practices, rather than just by one or two practices.


Soils

The soils in regenerative orchards contained higher levels of total phosphorus, inorganic phosphorus, available phosphorus, calcium, and sulfur, while receiving higher Haney soil quality scores. Multiple studies have found that soils with minimal disturbance and permanent ground cover provide significant benefits with regards to BD, soil carbon, and the labile SOM pool (Kosmas et al., 1997; Steenwerth and Belina, 2008; Blanco-Moure et al., 2016; Awale et al., 2017; LaCanne and Lundgren, 2018; Soto et al., 2021). With global supplies of phosphorus being depleted, and soil erosion being recognized as a key factor (Alewell et al., 2020), making phosphorus levels within the soils bioavailable to plants will be critical to maintain agricultural productivity. Calcium and sulfur are important nutrients for balancing soil texture and pH, and are essential nutrients for plants (Duke and Reisenauer, 1986; Tuteja and Mahajan, 2007). Although regenerative practices increased the abundance of specific nutrients, additional research is necessary to know whether regenerative systems have a more favorable balance of these nutrients for plant and animal growth (Parent et al., 2012). The Haney soil health score helps to give a picture of the overall balance of the soils chemical and biological properties that theoretically should reflect the relative abundances of micronutrients like calcium and sulfur, since these nutrients affect the health and productivity of soils. We hypothesize that the higher nutrient levels in the soils of regenerative orchards are due to these orchards integrating multiple regenerative practices which foster robust microbial and invertebrate communities and build topsoil, with conventional orchards probably losing topsoil to erosion (Martínez-Mena et al., 2020).

Compared to conventional orchards, regenerative orchards had 32% more TSC and 19% more TSN. These results generally align with (Soto et al., 2021) that found regenerative orchards using no till and organic amendments had 31% more SOC and 16% more TSN in the upper 20 cm of soil. The greatest percentage of TSC and TSN occurred in the upper soil levels, with the highest percentage in the 0–500 Mg ESM layer and no difference among regenerative and conventional orchards in the 3,000–6,000 Mg ESM layer (Table 4). Furthermore, the concentrations of TSC and TSN in the upper soil layers suggest that orchards' stock TSC and TSN are sensitive to orchard floor management decisions (Demestihas et al., 2017; Montanaro et al., 2017). This notwithstanding, there was value in sampling 15 cm below the root zone of almond orchards, as we did in this study (Olson and Al-Kaisi, 2015). We only observed changes in soil carbon and nitrogen in the 0–3,000 Mg EMS layer (0–30 cm) (Table 4), which may be because nearly all almond roots are in the 0–45 cm depth. Still, while the majority of the TSC and TSN occurs in the 0–3,000 Mg ESM layer, 27% of the TSC stocks of regenerative orchards and 40% of the TSC stocks of conventional orchards occur in the 3,000–6,000 Mg ESM layer (Table 4), signifying the importance of sampling to greater depths to get a more thorough accounting of almond orchards' carbon stocks (Olson and Al-Kaisi, 2015; Tautges et al., 2019). While this study did not conduct a carbon life cycle analysis, the fact that regenerative orchards contained an additional 13.15 Mg/carbon/ha (48.26 Mg/CO2 equivalents/ha), 30% more than their conventional counterparts, suggests that regenerative management in almond orchards could play a significant role in carbon sequestration.

