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Abstract

There are myriad options for farmers to amend soil to support crops and soil ecosystems. In this study the soil
amendment Indigenous Microorganisms (IMO), a recipe for which is given in Korean Natural Farming, is
compared to hot compost, municipal compost, and the mycorrhizal inoculant MycoGrow® Soluble (Fungi
Perfecti, LLC). Chemical nutrient analysis, soil food web microscopy, and identification of plated bacteria and
fungi cultures provide a general overview of each amendment’s properties and conditions. These properties are
also compared at three stages of the IMO production process to better understand its biological dynamics. Labor
and costs for each of the three amendments are also compared to assist farmer decision-making. Wheat
bran-derived IMO is compared to the traditional use of rice bran in order to adapt the Korean methodology to
the Northeastern US. Results show poor nitrogen and organic matter but comparable phosphorus, potassium,
and salt levels in IMO relative to composts. Food web microscopy and laboratory identification of bacteria and
fungi reveal IMO’s anaerobic state and potential pathogens (oomycetes), properties at least partially attributable
to excessive moisture called for in the IMO recipe. IMO proved to be more expensive and less labor intensive
than hot compost, though farmers may choose less labor intensive methods of composting. MycoGrow® was
shown to possess negligible nutrition and fewer fungal propagules than advertised. It is suggested that further
research alter the IMO recipe and/or look more thoroughly into the biology of the IMO process in order to
cultivate more beneficial organisms. Finally, the similarity between wheat bran-derived and rice bran-derived
IMO warrants optimism about the adaptation of Korean Natural Farming to other climates.

This material is based upon work supported by the National Institute of Food and Agriculture, U.S. Department
of Agriculture, through the Northeast Sustainable Agriculture Research and Education program under
subaward number FNE22-001. Any opinions, findings, conclusions, or recommendations expressed in this
publication are those of the author(s) and do not necessarily reflect the view of the U.S. Department of
Agriculture.



Introduction

The use of microbial inoculants could reduce the need for fertilizers since soil microorganisms act to make
nutrients available to plants, moderate delivery of nutrients to roots, and recycle decaying organic matter.
Microbe-plant relationships can also increase drought tolerance, reduce disease and pest pressure, and attenuate
plant stress (Lowenfels and Lewis, 2010; Bellows et al., 2020, Jacoby et al. 2017). The global agricultural
inoculants market, which was worth $868 million in 2019, is projected to rise to $1.94 billion by 2027 (Fortune
Business Insights, 2020). There are an increasing number of products available to the farmer, but their success
depends on factors such as target soil conditions and competition with resident microbes (Bellows et al., 2020).
This problem may not exist for organisms adapted (or “indigenous”) to a farm’s unique conditions.

Korean Natural Farming (KNF), a curriculum pioneered by Dr. Cho Han-Kyu, includes a technique to gather
and inoculate indigenous microorganisms (IMOs) in under a month. The goals of KNF include improving soil
quality, enhancing fertility, and boosting plant health all while using locally available materials (Reddy 2011).
However, evidence for the effectiveness of IMO is still largely anecdotal, and studies attempting to correlate
IMO with improved plant outcomes have variable results (Liao et al. 2019; Llamelo et al. 2016; Sakimin et al.
2017; Wang et al. 2012; Zuraihah et al. 2012). A study in Hawai’i showed that plant growth outcomes and the
abundance of plant growth-promoting bacteria (Bacillus subtilis and B. licheniformis) in IMO-treated soils
depended on the initial collection site of the IMO (Keli’ikuli 2018). SARE-funded research (Sustainable
Agriculture Research and Education) attributed wheat growth benefits to the IMO compost carrier rather than
the IMO microbes themselves (Englander 2013). Another SARE study observed no appreciable effects of IMO
on plant yield despite an increased resistance to basil downy mildew with IMO treatment (Wright 2019). A
third study observed increased leaf nutrient content for lettuce in IMO-inoculated soils, though differences in
the soil microbiome were not detected with phospholipid fatty acid analysis (Roberts 2021).

More information is needed to optimize the IMO method for the Northeastern US and help farmers evaluate
investments of time and money. One goal of this study was to trial the production of IMOs using wheat bran,
which is cheaper and more locally accessible in the northeast than the rice bran of the original IMO recipe.
Furthermore, although the potential benefits, scalability, and supposedly cheap cost of IMOs are enticing,
composts and commercial inoculants represent other options, the costs and labor of which have yet to be
compared to IMO directly. This study will compare chemical (nutrient) and biological properties of rice
bran-produced IMO, wheat bran-produced IMO, municipal compost, farm-produced compost, and a
commercial mycorrhizal fungi inoculant product (MycoGrow® Soluble, Fungi Perfecti LLC) while also
tracking labor and financial costs of each method. Rather than studying effects on plant growth, which can vary
with crop type and underlying soil properties, the focus was instead to provide basic information on each
material. Specifically, this study will analyze physio-chemical composition using standardized compost
analysis, microbial population dynamics with Soil Food Web microbiome assessments, and identify key fungi
and bacteria species using plate cultures from swabs. A comprehensive comparison of these properties should
inform future research as well as farmers evaluating soil amendment options.



Materials and Methodology

IMO and compost were produced at Unadilla Community Farm in West Edmeston, NY during July and August
2022. One-half inch screened municipal compost was purchased and delivered in April 2022 from Onondaga
County Resource Recovery Agency in Jamesville, NY. Wood chips used in the farm-produced compost were
purchased and delivered in May 2022 from Clifton Recycling in Syracuse, NY. Water used to moisturize IMO
and compost was collected from a creek that runs through the farm. Creek water was not characterized. For
monitoring culture conditions, a Lostronaut® compost thermometer and an Inspect USA® soil moisture meter
were used. The soil moisture meter provides live, 0.1%-precision moisture readings but only measures up to
50%, beyond which the monitor displays an error. For the experiments described below, confirmation of >50%
moisture was satisfactory. Materials used to produce IMO are listed in detail in Table 1 at the end of this
section.

