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Abstract

Since 1997, many farmers across the world have adopted techniques of an 
agricultural system called Natural Farming, which utilizes indigenous microorganisms 
and naturally derived soil amendments to improve soil dynamics and plant production.  
However, due to a dearth of peer reviewed reports that exist on the subject, many 
stakeholders and researchers have been hesitant to use these agricultural techniques. 
The most widely discussed and utilized Natural Farming amendment is Indigenous 
Microorganism 4 (IMO 4), which is a form of indigenous microorganism inoculated 
compost made from agriculture by-products, high in carbohydrates, and a moderate 
concentration of plant available nutrients.  Because of this lack of scientific data 
discussing IMO 4 as a soil bio-stimulant, a series of experiments were designed and 
implemented to analyze the physical, chemical, and biological properties of IMO 4, as 
well as examine the effect of IMO 4 on soil dynamics and growth of corn (Zea mays) in 
Andisol soil, when compared to other organic amendments.

It was determined that IMO 4 was rich in indigenous microorganisms and 
possesses an appreciable concentration of plant available nutrients.  The physical, 
chemical, and biological analyses of IMO 4 indicated a potential as a soil bio-stimulant if 
the indigenous microorganisms survive inoculation.  A greenhouse experiment 
comparing IMO 4 to organic matter applications showed IMO 4 had a similar effect on 
soil dynamics and growth of corn as the application of organic matter.  A further 
experiment examining the effect of IMO 4 in conjunction with organic fertilizers showed 
that IMO 4 had similar impact on soil dynamics as organic matter amendments, due to 
the substrate effect of IMO 4 applications.  Organic matter amendment applications also 
showed a significantly greater effect to plant height, dry weight, and total leaf area than 
the IMO 4 samples.  There was no evidence the indigenous microorganisms on the IMO 
4 substrate survived inoculation into the soil environment. It was concluded that IMO 4 
was effective in adding organic matter and plant available nutrients to the soil via a 
substrate effect.  Due to the lack of effect IMO 4 applications have on plant growth and 
the absence of significant improvement to plant production, organic matter amendment 
applications in the form of composts and mulch are recommended. 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Chapter 1:
Bio-Stimulation of Soils Through the Inoculation 

of Indigenous Microorganisms: A Review

Agricultural Microbial Ecology: An Introduction

Agricultural microbial ecology has continued to be a new, widely unexplored 
frontier, where researchers from multiple disciplines come together and begin, as in all 
great fields of study, to elucidate the topic but created more questions than answers.  
But, despite the rarity of progressive discoveries, most small contributions to the field 
have a positive effects on any number of environmental and conservation concerns. The 
efforts of soil and biological chemists, botanists, environmentalists, agronomists, 
biologists, sociologists, and ecologists provide a basic foundation for agricultural 
microbial ecology.  Bridging the gap between all of these disciplines can be difficult, but 
when collaborative projects provide significant results, we begin to step out of the 
constrictive, archaic, compartmentalized niches that microbiologists have created for 
themselves over the past three quarters of a century.  Not discounting specialization, 
there is a need for more scientists to have an open-door policy in regards to cross-
discipline research exploring the agricultural microbial environment.

  The best way to promote these cross-discipline research efforts is to continue to 
focus on the stakeholder, who, in most agricultural microbial ecology cases is either, 
directly, the farmer conducting the efforts, or, indirectly, the market participants affected 
by the efforts.  Direct benefit to the farmer improves socio-economic conditions, which 
has a lasting effect on communities and improves future efforts.  Indirect benefits effect 
everyone from the conservationist to the physician through improved environmental 
conditions, reduced resource consumption, and, ultimately, a healthier planet and fewer, 
long term human health concerns.  By educating and collaborating with farmers, 
agricultural microbial ecologists could have a dramatic effect on many aspects of 
farming in the twenty-first century.  
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What is Farming in the 21st Century?

Before any collaborations can begin, stakeholders, researchers, and consumers, 
must first paint a picture of what farming should be in the future, and what techniques 
are considered antiquated from a market prospective.  There is no doubt the agricultural 
market has changed dramatically over the past twenty years to reflect the lifestyle and 
needs of the consumer (Cohn, 2010). Conventional, chemical farming amendment 
practices, like general pesticide use and high nitrogen fertilizers,  are now seen by large 
consumer groups, as both a human and environmental health risk.  Healthy, 
environmentally friendly,  sustainable, local agricultural options are highly desired 
throughout domestic and international markets (Altieri,1999), and for the first time since 
the 1940’s, the world is seeing a shift in consumer attitudes, with the most dramatic 
being a mindset shift from what is best for the individual to what is best for the 
community or environment, despite a higher initial cost at the cash register. But, to exist 
in this new production market, producers have had to succumb to the habitual use of 
manufactured or processed organic fertilizers in order to continue to compete with the 
conventional production market (Altieri,1999).  Using this type of amendment system, a 
producer would then be hard pressed to identify with the “sustainable” label, when most 
of their amendments are imported and(or) purchased.  

The obvious question is, how can a sustainable farmer compete at a production 
level comparable to conventional systems, while limiting or eliminating the purchase of 
manufactured amendments?  The answer partially lies in the discipline of agricultural 
microbial ecology.  By utilizing microorganisms’ potential to mineralize organic and 
inorganic compounds and access otherwise unavailable plant nutrients (Paoletti et al., 
1994), protect hosts from biotic and abiotic diseases (Baker and Cook, 1974; Paoletti et 
al., 1994), maintain stable soil conditions (Paoletti et al., 1994; Park et al., 2010), and 
improve soil dynamics (Paoletti et al., 1994), farmers are now able to improve crop 
production (Higa and Wididana, 1991), reduce the use of specific limited resources 
(Altieri,1999), and stimulate more natural soil/plant relationships (Tjamos et al., 1992). 
The use of microorganisms as a tool in agriculture is not a new practice (Hiltner, 1885; 

2



Hartmann et al., 2008), but after years of long term data collection, reporting, and 
extension work, farmers are beginning to effectively and efficiently incorporate microbial 
biodiversity into their cropping systems (Smith, 2014). 

Soil Biotic Management Through Biodiversity

The increase of soil microbial biodiversity, or soil biotic management, has 
typically been done through the use soil amendments.  Within this list of amendments, 
two distinct categories exist.  The first category of microbial stimulant are the 
commercially manufactured products that typically consist of isolated species of 
microorganisms that have been identified to possess some plant or soil beneficial 
qualities in certain environments. These are inoculants (Miller, 1990; Altieri,1999) like 
Aegis (Italpollina, Rivoli Veronese, Italy)(Cozzolina et al., 2013), bio-fertilizers 
(Pasakovic et al., 2013 Schenck zu Schweinsberg-Mickan and Muller, 2009) like 
Organism XL (Aurora Innovations, Eugene, OR, USA)(Woo et al., 2014), and some 
fermented liquids (Xu et al., 2001: Mayer et al., 2010; Javaid, 2009; Xu et al., 2014; Xu 
et al., 1999; Higa and Wididana, 1991; Kato et al., 1999; Schenck zu Schweinsberg-
Mickan and Muller, 2009) like EM-1 (EM Research Organization, INC., Okinawa, Japan)
(Higa and Wididana, 1991).  The second category are amendments that possess 
colonies of indigenous, site specific microorganisms, in various consortia under 
environmentally specific conditions.  These include locally available organic matter or 
compost (Campbell, 1989; Parr et al., 1994), manures (Altieri,1999; Doran and Werner, 
1990; Parr et al., 1994), microbial teas (Mayer et al., 2010; Pant et al., 2009:  Pant et 
al., 2011), crop residues (Altieri,1999; Parr et al., 1994), and some fermented liquids 
(Aparna et al, 2014; Ikeda et al., 2013; Miller et al., 2013a; Weinert et al., 2014: Miller et 
al., 2013b).

Both categories have shown to improve crop production, but, when the 
stakeholders involved are once again considered, the commercial manufactured 
biological stimulants become less and less applicable to the future of sustainable 
farming due to high costs, product availability, microbial survivability, and the high 
energy consumption during manufacturing and distribution.  Even when economics and 
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environmental implications of the production and utilization of manufactured bio-
stimulants are not considered, the effectiveness of these amendments are not 
guaranteed due to the dynamics of micro-environments being stimulated (Altieri,1999; 
Trabelsi and Mhamdi, 2013) and the interaction of the inoculated species by indigenous 
microorganisms (Altieri,1999; Miller, 1990).  On the other hand, the amendments 
possessing a biodiverse consortia of indigenous microorganisms have been found to 
increase competition (Altieri,1999),  promote high biodiversity (Fry, 1982), increase 
inoculating microorganism survival rate (Kelley et al., 1999), all at a lower initial cost 
than the manufactured bio-stimulants (Zakaria, 2008).
  Both categories of bio-stimulants are effective, but each has a distinctly different 
function.  While manufactured bio-stimulants attempt to supersede natural biological 
cycles, those amendments which utilize indigenous microorganisms are a tool to 
replicate naturally occurring nutrient and microbial mineralization processes and cycles 
within the agricultural micro-environment (Cho and Koyama, 1997; Cho, 2010). 

 Both systems require regular application of amendments, which warrants an 
economic and ecological evaluation.  Cost and availability of resources and materials 
are generally considered a major factor in amendment application (Raabe, 2013; Khaliq, 
2006).  Standard practices for sustainable farmers dictate growers should use the most 
cost effective available at any given time.  Indigenous microorganism rich amendments 
are typically the most cost effective, as they generally utilize agricultural or natural 
waste materials that are readily available in most environments (Willson, 1989; Garcıá-
Gil et al., 2000; Parr et al., 1994).  In developing countries, access to manufactured 
amendments is almost nonexistent (Lamban et al., 2011), so evaluating the use and 
dynamics of microbial stimulants which utilize indigenous microorganisms has merit and 
should be evaluated closely by the agricultural microbial ecologists.  To stimulate future 
advances in agricultural microbial ecology research, stakeholders and scientists should 
consider biotic management, which includes the manipulation of residue or organic 
matter decomposition (Miller, 1990), nutrient immobilization (Paoletti et al. 1994), and 
mineralization that coincide with crop growth (Magdoff, 1992), to calculate quantitatively 
the effectiveness of the indigenous microorganism-rich bio-stimulants on plant and soil 
health.
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Bio-stimulant Utilization in the Amelioration of Agricultural Soils

Agricultural bio-stimulants that utilize indigenous microorganisms can be 
incorporated into biological and mineral depleted soils. These techniques include the 
application of soil organic matter (SOM) or composts (Seiter and Horwath, 2004; Vidali, 
2001) and the addition of bio-fertilizers as soil stimulants and inoculants (Pasakovic et 
al., 2013; Vidali, 2001). The goal of adopting this system is to increase the competition 
for nutrient sources in a diverse group of microorganisms (Cook, 1993), which then 
increases trophic activity of larger biota (Forge et al., 2003) and stimulates enzymatic 
and metabolic changes in the current soil microbial consortia (Vidali, 2001; Albiach et 
al., 2000).

Amendments which utilize indigenous microorganisms are more widely used due 
to the low cost associated with production (Vidali, 2001; Khaliq, 2006) and the 
availability of resources.  Ameliorated soils with additions of SOM and composts have 
been found to stimulate a significant increase in crop yield (Gallardo and Nogales,1987; 
Muyang, 2014), disease suppression (Entry et al., 2005; Arancon and Edwards 2004; 
Arancon et al. 2005), soil and plant associated microbial biodiversity (Chen et al., 2004), 
mineralization (Sikora and Yakovchenko, 1996), enzymatic activity (Albiach et al., 2000) 
and improve soil dynamics (Chen et al., 2004; Giusquianti et al., 1995).  

Bio-fertilizer Formulation

Bio-fertilizers are manufactured, processed, and/or purchased amendments that 
contain various microorganism cultures as isolates or as multiple-cultures (Merrmann 
and Lesueur, 2013).  Their components include the microorganism(s), which originate 
from pure cultures and are processed until they are in stable state for storage (Xavier et 
al., 2004). The other component is the carrier, which is defined as the substrate material 
the microorganism(s) have been inoculated on to (Bashan,1998; Merrmann and 
Lesueur, 2013). The carrier can be specially designed and formulated to provide a 
protective micro-environment and/or a microbial nutrition source to sustain the inoculant 
through storage (Arora et al., 2011; Kumar and Sai Gopal, 2015).  
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Researchers have found that certain bio-fertilizers have had an impact on plant 
growth and production.  Bio-fertilizers are typically described as an amendment added 
to plant surfaces and root zones that directly increase microbial enzymatic activity both 
endophytically and exophytically through inoculation in an attempt to improve plant 
function (Abbasi and Yousra, 2012). Bio-fertilizers are also applied to soil and plant 
surfaces to indirectly and passively inoculate the soil environment with microorganisms 
that have an indirect effect on plants as plant growth promoting regulators (PGPR) or as 
a plant beneficial microorganism.

When considering applications of any bio-stimulant, the proper carrier must be 
identified (Merrmann and Lesueur, 2013).  This carrier material is what brings the 
microorganisms to the agricultural environment (Merrmann and Lesueur, 2013). Bio-
fertilizer carriers include fermented solutions (Xu et al., 1999; Schenck zu 
Schweinsberg-Mickan and Muller, 2009), broth cultures (Malusa et al., 2012; Xavier et 
al., 2004), mineral oils (Malusa et al., 2012; Xavier et al., 2004), polymer-based 
solutions (Malusa et al., 2012; Xavier et al., 2004), manufactured granular/powders 
(Schenck zu Schweinsberg-Mickan and Muller, 2009), or some bio-fertilizers are made 
from humic or plant based substrates (Anand et al., 2015; Mohamed and Abdel-
Moniem, 2010; Swapna et al., 2014).  The carrier provides either a protective micro-
environment and/or a microbial nutrition source to sustain it through storage (Arora et 
al., 2011; Kumar and Sai Gopal, 2015). When identifying the most sustainable, cost 
effective option, one must look at many factors like application rates, resource 
availability, microbial function, inoculant fitness, crop type, and management techniques 
to determine the best choice in bio-stimulant carrier (Merrmann and Lesueur, 2013). 
The characteristics of a good bio-fertilizer include: provide a suitable micro-environment 
for the specific microorganism, have suitable physical and chemical properties to 
support the inoculant for sustained periods of time, be stable during processing, provide 
optimal conditions for inoculation, and be environmentally and economically sustainable 
(Bashan, 1998; Herridge et al., 2002; Malusa et al., 2012; Merrmann and Lesueur, 
2013). 
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The Use of Bio-stimulants  

Some research works analyzed isolates of known, plant beneficial 
microorganisms, which were not found naturally within the immediate agricultural 
environment.  Adesemoye et al. (2009) showed a reduction in chemical fertilizer 
requirements in tomato production with the use of known plant growth promoting 
rhizobacteria (PGPR) strains (Bacillus amyloiquefaciens IN937a and B. pumilus T⁴).  
Pasakovic et al. (2013) also experienced a reduction in chemical fertilizer requirements 
in strawberry (Fragaria x annanassa Duch.) using PGPR Klebsiella planticola.  
Fernandez et al. (2012) found that known strains of Pseudomonas spp. isolates had 
high phosphate-mobilizing potential and root colonizing properties under no-till 
management.  Avis et al. (2008) reviewed reports discussing PGPR’s like Rhizobium, 
Pseudomonas, Trichoderma, and Glomus app. and their potential to improve plant 
growth and health, as a primary effect.  In the same report, they also showed that a 
these PGPR’s have consistently proved to play a role in reducing plant disease, as a 
secondary effect.  Qin et al. (2014) observed plant growth increases from developed 
strains (Trichoderma virile TR-8 and Bacillus B67).  Canellas et al. (2013) combined 
natural humic substances (composted cattle manure) with a developed Herbaspirillium 
seropadicae Z67 isolate and showed a 65% increase in Zea mays L. production under 
field conditions.  Only a few examples are detailed here, out of hundreds of reports exist 
examining isolate inoculants and their potential as a bio-fertilizer. Most successful 
experiments and reports, however, were conducted in controlled environment 
experiments and few discuss the application of these bio-fertilizers in field application, 
and with in the short-list of field studies, most reports have shown few instances of 
inoculant survival over short periods of time after application (Herrmann and Lesueur, 
2013).

In another work, Olson et al. (1994b) analyzed 40 commercial Rhizobium sp. bio-
fertilizers produced in North America and found contaminants (10 ⁸ to 10¹⁰ cells/g of 
product) outnumbering rhizobia in all but one product.  They ran the test again in Olsen 
et al. (1996) with 60 additional products being observed and found the similar results.  
Gomez et al. (1997), Gremmell et al. (2005), and Herrmann et al. (2013) found the 
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same level of contamination in several commercial rhizobia inoculants.  Hermann et al. 
(2013) and Husen and Simanungkalit (2007) found that commercial samples of various 
N₂-fixing and phosphorus stabilizing bacteria also were highly contaminated, as well.  
Worse, Gomez et al. (1997), Merrmann et al. (2013), and Olson et al. (1994b & 1996) 
found traces of opportunistic pathogens of human, animal, and insect hosts. 

The survival rate of the inoculated microbial isolates upon application to the soil 
environment must also be considered when evaluating bio-fertilizers.  Research has 
shown inoculation experiment results ranging from proven microbial inoculation by the 
isolates to complete inoculant population collapse. For instance, Meikle et al. (1995) 
showed a complete inoculant population collapse of a genetically modified 
Pseudomonas fluorescens inoculum (10586s/FAC510 with chromosomal encoded 
genes for kanamycin resistance and lux AB, cloned from Vibrio fischeri) to IMO 4, field 
soil due to competition (Avis et al., 2008) and drastic changes in microenvironment 
(Paulitz and Belanger, 2001). Overbeek et al. (1995) illustrated research studying the 
complex relationships that inoculating microorganisms have with carbon sources within 
the soil matrix, and showed that despite the fact these microorganisms were cultured, 
naturally available carbon plays a vital role in the survival of any inoculated, beneficial 
plant or soil microorganism in the complex soil environment. Indigenous microorganism 
population density and dynamics were also a factor in isolated inoculant survival in the 
field, as they have been found to cause a complete loss of inoculant viability through 
anti-microbial defense mechanisms, enzyme production, and resource competition 
(Bunemann et al., 2006; Kloepper et al., 1989). These examples of isolate utilization in 
bio-fertilizers prove there is an effect by microorganisms on plant productivity, but 
sustainability, economics, inoculant survival rate, resource availability, as well as human 
and livestock health concerns, are important issues for most stakeholders.  Alternative 
approaches to manufactured, isolate based bio-fertilizers must continue to be 
considered and researched by agricultural microbial ecologists and scientists in related 
fields. 
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Indigenous Microorganism Bio-stimulant Formulation 

 Many  bio-stimulants utilize agricultural and anthropogenic waste products as 
carriers, which can help communities reduce waste management concerns and provide 
environmentally-friendly solutions to conservation issues (Kumar and Sai Gopal, 2015). 
The specific microorganisms used in each type of indigenous microorganism bio-
stimulant varies greatly (Kumar and Sai Gopal, 2015).  Approaches to utilizing 
indigenous microorganisms in culture as an agricultural amendment can be done 
selectively or generally, with the resulting consortia of microorganisms dependent on 
specific variable factors.  For example, when producing thermophilic compost, the 
microorganisms that are ultimately present in the media at harvest and the ones present 
in the agricultural area after inoculation strongly depend on the parent material used, 
the macro- and microorganisms present in the immediate area at the time of production, 
microclimatic conditions, anthropogenic manipulation, solar radiation, microbial moisture 
availability, and physical, chemical, and biological properties of the media (Kumar and 
Sai Gopal, 2015; Altieri, 1999).  Any change in these factors, and a different consortia of 
microorganisms will exist in the media (Goyal et al., 2005; Savage, 1996).  

Bio-stimulants that utilize indigenous microorganisms, have the same formulation 
as the manufactured bio-fertilizers or bio-inoculants, with a microorganism or consortia 
of microorganisms inoculated onto a substrate which provides protection and/or 
nutrients to the inoculant(s) for transport and storage.  These bio-stimulant carriers are 
always naturally produced and typically are plant/animal or solution based substrates 
(Cho and Koyama, 1997; Muyang et al. 2014; Sumathi et al., 2012; Weinert et al., 2014; 
Doran and Werner, 1990).  