The duration of conventional or regenerative management strongly affected soil carbon levels. The literature suggests that orchards which eliminate spatiotemporal events of bare soil while integrating organic amendments may be able to eliminate their carbon losses and build soil carbon over time (Kosmas et al., 1997; Demestihas et al., 2017; Montanaro et al., 2017; Martínez-Mena et al., 2020; Soto et al., 2021). This study's models support this hypothesis with the models, indicating positive correlations between years in regenerative farming and increasing soil C. In a meta-analysis of cover cropping and soil carbon sequestration rates, Poeplau and Don (2015) found that the integration of cover crops increased soil carbon sequestration at a rate of 0.32 ± 0.08 Mg/ha/yr through a sampling depth of 22 cm. Similarly, Ryals and Silver (2013) found a one-time compost application to grazed grasslands increased soil carbon accumulation at a rate of 1 Mg/ha/yr. Our findings suggest that regenerative management in almond orchards can play a critical role in preventing carbon losses, while also sequestering carbon. However, longer term studies, particularly transitional studies, are needed to ascertain a more exact rate at which regenerative orchards are building TSC and conventional orchards are losing it. Additionally, our results show soil clay percentage to be a significant determinant, supporting the inclusion of soil textures in future studies on this topic.



Water

When compared to conventional orchards, regenerative orchards had lower soil bulk densities, higher gravimetric moisture percentage, and faster water infiltration rates. The same patterns were observed before and after irrigation. Research indicates that greater porosity is found in soils with lower bulk densities, thereby allowing water to infiltrate more effectively through the soil (Weil and Brady, 2017). Additionally, increasing soil carbon improves the water holding capacity of soils; one estimate is that each 1% increase in SOM increases a soil's water holding capacity by 187,000 L/ha (Nichols, 2017). The higher soil moisture percentages found in the regenerative orchards suggest that regenerative orchards more effectively retained water than their conventional counterparts. Additionally, Martínez-Mena et al. (2020) found that implementing regenerative practices in almond orchards reduced water run off by 65%. The faster water infiltration rates and higher soil moisture percentages found in regenerative orchards, combined with their significantly higher levels of soil carbon/organic matter, suggests the regenerative management in almond orchards could assist California in meeting its Sustainable Groundwater Management Act ground water recharge goals.



Plant Community

Higher levels of soil carbon in the regenerative orchards can be attributed in part to ground cover protecting soil aggregates, reducing erosion rates (Kosmas et al., 1997; Peregrina et al., 2010; Montanaro et al., 2017; Abdalla et al., 2020; Soto et al., 2021), and lowering decomposition rates by lowering soil temperatures (Almagro et al., 2016; Blanco-Canqui and Francis, 2016). Of all the management practices analyzed in the model, permanently maintaining orchard floor ground cover was significantly correlated with TSC at the 0–6,000 Mg ESM layer. Although maintaining ground cover is important, multi-functional almond orchards require an interwoven system of regenerative practices to be successful (Fenster et al., 2021).

Compared to conventional orchards, regenerative orchards averaged more plant species and significantly more plant biomass on their orchard floors, with a median ground coverage percentage category of 75–100%, while the median for conventional orchards was 0–25%. As the primary avenue through which energy enters the ecosystem, plants are a critical component of the carbon cycle (Weil and Brady, 2017), and drive the biodiversification of the entire system (Zak et al., 2003; Bianchi et al., 2006; Saunders et al., 2013). Additionally, plant communities play direct and indirect roles in determining soil quality in orchards (Demestihas et al., 2017; Montanaro et al., 2017; Weil and Brady, 2017), influencing, soil carbon, water infiltration rates, soil aggregate structure, and BD (Gulick et al., 1994; Liu et al., 2005; Martínez-Mena et al., 2020; Soto et al., 2021). In this study, there were several ways that farmers diversified the plant communities, including allowing resident perennial vegetation cover to persist, and deliberately planting annual cover crops and hedgerows to foster biodiversity in their operations.