The commercial inoculant selected for this study is MycoGrow® Soluble Mycorrhizae (Fungi Perfecti, LLC), 1
Ib of which was purchased. This product was selected due to its popularity and since IMO was hypothesized to
contain beneficial fungi. According to the product’s website, MycoGrow® Soluble Mycorrhizae (henceforth:
MycoGrow) contains 92,000 propagules of endomycorrhizal fungi per pound of the product, including Glomus
intraradices, G. mosseae, G. aggregatum, G. etunicatum (34 prop/g each); and Glomus deserticola, G.
monosporum, G. clarum, Paraglomus brasilianum and Gigaspora margarita (13 prop/g each). The product is
also advertised to contain 1.2 billion propagules of ectomycorrhizal fungi per pound, including Rhizopogon
villosulus, R. luteolus, R. amylopogon, R. fulvigleba (208,750 prop/g each); Pisolithus tinctorius (1,250,000
prop/g); Suillus granulatus (260,000 prop/g), Laccaria bicolor and L. laccata (83,500 prop/g each); and
Scleroderma cepa and S. citrinum (41,750 prop/g each, Fungi Perfecti 2022). Identification of fungal
propagules was not performed in this study since mycorrhizae need root masses to grow, and other
identification experiments were performed on plates. However, verification of the total endo- and
ectomycorrhizal propagule counts was attempted using microscopy as described in Analysis and Sampling.

IMO Overview

After several troubleshooting trials, one batch of rice bran IMO and one batch of wheat bran IMO were
produced using the following methodology adapted from Reddy 2011. The IMO recipe occurs in four
successive stages. IMO1 is made by placing a wooden box filled with cooked white rice in the wilderness for
several days. Once the rice is completely covered with white mold, it is combined with an equivalent volume of
brown sugar and allowed to incubate in a glass or ceramic jar for no more than three days. This mixture, which
is called IMO2, enters the IMO3 stage by being diluted with water and KNF-derived fermented plant juice
(FPJ) and used to inoculate bran which is allowed to sit for approximately 1 week, or until the IMO3 is
completely colonized with white mold. The final phase of IMO production, IMO4, involves mixing the cultured
bran with an equivalent amount of soil and allowing another two days. At this point the IMO4 may be applied
as top dressing or via foliar spray (O’Hara 2017; Zuraihah et al. 2012). Amendment was not performed in this
study.

IMO Production

IMO1. A box was constructed with 0.75 inch thickness hemlock whose internal dimensions were 12 inch x 8
inch x 4.5 inch. The lid was made to be a metal screen. White rice was prepared to be slightly dry (4:7 rice to
water ratio). The wooden box was filled three quarters with rice. During the initial investigations of this project,
it was discovered that cheesecloth being placed directly on the rice, rather than over the exterior of the box, led
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to more prolific molding and protected the cheesecloth from animals. The IMO collection site in a nearby forest
(deciduous stage) was chosen with attention to plant diversity, tree age, moisture, and fruiting fungi. Soil
samples were collected for analysis immediately before placing the box. The box was then half-buried at the
collection site and soil debris was placed on top. A small plastic tarp was used to protect from rain. During
initial investigations it was found that the IMO1 is fully colonized by white mold, with early signs of black
mold, in 3 to 6 days. The experimental trial IMO1 was removed after four days.

Figure 1 - IMOI Production.

IMO?2. The rice box was removed from the collection site and the rice was then mixed 1:1 by volume with
organic brown sugar in a glass jar. Large clumps of rice were broken up with a spoon and the mixture was
stirred well before being covered with a towel and tied with twine. The jar was then allowed to sit outdoors in
dry, partial shade for 2 days.

FPJ. Fermented plant juice (FPJ) is an important ingredient used in the IMO3 mixing recipe. To prepare FPJ, in
sunny weather during the late morning dandelions were pulled from soft, heavily mulched soil. Care was taken
to pull dandelions from shady areas and to keep the collected plants in the shade while processing. Some soil
was shaken off, though the material was not washed as surface microorganisms are desired. Plant material was



chopped into 1-2 inch sections, with roots being chopped in 0.5-1 inch sections. Chopped dandelions (5.0 0z)
were mixed 2:1 by mass with brown sugar. Two tbsp creek water was added to improve brown sugar
distribution on the leaf surfaces. The bowl was allowed to sit under a towel for 2 hours in the shade before being
transferred to a clean quart-sized glass jar. A stone was placed on top of the mixture to weigh it down, the top
was tied with cheesecloth and the jar was stored in the shade for eight days before use in the IMO mixing
process. The stone was removed from the jar on the fifth day to allow more air infiltration. The fermentation
was timed to be ready at the IMO3 mixing stage, when FPJ is needed.

IMO3. After two days in the jar, IMO2 was added to a ~1:1000 dilution of FPJ in creek water (5 tsp in 5 gal).
IMO2 was then diluted 1:500 in the FPJ/creek water mixture (10 tsp in 5 gal). Then, 40 lbs of rice bran were
poured onto the IMO3 culturing bed and 5 gallons of the IMO2-FPJ dilution was added to the pile and mixed
with the bran. The moisture content was tested to be >50%, and the initial temperature was 22 °C. The bran was
piled to 2-5 inch tall on bare soil in a shady area at a forest edge. The same methodology was repeated for wheat
bran. That is, 5 gallons of the same IMO2-FPJ mixture was added to 40 lbs of bulk wheat bran which was
cultured adjacent to the rice bran. The pitchfork used to stir was wiped to avoid contamination between bran
types. The wheat bran’s initial moisture and temperature were >50% and 23 °C. The piles were covered with
plain, black-ink-only cardboard and weighed with rocks. Temperature and moisture were measured twice a day
for 7 days by uncovering the cardboard and inserting the probe into different locations in the pile. It is desired
that the moisture content of the piles is such that the bran clumps when pressed and loosens when shaken. It was
observed that the rice bran IMO was initially too wet (mushy consistency). Thus the rice bran IMO was left
uncovered for the first two days. For future experiments, it is advised to add only as much water as is needed to
create the clumps/loosens consistency, rather than the arbitrary five gallons used in this study. The extra
moisture in the rice bran IMO, and being uncovered for two days, led to a slower progression of temperature
than the simultaneous wheat bran IMO whose moisture content was satisfactory since the wheat bran is more
absorbent. The IMO piles were turned and saltwater (30 parts per thousand mineralized sea salt in creek water)
was added after 3 days to mix and re-moisturize them. In accordance with Dr. Cho’s recipe, saltwater was used
instead of fresh water to increase mineral nutrient content. One gallon of saltwater was added evenly to the rice
bran IMO, and 2 gallons were added to the wheat bran IMO. Only one saltwater addition was needed to keep
the moisture content >50% for both batches as desired. After seven days, the rice bran IMO finished at 35 °C,
whereas the wheat bran IMO finished at 42 °C.