The future of the bio-fertilizer industry looks promising and perhaps with enough 
research, agriculture microbial ecologists might be able to utilize isolates in field 
application more regularly, but in the mean time, farmers need contemporary solutions 
to the issues of how to bio-stimulate agricultural environments effectively and efficiently 
using site-specific beneficial indigenous microorganisms and locally available, 
sustainable, and cost effective carriers. Typically, these bio-stimulants come in the forms 
referenced in the previous Soil Biotic Management Through Biodiversity section.  
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Regardless of the carrier material, a bio-stimulant carrier must provide protection to the 
inoculating microorganism(s) from contaminating microorganisms, an energy source for 
sustained storage, possess formulations that are applicable to commercial farmers, and 
provide a buffer from changes in temperature, moisture, or light.  

The Use of Indigenous Microorganisms in Bio-Stimulation 

The difference between bio-fertilizers and indigenous microorganism-based bio-
stimulants are quite clear. Manufactured bio-fertilizers contain known, identified 
microorganisms at specific concentrations with little significant data showing an effect 
on plant and soil factors over long periods of time, especially in field application (Vidali, 
2001; Kumar and Sai Gopal, 2015; Merrmann and Lesuer, 2013; Xavier et al., 2004). 
Indigenous microorganism based bio-stimulants, on the other hand, are made out of 
renewable resources or waste products and utilize unknown consortia of unidentified 
microorganisms in unknown concentrations with reports showing a significant 
improvement to plant and soil factors over long periods of time (Kumar and Sai Gopal, 
2015; Arancon, 2001; Muyang, 2014).  These contrasting examples show the potential 
utilization of autochthonous microorganisms for future agricultural research projects 
detailing the function and application of indigenous microorganisms as bio-stimulants.

All bio-stimulants that use indigenous microorganisms can be produced in large 
quantities on the farm and near the agricultural area.  Varying degrees of resources and 
time go into the production and application of these materials, however, the overall cost 
(production costs + application costs) are typically far less than that of manufactured 
inoculants (purchase costs + distribution/delivery + application costs)(Muhereza et al., 
2014).  Additionally, the application of these types of materials have shown a significant 
decrease in the cost of production for farmers over long periods of time, while reducing 
the necessary agricultural inputs required to produce a high quality product (Lamban et 
al., 2011; Zakaria, 2006d).  

Jin et al. (2006) produced compost that included crab shells and used this 
compost to inoculate test pots containing seedlings of chinese cabbage that had been 
infected with Plasmodiophora brassicae, a chitin based Phytomyxea and the cause of 
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clubfoot galls in Brassicaceae (Cruciferae).  They observed a two-fold increase 
chitinase activity in the inoculated soils, which is the enzyme produced by 
microorganisms that breaks down chitin, a main structural component of fungi, fungi-like 
organisms, nematodes, animals, and insects. They also found a 20% increase in shoot 
dry weight, a 10% increase in leaf number, and 12% increase in leaf area in the 
inoculated pots. Root mortality and disease index of the plant samples was reduced by 
25% as compared to non-inoculated controls.  The suppression of the pathogen was 
attributed to increased chitinolytic microbial activities found in the chitin compost, which 
resulted from chitin producing indigenous microorganisms that naturally inoculated the 
compost pile from the immediate environment.

Other examples of research that utilized indigenous microorganisms as a bio-
stimulant include Edwards et al. (2009a & 2009b) who observed the suppression of 
many arthropod species on crops including tomatoes and cucumbers using a microbial 
tea derived from a cattle manure based vermicompost and teas (earthworm castings), 
and a similar group proved the same effect using solid vermicomposts (Arancon and 
Edwards 2004; Arancon et al. 2005). They attributed the suppression of the insect 
infestations to the phenols produced during microbial-earthworm interactions during 
vermicomposting.  These phenols found in vermicompost are taken up by the plants 
through root absorption and distributed throughout the plant via the vascular system. 
These phenol are have been shown in other reports (Lindroth and Peterson, 1988; 
Kurowska et al., 1990; Haukioja et al., 2002) to deter insect feeding of various plant 
species.  The Soil Ecology Lab at The Ohio State University also published reports 
showing an increase microbial biomass in soils from the application of vermicomposts 
(Arancon et al. 2006; Arancon et al. 2005; Arancon et al., 2003a; Arancon et al., 2003b; 
Atiyeh et al., 2002)

Avramidou et al. (2013) conducted an experiment observing the potential of 
municipal wastes as composting material.  They showed a significant increase in the 
plant yield and growth of rapeseed (Brassica napus) in samples treated with a 1:1 ratio 
of compost and peat based media.   Zhang et al. (2014) proved that even short term 
applications of composts (straw plant and chicken manure) in field application can have 
an effect on carbon mineralization and microbial biomass in cucumber (Cucumis 
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sativus) rhizosphere soils. They also showed the applications of compost, regardless of 
soil pH condition, increased cucumber root elongation and root diameter of thin roots in 
particular. Potato crop field experiments showed that compost applications have the 
potential to be an alternative to a conventional amendment application system in El-
Sayed et al. (2014) and Cicatelli et al. (2014). In Moyin-Jesu (2007), researchers found 
that composted materials made up spent grain, wood ash and cocoa husk significantly 
increased in pod nutrients, composition for better human dietary intake, increased the 
root length, pod weight of okra (Abelmoschus esculentum L) and improved soil fertility 
and plant nutrition crop. They also confirmed that composting of the parent materials 
was not necessary for nutrient mineralization, but expedited the decomposition 
processes and enabled quicker nutrient availability to the crop.  Prasanthrajan et al. 
(2014) saw a 25% reduction in crop fertilizer requirements with the application of 
various poultry manure composts to sunflower crops (Helianthus L.).  Bedada et al. 
(2014) details a synergistic relationship between composts and fertilizers and suggests 
that, in conjunction, they can have a compounding effect on the growth of maize (Zea 
mays L.), potato (Solanum tuberosum L.), and fava bean (Vicia faba). Bokashi, an 
anaerobically fermented rice bran compost, proved to be a beneficial amendment that 
increased the organic acid concentration in tomato fruit (Solanum lycopersicum L.) in 
the report by Xu et al. (2001) and increase organic matter decomposition as reported by 
Boechat (2013).  

Fermented solutions and microbial teas are also used as an indigenous 
microorganism inoculant carrier.  Mungkunkamchao et al. (2013) saw an increase in 
total soluble solutes in tomato fruit using a fermented bioextract of ground-up golden 
apple snail (Pila ampullacea) and increased growth in tomato (Solanum lycopersicum 
L.) when the fermented snail bio-extract was mixed with sustainable wood vinegar. The 
application of an indigenous microorganism inoculated fermented garlic straw solution 
and a raw garlic straw solution to soil showed an increase in root-knot nematode 
(Meloidogyne spp.) mobility and juvenile mortality as reported by Gong et al. (2013). 
Foliar applications of compost teas were found to have a significant improvement on the 
mean fresh fruit weight, total soluble solids concentrations, firmness, and a linear 
increment in the diameter and mesocarp size of muskmelon (Cucumis melo L.) in Naidu 
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et al. (2013).  Pant et al (2012) found similar increases in plant growth from compost tea 
(aged chicken manure-based vermicompost tea, chicken manure-based thermophilic 
compost tea, and food waste vermicompost tea) applications on pak choi (Brassica rapa 
cv Bonsai, Chinensis group) grown in a peat-perlite media.  Zhang et al. (2012) showed 
an increased the activities of soil urease, soil invertase, and soil phosphatase with the 
application of fermented compost tea.  They also reported the fermented compost tea 
enhanced biomass production on tea crabapple (Malus hupehensis Rehd.) seedlings 
compared to a solid compost treatment.

Another source of indigenous microorganism bio-stimulant used by sustainable 
farmers is biochar, a charcoal produced at high heat and in low oxygen environments, 
processed into a granular form by crushing and pulverizing and applied as a soil 
amendment (Hunt et al., 2010).  In an experiment observing the effect of various 
biochar samples on microbial enzyme and biomass production by Demisie and Zhang 
(2015), applications of biochar, especially oak wood biochar at low concentrations, 
improved the fertility of a high acid, degraded, red soil by increasing soil pH, total 
organic carbon, and dissolved organic carbon, in turn, enhanced soil enzymes, 
microbial biomass and community.  Southavong et al. (2015), saw that with the 
application of biochar, there was increased the yield of Yardlong bean 
(Vigna unguiculata subspecies sesquipedalis L.) by 50% compared to the control 
treatment, empty pods of the bean were reduced two-fold when biochar was applied at 
40t/ha, soil pH was improved due to biochar amendment, and soil water holding 
capacity was significantly increased when biochar was applied.

But not all reports have shown a benefit to crop production through the use of 
indigenous microorganism bio-stimulants alone.  In Schmidt et al (2014), the 
researchers reported a small, economically insignificant effect of biochar applications 
over three years in vineyards, in a wine producing area of Switzerland.  Bustamante et 
al. (2011) also showed little effect of regular compost applications on vineyard soils over 
a three year period. Scheuerell and Mahaffee (2004) had inconsistent results when 
comparing compost teas as a medium drench for suppressing damping-off caused by 
Pythium ultimum, proving the need for more research into bio-stimulants that utilize 
indigenous microorganisms.  
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The Development of Sustainable Biological Agricultural Systems

A sustainable biological agricultural system is a series of techniques and 
protocols that farmers rigorously adhere to, in support of a specific concept or belief that 
is represented by an encompassing, holistic agricultural lifestyle that encourages 
biological diversity and metabolic activity. Their protocols are carefully considered by 
every participating farmer at every point throughout the planning and implementation of 
projects.  Several agricultural systems exist with unique, biologically oriented central 
concepts.   Biodynamic (Steiner and Adams, 2004) and Organic farming (Northbourne, 
1940; Howard, 1940; 1972) the green philosophy of Shizen Nōhō (Fukuoka, 1985), 
Kyusei nature farming (Okada, 1991, 1993), and Korean natural farming (Cho and 
Koyama, 1997; Kayama, 1996) are all massive socioeconomic agricultural movements 
that have gained in popularity in the past twenty years.  Some agricultural professionals 
and researchers exist internationally in support of each of these diverse systems.  
However, very little peer reviewed reports exist detailing the benefits of each unique 
system trait.  

Biological farming was first detailed by avant-garde researchers such as Rudolf 
Steiner.  Steiner presented a form of biodynamic farming during agricultural in 
Kobierzyce, Poland in the summer of 1924 (Paull, 2011).  These presentations detailed 
the importance of soil organic matter, decomposition, mineralization, resource 
biodiversity, and a greater understanding that agriculture is a biological science and 
should be researched with this idea in mind.  Then, in 1940 Walter James Northbourne, 
the 4th Baron of Northbourne, published Look of the Land, which detailed a similar 
holistic, natural approach to farming and discussed the concept of “the farm as an 
organism”.  That same year Sir Albert Howard published An Agricultural Testament, 
which was highly influential in the growth of organic farming techniques and later in 
1947 he published The Soil and Health, A Study of Organic Agriculture which was the 
first publication that used the term “organic agriculture”. With the publication of the first 
Howard book, Lady Eve Balfour began the Haughley Experiment in rural England, 
which studied long term applications of organic materials as compared to conventional 
amendments and published her work in The Living Soil (1945), a publication that lead to 

14



the formation of the Soil Association. Through more publications like J. I Rodale's (1961) 
How to Grow Vegetables and Fruits by the Organic Method, organic researchers have 
added more data resulting in a better understanding of the organic agricultural system, 
which is a thriving international market and is being adopted by several government 
regulation entities as a standard for food production.  

In 1947, Masanobu Fukuoka, an agriculturalist, microbiologist, and plant 
pathologist wrote his first book �	�
�� (Mu: The God Revolution or Mu: Kami no 
Kakumei) which was the first publication to discuss natural farming concepts, or what he 
called ���� (shizen nōhō)(Fukuoka, 1985).  After publication, Fukuoka traveled the 
world promoting a system of farming that was more focused on natural biological 
systems and avoided anthropogenic intervention to these natural systems as much as 
possible.  He discussed the negative microbial effects of tillage and chemical fertilizer 
applications.  Then, in 1978, he published The One Straw Revolution, a wildly influential 
book that detailed Fukuoka's enormously accurate depiction of the future of farming, 
with its descriptions of increased use of chemical amendments, as well as 
environmental and human health concerns.  Like Steiner and Northbourne, Fukuoka 
saw agriculture as much as spiritual experience as it was a scientific one.  His theories 
focused around the recognition that the agricultural environment is a complex, biological 
entity that is far too dynamic for humans to completely control and farmers are better off 
understanding how these natural biological systems work and knowing how to 
incorporate their agricultural efforts into these systems.  This concept of the farmer 
following the lead of the micro-environment as opposed to trying to manipulate it, 
contributed to the development of the "Natural Farming" movement (Fukuoka, 1978).

The technique of Kyusei Nature Farming (Okada, 1991, 1993) was first described 
in the teachings of Mokichi Okada in 1935.  Much like Fukuoka, Okada discussed the 
importance of ecosystem stability and natural approaches to soil and plant fertility.  
Where Kyusei natural farming differed was in the isolation, manipulation, and 
application of specific microorganisms that have been found to improve plant growth 
and defenses (Xu et al., 2014).  In this system, the formulated bio-stimulant EM 
(effective microorganisms), developed by Dr. Teruo Higa, is widely used (Higa and Parr, 
1994).  In the tradition of biodynamic, organic, and shizen nōhō farming, this technique 
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utilized naturally available, organic materials, but for the first time with the Kyusei 
system, microorganisms and their plant/soil relationships are the main focus of plant 
fertility and disease prevention (Okada, 1991, 1993).  However effective, this system 
strays from the exclusive use and utilization of site-specific, environmentally adapted, 
indigenous microorganisms.

Korean Natural Farming (KNF) represents the evolution of biodynamic farming 
and has become a  primary agricultural system for many farmers all over the world 
(Kumar and Sai Gopal, 2015).  Developed by Han Kyu Cho, the head of the Janong 
Natural Farming Institute, South Korea, this system does not only focus on crop 
management but also focuses heavily on livestock production and its unique waste 
management systems (Cho and Koyama, 1997; DuPonte and Fischer, 2012; Park and 
DuPonte; 2008). Cho’s 1997 Korean Natural Farming, KNF concepts revolve around the 
use and utilization of site-specific indigenous microorganisms as a tool for improved 
crop health, long-term and sustained soil fertility, and the reduction or elimination of 
plant fertilizer amendments (Cho, 2010).   The central theory behind KNF is for farmers 
to utilize readily available plant and animal based agricultural by-products to effectively 
increase the bio-diversity and population density of plant and animal beneficial 
indigenous microorganisms through indigenous microorganism inoculation and 
stimulation (Cho and Koyama, 1997; Cho, 2010; Cho and Cho, 2010).  

Components of the Korean Natural Farming System

Several components make up the Korean Natural Farming (KNF) system.  First, 
and most importantly, is the microbial bio-stimulation component which incorporates 
indigenous microorganisms into the system, in an effort to increase the overall 
biodiversity and population density within the agricultural area.  The second, is the 
nutritional component.  This includes plant, microorganism, livestock, and human 
nutritional health.  Third is the disease suppression component, which also considers 
plant defenses, livestock gut flora inoculation, and specific farm system infrastructure 
designs.  
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Every action in the KNF method is focused around the bio-stimulation of the farm 
as a whole.  Where conventional farmers strive for a sanitary or microbe limited 
environments, Korean Natural Farmers (KNFs) attempt to incorporate as much 
microbial biodiversity in all aspects of farming as possible.  The underlying theory of 
increasing the biological diversity of the agriculture environment is to create conditions 
where no one species, family, or order of microorganisms can control, manipulate, or  
exclusively exploit any one area or nutrient source at any given time (Cho and Koyama, 
1997; Cho, 2010).  It has been proven that through the power of numbers, indigenous 
microorganisms are able to create a natural biological balance amongst themselves 
(Ingham et al., 2000). 

The basis of this biological balanced theory comes from observing natural 
ecosystems.  For example, old growth forests rarely have disturbances in the 
ecosystem functions.  These environments can exist for a century without periods of 
disease, low water availability, or nutritional strife.  Scientists have shown that this 
ecosystem sustainability is largely in part to the ecosystem functions of various 
indigenous microorganisms, their relationship with available carbon and nitrogen, and 
their ability to maintain, buffer, or manipulate certain environmental conditions to insure 
ecosystem success (Zak et al., 1994; Florence, 1965).  KNFs also strive to replicate 
nutrient and mineralization cycling that are found in the natural environments (Cho and 
Koyama, 1997; Cho, 2010; Zak et al., 1994).  Proper decomposition ratios, parent 
material composition, temperature regulation through shading, beneficial insect 
regulation through changes in environmental condition, and stimulation of microbial 
mineralization and microbial biodiversity are all ways KNFs replicate natural systems 
through bio-stimulation (Cho and Koyama, 1997; Cho, 2010).  The bio-stimulants used 
by KNFs include the fermented solutions and soil inoculants.  

The primary soil inoculant used by KNFs is IMO 4 (Indigenous Microorganisms 4) 
(Park and DuPonte, 2008; Cho and Koyama, 1997; Cho, 2010; Cho and Cho, 2010; 
Zakaria, 2008; DuPonte and Fischer, 2012; Wang et al., 2014; Dorman and Wang, 
2014; Abu-Baker and Ibrahim, 2014; Ibrahim et al., 2012; Wang et al., 2012; Fischer, 
2010; Reed, 2013; Lamban et al., 2011; Muyang et al., 2014; Sumathi et al.,2012), 
which is a form of inoculated compost high in carbohydrates and a minimal 
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concentration of plant available nutrients.  IMO 4 is the final product of a series of 
compost stages (IMO 1, IMO 2, IMO 3, IMO 4) (described in Chapter 2 methods) that 
utilize anaerobic fermentation and thermophilic composting methods.  With high 
microbial metabolic activity and decomposition rate, IMO 4 is one of the most 
biologically active composts available.  It is used as a granular top dressed amendment, 
livestock bedding or feed inoculant, or biological tea concentrate.  Produced exclusively 
from agricultural by-products, the application IMO 4 is a cost effective alternative to bio-
fertilizers.  But despite three journal publications describing IMO 4 and its effect on soil 
and plants (Muyang et al., 2014; Sumathi et al., 2012; Ibrahim et al. 2012) and two 
describing regional agricultural trends and adoption of KNF (Zaharia, 2008; Lamban; 
2011), IMO 4’s physical, chemical, and biological properties, as well as plant and soil 
properties analysis in more than two regions, has not yet been fully reported.

The biological and nutritional component of KNF stems from the use and 
utilization of renewable, environmentally friendly, organic fertilizers and bio-stimulants 
that are produced within the immediate agricultural area using indigenous 
microorganisms (Cho and Koyama, 1997; Cho, 2010; Cho and Cho, 2010).  Specially 
formulated liquid and granular fertilizers are produced using the process of organic 
matter fermentation to extract nutrients from waste products.  Some of these fermented 
solutions include Fish Amino Acid (FAA), which is produced from fermenting fish 
processing by-products and waste materials with raw sugar to create a stable, high 
nitrogen organic fertilizer (Weinert, 2014; Zakaria, 2008; Lamban et al., 2011; Cho and 
Koyama, 1997; Cho, 2010; Cho and Cho, 2010).  KNFs also produce Fermented Plant 
or Fruit Juices (FPJ or FFJ), which are produced by fermenting locally available plant 
and fruit tissue as the source of plant nutrients (Miller et al., 2013a; Zakaria, 2008; 
Lamban et al., 2011; Cho and Koyama, 1997; Cho, 2010; Cho and Cho, 2010; DuPonte 
and Fischer, 2012; Radovich et al., 2014). One KNF recommended source of calcium 
based nutrient is the application of burnt egg shells or bones in the form of egg calcium 
phosphate (CaP) or bone calcium phosphate (Cho and Koyama, 1997; Cho, 2010; Cho 
and Cho, 2010; Zakaria, 2008; Chang et al., 2013). Another report by Miller et al. 
(2013b) described the process of fermenting sea water for use as a bio-nutrient. 
Oriental Herb Nutrient (OHN) is a solution made from the fermentation of specific plants 
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for use as a foliar nutrient fertilizer reported by Lamban et al. (2011), Cho and Koyama 
(1997), Cho (2010), Cho and Cho (2010), Chang et al. (2014), and Zakaria (2008). Cho 
has also developed and formulated combinations of these amendments for use at 
specific times of plant growth in the form of Type I, Type II, and Morning Sickness (Cho 
and Koyama, 1997; Cho, 2010; Cho and Cho, 2010; Zakaria, 2008).  IMO 5 is a newly 
developed granular bio-stimulant that incorporates KFN nutrients, biochar, and IMO 4 
(Wang et al., 2014).  Although thorough, none of these reports include peer-reviewed 
articles experimenting on the effect on the crop and soil, economic validity, 
sustainability, production methodology, or physical, chemical, or biological properties of 
any of these amendments, despite their increased applications by stakeholders.  