Microbial Community

Overall microbial biomass, bacteria biomass, Gram+ biomass, and Actinobacteria (a Gram+ bacteria) biomass were all significantly higher in regenerative orchards. Furthermore, microbial biomass and Actinobacteria biomass were significantly correlated to improvements in TSC, TSN, phosphorus, BD, and the invertebrate community. More robust microbial communities are associated with improved nutrient cycling and higher functioning soils (Steenwerth and Belina, 2008; Vukicevich et al., 2016, 2019; Weil and Brady, 2017). Actinobacteria, which share behavioral traits with both fungi and bacteria, produce growth-promoting compounds and metabolites such as antibiotics which are critical in helping host plants ward off pathogens (Subramanian et al., 2016). The growth promoting compounds that Actinobacteria produce help their host plants acquire nutrients under severe abiotic conditions, including droughts and times of nutrient deficiency (Subramanian et al., 2016). Finally, Actinobacteria assist in nutrient solubilization and mobilization, mycorrhizal symbioses, biological nitrogen fixation, all while producing geosmin- a key indicator of soil fertility (Subramanian et al., 2016). AMF biomass was potentially higher in regenerative orchards than in conventional orchards (the data was marginally significant; P = 0.052). AMF species can assist their plant hosts with salinity tolerance (Ye et al., 2019), phosphorous uptake (Romero-Munar et al., 2019), improve osmotic adjustment (Shahvali et al., 2020), ward off insect pests (Vannette and Hunter, 2009), and improve water use and photosynthetic efficiency (Shahvali et al., 2020). These myriad benefits culminate in enhanced growth and yield of AMF-associated plants (Kumar et al., 2015). Finally, our findings align with Kallenbach et al. (2016), who shows soil microbes playing a key role in making stable and chemically diverse soil organic carbon and Xiang et al. (2017) which found larger Actinobacteria communities strongly correlated to increases in soil carbon.



Invertebrate Community

Invertebrate H′ and biomass are significantly interconnected to improvements in TSC, TSN, TSP, BD, and soil microbial communities (Figure 7). The epigeal invertebrate community directly and indirectly affects decomposition and nutrient cycling, sometimes in complex ways (Weil and Brady, 2017). In Santos et al. (1984), insecticide treatments eliminated the insect and mite community, including the predatory mites that regulated populations of bacterivorous nematodes. The result was that bacterial litter degradation was reduced by 40% in this system. Further, Cifuentes-Croquevielle et al. (2020), has proposed the invertebrate diversity should be considered a key factor in promoting soil carbon and fertility due to their critical role in driving soil fertility and environmental heterogeneity, as well as their significant stature in the soil organism community (Doube and Olaf, 1997). Additionally, Colloff et al. (2010) suggests that the collective burrowing activity soil fauna may improve soil water infiltration rates. The importance of permanent ground cover and microbial communities in maintaining/building soil carbon is clear, but the role invertebrates play is less defined. Our results suggest that a diverse and robust invertebrate community plays a key intermediary step in the process of plant litter. becoming TSC. If growers are using practices that harm the invertebrate and microbial communities in their orchards, they are likely capping their orchards' ability to build carbon and increase fertility.



Pest Management

There was no difference in the pest damage to almonds among regenerative and conventional orchards. We hypothesize that the mechanisms in which these two managements regimes attained low pest densities are fundamentally different. Conventional orchards largely eliminate their ground cover with herbicides, and respond to pest outbreaks using multiple insecticide applications per year. Regenerative replaced synthetic pesticides with more robust ground cover on their orchard floors, and this in turn supports more diverse and abundant invertebrate populations. This agrees with this study's GLMM's, which found significant correlations between increased invertebrate diversity and reduced pest damage. These results support previous research that shows pest populations are inversely related to that invertebrate diversity in agricultural systems (Lundgren et al., 2006; Eilers and Klein, 2009; Chaplin-Kramer et al., 2011; Lundgren and Fausti, 2015; Demestihas et al., 2017; LaCanne and Lundgren, 2018).