IMOA4. Each IMO3 batch was mixed 1:1 by volume with topsoil (screened to 1 inch). The moisture content after
mixing was measured to be 11%-22%. Therefore, 2 gallons of saltwater (30 ppt) were added after the IMO was
thoroughly mixed. Moisture and temperature continued to be measured twice a day for another two days before
the IMO4 was sampled.



Figure 2 - Production of IMO2, IMO3, and IMOA4.
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Compost

The ‘Berkeley’ hot composting method was selected so that the compost would finish in the same timeframe as
IMO. The method is advertised to work within 18 days (Eliades 2010). This method utilizes a low carbon to
nitrogen ratio, high water content, and involves turning the pile every other day after the initial, static four days.
Green material consisted of yard clippings from the farm and brown material consisted of commercial wood
chips. Grass and weed clippings were collected during two consecutive days via mowing. Full-length
hand-pulled weeds and root masses were collected and chopped into 6-8 inch sections during the same time.
Based on an initial compost trial in which the temperature exceeded the desired range of 55 °C-65 °C, it was
surmised that the C:N ratio of the grass clippings was approximately 20:1. Therefore, 50 gallons of wood chips
were combined with 1 cubic yard of grass clippings over the course of the first five days to attempt to reach a
C:N ratio between 25:1 and 30:1, the ideal range for this method. The temperature and moisture content of the
compost were measured at least twice a day for the first 10 days, then once a day thereafter. Moisture was
measured in three locations at a depth of ~1 ft. When moisture content was measured to be lower than 50% in
any location, 5 gallons of fresh water were added to the compost within 24 hours. Since the pile was in full
shade, moisture stayed relatively constant. The pile was not turned for the first four days, then it was turned



every other day until finished. The compost was also screened every four days to separate clumps, though no
materials were removed during the screening process. This “rough screening” made a finer consistency. During
the first five days of composting, the pile reached temperatures greater than 70 °C, indicating a low C:N ratio.
Despite additions of wood chips and turning, the equilibrium temperature was above 70 °C for the first seven
days. This likely indicates that the grass clippings had a lower C:N ratio than presumed. The compost did not
cool to below 55 °C until day 13. The pile then slowly cooled to a final temperature of 33 °C on day 24, at
which time the compost was nearly totally decomposed and sampled for analysis. Municipal compost was also
sampled and analyzed to provide data on a lower temperature, less labor-intensive composting process.

Figure 3 - Intermediate and final stages of farm-produced compost.

Analysis and Sampling

Samples were collected throughout the IMO production process and at the topdressing-ready stage for composts
and MycoGrow. Samples were collected in plastic bags with a stainless steel corer and/or a hand trowel which
were cleaned using soap and water and sanitized with isopropyl alcohol between each sample collected.
Samples were shipped on ice to respective labs for analysis. Nutrient analyses were provided by Pennsylvania
State University’s Agricultural Analytical Services Laboratory (AASL). Nutrient analyses were performed
using the lab’s “Compost 1B” test, which includes percent solids (SM 2540 G, American Public Health Assoc
1992), organic matter (TMECC 5.07-A, USDA and US Composting Council 2002), pH (TMECC 4.11-A),
soluble salts (TMECC 4.10-A), total nitrogen (TMECC 4.02-D), total carbon (TMECC 4.02-D),
Carbon:Nitrogen ratio, ammonium nitrogen (TMECC 4.02-C), phosphorus (TMECC 4.03-A) and potassium
(TMECC 4.04-A). One sample was additionally submitted for AASL’s Soil Fertility Test, which includes
aqueous pH (Eckert and Sims 2011), phosphorus (Wolf and Beegle 2011), potassium (Wolf and Beegle 2011),
magnesium (Wolf and Beegle 2011), calcium (Wolf and Beegle 2011) by the Mehlich 3 (ICP) test, as well as
nitrate content (Griffin et al. 2011), total nitrogen content (Bremner 1996), and soluble salts (Gartley 2011).
Microbiome assessments were provided by Web of Life Regenerative Landcare in Ithaca, NY. The microbiome
assessment utilizes a 1 ml (~1 g) sample of soil, which is diluted 1:10 with water, 1 drop from which is placed
under a 18mm square cover slip and examined using a shade microscope at 400x magnification. Fifteen to 25
fields of view are then examined, organisms from which are categorized and counted. The counts are averaged
and scaled using dilution parameters to provide estimates and standard deviations of total bacterial biomass,



fungal biomass, actinobacterial biomass, counts of flagellates, amoebae, ciliates, and oomycetes. The total
number of bactivorous, fungivorous, predatory, and root-feeding nematodes in the droplet are counted and thus
this measurement has no associated variability. Bacteria and fungi identification analyses were provided by
EMSL Analytical, Inc. in Cinnaminson, NJ. Swabs provided by EMSL were collected and returned to EMSL
for analysis. Samples were then cultured for two weeks and the 3 most prominent bacteria cultures were
identified and enumerated to the species level. Similarly, fungi are cultured, identified, and enumerated at the
genus level from submitted swabs. No reference is provided for these identification methodologies as EMSL’s
experiments are proprietary.