The third KNF component is the suppression of disease. Cho and Koyama 
(1997) reports that both OHN and FPJ, are also thought to transfer plant growth 
hormone compounds from one plant source for foliar application on either a plant of the 
same/similar species or on a completely different species.  This transfer of hormones is 
thought to increase the crop’s plant growth and stimulate plant defenses.  Through 
systemic acquired resistance and the inoculation of endophytic and exophytic beneficial 
microorganisms, Cho makes several reports as to FPJ and FJJ’s potential as a mineral 
fertilizer and biological inoculant (Cho and Koyama, 1997; Cho, 2010; Cho and Cho, 
2010).  Ikeda et al. (2013) reported on the production, use and application of a 
fermented solution rich in various Lactic Acid Bacteria (LAB) made from milk (DuPonte 
and Fischer, 2012; Cho and Koyama, 1997; Cho, 2010; Cho and Cho, 2010), which is 
used as an anti-microbial soil and plant inoculant.  Applied on foliage of plants and in 
livestock pens, LAB is thought to effectually eliminate fungal and bacterial pathogens on 
plants (Cho and Koyama, 1997; Cho, 2010) and eliminate odor causing microorganisms 
and insects from animal holding areas (DuPonte and Fischer, 2012, Cho and Koyama, 
1997; Cho, 2010).   There are also a reports that the application of IMO 4 increases 
plant beneficial microorganism biodiversity in the rhizosphere, inhibiting plant 
pathogenic microorganisms from infecting the root area (Cho and Koyama, 1997; Cho, 
2010).  Once again, despite a plethora of reports describing the process, application, 
and claimed effects of application, no peer-reviewed articles currently exists showing a 
significant reduction in plant pathogens through the use of KNF amendments.
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Socio-Economic Effect and Adoption of Natural Farming Methods

 Six studies have been published regarding the socio-economic impacts or 
adopted use of KFN and its recommended techniques.   In October of 2006, Aini 
Zakaria of the Strategic Research Center of the Malaysian Agricultural Research and 
Development Institute lectured at the International Workshop on Sustained 
Management of the Soil Rhizosphere System for Efficient Crop Production and Fertilizer 
Use discussing the adoption of KNF by sixteen villagers in Laklol, Kelantan, Malaysia.  
She reported the farmers experienced an average agriculture input reduction of 30%, as 
well as improvements to the marketability of their produce after repeated applications of 
KNF amendments.  Aini Zakaria also detailed farmers ability to profit off extra KNF 
amendments by selling surplus amendments to other local farmers, increasing their net 
income.  

In 2011, Lamban et al. published the results of a KNF adoption survey amongst 
thirteen farmers from New Albay in the Philippines who were trained in KNF methods by 
government and non-government organizations, and they were left to see if they 
adopted the KNF system as their primary agricultural nutrient source.  After a year, two 
farmers still used the system exclusively and several incorporated KNF methodologies 
into their current conventional systems.  Those that still utilized any portion of their KNF 
training reported a 2.3-46.5% reduction in production costs and a comparable reduction 
in the amount of conventional fertilizers, as compared to their previous conventional 
systems. Many surveyed reported the KNF methods reduced human health risks, and 
the new KNF amendments were more environmentally friendly and easy to prepare 
than previously used systems.  

Baker et al. (1996) reported findings of a survey conducted by the Farming 
Systems Support Project at the University of Florida that showed the demographic 
characteristics of the typical farmer who is a member of the Korean Natural Farmers 
Association (South Korea), data reflecting their farm income and labor hours, and the 
typical crops dressed with KNF amendments.  The report also compared two KNF 
livestock production systems and found a 2-4 fold increase in net income generation 
(including family labor) as compared to the national average.  They concluded that the 
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increase in labor intensity of KNF system would be balanced by no longer needing to 
supplement farm operation costs with off-farm labor endeavors, as, on average, 50% of 
the farm operations costs are covered by off-farm labor, based upon data surveyed. 
Also, the farmers reported a 50% reduction in swine production costs through the 
elimination of manure removal from the system. They ultimately showed a greater net 
income through lower operating costs.  

A similar report by Lee (1998) detailed the dynamic of the sustainable horticulture 
communities in South Korea.  The progression towards sustainable farming operations 
was described, and special emphasis was placed on the specific governmental and 
NGO groups emerged out of this movement.  One of these NGO’s are mentioned, the 
Korean Natural Farming Association which was founded in 1996 and, at the time of 
publication, had 8,500 members.  

The U.S. state of Hawai'i has become a focal point for KNF research and 
development in the Western world.  In 2012, the Hawai'i County Department of 
Research and Development with the help of the Geography and Environmental Studies 
Department at the University of Hawai'i at Hilo was able to draft the “Hawai'i County 
Food Self-Sufficiency Baseline Study of 2012” (Melrose and Delparte, 2012).  In this 
report the use of KNF methods by Hawaiian farmers was mentioned. They report over 
100 farmers on the Big Island of Hawai'i utilize the KNF system of farming.  Just like 
most all publications describing KNF, this report claims of KNF system’s potential to 
improve soil quality, enhance soil fertility, and provide plant disease defense, all without 
peer-reviewed data supporting these claims.  Reports by Hawaiian farmers surveyed 
include a misunderstanding that KNF has been scientifically proven to have a beneficial 
effect on agricultural production, but, in fact until Muyang et al. (2014), Sumathi et al. 
(2012), and Ibrahim et al. (2012), there were not any peer-reviewed publications with 
proper, empirical, scientific methodologies examining KNF amendments available.

A presentation during a workshop in Gwangju, Jeonnam, Province, South Korea 
on ANSOFT-AFACI Pan-Asia Project in October of 2012 by Carating and Tejada was 
titled “Sustainable Organic Farming in the Philippines: History and Success Stories”.  
Very briefly in the presentation and later in the corresponding report (Carating and 
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Tejada, 2012) it is mentioned that Cho’s KNF method is an approach that has been 
adopted by Philippine farmers.  

Reports of Improved Plant Production and the Marketability of IMO 4

Most of the publications available discussing IMO 4 soil inoculation suggest 
increased plant production, plant disease resistance, soil dynamic improvement, 
increase plant and soil microbial biodiversity, and improved crop yield and growth, yet 
only two known peer-reviewed articles examining the effect of IMO 4, exclusively, on 
plant or soil health exist (Muyang et al., 2014; Ibrahim et al. 2012), and they were not 
written until fifteen years after Cho’s 1997 book.  This unwavering belief in an unproven 
system by individuals not trained in scientific methodologies can make some academics 
and researchers skeptical of the claims.  However, examples of the marketability of IMO 
4 exist, especially on the Big Island of Hawai'i, where an IMO 4-like product is sold to 
gardeners and farmers as “IMO-ilizer” a “soil revitalizer” for about $1/lb retail (Hawai'i 
Natural Farms LLC, Hilo, HI).  This product has the same formula as IMO 4 except it is 
produced in one area, bagged, put on a shelf for purchase and eventually applied 
outside its production area.  This methodology of application could provide beneficial 
microorganisms, but they most likely would not be the same species or provide the 
same functions as IMO 4 produced using site-specific indigenous beneficial 
microorganisms as described by Park and DuPonte (2008). 

The Use of IMO 4 in Livestock Production

One of the main uses of IMO 4 is in KNF livestock production.  Most all KNF 
livestock production systems use the IMO 4 production method, or some variation the 
method, described by (Park and DuPonte, 2008.) Two specific systems have been 
developed by Cho Global Natural Farming and the University of Hawai'i at Manoa 
Extension Services for livestock production that represent the core theories of KNF.  
The first system of livestock production, is the Inoculated Deep Litter System (IDLS)
(Fischer, 2010; Reed, 2013; DuPonte and Fischer, 2012; Gatphayak et al., 2009a; 
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2009b; Radovich et al., 2014) for use in piggeries, which is far more sustainable, cost 
effective, environmentally friendly, and less labor intensive than conventional piggery 
operations.  The IDLS system utilizes strategically layered, and specifically selected 
plant matter, the inoculation of IMO 4, and specific infrastructure designs to create a 
living and breeding environment that has been found to be odor and pest insect free, 
have no negative environmental effects, and meet all Pacific Island Area conservation 
practice standards in waste treatment (code 629)(NRCS, 2012; Knock and DuPonte, 
2011)  by the USDA National Resource Conservation Service.  A similar system has 
been designed by Michael Hubble and Michael DuPonte called the Hubble Bubble 
(DuPonte, 2010), which is used for small animals like poultry and rabbits.  This system 
does not utilize a deep little system, but is able to provide the same odor free, 
environmentally friendly results as found in the IDLS system.  SomaSekhar et al. (2013) 
experimented on this poultry litter system using IMO 4 (Cho and Koyama, 1997) as a 
bedding inoculant and found that the inoculation of IMO 4 and other KNF fermented 
amendments, resulting in increasing organic carbon, pH, electric conductivity (EC), 
phosphorus content and zinc, while decreasing Potassium (K) content in test poultry soil 
sample. Economically, SomaSekhar et al. found a significant decrease in the cost of 
production by inoculating the poultry feed with fermented solutions and eliminating 
waste management costs.  The chickens also eliminated the need for vaccinations and 
growth hormones. Both systems are heavily dependent on IMO 4 inoculation.  In a 
related report, Yanagita et al. (1999) references the use of IMO 4 to better conditions in 
cattle housing floors at the Iriki Livestock Farm at Kagoshima University, Kagoshima, 
Japan.  A similar IMO 4 production method to Cho and Koyama (1997) was applied, in 
addition to the applications of FAA and FPJ and utilizing rice bran as a carbohydrate 
source, and showed variations in concentration of ammonia gas (ppm) emitted from the 
cattle housing floor and called for additional research.  

The Use of IMO 4 in Agriculture

In the summer of 2008, Michael DuPonte, a University of Hawai'i at Manoa 
Extension Agent based out of Hilo, Hawai'i and Dr. Hoon Park, a pediatrician and 
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apprentice of Han Kyu Cho, published a report detailing the process and suggested 
methodologies of IMO 4 production.  This was an important step toward more sustained 
interest of the KNF system by the academic community, however, the report was not an 
experimental trial showing the effect of IMO 4 on plant or livestock production. It did, 
however, trigger an interest in KNF by The University of Hawai'i at Manoa’ s College of 
Tropical Agriculture and Human Resources (CTAHR) and The University of Hawai'i at 
Hilo’s College of Agriculture, Forestry and Natural Resource Management (CAFNRM) 
and Tropical Conservation Biology and Environmental Science (TCBES) Graduate 
Research Program, who sourced funding for more KNF research projects.  

In addition to her study on the adoption KNF methodologies, Aini Zakaria (2006) 
published data showing the average yield of 6 common crops found in Kampung Laklok 
after 5 years of KNF amendment applications.  Farmers claimed to see a reduction in 
scabs found on dokong (Lansium parasiticum) trees.  Orchard growers experienced 
significantly greater fruit yields compared to conventional farming when utilizing the KNF 
system. She also reports that farmers claimed longan (Dimocarpus longan) growers 
from the Gamatain Tradings Company in Gua Musang changed to the KNF system and 
saw increased growth just one month after application of IMO 4 (application rate of 5 kg/ 
tree).  The farmers surveyed also claimed IMO 4 applications changed soil dynamic 
through increased pH and improved soil texture, increase crop drought resistance and 
soil water holding capacity, sweeter and crispier fruits, and more marketable products.  
She reports on an organic village project of 15 ha involving 16 villagers and their 
respective crop responses to the applications of IMO 4, FPJ, FFJ, OHN, FAA, Compost, 
and Egg and Bone calcium phosphate during four years of study. She reported that the 
sampled farmers experienced an increase in crop yield in the first year, but saw a 
decrease in the third year due to flash flooding at the experimental site. Fruit set and 
number of fruits increased to a level higher than those crops that only had applications 
of conventional fertilizers.  

Nurul-Ain Abu-Baker and Nazlina Ibrahim of the School of Biosciences and 
Biotechnology, University Kebangsaan, Malaysia published conference proceedings in 
2014 detailing a report titled “Indigenous Microorganisms Production and the Effect on 
Composting Process”.  This was an experiment observing IMO 4 (Park and DuPonte, 
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2008) and its effect on compost mineralization, physical changes during processing, as 
well as microorganism species present.  They compared four composting materials: rice 
straw, rice straw + IMO 4, rice straw + goat manure + rice bran, rice straw + goat 
manure + rice bran + IMO 4.  The results indicated a difference in carbon to nitrogen 
ratios (C:N) which resulted in rice straw + goat manure + rice bran (highest C:N ratio) 
and rice straw + goat manure + rice bran + IMO 4 having higher temperature profiles 
indicating increased microbial metabolic activity, and ultimately faster decomposition 
and microbial mineralization.  They recorded a drop in pH of the compost after 
inoculation, which, they believed, was caused by the ammonification and mineralization 
of organic matter as a result of enzymatic activities of microorganisms.  An increase in 
water loss was attributed to the increased C:N and microbial activity.  As time 
progressed during processing, the number of microorganisms in all the composts 
decreased. Increases in mesophilic bacteria and actinomycetes populations were 
observed in all samples due to pH and temperature conditions.  As temperatures 
increase thermophilic bacteria population increased as well. The number of fungi in all 
samples were found to be high initially and drastically drop after the thermophilic phase.  
On the other hand, the number of actinomycetes remained high throughout the process 
on all samples, until curing. They concluded that IMO 4 additions to composts might 
increase the population size of indigenous microorganisms in the degradation of organic 
matter.  However, they reiterated that the C:N ratio is the main factor when determining 
the degradation rate and compost quality standards.  More research was called for to 
determine the effect of IMO 4 inoculation on compost degradation rate and quality.

An interesting publication by Sumathi et al (2012) discussed the use of IMO 4 
(Cho and Koyama, 1997) on native soils in Tirupati, Andhra Prodesh, India and its 
physicochemical, biological, and enzymatic properties.  These comparisons included a 
drop in pH with IMO application, an increase in electrical conductivity (EC), and 
improved soil water holding capacity.  Enzymatic activity increase with both IMO 
inoculated soils and the non-inoculated control during the experiment, but specifically 
protease and urease enzymatic activities were significantly greater in IMO amended 
soil.
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Dr. Koon-Hui Wang, a nematologist at the University of Hawai'i at Manoa’s 
College of Tropical Agriculture and Human Resources, and her colleagues have 
conducted several experiments recently which she has presented through the USDA-
NRCS CIG Program.  In a report titled “Nematode Community Analysis as an Indicator 
to Examine the Effects of Korean Natural Farming on Soil Health” Miriam Dorman and 
Koon-Hui Wang (2014) detail their results from an experiment examining the effect of 
IMO 4 field application, with regular KNF foliar nutritional sprays, of Taro (Colocasia 
esculenta) on nematode population density, trophic groups, diversity, richness, and 
various other nematode indices that they used as soil health indicators. Dorman and 
Wang found that all IMO treated plots had improved soil health conditions at 12 months 
when compared to 0 months, but there were no indications of trends in soil chemistry 
over time.  They reported an increase in the percent of bacterivores, but did not find an 
effect of IMO 4 on the percent omnivores or predators.  They state that IMO 4 did not 
effect nematode richness or diversity over time, but IMO 4 treatment increased the 
nematode enrichment index (EI), however.  For the first six months of growth, IMO 4 
significantly affected the nematode structure index (SI), but SI decreased at 12 months 
of growth. Dorman and Wang postulated that IMO 4 did not inhibit soil disturbance, but 
was perhaps due to soil tillage during the experiment.  IMO 4 also reduced the channel 
index (CI) at 6 months after treatment, indicating the application induced a less stressful 
condition for nematodes, but this high CI index did not last past 12 months after 
treatment. They concluded that in this portion of the experiment, IMO 4 maintained soil 
nutrient enrichment. 

Dr. Wang and Michael DuPonte (Wang et al., 2014) examined IMO 4 applications 
as compared to organic fertilizer amendments and IMO 4 plus organic fertilizer 
amendments in field application of corn (Zea mays) grown in oxisol soils (Wahiawa).  
They found no significant difference between the effect of organic fertilizer and IMO 4 
applications.  They reported comparable yields from IMO 4 applications to standard 
grower practice.  The plant biomass measurements were also similar between the IMO 
4 applications and standard grower practice.  Fruit counts were slightly higher in IMO 4 
inoculated samples as compared to the control.  They do mention that unforeseen 
environmental conditions and pest issues might have complicated the data.  They 
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concluded with the fact that despite comparable results, the lack of labor time 
associated with only needing to apply IMO 4 once or twice in a harvest, as compared to 
regular organic fertilizers applications, showed a potential for IMO 4 to reduce labor and 
material costs while providing the same results as organic fertilizers. Wang et al. (2014) 
call for additional, greenhouse environment trials of IMO 4 on corn to further evaluate 
IMO 4’s potential.

Ibrahim et al. (2012) published a peer-reviewed report in the Journal of Tropical 
Agriculture and Food Science comparing IMO 4 (Cho and Koyama, 1997) to EM 
applications on leafy vegetables (Brassica alboglabra, Brassica chinensis and Lactuca 
sativa) grown under controlled environmental conditions.  They found greater values in 
total N, organic carbon, K and Mg in EM and IMO 4 treatments as compared to urea 
treatment.  IMO 4 was found to lower soil pH initially and that the relationship between 
the availability of the soil nutrient component and the outcome had no significance.  
Ibrahim et al. makes a point that due to the short period of the experiment (9 months), 
there might not have been sufficient time to see a result of inoculation.  When compared 
to each other, there was no significant difference for EM and IMO 4 treatments in terms 
of yield performance.  They found that the urea treatment gave the highest yield in the 
first two seasons of planting for B. alboglabra and B. chinensis, with yields almost two-
fold compared to those of other treatments. By the third season, there was a dramatic 
decline in the crop yields, with IMO 4 being the lowest.  They attributed this to the lack 
of available nutrients for the IMO 4 microorganisms to survive.  Composted chicken 
manure had the highest production and yield of any treatment, due to greater nutrient 
availability and the presence of humic substances.  When observing the microbial 
population densities, Ibrahim et al. reported IMO 4 to be the least productive of all of the 
treatments, with EM showing the most a linear improvement year after year.  They 
conclude stating that more research is needed to understand IMO 4 microbial bio-
stimulant survival in naturally microbe rich soils.