Yield and Almond Nutrient Composition

Regenerative management did not seem to reduce almond yields. The 2018 and 2019 yield average for the three counties (Butte, Merced, and Yolo) in the study was: 1,931 kg/ha (Butte, 2020; Merced, 2020; Yolo, 2020). This aligns with the mean yield of the conventional orchards in this study, 1,920 kg/ha ± 315, suggesting that the yields from the conventional orchards in this study were representative of the counties in which they were located. This similarity in yields between ecologically intensive food systems and conventional systems has been seen elsewhere (Ponisio et al., 2015; Soto et al., 2021), with improvements to the biodiversity of farming systems being shown to provide a wide swath of ecosystem services without sacrificing crop yield (Tamburini et al., 2020). To accomplish this, regenerative orchards replaced synthetic agrichemical inputs with more robust microbial communities, diverse ground covers, organic amendments, and invertebrate diversity that increased soil nutrient levels, made more water available to the trees, and managed pest pressure to a similar level. A common claim is that regenerative orchards improve the nutrient density of the farm product; this may be true in some systems, but we found that magnesium was the only nutrient that was significantly improved in this study. Examining these data under different cropping conditions, and within the context of how agrichemicals might affect the bioavailability of these nutrients for almond consumers, warrants additional attention. To our knowledge, this is the first published examination of relative nutritional contents of regenerative farm products.

Despite having similar yields, regenerative orchards were twice as profitable as conventional orchards. The greater revenue of the regenerative orchards was due to the premium paid for almonds grown in regenerative systems. All the regenerative producers in this study were certified organic, allowing them to receive the organic premium in the wholesale market. One other paper found similar profitability of regenerative farms relative to conventional (LaCanne and Lundgren, 2018), but in that case there were substantial treatment effects on production costs in the regenerative and conventional corn fields. Our work indicates there may be greater opportunity to cut costs in regenerative orchards than in conventional orchards as regenerative systems become more widespread. Although there was no difference in operating costs on average between the two systems, these costs were consistent in the conventional orchards, whereas they varied substantially in regenerative orchards. The variability in cost that we see in regenerative orchards ranged from $1,064 to $9,327/ha, and appeared to be driven by the higher costs incurred by the smaller operators. These smaller scale regenerative producers paid significantly more labor and amended their harvesting practices. They recoup these costs by direct marketing their products and by appealing to niche markets. When we look at the costs from the large-scale, wholesale regenerative producers, their costs vary less ($1,577–$2,614/ha), and are approximately 80% the conventional orchard costs ($2,357–$2843/ha). Regenerative agricultural systems are a fairly recent evolution of our food system, and a consistent formula of practices have yet to be defined by farmers to characterize regenerative systems; this variability in systems may contribute to the variability in the expenditures observed in regenerative orchards. The end result was that regenerative almonds are more profitable than conventional systems, and because yields were equivalent, and the potential for reducing input costs, the profitability of regenerative almonds is expected to be equal or greater than conventional almonds, even if regenerative almond producers do not receive a premium for their product.




CONCLUSION

Overall, the performance of regenerative orchards is a result of them developing a full regenerative system that stacks multiple regenerative practices into a single operation. Their performance is not due to any one management practice. Rather, increasing the number of regenerative practices correlates to improved performance (Fenster et al., 2021), with permanent ground coverage, the avoidance of synthetic agrichemical inputs, and the use of organic amendments correlated with regenerative outcomes of soil health and biodiversity promotion (Figure 7). This analysis adds a layer of nuance to the stacking concept, suggesting that there is a core set of practices that establish a foundation for improving soil quality and biological community metrics. One would expect abstaining from tillage to be a key management practice. However, as 88% of the orchards in the study avoided tillage this appears to indicate that solely avoiding tillage will not improve critical soil quality and biological metrics. The success of regenerative orchards is the result of these agroecosystems being more robust, with additive or synergistic interconnections among components of the system (Figure 7). For example, soil BD, TSC, TSN, TSP, microbial biomass, actinobacteria biomass, invertebrate H′, and invertebrate biomass were all correlated to one another, and regenerative management drives these interconnections (Figure 7 and Supplementary Table 1). Our results support the notion that converting agriculture over to regenerative systems could contribute to remediating several imminent global problems, including climate change, diminishing water resources, biodiversity loss, agricultural pollution, human health problems, and diminishing rural economies.
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Almond nutrient Conventional orchards Regenerative orchards P-value X3