The forest soil was sampled at the site of IMO1 collection, which was sent to Penn State for the Compost 1B
and the Soil Fertility tests described above. No other samples were submitted for the Soil Fertility test. For each
of the samples collected at the IMO1 stage, five to ten 3 inch cores were taken variously within a 10 ft radius
surrounding the location in which the rice box was placed. The same box of rice (IMO1) was used, and the
same batch of rice-brown sugar mixture (IMO2) was used to inoculate rice bran and wheat bran which went on
to be separate and simultaneously produced IMO4’s. Therefore, only one sample was needed at the IMO1 stage
and the IMO?2 stage. IMO2 was sampled after inoculating both the rice bran IMO3 and wheat bran IMO3. The
IMO2 mixture, which consisted of liquified brown sugar and white rice, was stirred and poured into sampling
containers. The next samples were collected at the end of the IMO4 stage, in which five full-depth cores were
collected directly into the sampling bag. For samples of the municipal compost, five 3 ft holes were dug with a
hand trowel at different areas of the large pile, material from which was mixed into a five gallon bucket, from
which samples (approx. 1 quart each) were collected. For samples of the farm-produced compost, five trowel
scoops were collected at various depths and sides of the pile and directly placed into sampling bags. MycoGrow
was sampled by pouring the product directly into a sampling bag. MycoGrow was submitted for nutrient
analysis and microbiome assessment, but not for identification. All swab samples were collected from the same
locations from which material was removed for other samples. Sterile swabs and containers were provided by
EMSL Analytical, Inc.. For all samples, bags were filled approximately halfway to permit aeration during
travel. They were kept in shade and put on ice within an hour of being collected. Samples were sent in
well-padded cardboard boxes to their respective labs for analysis. Samples from the IMO1 site (referred to as
“forest soil””) were sent via two day shipping, whereas all others were sent overnight.

Materials, Costs, and Labor

Table 1 shows the relevant materials used for producing IMO and compost on site. Analysis of costs and labor
was performed for a fixed top-dressing application area of 100 square feet at 1 inch depth. To perform this
comparison, the total volume of 1 batch of IMO and 1 batch of farm-produced compost were measured to be
approximately 6 cubic feet each. Material was compacted into 5-gallon buckets by filling the bucket partially,
dropping the bucket onto flat ground ten times, and refilling and dropping ten times repeatedly until the bucket
was full. When compacted, each batch was measured to be 10 gallons. The resulting calculated pore space of
78% was used for all IMO and compost materials. MycoGrow application density is equated to the
manufacturer’s recommended rate of 1 Ib per 4000 square feet. Bulk density is also used to compare weights of
materials and components. Bulk density was calculated by weighing 5 gallons of compacted material. Analysis
of cost, labor, and key chemical and biological properties per 100 square feet is presented at the end of the
results and discussion section.

Material costs were tracked via receipts. Calculations do not include the cost of ordinary materials such as scrap
wood. Cost also does not include the one-time startup $20.33 for IMO to purchase steel wire and plastic



covering for rain protection. There were no startup costs for composts and MycoGrow. Cost for delivery of
topsoil, wood chips, and municipal compost are excluded as these vary with mileage. Labor is calculated from
records of hours worked each day, with multiplication for hours worked simultaneously by multiple people.
Time for research tasks was subtracted. The labor figure does not include the time required to apply the
amendment. Labor does not include time for startup tasks such as building the compost frame, building the
IMO1 box, or preparing the IMO3 culturing site.

Table 1 - List of Materials used to produce IMO and compost. Ordinary farm tools and items such as rocks for
weighing the cardboard are excluded.

Amendment Material Amount needed per  |Source Brand
batch

IMO 'White rice 8 cups dry Dougets ®

Brown sugar 2 1bs Ficld Day ®

Rice bran (Max-E-Glo {0 lbs Manna Pro ®

horse supplement)

Wheat bran 40 Ibs Star of The West ®

Mineralized sea salt 11b Champions Choice ®

Topsoil 3 cu ft Epic Landscapes ®

9-oa galv. steel wire 10 ft Farmgard ®

Plastic covering S ft Poly-Cover ®

Plain cardboard 40 sq ft n/a

Dandelions 0.5 1b Collected on farm
Farm-produced Grass clippings, weeds, |1 cu yd Collected on farm
compost kitchen scraps

Wood chips 50 gal Clifton Recycling ®

Results and Discussion
Nutrient Analysis

A farm’s nutrient needs vary with crop, soil type, growth stage, climate and weather, and other factors. Thus, no
general advice may be given on any of the presented amendments, though comparison of nutrient amounts will
deepen understanding of the IMO production process and its utility compared to other amendments. Amounts in
Table 2 estimate the total mass of each nutrient via AASL’s Compost 1B tests. This test quantifies total nutrient
amounts whether or not they are bioavailable. Mehlich 3 soil fertility analysis instead measures nutrient
bioavailability, and reported 3.4% and 5.0% of the phosphorus and potassium amounts for the IMO1 collection
site shown in Table 2 respectively, indicating the likelihood that small fractions of the masses reported in Table
2 are bioavailable. No other samples were submitted for Mehlich 3 analysis.



Table 2 - Nutrient Analysis. Data provided by Penn State's Agricultural Analytical Services Laboratory.
Compositional amounts determined on a dry weight basis.

IMOI1 Site |IMO2  [Rice bran [Wheat Municipal [Farm- MycoGrow

(aka “Forest [IMO4 bran Compost [produced
Soil”) RIMO4) [IMO4 Compost
(WIMO4)

pH 6.8 5.9 5.8 6.5 8.1 7.9 6
Soluble salts 0.04 0.53 3.51 4.42 1.91 3.93 22.11
(mmhos/cm)
Est. soluble <50 300 2650 3500 1450 3050 >10,000
salts (ppm)*
Solids (%) 63.6 67.5 78.7 76.2 46.8 42.2 92
Moisture 36.4 32.5 21.3 23.8 53.2 57.8 8
(o)
Organic 12.3 99.9 13.5 9.8 41.5 78.7 51.6
matter (%)
Total 0.481 0.25 0.433 0.429 1.338 2.024 0.827
nitrogen (%)
Organic 0.481 0.247 0.421 0.382 1.335 2.019 0.808

nitrogen (%)

Ammonium 0.0002 0.0022 | 0.0126 | 0.0467 | 0.0015 [ 0.0038 0.02
(o)

Carbon (%) 6.9 39 7.5 6.3 25 26.1 30.8
C:N Ratio 14.3 155 17.4 14.6 18.7 12.8 37.2
Phosphorus* 1,200 260 4,100 2,600 1,600 3,000 570
* (ppm)

Potassium®** 1,700 741 3,900 3,300 4,800 14,000 53,000
(ppm)

*determined using Scherer and Meehan 2019.
** P and K are given on an elemental (P and K, not P,0O5 and K,O) basis.