Currently, the only known journal published study describing the effect of IMO 4, 
produced using the Park and DuPonte (2008) method, on crops is by Muyang et al. 
(2014).  In their paper titled, “Impact of Indigenous Microorganism Manure on Soil 
Mineralization and Irish Potato (Solanum tuberosum L.) Productivity in Bambili, 
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Cameroon”,  Muyang et al. experimented on the effect of IMO 4 and EM on plant 
properties and soil fertility was carried out in Bambini, North West Cameroon from 
March to June 2013 and 2014.  They found that plants amended with IMO 4 had a 
significant increase in plant height, number of shoots, total leaf area, and tuber weight 
as compared to the control.  IMO 4 amended soils had the highest potassium and 
sodium concentrations as compared to EM and the control treatment.   They concluded 
that IMO 4 improved growth and productivity of Irish potato (Solanum tuberosum L.) 
through better soil mineralization and available cations.  It must be considered, 
however, that Muyang et al. (2014) used a fungicide, Manizan, on the potato plants at 
multiple intervals throughout growth which could have caused altered data and 
inconclusive results, as researchers have observed high fungal concentrations in IMO 4.  
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Chapter 2:
The Physical, Chemical, and Biological 

Properties of Indigenous Microorganism 4     
(IMO 4) Soil Inoculant 

Introduction

In recent years, some agricultural professionals and researchers have come out 
in support of the Korean Natural Farming (KNF) system first described by Cho and 
Koyama (1997) and later supported by various agricultural reports and experiments 
(Kumar and Sai Gopal, 2015; DuPonte and Fischer, 2012; Park and DuPonte; 2008; 
Cho, 2010; Cho and Cho, 2010; Cho and Koyama, 1997; Kayama, 1996; Fischer, 2010; 
Reed, 2013; Gatphayak et al., 2009a; 2009b; Radovich et al., 2014; NRCS, 2012; 
Knock and DuPonte, 2011; Zakaria; 2006; Abu-Baker and Ibrahim, 2014; Sumathi et al., 
2012; Dorman and Wang, 2014; Ibrahim et al., 2012; Muyang et al., 2014; Yanagita et 
al., 1999; SomaSekhar et al., 2013; DuPonte, 2010; Carating and Tejada, 2012; 
Melrose and Delparte, 2012; Baker et al., 1996; Lamban et al., 2011; Chang et al., 
2014; Weinert, 2014).  The increased interest in this new biological agricultural system 
parallels the biologically focused agricultural systems that preceded it like biodynamic 
(Steiner and Adams, 2004) and organic farming (Northbourne, 1940; Howard, 1940; 
1972) the green philosophy of Shizen Nōhō (Fukuoka, 1985), and Kyusei nature 
farming (Okada, 1991, 1993).  But despite the increased interest, few peer-reviewed 
articles and reports exist discussing the physical, chemical, and biological properties of 
KNF and its microorganism-rich amendments.  

As the next step to biodynamic farming, KNF become a primary agricultural 
system for some farmers all over the world (Kumar and Sai Gopal, 2015). Developed by 
Han Kyu Cho, the head of the Janong Natural Farming Institute, South Korea, the KNF 
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system does not only focus on crop management but also focuses heavily on livestock 
production and its unique waste management systems (Cho and Koyama, 1997; 
DuPonte and Fischer, 2012; Park and DuPonte; 2008). KNF concepts revolve around 
the use and utilization of site-specific indigenous microorganisms as a tool for improved 
crop health, long-term and sustained soil fertility, and the reduction or elimination of 
plant fertilizer amendments (Cho, 2010).   Korean Natural Farmers (KNFs) utilize readily 
available plant and animal based agricultural by-products to effectively increase the bio-
diversity and population density of plant and animal beneficial indigenous 
microorganisms through inoculation and stimulation (Cho and Koyama, 1997; Cho, 
2010; Cho and Cho, 2010).  

Several components make up the Korean Natural Farming (KNF) system.  First, 
and most importantly, is the microbial bio-stimulation component which incorporates 
indigenous microorganisms into the system, in an effort to increase the overall 
biodiversity and population density within the agricultural area.  The second, is the 
nutritional component.  This includes plant, microorganism, livestock, and human 
nutritional health.  Third is the disease suppression component, which also considers 
plant defenses, livestock gut flora inoculation, and specific farm system infrastructure 
designs.  

Every action in the KNF method is focused around the bio-stimulation of the farm 
as a whole.  Where conventional farmers strive for a sanitary or microbe limited 
environments, Korean Natural Farmers (KNFs) attempt to incorporate as much 
microbial biodiversity in all aspects of farming as possible.  The underlying theory of 
increasing the biological diversity of the agriculture environment is to create conditions 
where no one species, family, or order of microorganisms can control, manipulate, or  
exclusively exploit any one area or nutrient source at any given time (Cho and Koyama, 
1997; Cho, 2010).  It has been proven that through the power of numbers, indigenous 
microorganisms are able to create a natural biological balance amongst themselves 
(Ingham et al., 2000). 

The basis of this biological balanced theory comes from observing natural 
ecosystems.   Scientists have proven that ecosystem sustainability is largely in part to 
the ecosystem functions of various indigenous microorganisms, their relationship with 
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available carbon and nitrogen, and their ability to maintain, buffer, or manipulate certain 
environmental conditions to insure ecosystem success (Zak et al., 1994; Florence, 
1965).  KNFs also strive to replicate nutrient and mineralization cycling that are found in 
the natural environments (Cho and Koyama, 1997; Cho, 2010; Zak et al., 1994).  Proper 
decomposition ratios, parent material composition, temperature regulation through 
shading, beneficial insect regulation through changes in environmental condition, and 
stimulation of microbial mineralization and microbial biodiversity are all ways KNFs 
replicate natural systems through bio-stimulation (Cho and Koyama, 1997; Cho, 2010).  
The bio-stimulants used by KNFs include the fermented solutions and soil inoculants.  

The primary soil inoculant used by Korean Natural Farmers is IMO 4 (Indigenous 
Microorganisms 4) (Park and DuPonte, 2008; Cho and Koyama, 1997; Cho, 2010; Cho 
and Cho, 2010; Zakaria, 2008; DuPonte and Fischer, 2012; Wang et al., 2014; Dorman 
and Wang, 2014; Abu-Baker and Ibrahim, 2014; Ibrahim et al., 2012; Wang et al., 2012; 
Fischer, 2010; Reed, 2013; Lamban et al., 2011; Muyang et al., 2014), which is a 
carbohydrate-rich inoculated composted with small concentrations of plant available 
nutrients.  With high microbial metabolic activity and decomposition rate, IMO 4 is one 
of the most biologically active composts a farmer can produce.  It is used as a granular 
top dressed amendment, livestock bedding or feed inoculant, or biological tea 
concentrate.  Produced exclusively from agricultural by-products, the application IMO 4 
could be a cost effective alternative to bio-fertilizers. 

In the U.S. state of Hawai'i, in the central pacific is an area where sustainable 
agricultural practices are widely used by subsistence and commercial producers. Due to 
economical and environmental preferences, these farmers are seeking out sustainable 
production methods to reduce production and labor costs and limit the environmental 
effects of manufactured or mined inputs. Korean Natural Farming practitioners have 
formed groups on every island, and the use of IMO 4 in field application as a soil 
inoculant has become integrated into many systems.  The University of Hawai'i at 
Manoa have published works describing the use and production of IMO 4 as a bio-
stimulant (Park and DuPonte, 2008; Wang et al., 2014), which has given rise to more 
interest in the agricultural techniques first described by Cho (Cho and Koyama, 1997). 
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The continued Hawaiian public and institutional interest in IMO 4 as a soil 
amendment has prompted the design of six IMO 4 production areas along a transect in 
Hilo, Hawai'i on the Island of Hawai'i (Figure 2.7 & Table 2.5).  The IMO 4 samples 
produced in each on these areas (T¹, T², T³, T⁴, T⁵, T⁶), were produced simultaneously, 
utilizing exactly the same method and materials.  When analyzed, the properties of the 
material could indicate if the specific set of microorganisms present at each production 
site have an effect on the physical, chemical, or biological properties of IMO 4.  A control 
of sterilized soil was also utilized to when comparing the various treatments. If the data 
was to indicate that IMO 4 produced in multiple locations had very similar 
characteristics, then the claim concerning the need to utilize site-specific indigenous 
microorganisms comes into question. Otherwise, if differences are found in the 
dynamics of the IMO 4 samples, it might be concluded that IMO 4 production methods 
that include the exclusive utilization of site specific microorganisms are more effective.   

In an effort to shed some light on IMO 4 as a soil inoculant and bio-stimulant, the 
objectives of this work are to describe several physical, chemical, and biological 
properties of six IMO 4 samples, produced at various locations in Hilo, Hawai'i from 
August 20th, 2014 to September 20th, 2014.  It was hypothesized that the IMO 4 
samples would have a measurable concentration of enzymatic and microbial activity, as 
well as plant available nutrient concentrations.  With this information, researchers can 
begin to understand the qualities of IMO 4 that might improve plant growth and soil 
dynamics, as well as provide comparative data for future reports.
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Materials and Methods

IMO 4 Production Sites

Indigenous Microorganism Soil Inoculant (IMO 4) samples were produced 
simultaneously along a transect in Hilo, Hawai'i.  At six different sites, piles of IMO 4 
were produced using a modified method of Park and DuPonte (2008).  Each IMO 4 
production site and organic material selection chosen for its similarities in typography, 
natural environmental characteristics, and available organic material (Table 2.1).  The 
following are brief descriptions of each site and the climate data came from Western 
Regional Climate Center weather stations near the production sites.  

Site 1 (T¹): Ahuna Macadamia Nut Orchard, Hilo, Hawai'i
Elevation - 35 meters

Located on the Ahuna Macadamia Nut Farm in east Hilo: latitude:19º 41’ 23.18”, 
longitude: 155º 03’ 30.06” and elevation: 35 meters.  East Hilo is tropical with average 
daily temperatures of 24º C (WRCC, 2015) and a mean annual rainfall of 215 cm.  This 
area of IMO 4 production was in an area of mixed growth of macadamia nut trees, 
sugarcane, and natural weed cover. 

Site 2 (T²): Residential Subdivision, Hilo, Hawai'i
Elevation - 160 meters

A new subdivision construction zone with areas of bulldozed ʻŌhiʻa Lehua and 
ferns mixed with areas of existing ʻŌhiʻa Lehua and fern forest.  Located in Southwest 
Hilo: latitude: 19º 41’ 22.25”, longitude: 155º 06’ 37.66” and elevation: 160 meters.  
Southwest Hilo is tropical with average daily temperatures of 24º C (WRCC, 2015) and 
a mean annual rainfall of 215 cm.  This area of IMO 4 production was in an area of 
ʻŌhiʻa Lehua, ferns, and weed cover.

33



Site 3 (T³): Residential Subdivision, Hilo, Hawai'i
Elevation - 340 meters

A natural wooded area with tall shade trees, large fountain grass, and ferns.     
Situated above Hilo Town along Puainako Street in South Hilo: latitude: 19º 40’ 57.59”, 
longitude: 155º 08’ 23.50” and elevation: 340 meters.  Southwest Hilo is tropical with 
average daily temperatures of 24º C (WRCC, 2015) and a mean annual rainfall of 215 
cm. 

Site 4 (T⁴): Residential Subdivision, Kaumana, Hawai'i
Elevation - 488 meters

ʻŌhiʻa Lehua and fern forested on Puainako Street.  Located in Kaumana, 
Southwest Hilo: latitude: 19º 40’ 44.17”, longitude: 155º 09’ 48.33” and elevation: 488 
meters. Kaumana is cooler than Hilo town with average daily temperatures of 21º C  
(WRCC, 2015) and wetter with a mean annual rainfall of 486 cm. 

Site 5 (T⁵): Residential Subdivision, Kaumana, Hawai'i
Elevation - 586 meters

It is a residential area with ʻŌhiʻa Lehua and fern forest surrounding 1-5 acre 
homes. Located in Kaumana, Southwest Hilo: latitude: 19º 41’ 08.96”, longitude: 155º 
10’ 49.58” and elevation: 586 meters.  Kaumana is cooler than Hilo town with average 
daily temperatures of 21º C (WRCC, 2015) and wetter with a mean annual rainfall of 
486 cm.  This area of IMO 4 production was in an area of ʻŌhiʻa Lehua, ferns, and weed 
cover.

Site 6 (T⁶): Natural Fern Forest, Kaumana, Hawai'i
Elevation - 812 meters

An undisturbed ʻŌhiʻa Lehua and fern forested area.  Located in West Kaumana, 
Southwest Hilo: latitude: 19º 41’ 48.28”, longitude: 155º 13’ 22.64” and elevation: 812 
meters.  West Kaumana is cooler than Hilo town with average daily temperatures of 21º 
C (WRCC, 2015) and wetter with a mean annual rainfall of 486 cm. 
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Soil 
The east side of the Island of Hawai'i is a very young, volcanic area with little to 

no soil available for cultivation in many areas.  Farmers in this area have traditionally 
had soil delivered to their land from areas of the island that are much older and have 
experienced erosion, cinder deposits, and (or) soil production.  The IMO 4 production 
sites selected in this experiment have limited soil deposits, are described by the 
National Resource Conservation Service as “cobbly” and “stone” (Wailuku series) or 
more commonly, no soil available to produce IMO 4.  For IMO 4 production and the 
experiment, soil from a farm in Honomu (North Central Hamakua Coast) that had an 
adequate supply of Hilo series Andisol soil needed for the production of IMO 4 and for 
the greenhouse experiment, was utilized. After processing, this soil will be later utilized 
exclusively as sterilized soil media, free of microbial metabolic activity that might be 
present on the imported soil.

IMO 4 Sample Production and Preparation

At each IMO 4 production site, one pile of IMO 4 was made using a modified 

method of Park and DuPonte (2008), which is modified method of Cho and Koyama 
(1997), used by Zakaria (2006) and Abu-Bakar and Ibrahim (2014) and were 
researched in Muyang et al. (2014), Wang et al (2014), and Dorman and Wang (2014).

The choice of production method (Park and DuPonte, 2008) was made based on 
the most recent quality studies that examined IMO 4 as a soil inoculant (Abu-Baker and 
Ibrahim, 2014; Muyang et al., 2014) utilized the Park and DuPonte (2008) method in the 
experiment.  Also, the Cho and Koyama (1997) standard operating procedure (SOP) 
has not published by any reputable research institutions or universities, while the Park 
and DuPonte (2008) method includes an SOP and was published through the University 
of Hawai'i at Manoa Extension Services.  
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IMO 1
IMO 1 was the first step in the IMO 4 production system, which includes the 

culturing of saprophytic fungi and bacteria from the immediate agricultural area onto a 
sterile medium. Using 200 g of dry white rice, the sterile medium needed for microbial 
inoculation is produced.  This rice was steamed in a sanitized rice cooker using 1 L of 
clean water until soft. The rice was sealed in an acid washed glass container and 
allowed to cool at room temperature (26 ℃) for 2 hours. 

A wooden box was constructed from newly lumbered, untreated cedar wood, 
measuring 30 cm x 30 cm x 10 cm.  This box has four sides and a bottom but without a 
closed top.  The boxes were sterilized by dry heat oven treatment at 120 ºC for 2 hours. 
Inside this box, the cooled rice was evenly spread to ensure a uniform coverage.  I one 
sheet layer of clean paper towels were laid on top of the rice, covering the rice all the 
way to the edges of the box.  A 34 cm x 34 cm welded wire mesh with a 1.25 cm x 1.25 
cm aperture was stapled around the top of the box to prevent any animals from getting 
to the rice within the box.  The box was then buried 5 cm into the soil, so the bottom half 
of the box is in the earth. 

At each IMO 4 production site, a specific area was chosen from which to gather 
parent material (fallen leaves, decayed plant material, soil, other organic matter).  The 
area had to meet 4 criteria to be selected for culturing of indigenous microorganisms.  It 
had to be shaded, cool, undisturbed, and contain a diverse array of parent material.  
Small samples of each kind of parent material were gathered until precisely 1.5 kg of 
organic materials were harvested from the soil surface.  

Immediately after placing the box in the soil, this rich parent material was then 
placed on top of the box, resting on the wire mesh screen.  A 60 cm x 60 cm clear 
plastic sheet was placed over top of the parent material.  This plastic sheet was 
anchored down to the box with one staple per side, ensuring there was plenty of airflow 
underneath the plastic sheet. Despite being in a shady area, more parent material was 
placed on top of the plastic to prevent any rogue beams of sunlight from hitting the box 
throughout the day.  This box was left in this location, undisturbed for 7 nights.  

After 7 nights of fermentation, the boxes were removed from the soil.  The plastic 
sheet, parent material, wire mesh, and paper towel were removed, exposing the 
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cultured indigenous microorganisms.  This moldy rice/microbe material was quickly 
placed into an acid washed, dark colored 19 L bucket and covered.

IMO 2
IMO 2 is the second step in IMO 4 production.  This step is to produce aerobic 

conditions for fermentation of the available sugars contained in the media, which 
provide ideal nutrition for lactic acid bacteria. IMO 2 is produced by weighting the 
contents of the 19 L bucket used in the IMO 1 preparation. This was done by pre-weight 
the bucket and determining the content weight using a digital agricultural field scale.  
Dark brown sugar was mixed with the bucket contents on a 1:1 ratio by weight.  When 
homogenized, the material in the bucket was thick and viscous like oatmeal.  The 
bucket was covered with a cotton cloth and secured with a tie wire around the lip of the 
bucket.  A protective layer of wire construction cloth was secured over the cotton cloth to 
prevent mammals from entering the bucket.  A 1 m x 1 m piece of black plastic drop 
cloth was loosely placed over the bucket and secured, to prevent rain from entering the 
bucket.  This material was left for 7 days in the area where the organic material was 
gathered in IMO 1 production, without mixing to allow for proper fermentation under 
anaerobic conditions.  

IMO 3
 The purpose of the IMO 3 step is to provide the selected microorganisms with a 

nutrient-rich, aerobic, moist growth medium to inoculate onto to increase reproduction 
potential.  IMO 3 is produced by sampling 100 ml of the fermented rice/sugar mixture, 
which, after 7 days, was dark and soupy with the consistency of oatmeal and the smell 
of beer.  This 100 ml sample was mixed with 75 L of water, until most of the sample had 
dissolved.  On a soil surface, this solution was slowly mixed in with 40 kg of dry Wheat 
Mill Run (Hawaiian Flour Mill, Honolulu, HI) until the entire pile had a 70% moisture 
content.  The pile was then flattened out so it measured 90 cm x 90 cm x 30 cm.  
Enough plant matter was gathered from the immediate area to cover the entire IMO 3 
pile, ensuring that sunlight could not penetrate to the Wheat Mill Run.  An A-frame tent 
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(1.8 m x 1.5 m x 1.5 m) was constructed out of 2.5 cm PVC pipe and 6 mm black plastic 
sheeting.  These tents were placed over the IMO 3 piles and plant material to prevent 
rain from causing anaerobic conditions in the Wheat Mill Run and allow for the control of 
moisture conditions.  Each day, for 7 days, the piles were stirred to release much of the 
heat caused by the high microbial thermophilic and metabolic activity in the IMO 3.  
Moisture content and temperature were closely monitored, ensuring a consistent 70% 
moisture content and average temperature of 48º C. After 7 days of fermentation, the 
tent and plant material were removed.

IMO 4
The final step in IMO 4 production was to add field soil to the IMO 3 material in a 

1:1 ratio by density.  This provides the remaining microorganisms with a soil substrate 
and complex nutrient sources for sustained inoculation potential. The method described 
by Qin et al. (2014) was employed to sterilize the field soil used to make IMO 4.  For 
each IMO 4 sample, 30 kg of Andisol soil (Hilo Series) was dry heated to 165º C for 6 
hours in a dry heat convection oven, then placed in a large desiccator to cool.  The 
sterilized samples for analysis were then placed in plastic bags and stored in an extra 
large desiccator.  The remaining soil was brought to the IMO 4 production sites for 
immediate application in the IMO 4 production process. Here, 30 kg of dry heat 
sterilized Andisol (Hilo Series) soil was mixed with each IMO 3 pile.  Once 
homogenized, 35 L of clean water was added to ensure the IMO 4 pile maintained a 
70% moisture content.  The plant material and A-frame tent were replaced over the IMO 
4 pile. Just like the IMO 3, the IMO 4 piles were stirred once daily for seven days and 
monitored for temperature and moisture content. After a week of monitoring the IMO 4 
piles, three 2 kg composite samples were taken from each pile for laboratory analysis. 
The sample materials were stored in paper bags and individual coolers properly labeled 
for transport to the laboratory. 
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Sampling

In this experiment, three replicates of each sample from each treatment 
production site were tested for physical, chemical, and biological properties and were 
utilized in comparing the treatment effects.  A control sample of sterilized soil was also 
analyzed in triplicate and was utilized when comparing the treatment effects.  

Analysis of IMO 4 Physical Properties

IMO 4 Bulk Density Analysis

Three brass cores measuring 5.36 cm in volume were lightly pressed into each 
IMO 4 pile. These cores were then dried at 60º C for 24 hours. After drying, the samples 
were weighed (Loveday, 1974).  Bulk density (g cm⁻³) was calculated using the known 
factors and collective bulk density averages figured. 