Total carbon 594.40 £3.11 604.55 + 1.64 0.24 1.40
Total nitrogen 37.83+0.75 37.44 £ 0.69 0.97 0.002
Phosphorus 4.64 +£0.07 4.95 £ 0.06 0.06 3.46
Potassium 7.39£0.13 7.78 £0.09 0.25 134
Calcium 294 +£0.12 2.81+£0.08 035 0.87
Magnesium 2.86 +0.02 3.12+0.04 <0.001 12,59
Sulfur 1.34 +0.02 1.44 +0.02 0.052 378
Zinc 0.082 £ 0.001 0.031 +£0.001 0.42 0.66
Iron 0.048 + 0.001 0.049 + 0.001 0.89 0.02
Manganese 0.023 £ 0.001 0.022 +0.001 0.93 0.007
Copper 0.012 £ 0.001 0.011 +£0.001 0.17 1.89
Boron 0.024 £ 0.001 0.020 + 0.001 0.09 291
Sodium <0.001 <0.001 0.56 035
Molybdenum <0.001 <0.001 097 0.002
Aluminum 0.010 £ 0.001 0.009 + 0.001 0.45 0.008
Shannon H 1.16+0.01 117 £0.01 0.65 0.20
Simpson DS 0.53 £ 0.01 0.53 £0.01 0.59 0.29
Pielou’s Evenness J 0.44 £ 0.004 0.45 +0.004 0.62 024

Units for values presented are mean = SEM mg/g, unless otherwise noted. Statistical significance was determined via General Linear Mixed Models where treatment was a fixed factor,
while farm was the random factor (N = 40 observations across 16 farms, 0.05). Significant treatment differences are denoted using bold text.
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Microbial community characteristic Conventional orchards Regenerative orchards P-value F,14-value

0.12 27

Undifferentiated microbial biomass 1,756.49 + 195.65

2,3556.59 + 307.00

Undifferentiated microbial % 48.76 £3.44 43.83 + 3.61 0.34 0.98

H' microbial diversity index 1.45£0.04 1.41 £0.05 0.56 0.36

Bacteria % 40.52 £3.01 46.10 £2.47 0.17 205

Gram (-) Biomass 676.03 £91.72 1,085.76 £ 210.53 0.11 2.88

20.36 (Median) 061 (Mood) X2 =025

Gram () % 16.88 (Median)

27.87 £1.07 0.08 3.48

Gram (+) % 2232 £2.77

Rhizobia Biomass 0 (Median) 0 (Mediar) 1 (Mood) 2 =0
Rhizobia % 0 (Median) 0 (Median) 1.0 (Mood) 2 =0
[Actinobacteria biomass | mbaissarr | aseoxTses 0ok s06

Actinobacteria % 6311.04 732065 0.42 068
Protozoan biomass 2698 +9.13 30.78 £8.42 076 0.09
Protozoan % 064+£0.19 053=0.15 067 0.19
Total fungi biomass 385.34 + 65.45 578.97 + 140.52 023 1.56
Fungi % 10.09 £ 099 9,54+ 1.39 075 0.10
AMF Biomass 105.05 + 19.92 205.49  42.94 0052 450
AMF % 280 +0.29 3.45:+0.41 021 0.69
Saprophytic biomass 280.29 4 51.08 378.49 + 9957 0.42 069
Saprophytic % 729+0.91 6.10=1.03 0.40 075
Sat:Unsat 2,05 (Median) 1.51 (Median) 062 (Mood) X2 =025
Mono:Poly 10.50 (Median) 16.75 (Median) 1.0 (Mood) %=0
Fungi:Bacteria 026 +0.03 020+ 0.03 021 1.73
Predator:Prey 0,02 +0.004 0,01 40,003 036 0.90
Gram (+)Gram () 1.21 (Median) 1.88 (Mediar) 0.62 (Mood) X2 =025