Measurements of pH in both IMO4 preparations were acidic, more so in the case of rice bran-prepared IMO4
(RIMO4), which agrees with the anaerobic odor observed when working with IMO and the especially moist
conditions of RIMO4. Both municipal and farm compost have pH near 8, which is within the range of 6-8
expected for mature composts (Cornell 1996). Soluble salts, which is a general estimate of the total
plant-accessible, inorganic nutrients, are lower in RIMO4 than in WIMO4 by approximately 1 part per
thousand. This is expected since 3 gallons of saltwater were used in the RIMO production, whereas 4 gallons
were used in the WIMO production. Soluble salts in both IMO4’s exceed that of municipal compost and are
relatively comparable to the farm-produced compost.

Assuming IMO would be applied at the same density as compost, both IMO4 preparations have lower organic
matter and carbon content relative to the two finished composts. This is likely due to finished IMO4’s
containing approximately 50% inorganic topsoil. Both IMO4’s also have nitrogen amounts slightly under 0.5%,
which is the low end of the optimal range for finished compost (AASL, 2020) and lower than either compost
tested in this study. The IMO4’s have higher phosphorus than the municipal compost and comparable
phosphorus to the farm-produced compost, and they have higher potassium than municipal compost and lower
potassium than the farm-produced compost. In summary, lower organic material and somewhat low nitrogen
make IMO less desirable as a replacement for compost, though soluble salts, phosphorus and potassium levels
are comparable to the compost materials studied. If more nitrogen and/or organic matter is desired in IMO, I
suggest using nutrient-rich soil in the IMO4 stage rather than the largely inorganic material used in this study.

Beyond the comparison of IMO to traditional compost methods, Table 2 also shows that the farm-produced
compost has higher organic matter, lower C:N ratio, and more phosphorus, potassium, and salts than the
municipal compost. These results are expected due to its relative freshness. It is also clear that IMO2 would be
relatively ineffective as a nutrient amendment. It also appears that nutrients from the forest soil are not
transmitted to the IMO2 stage, and the larger amounts of phosphorus and potassium in the IMO4 preparations
than the IMO2 indicate that nutrient properties of IMO4 are primarily affected in the IMO3 and IMO4 stages.
Interestingly, carbon, total nitrogen and organic matter amounts in the forest soil sample are similar to that of
the IMO4’s. This poses questions about whether biological conditions in IMO4 resemble that of the original
forest soil. This will be addressed in later sections.

Nutrient content of MycoGrow was analyzed using the same methodology as the other amendments. Results are
presented for completeness. However, since MycoGrow is primarily a biological inoculant, its nutrient
properties cannot be compared directly to the other amendment methods which serve to add nutrients as well as
organisms. The comparison of MycoGrow is complicated further by the fact that it is diluted prior to
application. The manufacturer recommends spraying MycoGrow diluted at 1 ounce per 12 gallons, and reports
that a full pound of the product can be used to treat 4000 square feet (Fungi Perfecti 2022). However, studies of
commercial inoculants highlight the complex relationship between application rate and degree of colonization
for arbuscular mycorrhizal fungi inoculants (Benami et al. 2020, Tarbel and Koske 2007). The rate of spray or
injection and its correspondence to successful colonization is beyond the scope of this study, but it is clear that a
farm’s unique conditions will necessitate experimentation to determine an effective application rate.
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Table 3 - Microbiome Assessments. Data and recommended ranges are provided by Web of Life Regenerative

Land Care. Oomycetes and root-feeding nematodes are considered detrimental for most purposes.
Rec. soil [Rec. Forest soil [MO2 [RIMO4 [WIMO4 [Mun. Farm
range compost Compost [compost
range
Fungal 675-9000(101 - 1012] 2,794 + 0 |78+173| 243+ | 18+28 | 764+ 547
biomass (ug/g) 1,362 509
Bacterial 135-900 |135-1350| 6,656+ | 2420+ (17,137 (21,693 +| 9,720 + 5,089 £
biomass (ug/g) 1,564 548 2,598 4,342 2,813 1,632
Actinobacteria| 1 -4 1-16 1.86+ [ 0.07+ | 1.88+ 0 1.10+ |11.33+4.28
(ug/g) 2.14 0.16 2.85 1.34
F: B ratio 5-100 | 0.6-0.9 0.42 0 0.0046 | 0.011 0.0019 0.15
Total protozoa | >10,000 | >50,000 |220,000 + 0 0 0 65,216 +| 3,187,432 +
(#/g) 200,000 145,827 | 871,331
Flagellates see total | see total (220,000 + 0 0 0 0 588,982 +
(#/g) 200,000 289,869
Amoebae (#/g)| see total | see total 0 0 0 >0% 65,216 +£2,598,450 +
145,827 | 612,461
Ciliates (#/g) | see total | see total >(0* 0 0 0 0
Bactivorous ~300 ~200 0 0 320 160 1,870
nematodes
(#/g)
Fungivorous ~300 ~100 0 0 0 0 0 170
nematodes
(#/g)
Predatory ~200 >0 0 0 0 0 0 0
nematodes
(#/g)
Oomycetes 0 0 0 772+ 122,484 +| 2,235+ 0 394 + 413
(ug/g) 694 | 3,967 | 3,002
Root-feeding 0 0 0 0 0 0 0 0
nematodes
(#/g)

*a single organism of this type was observed.
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Microbiome Assessments

Table 3 shows the results of the Microbiome Assessments. As is typical for the Soil Food Web methodology,
large standard deviations were produced, some of which were greater than the corresponding mean. This occurs
since organisms appear at variable concentrations across microscopic fields of view. Bacteria are typically
evenly distributed across multiple fields of view, whereas fungi, protozoa and oomycetes may be concentrated
in particular areas and absent from others. Since nematodes are counted in total, there is no associated
variability (standard deviation) for these counts. The units of #/g are converted to ug/g for bacteria, fungi, and
oomycetes using the Soil Food Web’s proprietary algorithm. In general, standard deviations that are less than
50% of their corresponding mean are assumed to be reasonably precise, whereas measurements with standard
deviations greater than 70% of the mean are removed from discussion. While this method provides a glimpse
into IMO biology, future studies may consider more detailed methods such as DNA sequencing.