Bulk Density (g cm⁻³) = Dry soil weight (g) / Soil Volume (cm³)

IMO 4 Total Water Holding Capacity Analysis

Before drying the bulk density samples, the IMO cores were fixed with an 
absorbent paper on the bottom of the cores.  These cores were placed in a 4 cm dish 
filled with 1 cm of water and allowed to absorb deionized water overnight.  The next day, 
the cores were allowed to drain, the soil content was then weighed at full field holding 
capacity.  After the samples were dried for the bulk density analysis, the soil and IMO 4 
dry weight was subtracted from the field holding capacity to determine the total water 
holding capacity of each sample (Wilke, 2005).  The data was reported in a percent 
content of the total sample weight.  
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Analysis of IMO 4 Chemical Properties

IMO 4 Plant Available Nutrient and Sodium Content Analysis

The method described by Sato et al (2014) was used to measure IMO 4 total 
carbon (C) and nitrogen (N) concentrations. Each sample, was analyzed in triplicate 
using a CHNSO Analyzer (Costech Elemental Combustion System 4010, Valencia, CA). 

Soil concentrations of calcium (Ca), copper (Cu), iron (Fe), phosphorous (P), 
potassium (K), magnesium (Mg), manganese (Mn), sodium (Na), and zinc (Zn) were 
analyzed using the Mehlich 3 (0.2 N CH³COOH-0.25 N Nitrate-NNO₃-0.015 N Nitrate-
NF-0.013 N HNO³-0.001 M EDTA@pH-2.50±0.05) extraction method (Mehlich, 1984).
The extraction procedure began with grinding all of the air-dried IMO 4 samples to pass 
through a <2 mm sieve. 2.0 g of each sample was added to a 100 ml glass Erlenmeyer 
flask.  Then, 20 ml of Mehlich 3 extraction solution was added to each flask, with a 
method blank.  These flasks were placed on a reciprocating shaker (200, 4-cm recips/
minute) for five minutes.  The suspensions were immediately filtered using Whatman 42 
filter papers, and collected into 50 ml plastic vials. Due to the high concentration of 
colloidal and humic substances, the suspensions had to be filtered twice. 

Analysis of the extractions was done on a calibrated inductively coupled plasma 
optical emission spectrometry (ICP-OES)(Varian Vista-MPX ICP-OES, Agilent 
Technologies, Palo Alto, CA)(Munter and Grande, 1981) using multiple element 
standards following manufacturer’s recommendations in the operation and calibration of 
the instrument. The data was reported in % or µmol/L then converted to concentration 
weight per weight of soil where necessary.

A modified method for Nitrate-N and Ammonium-N (Nitrate-N) analysis of each 
soil sample was done on soil extracts using 1.0 M Potassium Chloride (KCl) (Keeney 
and Nelson, 1982) solution. For each sample, 2 g of field moist soil or IMO (ground, < 2 
mm sieve) was added to a 125 ml Erlenmeyer flask. Then, 20 ml of 1.0 M KCl solution 
was added to each flask.  A blank sample of deionized water was carried through 
analysis.  The flasks were covered and placed in a reciprocating shaker for 30 minutes 
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(160, 4-cm recips/minute). The suspensions were filtered through Whatman 42 papers 
into 50 ml plastic bottles.The supernatant was turbid due to colloidal materials that 
passed through the filter paper, so each sample was filtered until there was no longer a 
change in clarity.  The sample extractions were then immediately frozen. Analysis of the 
extractions was done on a Technicon II Continuous Flow Auto Analyzer (Seal Analytical, 
Mequon, Wisconsin) The data was reported in µmol/L then converted to concentration 
weight per weight of soil.

A modified method for boron analysis was used (Gupta, 1967).  A boron stock 
solution (Ricca Chemical Company, Arlington, Texas) was used to create a low standard 
curve. In a covered 250 ml plastic Nalgene beaker, 5.0 g of air-dried soil or IMO 
(ground, < 2 mm sieve) was mixed with 25 ml of deionized water in a hot water shaking 
bath for 30 minutes at 80º C.  The suspensions were then filtered using Whatman #1 
filter papers.  The supernatant was turbid due to colloidal materials that passed through 
the filter paper, so each sample was filtered until there was no longer a change in clarity. 
The extractions were analyzed on a ICP-OES. The data was reported in µmol/L then 
converted to concentration weight per weight of soil.

IMO 4 pH Analysis

Using a method described by Arancon (2001), the pH of the IMO 4 samples was 
tested by weighing a 5 g air-dry, <2 mm mesh soil into a cup.  5 ml of distilled reagent 
grade water was added to the cup.  The sample solution was shaken on a reciprocating 
shaker for 30 minutes.  Using a pH meter (Fischer Scientific Accumet AB200, Waltham,  
MA), the values were assessed and recorded to the nearest 0.01 value. 

IMO 4 EC Analysis

Using a method described by Arancon (2001), the electrical conductivity (EC) of 
the IMO 4 samples was tested by weighing a 5 g air-dry, <2 mm mesh soil into a cup.  5 
ml of distilled reagent grade water was added to the cup.  The sample solution was 
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shaken on a reciprocating shaker for 30 minutes.  Using an EC meter (Fischer Scientific 
Accumet AB200, Waltham, MA), the values were assessed using units mS cm⁻¹ and 
recorded to the nearest 0.01 value.

Analysis of IMO 4 Biological Properties

IMO CO₂ Respiration Rate

For the determination of the total microbial CO₂ respiration rate, the soda lime 
method was used (Keith and Wong, 2006).  This analysis observed the rate of microbial 
carbon dioxide respiration at the time of harvest and is used as a snapshot of microbial 
activity over the last 24 hours of IMO 4 production.

Three glass dishes were placed on top of each of the IMO piles (T¹, T², T³, T⁴, T⁵, 
T⁶) or sterilized soil (SOIL).  The seals were opened and the lids were removed.  Over 
top of the glass dish, a larger 1 L plastic bowl was inverted and placed so it covered the 
glass dish.  The plastic bowl was slightly pushed into the IMO 4 pile to prevent air from 
escaping from the area were the bowl lip met the IMO 4 pile, ensuring a good seal.  The 
blank sample dish was placed inside a 1 L bowl and the bowl was then covered with it’s 
plastic lid. After 24 hours, the plastic bowls were removed and the glass dishes were 
quickly covered and sealed for transportation to the lab.  

In the lab, the sealed glass dishes were opened one at a time and weighed.  The 
weights were recorded to the nearest tenth-milligram (0.0001 g).  The blank was also 
weighed to determine ambient absorption. This ambient absorption total (g) of the blank 
sample was subtracted from all of the sample weights.  The increase in weight helped 
determine the microbial respiration rate by using the following equation:

E(g CO₂/m²/d¹) = (Soil CO₂ Absorbed *1.69)/Ac/Days of Incubation
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Dehydrogenase Enzymatic Activity Analysis 

The method described by Casida et al. (1964) was used to analyze the 
greenhouse experiment treatments and soil for dehydrogenase enzymatic activity 
(DHA).  This analysis looks at the microbial presence in the media over the entire IMO 4 
production timeline.

Analysis began with 20 g of ground (< 2 mm sieve), air-dried IMO 4 being mixed 
with 0.2 g of CaCO³.  Three 6 g samples where taken out of this 20 g soil/CaCO³ 
mixture, each being placed in its respective 16 x 150 mm test tube. The test tubes were 
properly labeled, 1 ml of 3% aqueous solution of TTC was added to each test tube, 
followed by 2.5 ml of deionized water.  Each tube was mixed with a glass rod, capped 
with stoppers, and incubated at 37º C for 24 hours. After incubation, the stoppers were 
removed and 10 ml of methanol was added.  The stoppers were put back on and each 
test tube was shaken for 1 minute. Through a glass funnel plugged with absorbent 
cotton, each sample suspension was filtered into a 100 ml volumetric flask.  Additional 
methanol was used to wash the test tube contents into the funnel.  After all of the 
contents were in the funnel, 10 ml portions of methanol were dumped on the test tube 
contents until the cotton ball no longer contained a reddish color.  The remaining filtrate 
was diluted to 100 ml.

Spectrophotometry analysis was conducted on each filtrate sample using a 
(Thermo Fisher Scientific, GENESYS 20 Spectrophotometer, Waltham, MA) calibrated 
to 485 nm in 1 cm cuvettes with methanol used for the blank.  The amount of TPF was 
calculated by referencing a calibration graph prepared from TPF standards (500, 1000, 
1500, 2000 µg TPF/ 100 ml⁻¹).  Dehydrogenase enzymatic activity is reported as μg TPF 
g⁻¹ soil hr⁻¹.

Statistical Analysis

Analysis of variance (ANOVA) was used to determine experimental differences.  
The means of parameters were grouped for comparisons and differences between the 

43



treatments were separated by orthogonal contrasts using SAS (SAS Inc., 1990) at 
P<0.05. 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Results

The results are divided into the following subsections:

2.1 The physical properties of IMO 4 produced at various locations along a transect

2.2 The chemical properties of IMO 4 produced at various locations along a transect

2.3 The biological properties of IMO 4 produced at various locations along a transect

2.1

Bulk Density of IMO 4 Produced at Various Locations Along a Transect

Bulk density (D!) measurements of the IMO 4 samples produced at various 
locations along a transect had different values (Table 2.2), with the T⁴, T⁵, and T⁶ 
producing significantly greater (P≦0.0001) bulk densities (0.61, 0.67, 0.65 g cm⁻³, 

respectively) than the other samples.  Samples from T¹, T², and T³ (0.55, 0.53, 0.53 g 
cm⁻³, respectively), had no statistical differences.

Water Holding Capacity of IMO 4 Produced at Various Locations Along a 
Transect

The total water holding capacity (WHC) measurements of the IMO 4 samples 
produced at various locations along a transact had different values (Table 2.2), with the 
T⁴, T⁵, and T⁶ samples producing a significantly greater (P≦0.0001) water holding 
capacity of 74, 91, 85 %, respectively.  Samples from T¹, T², and T³ had no differences 
ranging from 58, 51, 53 %, respectively. 
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2.2

Plant Available Nutrient Content of IMO 4 Produced at Various Locations 
Along a Transect

Table 2.3 is a summary of the plant available nutrient concentrations of IMO 4 
samples produced at various locations in Hilo, Hawaii, along a transect. 

The IMO 4 samples from T⁴, T⁵, and T⁶ contained significantly greater (P≦0.0001) 

concentrations of total organic carbon (C) (187.5, 182.7, 216.2 g kg⁻¹, respectively), total 
nitrogen (N) (20.4,17.1, 20.2 g kg⁻¹, respectively), magnesium (Mg) (190.0,178.4, 200.4 
mg/L, respectively) and calcium (Ca) (0.77, 0.71, 0.69 mg kg⁻¹) than the other samples.  
The T¹, T², and T³ samples had significantly lower concentrations of C (149.7, 110.4, 
154.7 g kg⁻¹, respectively), N (16.0, 11.5, 15.9 g kg⁻¹, respectively), Mg (2.75, 1.98, 1.45 
mg kg⁻¹, respectively) and Ca (0.57, 0.61, 0.61 mg kg⁻¹).  The greatest concentrations 
(p<0.0001) of phosphorous (P) were found in T¹, T⁴, T⁵, and T⁶ (1.83, 3.05, 2.19, 3.98 g 
kg⁻¹, respectively).  There was no statistical difference found in corresponding IMO 4 
samples (T¹, T², T³, T⁴, T⁵, and T⁶) for potassium (K) (6.75, 9.58, 5.80, 9.37, 9.45, 10.57 
g kg⁻¹, respectively). 

When compared to the controls, all the IMO 4 samples were significantly greater 
(P≦0.0001) in C (52.4 g kg⁻¹), N (03.9 g kg⁻¹), and Mg (0.21 mg kg⁻¹). There was no 
significant difference between the control (12.15 mg kg⁻¹) and IMO 4 samples in Nitrate-
N, with the exception of T³. All of the IMO 4 samples (T¹, T², T³, T⁴, T⁵, and T⁶) were 
significantly greater (P≦0.0001) in Ammonium-N concentrations (6.27, 4.68, 8.24, 9.54, 
5.48, 5.09 g kg⁻¹, respectively) than the control (0.20 g kg⁻¹). Most of the IMO 4 samples 
were significantly greater (P≦0.0001) in P than the control (0.14 g kg⁻¹), with the 

exception of T³ (0.39 g kg⁻¹), which was similar to the control. The T⁴ and T⁵ samples 
were significantly greater (P≦0.0001) in Ca, than the  T¹, T², T³, and T⁶ samples and the 
control (0.66 mg kg⁻¹).

The means of the IMO 4 samples (T") were also compared to the control. The T" 
was significantly greater (P≦0.0001) in C (166.9 g kg⁻¹), N (16.9 g kg⁻¹), Nitrate-N (37.34 
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mg kg⁻¹), Ammonium-N (6.55 g kg⁻¹), P (2.10 g kg⁻¹), K (8.59 g kg⁻¹), Mg (2.85 mg kg⁻¹), 
Fe (0.76 g kg⁻¹), Mn (154.57 mg kg⁻¹), and Zinc (32.02 mg kg⁻¹).

Data shows the T² (5.65 mg kg⁻¹) and T⁵ (6.16 mg kg⁻¹) samples had the greatest 
(P≦0.0001) concentrations of copper (Cu) as compared to the T¹, T³, T⁴, and T⁶ samples 

(3.96, 3.73, 4.14, 4.85 mg kg⁻¹, respectively).  There was no significant difference found 
between the IMO 4 samples for iron (Fe) and sodium (Na).  The T³ sample had 
significantly greater (P≦0.0001) concentrations of manganese (Mn) (236.99 mg kg⁻¹) 
than the other IMO 4 samples.  The T⁶ sample (48.53 mg kg⁻¹) had a significantly greater 
(P≦0.0001) concentration of Zinc (Zn) than the other samples tested. The T¹ sample 
(3.53 mg kg⁻¹) was significantly greater (P≦0.0001) than the other IMO 4 samples in 

boron (B).
The control was similar to the IMO 4 samples in Cu (4.35 mg kg⁻¹) and Na 

(112.79 mg kg⁻¹). The T² and T⁵ samples were not significantly different than the control 
in Cu, and the remaining IMO 4 samples (T¹, T³, T⁴, and T⁶) were significantly lower 
(P≦0.0001) than the control. The IMO 4 samples were significantly greater (P≦0.0001) 
in Fe, Mn and Zn than the controls (0.17, 28.80, 2.87 mg/L, respectively). 

pH of IMO 4 Produced at Various Locations Along a Transect

The pH analysis of the IMO 4 samples (Table 2.2) showed very little variation in 
the distribution between samples.  The T¹ (8.67) and the T² (8.81) samples were 
significantly greater (P≦0.0001) than the remaining IMO 4 samples (T³, T⁴, T⁵, and T⁶) 
(8.45, 8.45, 8.46, 8.45, respectively), but all samples were analyzed just above or below 
pH 9.0. All of the samples were significantly greater (P≦0.0001) than the control (5.93). 

Electrical Conductivity of IMO 4 Produced at Various Locations Along a 
Transect

The electrical conductivity (EC) analysis showed varied results (Table 2.2) with 
the T¹ (5.82 mS cm⁻¹) and T⁴ (5.94 mS cm⁻¹) samples having a significantly greater 
(P≦0.0001) levels than the T², T³, T⁵, and T⁶ samples (2.83, 4.42, 4.02, 3.45 mS cm⁻¹, 
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respectively). The T³ and T⁵ samples were not significantly different.  The T⁶ sample was 
significantly greater (P≦0.0001) than the T² sample. All of the IMO 4 samples had 

significantly greater (P≦0.0001) EC than those of the control (1.62 mS cm⁻¹). 

Carbon Dioxide Respiration Rate of IMO 4 Produced at Various Locations 
Along a Transect

Analysis of the microbial carbon dioxide respiration rate (CO₂) (Table 2.2) of the 
IMO 4 samples shows a significantly greater (P≦0.0001) respiration rate in the T¹, T², T³, 

and T⁴ samples (725, 799, 758, 753 mg m⁻³ d⁻¹, respectively), as compared to the T⁵, T⁶, 

and control samples (409, 573, 6 mg m⁻³ d⁻¹, respectively).  All IMO 4 samples were 
significantly greater(P≦0.0001) CO₂ than the control, which should not have had any 
microbial metabolic activity present, due to sterilization of the substrate. 

Dehydrogenase Enzymatic Activity of IMO 4 Produced at Various Locations 
Along a Transect

Unlike the CO₂ data, the IMO 4 samples produced at T⁴ (8.3 µg TPF g⁻¹ soil hr⁻¹) 
and T⁵ (7.0 µg TPF g⁻¹ soil hr⁻¹) were similar in dehydrogenase enzymatic activity (Table 
2.2) and significantly more (P≦0.0001) than the T¹, T², T³, and T⁶ samples (4.2, 5.6, 5.2, 

4.2 µg TPF g⁻¹ soil hr⁻¹, respectively), which are similar.  All IMO 4 samples were 
significantly greater (P≦0.0001) than the control (0.00 µg TPF g⁻¹ soil hr⁻¹), which should 
not have had any microbial metabolic activity present, due to sterilization of the 
substrate. 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Discussion
With an entire Korean Natural Farming community of farmers utilizing materials 

like IMO 4, which have not been analyzed in a tear one peer reviewed report, it is 
important that the stakeholders and agricultural regulatory agencies understand what 
Korean Natural Farmers are applying to their land.  This understanding of amendments 
includes the physical, chemical, and biological properties of IMO 4.  Since IMO 4 could 
include many different sources of substrate and inoculant material as described in 
recent reports (Park and DuPonte, 2008; Cho and Koyama, 1997; Cho, 2010; Cho and 
Cho, 2010; Zakaria, 2008; DuPonte and Fischer, 2012; Wang et al., 2014; Dorman and 
Wang, 2014; Abu-Baker and Ibrahim, 2014; Ibrahim et al., 2012; Wang et al., 2012; 
Fischer, 2010; Reed, 2013; Lamban et al., 2011; Muyang et al., 2014) as modified 
method described by Park and DuPonte (2008) and analyzed in Muyang et al. (2014) 
was utilized.

The selected physical property analysis of IMO 4 in the form of bulk density (D!) 
(Table 2.2) and total water holding capacity (WHC) (Table 2.2) showed that when 
compared to the control, IMO 4 was significantly greater (P≦0.0001) in D! and WHC.  

Analysis of D! and WHC of IMO 4 samples from the higher elevations including T⁴, T⁵, 
and T⁶ samples, indicate a significantly greater (P≦0.0001) D! and WTC than the 

samples from lower elevations including T¹, T², and T³.  This was likely due to the 
increased silty, eroded rock material that was inadvertently incorporated into the IMO 4 
at the production areas when mixing the samples.   

The pH analysis of the IMO 4 samples (Figure 2.4) showed very little variation in 
the distribution between samples.  The T¹ and the T² were significantly greater 
(P≦0.0001) than the other samples, but all samples were analyzed just below or above 
pH 9.0, possibly suggesting IMO 4 is a fungi rich compost.   This data is supported by 
Wang et al. (2004) through their analysis of several types of compost.  Their research 
shows that compost produced from fresh pig manure and wood, high in saprophytic 
fungi, has similar chemical qualities to IMO 4 like a pH near 9.0, low total carbon and 
nitrogen concentrations and high Nitrate-N and Ammonium-N. Compared to samples 
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from the control, the IMO 4 samples’ pH were all significantly greater (P≦0.0001), 

indicating a difference in substrate chemistry and microbial biomass.
The electrical conductivity (EC) analysis showed varied results with the T¹ and T⁴ 

samples having significantly greater levels (P≦0.0001) than all the other samples.  
These sites have greater concentrations (P≦0.0001) of C and N than the other samples 
(Table 2.2), which would support an increased microbial presence and soluble nutrient 
concentrations, resulting in a greater EC value (P≦0.0001) for these samples (Table 

2.3). The increase to microbial density can be observed in the CO₂ respiration rate IMO 
4 when compared to the control (Table 2.2).  