Units for values presented are mean SEM ng/g, unless otherwise noted. Significant treatment diferences are denoted using shaded rows and bold text N = 16 orchards (One-wey
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Total soil carbon (TSC; Mg/ha)  Total soil nitrogen (TSN; Mg/ha) Clay % coefficient Statistics

Soil depth (ESM layer’)  Regenerative  Conventional ~ Regenerative  Conventional TsC TSN

0-500mg 17.32 % 1.57 7.92+058 1.76 0.19 0.85 +0.05 NA NA TSC: x2 =337,

P <0001

Clay %: N/A

TSN: x2 =309,

P <0001

Clay %: N/A
0-1,000mg 2452+ 1561 12,14 £ 1.02 2.48.+0.20 1.33 40,07 NA NA TSC: x2 1 = 385,

P <0001

Clay %: N/A

TSN: x% = 27.8,

P <0001

Clay %: N/A
0-1,500mg 2940172 1601160 3.00:+022 176 0.1 026012 NA TSC: xf =298,

P <0001

Clay %: %2 = 4.7,

P=003

TSN: x2 =235,

P <0001

Clay %: N/A
0-3,000mg 9.43+255 2596 + 3.59 412£027 2.98+027 075£015 005002  TSC:x3 =160,

P <0001

Clay %: x3 = 23.1,

P <0001

TSN: x2 = 15.0,

P <0001

Clay %: x2 = 10.6, P

<0001
0-4,500mg 47.44 372 2055+ 5.51 5.08+0.36 4.02 +0.41 1474021  009£002  TSC:x2 =84,

P=0003

Clay %: x2 = 34.4,

P <0001

TN: xF

Clay %: x2

<0001
Total (0-6,000) 54522476 4137727 5.96+0.45 5.00 %053 1524025 0124002  TSCix% =54,

P=002

Clay %: x3 = 35.5,

P <0001

TSN: 3% =72,

P =0007

Clay %: x2 = 33.6, P

<0001

All values presented are mean = SEM. Statistical significance was determined via Linear Mixed Models where treatment and clay percentage were fixed factors, while farm was the
random factor (N = 49 observations across 16 farms, « = 0.05)

@ To control for the relative compaction and other circumstances associated with each vertical depth, the mass (Mg) of TSC per ha was assessed using the Equivalent Soil Mass (ESM)
‘method, in which a cubic spline of Mg of TSC per depth layer was calculated (Wendit and ser, 2013).
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Soil nutrient Conventional orchards Regenerative orchards Test statistic (df) P-value

1:1 Soil pH 7.3+0.07 75+0.10 -2.11(12) 0.06
1:1 Soluble salt 0.16 £0.02 0.23£0.03 1.77 (12) 0.10

Soll respiration (CO,-C) 2038 +4.26 3050 +5.91 —1.39(12) 0.19
Water extracted total N 18.58 = 2.95 23.83 +2.94 —1.26(14) 023

Nitrate 6.69+223 6.05 £ 1.57 0.23 (12)

Ammonium 3,00+ 1.41 393078 —0.57 (10) 058
Inorganic nitrogen 971 2.49 9.99 +1.61 ~0.00 (11) 093

Organic phosphorus 7.65 (Median) 18.80 (Median) ¥ 0.13 (Mood)
119.50 % 13.25 169.25  29.86 0.16