In general, fungi and bacteria provide an array of benefits to the soil ecosystem including nutrient
mineralization and cycling, recycling and decomposing organic matter, increasing drought tolerance, reducing
pest pressure, and attenuating plant stress (Lowenfels and Lewis, 2010; Bellows et al., 2020, Jacoby et al.
2017). Although assessment of these benefits is not possible from Table 3, total biomass measurements provide
a simple indication of fungal and bacterial activity, where too much or too little is known to create imbalances
in soil ecosystems. There appear to be nonzero amounts of fungal biomass in every sample except IMO2,
although sporangia were observed in this otherwise dormant mixture. The imprecision of the values in the cases
of the RIMO4, WIMO4 and municipal compost samples prevents confident discussion. In the case of the forest
soil and farm compost samples, it may be said with some confidence that fungal biomass values are within the
recommended ranges for soil and compost respectively. Interestingly, all samples submitted exceed
recommended ranges for bacterial biomass, resulting in low fungi:bacteria ratios across the board. The
farm-produced compost is expected to be bacterially dominant given its high temperature and frequent turning.
Low fungi:bacteria ratios in municipal compost and IMOs may additionally be explained by the short culturing
duration of 1 week as well as their lack of woody material (a preferred food of fungi).

Actinobacteria deserve distinct attention due to special benefits some of them provide, including
nitrogen-fixation and production of pest- and disease-deterring antibiotics (Zhang et al. 2019, Miao and Davies
2010). Though at least some actinobacterial activity was observed in all samples, the precision is adequate only
in the case of the farm compost, which contains a large amount of actinobacteria, in agreement with its high
amount of bacteria in general.

Protozoa are distinguished by their size and motility mechanism, from smallest to largest: flagellates, amoebae,
and ciliates. They regulate bacterial populations and at certain ratios may stimulate bacterial growth via
‘grazing.’ Protozoa also release excess nitrogen from consuming bacteria in the form of plant-available
ammonium (Ekelund and Ronn 1993). Appreciable protozoa were observed in the forest soil, municipal
compost, and farm compost, only the last of which was a precise measurement. The single amoeba observed in
WIMO4, and the single ciliate in the forest soil, suggest negligible protozoan activity. The size and diversity of
protozoa populations in the farm compost sample provide important benefits given its high bacterial biomass.
On the other hand, the absence of protozoa in IMO preparations may prolong bacterial dominance.

Nematodes may be bacterivorous, fungivorous, predatory (to protozoa and other nematodes), omnivorous, or
root-feeding . With the exception of the root-feeding types which make up a minority of documented species,
nematodes are highly beneficial, providing decomposition and nutrient (i.e. nitrogen) mineralization (Ingham

n/d). Some bacterivorous nematodes were observed in WIMO4, municipal compost, and farm compost. Such
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organisms will provide bacteria population control and nitrogen mineralization in these bacteria-dominated
systems. The farm compost also contained fungivorous nematodes which provide similar benefits. The absence
of root-feeding nematodes in all samples bodes well for plant vitality. In the case of RIMO4, the absence of
nematodes may contribute to bacterial dominance.

Oomycetes are fungi-like eukaryotes, many of which are plant pathogens such as seedling blights, damping-oft,
root rots, foliar blights and downy mildews (Fawke et al. 2015, Fry and Gruenwald 2010). Oomycete detection
was appreciable but imprecise in the case of IMO2, WIMO4, and farm compost samples, and significant and
precise in the case of RIMO4. Interestingly, municipal compost did not show oomycete activity. This is the only
material to which water was not added. This suggests that controlling for >50% moisture content in IMO and
farm-produced compost may have been excessive. The presence of oomycetes is not itself an indicator that the
material will negatively impact crops, though the success of pathogens, if they are present, will be more
probable if the amendment does not also support a diverse food web. The significant presence of oomycetes in
the RIMO4 sample aligns with other results which indicate the anaerobic state of RIMO4 such as the sample’s
odor, bacterial dominance, and lack of predators. All of these effects may be the result of the erroneously
excessive moisture used in the RIMO preparation. Additionally, that each sample had low fungal biomass
suggests that the IMO’s characteristic moldiness may possibly be attributable to oomycetes. Figure 4 shows
organisms identified as oomycetes in RIMO4 and WIMO4 samples. In summary, all the methods studied
produce bacteria-dominant amendments. IMO preparations contain few fungi, and few bacterial predators, as
well as significant amounts of potential pathogens. Forest soil conditions were not re-established within the
IMO preparations. The farm compost contained the most prolific and balanced microbiome, whereas the
municipal compost was lacking in fungi and bacterial predators.

Figure 4 - Microscopic view of hyphae identified as oomycetes in RIMO4 (left) and WIMO4 (right) samples.
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Upon performing the microbiome assessment of MycoGrow the only relevant materials discovered were fungal
spores. That no other activity was observed is expected since the product is both dry and shelf stable. Fungi
Perfecti’s claim of 1.2 billion propagules of ectomycorrhizal fungi per pound of MycoGrow was verified
through observation of 6-13 um diameter spores. However, their claim of 92,000 endomycorrhizal spores per
pound, which would be expected to have much larger diameter, could not be verified. Again, the comparison of
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soil amendment methods is complicated by the distinct application method of MycoGrow (i.e., inoculation of
propagules rather than direct addition of organisms). However, noting the lack of fungi present in other
amendments, targeted application of MycoGrow may still provide useful benefits given its low-labor
accessibility.

Fungi and Bacteria Identification

Tables 4 and 5 show organisms identified in each sample. Information on the organisms’ roles in soil
ecosystems is provided. The relative abundance of taxa cultured and identified under laboratory conditions may
not resemble that of the field (Davis et al. 2005), as most soil microbes elude efforts to isolate them in the lab
As such, it is difficult to gauge the prominence of the taxa presented in Tables 4 and 5 at their sampling site,
and these tables most likely underestimate the full microbial diversity in these samples that may have been
revealed with other methods like DNA sequencing. Nonetheless, the listed microbes were certainly present in
their respective sample at some level, and the distribution of percentages yields at least basic information about
each organism’s relative abundance.