When analyzing the differences in the chemical properties of the IMO 4 samples 
(Table 2.3), the IMO 4 produced at T⁴, T⁵, and T⁶ had significantly more (P≦0.0001) C, N, 
and Mg concentrations than the other samples. When compared to the control, 
however, most IMO 4 samples were significantly greater (P≦0.0001) in the nutrients 
tested.  Overall, there was no significant difference between all the IMO 4 samples in 
Nitrate-N, Ammonium-N, potassium, or iron, with only minute differences in the 
remaining nutrients sampled.  This comparison suggests the IMO 4 samples did not 
differ greatly, and that chemically, the IMO 4 possesses similar properties regardless of 
the area where it was produced.  This conclusion draws the question of natural farmers’ 
utilization of site specific microorganisms for proper IMO 4 production when used for 
chemical improvement of soil, and could indicate that IMO 4 could be applied with the 
same effect in different areas from where it was produced, contradicting Korean Natural 
Farming protocol. 

The selected biological analysis utilized in this experiment was the microbial 
carbon dioxide respiration rate (CO₂), which measured the microbial carbon dioxide 
respiration rate over the last 24 hours of IMO 4 production (Table 2.3), and 
dehydrogenase enzymatic activity (DHA), which observed the cumulative concentration 
of dehydrogenase enzyme production over the entire IMO 4 production period (Table 
2.3).  The T¹, T², and T³ samples had a significantly greater (P≦0.0001) CO₂ than the 

other samples tested.  Observing two different timelines, CO₂ was measured at the end 
of IMO 4 production and is seen as an analysis of snapshot in time, where DHA analysis 
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indicates the concentration of enzyme build up over the production entire period. This 
difference in analysis timeline provides information indicating that both biological 
analyses showed some microbiological metabolic activity at some point during 
production, within the substrate at all production areas, suggesting IMO 4 could have 
potential as a bio-stimulant or bio-remediation tool, provided the microorganisms 
present on the IMO 4 substrate can survive the inoculation process.

It is worth noting, the control in this experiment (dry heat sterilized soil) differs 
greatly from the IMO 4 samples in physical, chemical, and biological properties.  Any 
comparisons should consider these differences in properties.    

Other than the differences in available plant nutrient concentrations, there were 
few trends in the data that would suggest IMO 4 production methods were effected by 
the changes in microbial consortia sampled during selection.  A plant growth experiment 
would show if the plant available nutrients in IMO 4 produced at different locations along 
a transect would have an effect on plant production. 

The lack of obvious trends in the data indicates that the IMO 4 production 
methods described by Park and DuPonte (2008) produce a similar product regardless of 
the microorganisms present on the substrate.  This raises question as to the need for 
the inoculation of site-specific, autochthonous microorganisms in the IMO 4 production 
process.  If the samples possess similar physical, chemical, and biological properties, 
then the application of any IMO 4 to soil might have the same effect on soil dynamics 
and crop productivity.  Further experiments are needed to determine the differences 
between these samples.  

The chemical, physical, and biological properties of IMO 4 have proven this 
Korean Natural Farming amendment is a microbiologically active compost with an 
appreciable amount of plant available nutrient concentrations.  This information could 
help stakeholders develop IMO 4 as a certified organic amendment or a commercial 
product.  Also, this data might aid in developing a more cost effective or sustainable 
IMO 4 production methodology by reducing or eliminating some steps to IMO 4 
production.  

Future experiments observing IMO 4 and its use in agriculture should be 
conducted to observe changes to soil dynamics and plant health through IMO 4 
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applications in sterilized soil.  This would give researchers an idea of what effect the 
selected indigenous microorganisms found on the IMO 4 substrate has on the 
production of crops and the dynamics of the soil which they are grown.  Then, to test the 
survival of the selected indigenous microorganisms, field trials should be conducted to 
see if these microorganisms can compete with complex matrix of microorganisms 
already present in the soil.  Perhaps, with further research into the functions of IMO 4 in 
the soil environment, other uses for IMO 4 might be supported, like the use of IMO 4 as 
a bioremediation tool in livestock production (Fischer, 2010; Reed, 2013; DuPonte and 
Fischer, 2012; Gatphayak et al., 2009a; 2009b; Radovich et al., 2014).   

This descriptive analysis of IMO 4 has given Korean Natural Farmers some idea 
of some of the physical, chemical, and biological properties of IMO 4.  Future 
experiments and field trials testing the effects of IMO 4 in agriculture will be much easier 
when comparing these amendments to other known bio-stimulants.  Research grant 
funding and regulatory associations have been asking Korean Natural Farmers for this 
type of description of IMO 4 in order to consider applications, and now they have the 
information needed to assess IMO 4 as a potential commercial product.  And finally, this 
information can be used by stakeholders who felt they lacked specific knowledge of IMO 
4 and can now apply these findings into their existing systems to determine if these 
techniques are a best fit.   
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Treatment n Bulk                            
Density

Total Water Holding 
Capacity pH Electrical             

Conductivity
CO₂ Respiration             

Rate
Dehydrogenase 

Enzymatic Activity

(g cm³) (%) (pH) (mS cm⁻¹) (mg m² d⁻¹) (μg TPF g⁻¹ soil hr⁻¹)

T¹ 3 0.55±0.01 58±3 8.67±0.00 5.82±0.08 725±33 4.2±0.4

T² 3 0.53±0.02 51±7 8.81±0.00 2.83±0.08 799±36 5.6±0.1

T³ 3 0.53±0.02 53±5 8.45±0.01 4.42±0.32 758±13 5.2±0.8

T⁴ 3 0.61±0.03 74±7 8.45±0.00 5.94±0.07 753±12 8.3±0.2

T⁵ 3 0.67±0.01 91±2 8.46±0.00 4.02±0.12 409±62 7.0±0.6

T⁶ 3 0.65±0.03 85±8 8.45±0.00 3.45±0.10 573±11 4.2±1.0

Soil 3 0.43±0.00 22±0 5.93±0.01 1.62±0.16 6±0 0.0±0.0

Table 2.1 The mean climactic conditions near the IMO 4 production sites from 8/20/14-9/20/14

Area
IMO 4 

Production 
Sites in This 

Area

Daily High 
Temp

Daily 
Average 

Temp
Daily Low 

Temp
Daily 

Humidity 
High

Daily 
Humidity 
Average

Daily 
Humidity 

Low

Daily 
Maximum 
Sea Level 
Pressure

Daily 
Minimum 
Sea Level 
Pressure

Daily 
Maximum 

Wind Speed

Daily 
Average 

Wind Speed

Daily Total 
Precip.  

(cm)

(m) (ºC) (ºC) (ºC) (%) (%) (%) (cm) (cm) (kph) (kph) (cm)

Hilo T¹ T² T³ 30±0.24 24±0.16 20±0.21 100±0.00 92±13.58 64±11.40 75.1±0.10 74.9±0.09 18.9±0.47 6.6±0.14 0.2±0.08

Kaumana T⁴ T⁵ T⁶ 30±0.15 26±0.13 21±0.17 88±1.06 73±0.82 58±0.93 76.2±0.02 76.0±0.02 15.0±0.51 10.9±0.27 0.2±0.07

Table 2.2 Means (±SE) of plant physical, chemical, and biological properties of IMO 4 samples produced at various locations in Hilo, Hawaii, 
along a transect. Means followed by the same letter(s) are not statistically significant at P≦0.05.

cd cd b a a c

d d a d a c

d d c b a c

ab bc c a a a

a a c b c ab

a ab c c b c

e e c e d d
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Treatment n Total Organic 
Carbon (C)

Total Nitrogen   
(N)

Nitrate-N             
(NO²-N + NO³-N)

Ammonium-N                           
(NH⁴-N)

Phosphorus                  
(P)

Potassium                        
(K)              

Magnesium                           
(Mg)

Calcium                     
(Ca)

(g kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (g kg⁻¹) (g kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

T¹ 3 149.7±10.8 16.0±01.5 13.38±9.03 6.27±0.67 1.83±0.32 6.75±0.44 2.75±0.17 0.57±0.04

T² 3 149.7±25.1 11.5±02.4 5.70±4.76 4.68±0.71 1.14±0.16 9.58±4.57 1.98±0.19 0.61±0.07

T³ 3 154.7±02.7 15.9±00.2 151.42±56.13 8.24±0.19 0.39±0.01 5.80±0.26 1.45±0.73 0.61±0.04

T⁴ 3 187.5±04.1 20.4±00.5 12.20±9.54 9.54±0.61 3.05±0.19 9.37±0.32 3.45±0.10 0.77±0.03

T⁵ 3 182.7±08.8 17.1±00.3 6.83±3.29 5.48±4.14 2.19±0.14 9.45±0.24 3.57±0.10 0.71±0.02

T⁶ 3 216.2±06.2 20.2±00.6 34.51±27.56 5.09±2.37 3.98±0.24 10.57±0.90 3.88±0.31 0.69±0.05

Soil 3 52.4±00.5 03.9±00.1 12.15±6.78 0.20±0.01 0.00±0.00 0.14±0.00 0.21±0.01 0.66±0.04

c b b a c a b c c

d c b a b d a c d b c

b c b a a e a d b c

a b a b a b a a b a

a b c a b b a b c a a b a b

a a b a b a a a a b c       

e d b b e b e a b c

Treatment n Copper                              
(Cu)

Iron                                   
(Fe)

Manganese                   
(Mn)

Sodium                               
(Na)

Zinc                                   
(Zn)

Boron                                
(B)

(mg kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

T¹ 3 3.96±0.39 0.71±0.03 140.69±12.59 142.02±45.14 33.64±1.50 3.53±1.38

T² 3 5.65±0.40 0.71±0.10 100.24±13.43 177.37±62.61 19.77±1.23 2.86±0.40

T³ 3 3.73±0.15 0.67±0.09 236.99±22.08 168.93±52.29 17.53±0.43 2.24±0.17

T⁴ 3 4.14±0.04 0.75±0.03 133.19±4.03 104.70±12.38 35.11±0.43 2.56±1.34

T⁵ 3 6.16±0.03 0.88±0.05 152.86±5.96 208.77±51.96 37.55±0.22 0.00±0.00

T⁶ 3 4.85±0.74 0.84±0.13 163.42±10.71 198.42±77.83 48.53±3.27 2.84±1.47

Soil 3 4.35±0.15 0.17±0.02 28.80±2.92 112.79±27.25 2.87±0.35 0.45±0.45

c d a b a b a

a b a c a c a b

d a a a c a b 

c d a b c a b a b

a a b a b b

b c a b a a a b 

c d b d a d b

Treatment n Total Organic 
Carbon (C)

Total Nitrogen   
(N)

Nitrate-N             
(NO²-N + NO³-N)

Ammonium-N                           
(NH⁴-N)

Phosphorus                  
(P)

Potassium                        
(K)              

Magnesium                           
(Mg)

Calcium                     
(Ca)

(g kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (g kg⁻¹) (g kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

T! 18 166.9±09.6 16.9±0.90 37.34±15.76 6.55±1.24 2.10±0.15 8.59±0.96 2.85±0.23 0.66±0.04

Control 3 52.4±0.50 03.9±0.10 3.23±12.02 3.62±4.16 2.98±2.69 8.99±8.84 2.14±2.09 0.43±0.40

a a a a a a a a

b b b b b b b a

Treatment n Copper                          
(Cu)

Iron                                  
(Fe)

Manganese                
(Mn)

Sodium                     
(Na)

Zinc                                   
(Zn)

Boron                               
(B)

(mg kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

T! 18 4.75±0.29 0.76±0.07 154.57±11.47 166.70±50.37 32.02±1.18 2.34±0.79

Control 3 4.35±0.15 0.17±0.02 28.80±2.92 112.79±27.25 2.87±0.35 0.45±0.45

a a a a a a

a b b a b a

Table 2.3 Means (±SE) of plant available nutrient concentrations of IMO 4 samples produced at various locations in Hilo, Hawaii, along a 
transect. Means followed by the same letter(s) are not statistically significant at P≦0.05.
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Chapter 3:
The Effect of IMO 4 on the Physical, Chemical, 
and Biological Characteristics of Andisol Soil 

and the Growth and Production of Corn          
(Zea mays)

Introduction

The biological field of study called agricultural microbial ecology has been 
evolving for the last several decades, to become influential in the practice and research 
of sustainable farming.  This field of study incorporates the efforts of soil and biological 
chemists, botanists, environmentalists, agronomists, sociologists, conservationists, and 
ecologists.  Their collaborative research has led to the incorporation of bio-stimulants as 
agricultural amendments in many commercial operations. 

But, before stakeholders, researchers, and consumers can begin collaborative 
efforts, a framework must first be set detailing which agricultural techniques no longer fit 
the consumer market needs and identify which newly developed and researched 
practices to incorporate into contemporary agricultural industries. The world has seen a 
shift in consumer agricultural concerns in the last twenty years, that no longer supports 
many conventional chemical farming practices (Cohn, 2010). Farmers struggle to meet 
these demands for environmentally-friendly and health conscious practices. Typically, 
stakeholders resort to habitual use of manufactured or processed organic fertilizers 
(Altieri,1999).  This brings stakeholders to redefine their role as a sustainable farming 
practitioners and look for options that utilized renewable resources or waste product 
materials to provide adequate nutrient concentrations for maximum yield and 
profitability.
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Agricultural microbial ecologists could provide answers to the concerns of 
sustainable farmers.  Research from this field has shown microorganisms’ potential to 
mineralize organic and inorganic compounds in the soil and access otherwise 
unavailable plant nutrients (Paoletti et al., 1994), protect hosts from biotic and abiotic 
plant diseases (Baker and Cook, 1974; Paoletti et al., 1994), maintain stable soil 
conditions (Paoletti et al., 1994; Park et al., 2010), and improve soil dynamics (Paoletti 
et al., 1994).  Agricultural microbial ecologists have also shown that farmers are now 
able to improve crop production (Higa and Wididana, 1991), reduce the use of specific 
limited resources (Altieri, 1999), and stimulate more natural soil/plant relationships 
(Tjamos et al., 1992) via the increase in soil microbial biomass. 

Several agricultural systems exist, which have unique, biologically-based central 
concepts that focus on soil microbial biomass. A biological agricultural system is simply 
a series of techniques and protocols that participating farmers rigorously adhere to, in 
support of a specific concept or belief.  Biodynamic (Steiner and Adams, 2004), organic 
farming (Northbourne, 1940; Howard, 1940; 1972) the green philosophy of Shizen Nōhō 
(Fukuoka, 1985), Kyusei Nature Farming (Okada, 1991, 1993), and Korean Natural 
Farming (Cho and Koyama, 1997; Kayama, 1996) are widely-practiced agricultural 
movements that have recently gained in popularity.  Many researchers and stakeholders 
support these diverse systems.  However, inconsistent experimental results examining 
the function of microorganisms in these systems has lead to a dearth of peer reviewed 
reports detailing the benefits of each unique system trait.

The Korean Natural Farming (KNF) system was developed by Han Kyu Cho, the 
head of the Janong Natural Farming Institute, South Korea. KNF concepts revolve 
around the use and utilization of site-specific indigenous microorganisms as a tool for 
improved crop health, long-term and sustained soil fertility, and the reduction or 
elimination of plant fertilizer amendments (Cho, 2010).   The central theory behind KNF 
is for farmers to amend soils with readily available plant- and animal-based agricultural 
by-products, that have been processed through fermentative microorganism metabolic 
activity, to effectively increase the biodiversity and population density of plant and 
animal beneficial indigenous microorganisms through indigenous microorganism 
inoculation and stimulation (Cho and Koyama, 1997; Cho, 2010; Cho and Cho, 2010).  
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Every action in the KNF method is focused around the farm existing as a living 
organism, with several components dependent on proper function in order for survival 
and production.  Where conventional farmers strive for a sanitary or microbe limited 
environments, Korean Natural Farmers (KNFs) attempt to incorporate as much 
microbial biodiversity in all aspects of farming as possible.  The underlaying theory of 
increasing the biological diversity of the agriculture environment is to create conditions 
where no one species, family, or order of microorganisms can control, manipulate, or 
exclusively exploit any one area, nutrient source at any given time (Cho and Koyama, 
1997; Cho, 2010).

The primary KNF soil inoculant is a microorganism inoculated compost, high in 
carbohydrates, with a limited concentration of plant available nutrients, called 
Indigenous Microorganisms 4 (IMO 4) (Park and DuPonte, 2008; Cho and Koyama, 
1997; Cho, 2010; Cho and Cho, 2010; Zakaria, 2008; DuPonte and Fischer, 2012; 
Wang et al., 2014; Dorman and Wang, 2014; Abu-Baker and Ibrahim, 2014; Ibrahim et 
al., 2012; Wang et al., 2012; Fischer, 2010; Reed, 2013; Lamban et al., 2011; Muyang 
et al., 2014). IMO 4 has some microbial metabolic activity and could be one of the most 
biologically active composts utilized.  It is used as a granular top dressed amendment, 
livestock bedding or feed inoculant, or biological tea concentrate.  Produced exclusively 
from agricultural by-products, it is claimed that the application of IMO 4 is a cost 
effective alternative to bio-fertilizers (Cho, 2010).  Despite two journal publications 
describing IMO 4 methods and its effect on plants (Muyang et al., 2014; Ibrahim et al. 
2012) and two describing regional agricultural trends and adoption of KNF and IMO 4 
production (Zakaria, 2008; Lamban; 2011), IMO 4’s physical, chemical, and biological 
properties, as well as its effect on plant and soil properties, has not yet been fully 
reported.

 In Chapter 2, a descriptive analysis was conducted on several IMO 4 samples 
(Tables 2.1-2.3), produced along a transect in Hilo, Hawai'i.  The physical, chemical, 
and biological properties of this material was detailed.  The findings showed that IMO 4 
had some plant available nutrient concentrations, microbial metabolic activity, and an 
alkaline pH.  There were very few trends apparent in the data that suggested IMO 4 
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differed physically, chemically, and biologically between the production sites, indicating 
there might not be a need for site-specific microorganisms during the production of IMO 
4 and location differences might not affect the qualities of IMO 4. It was suggested that 
IMO 4 could be utilized as a microbial soil inoculant, but controlled experiment analysis 
was required to test the survival of the inoculating microorganisms in the soil 
environment and the effect of IMO 4 could have on crop production.  

A greenhouse experiment was designed to test the effect of the inoculating 
microorganisms found on the IMO 4 substrate, determine if the reports surrounding the 
use of IMO 4 as a soil inoculant has any validity by gathering data indication microbial 
inoculant survivability after application, calculate the capacity of IMO 4 inoculation to be 
an effective soil microbial inoculant for commercial production systems, or determine if 
IMO 4 improves plant and soil dynamics purely through a substrate effect of additional 
organic matter and soluble nutrients and not via additional microbial metabolic activity. 

The objectives of this chapter are to determine the effects of the inoculated 
microorganisms in IMO 4 on the physical, chemical, and biological properties of soil and 
the growth of corn under greenhouse conditions, investigate the fate of the inoculating 
microorganisms in the soil environment, and compare the use of other organic matter 
applications to IMO 4 soil inoculant applications on their effects on soil properties and 
plant growth. 

When discussing the physical, chemical, and biological comparisons between the 
IMO 4 (T¹, T², T³, T⁴, T⁵, T⁶) and organic matter (OM¹, OM²,OM³, OM⁴, OM⁵, OM⁶) 
samples, it was hypothesized that IMO 4 would have a lower concentration of plant 
available nutrients than OM samples due to consumption by the inoculated 
microorganisms.  Also, it was thought that the total water holding capacity, pH, and 
electrical conductivity would be greater in the IMO 4 samples because of the increase 
microbial populations. After reviewing literature, however, it was hypothesized that the 
inoculated microorganisms found on the IMO 4 substrate will have a poor survival rate 
upon or soon after application due to limited nutrient resource availability or substrate 
condition change, causing the loss of all metabolic activity from the inoculated 
microorganisms in the IMO 4 samples. Thus, it was thought that IMO 4 would not have 
any significant effect on soil dynamics and plant growth, other than through increased 
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nutrition by substrate effect. With the information provided in this chapter, researchers 
can develop best practices for the use of IMO 4 and compare its effect to other known 
materials that utilize indigenous microorganisms like soil organic matter in the form of 
compost or mulch. 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Materials and Methods

IMO 4 Production Sites

The Indigenous Microorganism 4 (IMO 4) samples were produced at the same 
IMO 4 production sites, at the same time, and were taken from the same IMO 4 piles as 
described in Chapter 2, which were along a transect (T¹, T²,T³, T⁴, T⁵, T⁶) in Hilo, Hawai'i. 
Each IMO 4 production site was selected for its similarities in typography, natural 
environmental characteristics, and available organic material (Table 2.1).  