Potassium

96.83 + 13.44 74.76 £9.01 1.36(12) 0.20

_
454£1.71 5254181 -0.33(18) 075
Manganese 18.34 554 12.90 % 2.30 091(9) 039
Copper 380+ 1.90 130+0.19 1.85(7) 022
Magnesium 195.88 + 37.85 252,00 £ 37.11 —1.06(13) 031
Sodium 30.63+5.42 4763+ 1189 -130(9) 022
Microbially active carbon (%) 1631292 16.48 = 2.14 —0.04(12) 097
Organic GN 13.42 % 1.19 12.21£0.80 084 (12) 0.41
Organic Niinorganic N 1.89+0.27 1.90+0.40 —1.07 (12) 031
Organic N release 600 1.17 1026 % 2.24 —1.65(10) 0.13
Organic N reserve 3.6940.77 506 4 1.42 —0.84(10) 042
__
Organic P reserve 400+ 1.05 1358 % 457 —2.03(7)
Available N (NOB-N, NH4-N, organic N release) 28.43 +5.50 36.48 + 5.62 —1.02(14) 033
Availzble K 143.41 £ 1584 203.26 4 35.75 —153(9)
Tradional N (NOB-N) 12.06 % 4.02 1091 %284 023 (12) 0.82
Haney test N (Same as available N) 28.43 +5.59 36.48 + 5,62 —1.02 (14)

Significant treatment differences are presented in bold and shaded (« = 0.05). All data represents mean = SEM parts per millon (opm), unless otherwise noted, Test statistics are all
t-values, and P-values represent Welch's P or Mood's Median Test.





OPS/images/fsufs-05-664359-g007.gif
H

s tseseten |

rabagnesd

i1

.88





OPS/images/fsufs-05-664359-t001.jpg
Orchard Latitude, Year Studied Almond Hedgerows  Grazer Nosynthetic Organic No synthetic No synthetic No till No synthetic Orchard floor Total score

Longitude variety fertilizers amendments herbicides or copper insecticides  75-100% covered  regenerative
sampled and fungicides during at least 2 of 3
compost field visits
teas

Chico R1 N 39.688, 2018 Sonora 1 0 1 b 1 1 i 1 1 8
W121.876

ChicoC1  39.690N, 2018 Price o 0 0 1 o 0 1 0 1 3
121.885W

Capay Valley 38.826N, 2018 Mission and o 1 1 0 1 1 1 1 1 7

R2 122.206W Padre

Capay Valley 38. 707N, 2018 Nonparel o 0 0 0 0 0 1 0 0 1

c2 122.108W

Capay Valley 38.686N, 2018 Nonparel 1 1 1 1 1 o 0 1 1 7

R3 122.059W

Capay Valley 38.700N, 2018 Butte and 0 0 0 0 0 0 1 0 0 1

c3 122.040W Padre

East Turock  37.5186N, 2018 Butte and 0 0 1 1 1 1 1 1 1 7

R4 120572W Padre

East Turiock  37.516N, 2018 Nonpareil 0 0 o 1 0 0 1 0 0 2

c4 120610W

Hilmar RS 37.382N, 2019 Nonpareil 1 0 1 b | 1 0 1 1 7
120.897W

Himar G5 37.387N, 2019 Nonparel o 0 o 1 0 0 1 0 0 2
120.886W

Atwater R6 ~ 37.394N, 2019 Nonpareil 0 0 1 1 h) 0 b} 1 1 6
120.507W

Atwater C6 ~ 37.392N, 2019 Butte and 0 0 o ) 0 0 1 0 0 1
120.508W Padre

East Turlock  37.505N, 2019 Nonparel 1 0 1 1 1 1 1 1 1 8

R7 120.594W

East Turlock 37.512N, 2019 Nonpareil 0 0 0 i 0 0 b 0 0 2

cr 120612W

ChicoR8  39.689N, 2019 Nonparel 1 0 1 1 1 1 1 1 1 8
121.872W

ChicoC8  39.688N, 2019 Nonparel o 0 o o o o 1 o o 1
121.818W

Regenerative practices are scored as 1, and conventional as 0. Farms that scored 5 or higher are considered regenerative, and below 5 are considered conventional. The bold numbers indicate each farm’s overall regenerative score.
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