Penicillium was identified in the forest soil sample as well as both IMO4 preparations. Yeast, while identified in
forest soil, IMO2, and WIMO4, was not identified in RIMO4. No other fungi genera from the forest soil were
identified in later stages of the IMO. In the limited scope of this analysis described above this test appears to
show higher diversity and more even distribution of fungal genera in the forest soil than in the IMO
preparations. This result would be expected due to the distinct food sources and media in the IMO production
(i.e. rice, brown sugar, and bran) compared to the forest soil, as well as the short (1 week) culturing duration.
This result confirms the hypothesis suggested by the microbiome assessments that IMO poorly reproduces
wilderness conditions. The dominance of yeast in lab cultures from IMO2 agrees with the little or no fungal
biomass observed in the microbiome assessment. The presence of Fusarium and Penicillium fungi as well as the
bacterium Proteus mirabillis in both IMO4 preparations (see Table 5) aligns with their single IMO2 origin
batch, as well as their close physical proximity during culturing. Yet, although the farm-produced compost
cured somewhat close to the IMO production area, organisms identified in the compost were distinct. This can
be explained by the distinct media and conditions of compost versus IMO. In this test’s context, farm-produced
compost has higher apparent fungal diversity than the municipal compost. MycoGrow was not submitted for
identification. A list of advertised species is included in the Methodology section. Mycorrhizae would not be
expected to survive the experiment since no root mass is provided during the culturing process.

Table 5 shows facultative anaerobes in the IMO4’s succeeding an obligate aerobe in the forest soil. This yet
again confirms the poor propagation of wilderness organisms by IMO. Bacteria identified in IMO2 appear
neither in the forest soil nor the IMO4’s. This result is explained by the low bacterial biomass and relatively
dormant state of IMO2. The appearance of acid-tolerant Leuconostoc mesenteroides in IMO2 agrees with its pH
of 5.9. Klebsiella pneumoniae in RIMO4 is an interesting discovery, since this organism has been used as an
inoculant to boost nitrogen availability (Riggs et al. 2011). Observation of facultative anaerobes in the IMO4
preparations is consistent with their observed anaerobic odor. Identification of two facultative anaerobes in the
farm-produced compost is consistent with high moisture curing conditions, though the additional identification
of the plant-growth promoting obligate aerobe Pseudomonas fluorescens indicates a range of oxygen
availability.
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Table 4 - Fungi identified by EMSL Analytical Inc. after swabbing, plating, and two week incubation.

Sample Fungus Identified [Colony |Information and reference
Percenta
ge
Forest soil Penicillium sp. 50% Saprophytic. Globally distributed. Found in soil,
decaying organics, seeds and grains (Pitt 1994).

Cladosporium sp. |17% Mainly saprophytic. Found in soil, water, and air.
Typically green or black mold (Ogorek 2012).

Yeast 17% Wide variety of ecosystem functions and habitats.

Mortierella sp. 8% Saprophytic. Plant growth-promoting. Some
extremophiles. Improve access to P and Fe. Protect
plants from pathogens (Ozimek and Hanaka 2020)

Trichoderma sp.  |8% Endophytic (Bae et al. 2011). Common component
of commercial inoculants. Plant symbionts (Harman
et al. 2004).

IMO2 Yeast 80% See above.

Scedosporium sp. [20% Genus contains two species. Only clinical studies are

available (Castellani and Chalmers 2019).
RIMO4 Penicillium sp. 78% See above.

Fusarium sp. 11% Saprophytic or parasitic. Some disperse aerially.
Some plant pathogens (Nelson et al. 1994).

Rhizopus sp. 11% Saprophytic. Only eight species. Assist in fighting
pathogenic bacteria and fungi and making nutrients
bioavailable (Endrawati and Kusumaningtyas 2017).

WIMO4 Yeast 56% See above.

Penicillium sp. 28% See above.

Fusarium sp. 11% See above.

Mucor sp. 6% Often the first saprophytic colonizers. Digest a wide
variety of carbon food sources (Botha and du Preez
1999).

Mun. compost |Cladosporium sp. |68% See above.

Mucor sp. 32% See above.

Farm compost [Yeast 36% See above.

Aspergillus sp. 32% Saprophytic. Found in soil, decaying matter, seeds
and grains (Pitt 1994). Many aerobic species. Some
grow in nutrient-deprived places (Raper and Fennel
1965).

Mucor sp. 14% See above.

Rhodotorula sp. |14% A genus of yeast. Found in the human biome, soil
and marine water (Galan-Sanchez et al. 1999).

Fusarium sp. 5% See above.
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Table 5 - Bacteria identified by EMSL Analytical Inc.

Sample Bacterium Colony |Information and reference
[dentified Percent
age
Forest soil Delftia 05%  |Strictly aerobic, nonfermentative and chemo-organotrophic.
acidovorans Found in soil, sediment, activated sludge, crude oil, oil brine,

water and humans (Wen et al. 1999).

Gram negative [5% IN/A
rod
IMO2 Serratia 63%  |When colonizing surfaces, cultures ‘swarm.’ That is, they form
liquefaciens biofilms with motility-differentiated subcultures. Resistant to
antibiotics. Commonly infects insects and cold-blooded
vertebrates (Eberl et al. 1999).
Rahnella 33%  |[Nitrogen fixer, utilizes various carbon food sources, and
aquatilis solubilizes mineral phosphates (Kim et al. 2006).
Leuconostoc 4% Lactic acid bacterium, indicative of early stages of fermentation,
mesenteroides (McDonald et al. 1990).
RIMO4 Gram negative [51%  [N/A
rod
Klebsiella 47%  |Facultatively anaerobic (Ochuba and von Riesen 1980).
pneumoniae Endophytic diazotroph (Fouts et al. 2008). Inoculants have
boosted maize yield (Riggs et al. 2001).
Proteus 2% Facultatively anaerobic (Stewart 1988). Capable of swarming
mirabilis (Rather 2005).
WIMO4 Gram negative [98%  [N/A
rod
Proteus 2% See above.
mirabilis
Mun. compost |Arthrobacter [40%  [Pleomorphic. Commonly found in soil (Germina and Casida
globiformis 1980).
Gram positive [33%  [N/A
rod
Pseudomonas [27%  [Pollutant remediator (Kao et al. 2005), increases iron
mendocina availability (Kohler et al. 2006).
Farm compost [Enterobacter [49%  [Facultatively anaerobic. Closely related to the Klebsiella genus.
Sp. Predominantly discovered in human and other animal intestines,
though is also found in plants (Rogers 2020).
Raoultella 39%  [Facultatively anaerobic. Has been discovered in soil and water
ornithinolytica (Drancourt et al. 2001).
Pseudomonas [13%  |Obligate aerobic. Plant growth-promoting rhizobacterium
fluorescens (David et al. 2018).
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Table 6 - Cost, labor, and key properties of each amendment scaled to an application area of 100 square feet.