Soil 
The east side of the Island of Hawai'i is a very young, volcanic area with little to 

no soil available for cultivation in many areas.  Farmers in this area have traditionally 
had soil delivered to their land from areas of the island that are much older and have 
experienced erosion, cinder deposits, and (or) soil production.  The IMO 4 production 
sites selected in this experiment have limited soil deposits, are described by the 
National Resource Conservation Service as “cobbly” and “stone” (Wailuku series) or 
more commonly, no soil available to produce IMO 4.  For IMO 4 production and the 
experiment, soil from a farm in Honomu (North Central Hamakua Coast) that had an 
adequate supply of Hilo series Andisol soil needed for the production of IMO 4 and for 
the greenhouse experiment, was utilized.

IMO 4 Sample Production and Preparation

IMO 4 is the final step in the IMO production.  Details of the production of IMO 

1-4 are presented in Chapter 2 methods.  At each IMO 4 production site one pile of IMO 
4 was produced using a modified method of Park and DuPonte (2008) or a modified 
method of Cho (2010),  reported by Zakaria (2006) and Abu-Bakar and Ibrahim (2014), 
which were researched in Muyang et al. (2014), Wang et al. (2014), and Dorman and 
Wang (2014).
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Simulated Organic Matter (OM) and Soil Sterilization 

In order to exclusively observe the effect of the inoculating microorganisms found 
in the IMO 4 substrate on soil dynamics and plant health, all compounding factors 
dealing with experimental contamination were considered.  The presence of indigenous 
microorganisms in the field soil used in this experiment was considered to be the most 
influential factor.  To combat potential effects of microorganisms in the experimental soil, 
the media was dry heat sterilized based on the soil sterilization methods described by 
Qin et al. (2014).  With sterilized soil, the experiment would then reveal the isolated 
effects of the inoculating microorganisms on soil dynamics and plant health.

For each IMO 4 sample, 10 kg of IMO 4 was dry heated to 165º C for 6 hours in a 
dry heat oven. Then the samples were placed in a large desiccator to cool for 2 hours.  
The sterilized samples that would be used for analysis were then placed in plastic bags 
and stored in an extra large desiccator.  The material composition of this material was 
exactly the same as the IMO 4 material, as it was originally sourced from the 
corresponding IMO 4 piles.  The organic matter samples (OM¹, OM²,OM³, OM⁴, OM⁵, 
OM⁶) were brought to the greenhouse for immediate application in the greenhouse 
experiment.  The same methods were employed to sterilize 180 kg of soil (SOIL) when 
treating the field soil used to make IMO 4 and for the planting of the corn samples.  

Experiment

A greenhouse experiment had begun immediately after the harvesting of the IMO 
4 material and processing them for application.  The experiment was conducted in a 
steel framed, open walled greenhouse in Hawaiian Acres, Keaau, Hawai'i: latitude: 19º 
31’ 24.22”, longitude: 155º 01’ 20.00” and elevation: 280 meters. Here, 130 pieces of  
3.75 liter grow bags (14 x 11.5 x 19 cm) were filled with dry heat sterilized field soil (Hilo 
Series). The dry heat sterilization process was fully described in Chapter 2 using the 
procedure reported by Qin et al. (2014).  These 130 grow bags were divided into 
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thirteen treatment groups and properly labeled.  The treatments included: the 
Indigenous Microorganism 4 (IMO 4) produced at various locations in Hilo, Hawai'i (T¹, 
T²,T³, T⁴, T⁵, T⁶), simulated organic matter in the form of dry heat sterilized IMO 4 (OM) 
(OM¹, OM²,OM³, OM⁴, OM⁵, OM⁶)(Qin et al., 2014) were produced from the 
corresponding IMO 4 used in the experiment , and the control in the form of no 
treatment (SOIL). The experiment included ten replications of each treatment. Each 
treatment group of 10 replications had its own greenhouse bench which where 
randomly placed throughout the greenhouse and arranged in a randomized complete 
block design (RCBD). 

Three days before planting, the IMO 4 and OM applications were applied to the 
bags at the soil surface at a recommended rate of 1456kg/ha (6.8 g per bag). These 
application rates were based on recommendations by current natural farmers and 
University of Hawai'i at Manoa Extension Services (DuPonte, 2015). A sterile, carbon-
based mulch was needed to protect the IMO 4 treatments from solarization, so 8.0 g of 
shredded copier paper was placed on top of the soil in each pot.  A drip irrigation system 
was set up, that provided 150 ml of water to each pot twice a day, which are 
recommended applications based on field cropping application rates  of corn in Hawaii 
(Brewbaker, 2003).  Three days after application of soil treatments, three sweet corn 
seeds (Hawaiian Supersweet Hybrid #10) were sown into each grow bag.   

Ten days after planting, the corn seedlings were thinned out to one plant, that 
most represented the group.  Regular inspections of the plants and systems were 
conducted daily.  Integrated pest management during the experiment consisted of 
regular inspections, as well as hand removal and low pressure water removal of aphids 
and other insects. 

Eight weeks after sowing, 5 plants representing 5 replications were selected from 
each treatment which best represented the sample set.  The plants were measured for 
height, and the whole corn plant was harvested from each grow bag based on methods 
described by (Hue et al., 2000).  They were then weighed, bagged, properly labeled, 
and stored in a plant transport cooler.  The samples were immediately taken to the 
laboratory for leaf area analysis using a LICOR Leaf Area Meter (LICOR, Lincoln, 
Nebraska).  The soil contained in each pot was then individually bagged, labelled, and 
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cataloged for various physical, chemical, and biological analysis. The soil samples 
needed for nutrient and chemical analysis were stored at 4º C (Lee et al., 2006).  The 
soil samples needed for biological analysis were taken directly to the laboratory, in 
paper bags, and analyzed.

Experimental Design

In this experiment, three replicates of each IMO 4 and (or) experimental soil 
samples were tested for physical, chemical, and biological properties.  The data 
presented from in this experiment are the means of these three replicates. A control 
sample of sterilized soil was also analyzed in triplicate and was utilized when comparing 
the treatment effects.  

Analysis of Treatment and Soil Physical Properties

Bulk Density Analysis

Three soil cores (5.36 cm³) were sampled from each treatment or treated soil. 
These cores were dried at 60º C for 24 hours. After drying, the samples were weighed 
(Loveday, 1974).  Bulk density (g cm⁻³) was calculated using the known factors and 
collective bulk density averages figured.

Bulk Density (g cm⁻³) = Dry soil weight (g) / Soil Volume (cm³)

Total Water Holding Capacity Analysis

Before drying the bulk density samples, the soil cores were fixed with an 
absorbent paper on the bottom of the cores.  These cores were placed in a 4 cm deep 
dish filled with 1 cm of water and allowed to absorb deionized water overnight.  The next 
day, the cores were allowed to drain, the soil content was then weighed at full field 
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holding capacity.  After the samples were dried for the bulk density analysis, the soil and 
IMO dry weight was subtracted from the field holding capacity to determine the total 
water holding capacity of each sample (Wilke, 2005).  The data was reported in a 
percent content of the total sample weight.  The same analysis was used to measure 
the control experiment soil samples.

Analysis of Treatment and Soil Chemical Properties

Plant Available Nutrient and Sodium Content Analysis

The method described by Sato et al (2014) was used to measure the greenhouse 
experiment samples, soil, and plant tissue total carbon and nitrogen concentrations. For 
each sample, three ~8.0 mg of air-dried, ground (< 2 mm sieve) samples were weighed 
in a 5 x 9 mm tin capsules and the weights were recorded.  The tin capsules were 
folded and analyzed using a CHNSO Analyzer (Costech Elemental Combustion System 
4010, Valencia, CA). The total organic carbon (C) and total nitrogen (N) analyses were 
not performed on the OM samples, because the method used to sterilize the IMO 4 to 
produce OM samples mirrored the soil drying process used to prepare soil samples for 
C and N analyses. It was assumed that the OM total organic carbon and total nitrogen 
would be identical to the IMO 4 samples.  

To analyze content of calcium (Ca), copper (Cu), iron (Fe), phosphorous (P), 
potassium (K), magnesium (Mg), manganese (Mn), sodium (Na), and zinc (Zn), Mehlich 
3 extraction method was used  (Mehlich, 1984) to analyze the greenhouse experiment 
treatments and soil.

The extraction procedure began with grinding all of the air-dried samples to pass 
through a <2 mm sieve. 2.0 g of each sample was added to a 100 ml glass Erlenmeyer 
flask.  Then, 20 ml of Mehlich 3 extraction solution was added to each flask, with a 
method blank.  These flasks were placed on a reciprocating shaker (200, 4-cm recips/
minute) for five minutes.  The suspensions were immediately filtered using Whitman 42 
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filter papers, and collected into 50 ml plastic vials. Due to the high concentration of 
colloidal and humic substances, the suspensions had to be filtered twice. 

Analysis of the extractions was done on a calibrated inductively coupled plasma 
optical emission spectrometry (ICP-OES)(Varian Vista-MPX ICP-OES, Agilent 
Technologies, Palo Alto, CA)(Munter and Grande, 1981).

A modified method for Nitrate-N and Ammonium-N (Nitrate-N) analysis of each 
soil sample was done on soil extracts using 1.0 M Potassium Chloride (KCl) (Keeney 
and Nelson, 1982) solution. For each sample, 2 g of field moist soil, OM, or IMO 4 
(ground, <2 mm sieve) was added to a 125 ml Erlenmeyer flask. Then, 20 ml of 1.0 M 
KCl solution was added to each flask.  A blank sample of deionized water was carried 
through analysis.  The flasks were covered and placed in a reciprocating shaker for 30 
minutes (160, 4-cm recips/minute). The suspensions were filtered through Whitman 42 
papers into 50 ml plastic bottles. The supernatant was turbid due to colloidal materials 
that passed through the filter paper, so each sample was filtered until there was no 
longer a change in clarity. The sample extractions were then immediately frozen. 
Analysis of the extractions was done on a Technicon II Continuous Flow Auto Analyzer 
(Seal Analytical, Mequon, Wisconsin) The data was reported in µmol/L.

A modified method for boron (B) analysis was used (Gupta, 1967).  A boron stock 
solution (Ricca Chemical Company, Arlington, Texas) was used to create a low standard 
curve. In a covered 250 ml plastic Nalgene beaker, 5.0 g of air-dried controlled 
experiment treatment or soil (ground, < 2 mm sieve) was mixed with 25 ml of deionized 
water in a hot water shaking bath for 30 minutes at 80º C.  The suspensions were then 
filtered using Whatman #1 filter papers.  The supernatant was turbid due to colloidal 
materials that passed through the filter paper, so each sample was filtered until there 
was no longer a change in clarity. The extractions were analyzed on a calibrated 
inductively coupled plasma optical emission spectrometry (ICP-OES)(Varian Vista-MPX 
ICP-OES, Agilent Technologies, Palo Alto, CA)(Keren,1996), with deionized water as a 
blank.
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IMO 4 pH Analysis

Using a method described by Arancon (2001), the pH of the IMO 4 samples was 
tested by weighing a 5 g air-dry, <2 mm mesh soil into a cup. Then, 5 ml of distilled 
reagent grade water was added to the cup.  The sample solution was shaken on a 
reciprocating shaker for 30 minutes.  Using a pH meter (Fischer Scientific Accumet 
AB200, Waltham, MA), the values were assessed and recorded to the nearest 0.01 
value.

IMO 4 EC Analysis

Using a method described by Arancon (2001), the electrical conductivity (EC) of 
the IMO 4 samples was tested by weighing a 5 g air-dry, <2 mm mesh soil into a cup.  5 
ml of distilled reagent grade water was added to the cup.  The sample solution was 
shaken on a reciprocating shaker for 30 minutes.  Using an EC meter (Fischer Scientific 
Accumet AB200, Waltham, MA), the values were assessed using units mS cm⁻¹ and 
recorded to the nearest 0.01 value.

Analysis of Treatment and Soil Biological Properties

CO₂ Respiration Rate

For the determination of the total microbial CO₂ respiration rate, the soda lime method 
was used (Keith and Wong, 2006).  This analysis observed the rate of microbial carbon 
dioxide respiration at the time of harvest and is used as a snapshot of microbial activity 
over the last 24 hours of IMO 4 production.

To prepare each sample for analysis, 8 grams of soda lime (Alfa Aesar, Ward Hill, 
MA) was placed into a 475 ml glass dish and placed in a drying oven at 105º C for 24 
hours.  After 24 hours, the samples were removed from the oven, quickly covered, and 
placed in a desiccator to cool for 2 minutes.  Immediately after cooling, the samples 
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were weighed (g) and their weights were recorded to the nearest tenth-milligram 
(0.0001 g).  The sample dishes were then quickly sealed for application in the field.  A 
blank dish was carried throughout the experiment.  

In the field, three glass dishes were placed on top of each of the greenhouse 
experiment treatment or soil piles.  The seals were opened and the lids were removed.  
Over top of the glass dish, a larger 1 L plastic bowl was inverted and placed so it 
covered the glass dish.  The plastic bowl was slightly pushed into the IMO 4 pile to 
prevent air from escaping from the area were the bowl lip met the IMO 4 pile, ensuring a 
good seal.  The blank sample dish was placed inside a 1 L bowl and the bowl was then 
covered with it’s plastic lid.  After 24 hours, the plastic bowls were removed and the 
glass dishes were quickly covered and sealed for transportation to the lab.  

In the lab, the sealed glass dishes were opened one at a time and weighed.  The 
weights were recorded to the nearest tenth-milligram (0.0001 g).  The blank was also 
weighed to determine ambient absorption. This ambient absorption total (g) of the blank 
sample was subtracted from all of the sample weights.  The increase in weight helped 
determine the microbial respiration rate by using the following equation:

E(g CO₂/m²/d¹) = (Soil CO₂ Absorbed *1.69)/Ac/Days of Incubation

Dehydrogenase Enzymatic Activity Analysis 

The method described by Casida et al. (1964) was used to analyze the 
greenhouse experiment treatments and soil for dehydrogenase enzymatic activity 
(DHA).  This analysis looks at the microbial presence in the media over the entire IMO 4 
production timeline.

 Analysis began with 20 g of ground (< 2 mm sieve), air-dried controlled 
experiment treatment or soil being mixed with 0.2 g of CaCO³.  Three 6 g samples 
where taken out of this 20 g soil/CaCO³ mixture, each being placed in its respective 16 
x 150 mm test tube. The test tubes were properly labeled, 1 ml of 3% aqueous solution 
of TTC was added to each test tube, followed by 2.5 ml of deionized water.  Each tube 
was mixed with a glass rod, capped with stoppers, and incubated at 37º C for 24 hours. 
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After incubation, the stoppers were removed and 10 ml of methanol was added.  The 
stoppers were put back on and each test tube was shaken for 1 minute. Through a 
glass funnel plugged with absorbent cotton, each sample suspension was filtered into a 
100 ml volumetric flask.  Additional methanol was used to wash the test tube contents 
into the funnel.  After all of the contents were in the funnel, 10 ml portions of methanol 
were dumped on the test tube contents until the cotton ball no longer contained a 
reddish color.  The remaining filtrate was diluted to 100 ml.

Spectrophotometry analysis was conducted on each filtrate sample using a 
(Thermo Fisher Scientific, GENESYS 20 Spectrophotometer, Waltham, MA) calibrated 
to 485 nm in 1 cm cuvettes with methanol used for the blank.  The amount of TPF was 
calculated by referencing a calibration graph prepared from TPF standards (500, 1000, 
1500, 2000 µg of TPF/ 100 ml-1).  Dehydrogenase enzymatic activity is reported as μg 
TPF/g soil/hr.

Plant Growth Measurements

Plant Height

Just before plant harvest, each sample was measured for plant height from the 
base of the corn stalk to the top of the leaf whorl. The measurements were recorded in 
cm (0.1) (Pérez-Harguindeguy et al., 2013).

Plant Dry Weight

Plant tissues were dried in paper bags placed in a force-draft drying oven at 55 
℃ for 36 hours using a modified method of Jones et al. (1990). Plant dry weight was 
calculated using a microbalance and measuring the dried plant samples in grams 
(0.001)(Pérez-Harguindeguy et al., 2013).
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Plant Leaf Area Analysis 

After harvesting each plant, the leaf area of the samples was measured using a 
LICOR Leaf Area Meter (Licor LI-3100C, Lincoln, NE) (Arancon, 2001).   Data was 
recorded in cm² (0.01).

Analysis of Treatment Effects on the Chemical Properties Corn

Plant Nutrient Concentration Analysis

For P, Ca, Mg, S, Cu, Fe, Mn, and Zn analysis, the entire plant tissue samples 
where dried at 55º C for 12 hours (Hue et al., 2000), weighed for dry weight analysis, 
ground with a Digital Wig-L-Bug Mixer/Amalgamator model LPD (Dentsply Rinn, Elgin, 
IL) to pass through a < 2 mm sieve.  The dried, ground samples were placed in small 
plastic sample bags. 

 From these sample bags, 0.25 g of sample material was weighed in 21 x 70 mm 
shell vials and covered. The samples were then muffled at 500 º C for 5.5 hours.  After 
removing the vials from the muffle oven, 10 ml of 1 M hydrochloric acid is added to each 
vial.  The suspensions were run on a calibrated inductively coupled plasma optical 
emission spectrometry (ICP-OES)(Varian Vista-MPX ICP-OES, Agilent Technologies, 
Palo Alto, CA) (Munter and Grande, 1981). 

Statistical Analysis

The means of parameters were grouped for comparisons using analysis of 
variance (ANOVA) in a randomized complete block design (RCBD). Differences 
between means were separated by orthogonal contrasts using SAS (SAS Inc., 1990) at 
P≦0.05. Correlations were also conducted on all data sets using SAS. 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Results

The results are divided into the following subsections:

3.1 The physical properties of IMO 4 produced at various locations along a transect, 
compared to organic matter samples

3.2 The chemical properties of IMO 4 produced at various locations along a transect, 
compared to organic matter samples

3.3 The biological properties of IMO 4 produced at various locations along a transect, 
compared to organic matter samples

3.4 The physical properties of soil amended with IMO 4 samples produced at various 
locations along a transect, compared to organic matter samples

3.5 The chemical properties of soil amended with IMO 4 samples produced at various 
locations along a transect, compared to organic matter samples

3.6 The biological properties of soil amended with IMO 4 samples produced at various 
locations along a transect, compared to organic matter samples

3.7 The growth properties of plants amended with IMO 4 produced at various locations 
along a transect, compared to samples amended with organic matter

3.8 The nutrient content plants amended with IMO 4 produced at various locations 
along a transect, compared to samples amended with organic matter

3.1

Bulk Density of IMO 4 Produced at Various Locations Along a Transect, 
Compared to Organic Matter

All bulk density (D!) measurements (Table 3.1) of the Indigenous Microorganism 
4 (IMO 4) produced at various locations (T¹, T²,T³, T⁴, T⁵, T⁶) had significantly greater 
values (P≦0.0001) (0.55, 0.53, 0.53, 0.61, 0.67, 0.65 g cm⁻³, respectively) than the

corresponding organic matter (OM) samples (OM¹, OM², OM³, OM⁴, OM⁵, OM⁶) (0.38, 
0.40, 0.37, 0.40, 0.44, 0.37 g cm⁻³, respectively). All of the IMO 4 samples were 
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significantly greater (P≦0.0001) than the control (0.43 g cm⁻³).  Only the OM samples 

from the OM², OM⁴, OM⁵ were not significantly different than the control. The OM¹, OM³, 
and OM⁶ samples were significantly lower (P≦0.0001) than the control.

The IMO 4 (T") samples (0.59 g cm⁻³) were significantly greater (P≦0.0001) than 

the OM (OM") (0.39 g cm⁻³) and control samples (SOIL) (0.43 g cm⁻³) in mean bulk 
density (Figure 3.2) which were not significantly different. 