#/100£t)

RIMOA4 WIMO4 Municipal compost| Farm-produced | MycoGrow*
compost
2
Cost ($/100ft") $122.12 $46.02 $4.94 $9.78 $3.63
2

Labor (hrs/100ft”) 55 55 0 415 0
Total mass 169.7 163.0 97.2 65.8 0.025

1b/100ft%) ' ' ' ' :
Organic matter

1b/100f2) 22.9 16.0 40.3 51.7 0.0129

2
Carbon (Ib/1001t") 12.7 103 243 17.1 0.00769
- 2

Nitrogen (Ib/100ft?) 07 07 1.3 1.3 0.000207
C:N ratio 17.4 14.6 18.7 12.8 37.2
Phosphorus

1b/100£2) 0.7 0.4 0.2 0.2 0.0000142
Potassium

Ib/100f2) 0.7 0.5 0.5 1.0 0.00132
Fungal biomass ok

1b/100£2) -0 0 -~ >O i
Bacterial biomass 20404 35407 09+03 03+0.1 0
1b/100£t%) o o - B
Oomycete biomass

1b/100£7) 38+0.7 0 0 >O °
P;ﬁtgggg)coum 0 0 0 3.87E7 + 0

1.91E7

Nematode count 0 599F4 1.55E4 1.34E5 0

*utilizes manufacturer’s recommended application rate of 11b/4000 ft*
**fungal growth upon inoculation is beyond the scope of this study
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Costs, labor, and key properties of soil amendment methods

Table 6 shows the calculated costs, labor, and results converted from Tables 2 and 3 (nutrients and
microbiomes) using the bulk density of each soil amendment. As described in the Methodology, the pore space
for compost and IMO materials was calculated to be 78%. At this density it was determined that 1.4 batches of
the size produced in this study would cover 100 square feet at 1 inch depth. Thus, a scaling factor of 1.4 was
applied to values in Table 6. Values in Table 6 are not scalable to large application areas since costs and labor
would not increase linearly.

The high monetary cost and somewhat low labor of IMO are concurrent with lower nutrient levels and
beneficial biological activity than composts. As stated previously, nutrient quality of IMO could be improved by
mixing with nutrient-rich soil at the IMO4 stage. Whereas nutrient analysis indicated lower amounts in
municipal compost than farm-produced compost, the difference in these materials’ densities diminishes their
gap in nutrient quality in Table 6. Importantly, if compost were applied based on nutrient needs of the farm
rather than a set volume, nutrient effectiveness of farm-produced compost would be improved. The cost of the
50 gallons of wood chips used in the farm-produced compost is higher than the total amount of municipal
compost in 100 square feet at 1 inch depth. Cheaper sources of carbon-rich material would further incentivize
on-farm composting. Farm-produced compost also requires the most labor by far, though less labor-intensive
(i.e. slower) methods of composting could be used to make compost of similar quality. While MycoGrow has
the lowest cost and labor, nutrients are negligible compared to IMO or compost, and the subsequent successful
growth of fungi will depend on site conditions.

Conclusions

The IMO production process shows distinct biology at each stage, and nutrient quality of IMO is strongly
affected by the nutrition of the soil used in the IMO4 stage. There are some similarities between nutrient levels
and fungal genera at the IMO1 collection site and the final IMO4 product, though overall biological conditions
at the collection site are not reproduced by IMO4. Benefits of IMO are anecdotally attributed to bacteria and
fungi, but this study showed dominance of bacteria and negligible bacterial predation, presence of oomycetes,
and lack of fungi. Future research could evaluate whether distinct conditions and media at each stage in the
IMO production interrupt the progression of biological communities. This may assist in modifying conditions
within the IMO production to host more beneficial organisms. Furthermore, lowering the requirement for >50%
moisture may improve access to oxygen, and nutrient quality of IMO can be improved by the use of
nutrient-rich soil at the IMO4 stage. That the use of wheat bran produced IMO of similar quality to rice bran
suggests that cost-effectiveness may be further improved by the use of local alternatives for brown sugar and
topsoil.

Anaerobic conditions in the IMO production led to a less balanced ecosystem than that of farm-produced
compost. IMO also had lower nutrient quality and higher financial cost than both farm-produced and municipal
composts. Farm-produced compost was more nutrient dense than municipal compost. However, due to the
composts’ difference in mass density, access to nutrient benefits depends on how farmers apply the material. In
any case, farm-produced compost hosted the most balanced soil ecosystem of all materials studied, which
would provide greater benefit than other materials regardless of differences in mass density. Additionally,
cheaper sources of carbon and less labor-intensive composting methods could create compost of similar quality
to that produced in this study.
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Low fungal biomass in IMO and compost is attributable to the short (<1 month) timescales used. This
underscores the utility of fungal inoculant products such as MycoGrow as cheap, low-labor inoculation
methods. Although MycoGrow provides negligible nutrients and endomycorrhizal spores were not observed in
this study, the use of MycoGrow in combination with short timescale amendments may provide unique
economic advantages. Nonetheless, finding an effective application rate for any fungal inoculant necessitates
experimentation by the farmer (Benami et al. 2020, Tarbel and Koske 2007), and the success of non-indigenous
fungi depends significantly on site conditions (Bellows et al. 2020). Readers interested in methods of producing
“indigenous” mycorrhizal fungal inoculants on site are referred to Englander 2013.

Though IMO appears to be a lackluster alternative to compost, insights presented in this study highlight the
potential for adaptation of conditions and materials to improve the quality and sustainability of IMO. As
investigations continue into cost-effective and locally appropriate methods of supporting soil life, we suggest
composting in the meantime.
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