Water Holding Capacity of IMO 4 Produced at Various Locations Along a 
Transect, Compared to Organic Matter

All total water holding capacity (WTC) measurements (Table 3.1) of the 
Indigenous Microorganism 4 (IMO 4) produced at various locations (T¹, T², T³, T⁴, T⁵, T⁶) 
had significantly greater values (P≦0.0001) (58, 51, 53, 74, 91, 85 %, respectively) than 

the corresponding organic matter (OM) samples (OM¹, OM²,OM³, OM⁴, OM⁵, OM⁶) (9, 
15, 6, 14, 26, 5 %, respectively). All of the IMO 4 samples were significantly greater 
(P≦0.0001) in WHC than the control (22 %).  Only the OM samples from the OM², OM⁴, 

OM⁵ were not significantly different than the control. The OM¹, OM³, and OM⁶ samples 
were significantly lower (P≦0.0001) than the control.

The T" (69 %) were significantly greater (P≦0.0001) than the OM" (12 %) and 

SOIL (22 %) in mean total water holding capacity, which did not differ significantly.

3.2

Plant Macronutrient Content of IMO 4 Produced at Various Locations Along 
a Transect, Compared to Organic Matter

Table 3.2 is a summary of the plant macronutrient composition of IMO 4 and OM 
samples produced at various locations along a transect.

The total organic carbon (C) and total nitrogen (N) analyses were not performed 
on the OM samples, because the method used to sterilize the IMO 4 to produce OM 
samples mirrored the soil drying process used to prepare soil samples for C and N 
analyses. It was assumed that the OM total organic carbon and total nitrogen would be 
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identical to the IMO 4 samples and this is indicated in Table 3.2 with the use of an 
asterisk.  

 No significant differences were found between the IMO 4 and the corresponding 
OM samples in Nitrate-N, with the exception of the T³ sample (151.42 mg kg⁻¹) and the 
OM⁵ sample (110.55 mg kg⁻¹) which were determined to be contaminated during Nitrate-
N analysis. No significant differences were also found between the IMO 4 and the 
corresponding OM samples in Ammonium-N. When comparing the P concentrations 
between IMO 4 and the corresponding OM samples, only the T⁶ sample (3.98 g kg⁻¹) 
was significantly greater (P≦0.0001) than the OM⁶ sample (2.69 g kg⁻¹).  Most of the 

corresponding IMO 4 and OM samples were similar in Mg, with the exception of OM³, 
T⁴, and T⁶ (2.38, 3.45, 3.88 g kg⁻¹, respectively) which were significantly greater 
(P≦0.0001) than the corresponding samples.  All of the IMO 4 samples were 
significantly greater (P≦0.0001) than the corresponding OM samples in Ca.

All of the samples were significantly greater (P≦0.0001) than the control sample 

(SOIL) in C, N, P, K, and Mg concentration (52.4, 03.9, 0.00, 0.14, 0.21 g kg⁻¹, 
respectively).  For Nitrate-N concentrations, only T³ and OM⁵ were significantly greater 
(P≦0.0001) than the control (12.15 mg kg⁻¹).  For Ammonium-N, all of the samples were 
significantly greater than the control (0.20 g kg⁻¹). For Ca, T², T³, and T⁶ samples (0.61, 
0.61, 0.69 g kg⁻¹, respectively), were similar to the control (0.66 g kg⁻¹) and only T⁴ (0.77 
g kg⁻¹) and T⁵ (0.71 g kg⁻¹) was significantly greater (P≦0.0001). 

The T" (0.66  g kg⁻¹) were significantly greater (P≦0.0001) in macronutrient 

concentrations than the OM" samples (0.45 g kg⁻¹) (Table 3.2), only in the case of Ca.  
The remaining T" samples were not significantly different than the OM" samples.  When 
the T" and OM" samples were compared to the SOIL (12.15 mg kg⁻¹) only Nitrate-N 
was similar, the remaining samples were all significantly greater (P≦0.0001) than the 
control sample.
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Plant Micronutrient and Sodium Content of IMO 4 Produced at Various 
Locations Along a Transect, Compared to Organic Matter

Table 3.3  is a summary of the plant macronutrient composition of IMO 4 and OM 
samples produced at various locations along a transect. 

 No significant differences were found between the IMO 4 and the corresponding 
OM samples in Sodium (Na) and Boron (B). All of the IMO 4 samples were significantly 
greater in iron (Fe) than the corresponding OM samples.  This is also the case for 
copper (Cu), with the exception of T² (5.65 mg kg⁻¹) and OM² (5.61 mg kg⁻¹), which were 
similar. Most of the OM samples were significantly greater (P≦0.0001) in manganese 

(Mn) concentration than the IMO 4 samples, with the exception of the T¹ (140.69 mg 
kg⁻¹) and OM¹ (114.96 mg kg⁻¹), as well as T² (100.24 mg kg⁻¹) and OM² (86.79 mg kg⁻¹) 
which were similar to one another. The OM⁴ (40.44 mg kg⁻¹) and T⁶ (48.53 mg kg⁻¹) 
samples were the only samples significantly greater (P≦0.0001) than the corresponding 
samples in zinc (Zn), with the remaining being similar.

All of the samples were significantly greater (P≦0.0001) than the control sample 
(SOIL) in Fe, Mn, and Zn concentration (0.17 g kg⁻¹, 28.80 mg kg⁻¹, 2.87 mg kg⁻¹, 
respectively).  There was no significant difference between the samples and the control 
in Na.  For Cu, the T², OM², and T⁵ samples (5.65, 5.61, 6.16 mg kg⁻¹, respectively) were 
significantly greater (P≦0.0001) than the control (4.35 mg kg⁻¹), with the OM¹, OM³ ,OM⁴, 

and OM⁶ samples (2.88, 2.47, 3.09, 2.56 mg kg⁻¹, respectively) significantly less 
(P≦0.0001) than the control and the remaining samples were similar. For B, Only the T¹, 
T², and T⁶ samples (3.53, 2.86, 2.84 mg kg⁻¹, respectively) were significantly greater 
(P≦0.0001) than the control (0.45 mg kg⁻¹), with the remaining being similar.

Table 3.4 is a summary of the T" and OM" samples produced at various 

locations. The T" samples were significantly greater (P≦0.0001) in Fe, Mn, and B (0.76 

g kg⁻¹, 154.57 mg kg⁻¹, 2.34 mg kg⁻¹, respectively) than the corresponding OM" (0.50 g 

kg⁻¹, 112.90 mg kg⁻¹, 1.53 mg kg⁻¹, respectively) and control samples (0.17 g kg⁻¹, 28.80 
mg kg⁻¹, 0.45 mg kg⁻¹, respectively). There was no significant difference found between 
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all of the samples in Cu and Na.  The T" and OM" samples were significantly greater 
(P≦0.0001) than the control on Fe, Mn, and Zn.

pH of IMO 4 Produced at Various Locations Along a Transect, Compared to 
Organic Matter

All of the IMO 4 samples (8.67, 8.81, 8.45, 8.45, 8.46, 8.45 pH), were 
significantly greater (P≦0.0001) in pH (Table 3.1) than the corresponding OM samples 
(5.90, 7.76, 6.98, 6.95, 7.68, 6.89 pH, respectively), but all OM samples were 
significantly greater (P≦0.0001) than the control (5.93 pH). 

The T" sample (8.55 pH) were significantly greater (P≦0.0001) in pH than the 

corresponding OM" samples (7.03 pH), but all OM" samples were significantly greater 
(P≦0.0001) than the SOIL (5.93 pH). 

Electrical Conductivity of IMO 4 Produced at Various Locations Along a 
Transect, Compared to Organic Matter

Electrical conductivity (EC) measurements (Table 3.1) of the treatments showed 
that the OM samples (OM¹, OM²,OM³, OM⁴, OM⁵, OM⁶) (4.13, 6.55, 6.70, 4.49, 4.07 mS 
cm⁻¹, respectively) were significantly greater (P≦0.0001) than the corresponding IMO 4 

samples (T¹, T²,T³, T⁴, T⁵, T⁶) (2.83, 4.42, 5.94, 4.02, 3.45 mS cm⁻¹, respectively).  The 
exception was the T¹ sample (5.82) which was significantly greater than the 
corresponding OM¹ sample (5.26 mS cm⁻¹). All of the IMO 4 and OM samples were 
significantly greater (P≦0.0001) than the control (1.62 mS cm⁻¹). 

When the EC values of the T" and OM" samples are calculated, the data 

showed the T" (4.41 mS cm⁻¹) and OM" samples (5.20 mS cm⁻¹) were not significantly 
different.   Both the T" and OM" samples were significantly greater (P≦0.0001) than the 
control samples (1.62 mS cm⁻¹).
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3.3 

Carbon Dioxide Respiration Rate of IMO 4 Produced at Various Locations 
Along a Transect, Compared to Organic Matter 

Carbon Dioxide Respiration Rate (CO₂) measurements (Table 3.1)) of the 
treatments showed that the IMO 4 samples (T¹, T²,T³, T⁴, T⁵, T⁶) (725, 799, 758, 753, 
409, 573 mg m⁻³ d⁻¹, respectively) were significantly greater (P≦0.0001) than the 
corresponding OM samples (OM¹, OM²,OM³, OM⁴, OM⁵, OM⁶) (5, 12, 17, 10, 2, 15 mg 
m⁻³ d⁻¹, respectively), with over a 100 fold difference in most cases.  All of the OM 
samples were not significantly different than the SOIL (6 mg m⁻³ d⁻¹).

The T" samples (669 mg m⁻³ d⁻¹) were significantly greater (P≦0.0001) in CO₂ 

respiration than the OM" samples (10 mg m⁻³ d⁻¹).  Both the T" and OM" samples were 
significantly greater than the SOIL (6 mg m⁻³ d⁻¹).

Dehydrogenase Enzymatic Activity of IMO 4 Produced at Various Locations 
Along a Transect, Compared to Organic Matter 

Dehydrogenase Enzymatic Activity (DHA) measurements (Table 3.1) of the 
treatments showed that the IMO 4 samples (T¹, T²,T³, T⁴, T⁵, T⁶) (4.2, 5.6, 5.2, 8.3, 7.0, 
4.2 μg TPF/g soil/hr, respectively) were significantly more (P≦0.0001) than the 
corresponding OM samples (OM¹, OM²,OM³, OM⁴, OM⁵, OM⁶) (0.0, 0.1, 0.0 μg TPF/g 
soil/hr, respectively). All of the samples were significantly greater (P≦0.0001) than the 
SOIL (0.00 μg TPF/g soil/hr).

The T" samples (5.76 μg TPF/g soil/hr) were significantly greater (P≦0.0001) in 
DHA than the OM" samples (2.24 μg TPF/g soil/hr), which were significantly greater 
(P≦0.0001) than the SOIL (0.00 μg TPF/g soil/hr) with no traceable DHA.
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3.4

Bulk Density of Soil Amended with IMO 4 Produced at Various Locations 
Along a Transect, Compared to Organic Matter Samples 

Bulk density (D!) measurements (Table 3.4) of the soil amended with IMO 4 and 
OM samples produced at six locations were varied. The OM¹ (0.58 g cm⁻³) and OM⁴ 
(0.56 g cm⁻³) soil samples were significantly more (P≦0.0001) than the T¹ and T⁴ 
samples (0.54, 0.52 g cm⁻³, respectively). The T² treated samples (0.56 g cm⁻³) were 
significantly greater (P≦0.0001) than the corresponding OM² treated soils (0.50 g cm⁻³).  

The remaining samples were not significantly different, with the highest values being T³ 
(0.62 g cm⁻³) and OM³ treated soils (0.63 g cm⁻³). There was no significant difference 
between the remaining samples and the control (0.55 g cm⁻³) except for the T³ and the 
OM² samples. 

The D! analysis of the soil samples showed that the T" (0.55 g cm⁻³), OM" (0.56 

g cm⁻³), and SOIL (0.55 g cm⁻³) were not significantly different.  

Water Holding Capacity of Soil Amended with IMO 4 Produced at Various 
Locations Along a Transect, Compared to Organic Matter 

Water holding capacity measurements (Table 3.4) of the soil amended with IMO 
4 and OM samples produced at six locations were varied. The OM⁴ treated soils (60 %) 
were significantly greater (P≦0.0001) than the corresponding T⁴ (50 %). The T² treated 
samples (60 %) were significantly greater (P≦0.0001) than the corresponding OM² 
treated soils (44 %).  The remaining samples were not significantly different, with the 
greatest value being T³ (76 %) and OM³ treated soils (80 %). The remaining IMO 4 (T¹, 
T⁵, T⁶) (53, 56, 51 %, respectively) and OM samples (OM¹, OM⁵, OM⁶) (65, 57, 56 %, 
respectively) were not significantly different to the control (56 %) except for the OM² and 
OM³ samples. 

The total water holding capacity analysis of the soils showed that the T" (58 %), 
OM" (60 %), and SOIL (56 %) were not significantly different.  
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3.5 

Plant Macronutrient Content of Soil Amended with IMO 4 Produced at 
Various Locations Along a Transect, Compared to Organic Matter

Table 3.5 is a summary of the plant macronutrient composition of soils inoculated 
with IMO 4 and OM samples produced at various locations 

 No significant differences were found between the IMO 4 and the corresponding 
OM sample treated soil in C, with the exception of the T⁵ sample treated soil (69.1 g 
kg⁻¹), which was significantly greater (P≦0.0001) than the corresponding OM⁵ sample 

treated soil (46.2 g kg⁻¹). There was no significant difference found between any of the 
treated soils in N.  Only the T⁶ sample treated soil (16.58 mg kg⁻¹) was significantly 
greater (P≦0.0001) than the corresponding OM⁶ sample treated soil (8.54 mg kg⁻¹) in 
Nitrate-N, with the remaining samples being similar to the corresponding sample treated 
soils.  As well, only the T¹ sample treated soils (45.92 mg kg⁻¹)were significantly greater 
(P≦0.0001) in Ammonium-N as compared to all of the other samples, which were 
similar. The OM¹, T², and T⁵ sample treated soils (7.00, 9.58, 9.57 mg kg⁻¹, respectively) 
were significantly greater (P≦0.0001) than the corresponding sample treated soils (1.07, 

0.57, 1.21 mg kg⁻¹, respectively) in P. The OM¹ and OM⁴sample treated soils (230.24 
and 123.01 mg kg⁻¹, respectively) were found to have significantly greater (P≦0.0001) 
concentrations of K then the corresponding sample treated soils (125.82 and 72.84 mg 
kg⁻¹, respectively). Few sample treated soils had similar concentrations of Mg between 
corresponding sample treated soils, with OM¹, T², OM³ and T⁶ sample treated soils 
(0.42, 0.29, 0.40, 0.33 g kg⁻¹, respectively) all having significantly greater (P≦0.0001) 
concentrations than the corresponding sample treated soils (0.30, 0.26, 0.30, 0.23 g 
kg⁻¹, respectively). Most sample treated soils were similar to the corresponding sample 

treated soils for Ca, with the exception of T³ and T⁴ sample treated soils (1.43 and 1.02  
g kg⁻¹, respectively), which were significantly greater (P≦0.0001) than the corresponding 

sample treated soils (1.08 and 0.85 g kg⁻¹, respectively).
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All of the samples were significantly greater (P≦0.0001) than the control sample 

(SOIL) in C (40.3 g kg⁻¹).  There was no significant difference between the sample 
treated soils and the control treated soils (02.8 g kg⁻¹) in N.  Only the OM¹, T⁶, and OM⁶ 
sample treated soils (4.55, 16.58, 8.54 mg kg⁻¹, respectively) were significantly greater 
(P≦0.0001) than the control sample treated soils (0.26 mg kg⁻¹) in Nitrate-N. Only the T¹ 
sample treated soil (45.92 mg kg⁻¹) was found to be significantly greater (P≦0.0001) 
than the control sample treated soil (3.50 mg kg⁻¹), for Ammonium-N, with the remaining 
samples all being similar.  The OM², T³, and OM³sample treated soils (0.57, 0.77, and 
0.83 mg kg⁻¹, respectively) were found to be similar to the control, with all the other 
sample treated soils being significantly greater (P≦0.0001) in P.  The OM¹ and OM³ 

sample treated soils (230.24 and 136.55 mg kg⁻¹, respectively) were significantly greater 
(P≦0.0001) in K than the control (94.01 mg kg⁻¹), with the remaining sample treated soils 
being similar to the control sample treated soils. The OM¹ and OM³ sample treated soils 
(0.42 and 0.40 g kg⁻¹, respectively) were significantly greater (P≦0.0001) in Mg than the 
control sample treated soils(0.30 g kg⁻¹), and the OM² and T⁶ sample treated soils (0.26 
and 0.23 g kg⁻¹, respectively) being significantly less (P≦0.0001) than the control sample 

treated soils, with the remaining sample treated soils being similar. The T³, OM³, and T⁴ 
sample treated soils (1.43, 1.08, 1.02 g kg⁻¹, respectively) were significantly greater 
(P≦0.0001) in Ca than the control sample treated soils (0.85 g kg⁻¹), with the remaining 
sample treated soils being similar to the control sample treated soils.

The T" samples were significantly greater (P≦0.0001) in P and Ca (4.04 mg kg⁻¹ 

and 1.03 g kg⁻¹, respectively) than the corresponding OM" (1.91 mg kg⁻¹ and 0.89 g kg⁻¹, 
respectively) and control samples (0.67 mg kg⁻¹ and 0.85 g kg⁻¹, respectively). The OM" 
sample treated soils (133.60 mg kg⁻¹ and 0.33 g kg⁻¹, respectively) were significantly 
greater (P≦0.0001) in K and Mg than the T" (101.68 mg kg⁻¹ and 0.29 g kg⁻¹, 
respectively) and control sample treated soils (94.01 mg kg⁻¹ and 0.30 g kg⁻¹, 
respectively).
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Plant Micronutrient and Sodium Content of Soil Amended with IMO 4 
Produced at Various Locations Along a Transect, Compared to Organic 
Matter
 

Table 3.6 is a summary of the plant micronutrient composition (Cu, Fe, Mn, Na, 
Zn, B) of soils inoculated with IMO 4 and OM samples produced at various locations 
along a transact. 

There was no significant difference found between any of the treated soils in Cu, 
Na, Zn, and B.  Only the OM¹ sample treated soil (0.45 g kg⁻¹) was significantly greater 
(P≦0.0001) than the corresponding T¹ sample treated soil (0.28 g kg⁻¹) in Fe, with the 

remaining samples being similar to the corresponding sample treated soils. The OM¹, 
T³, and OM⁶ sample treated soils were significantly greater than the corresponding 
sample treated soils in Mn.

There was no significant difference between the sample treated soils and the 
control treated soils in Cu, Zn, and B.  Only the OM¹ and T² sample treated soils (0.45 
and 0.39 mg kg⁻¹, respectively) were significantly greater (P≦0.0001) than the control 
sample treated soils (0.31 mg kg⁻¹) in Fe. As well, the OM¹,T², and T³ sample treated 
soils (85.80, 69.83, 87.92 mg kg⁻¹, respectively) were significantly greater (P≦0.0001) 
than the control in Mn.  The T⁵, OM⁵, T⁶ and OM⁶ sample treated soils (71.92, 79.65, 
73.01, 72.51 mg kg⁻¹, respectively) were significantly less (P≦0.0001) in Na 

concentration than the control sample treated soils (92.90 mg kg⁻¹), which was similar to 
the remaining sample treated soils.

Table 3.6 includes a summary of the mean plant micronutrient composition of 

IMO 4 (T") and OM (OM") samples produced at various locations, compared to the 
control.  There was no significant difference between any of the sample treated soils for 
all of the micronutrients analyzed. 

pH of Soil Amended with IMO 4 Produced at Various Locations Along a 
Transect, Compared to Organic Matter

The soils amended with IMO 4 samples (T¹, T²,T³, T⁴, T⁵, T⁶) (7.06, 7.10, 7.01, 
7.07, 6.94, 6.69 pH) produced at various locations along a transect were significantly 
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greater (P≦0.0001) in pH (Table 3.4) than the corresponding OM treated soils (OM¹, 

OM²,OM³, OM⁴, OM⁵, OM⁶) (6.83, 6.65, 6.77, 6.78, 6.67, 6.53 pH). When compared to 
the control (6.90 pH), the T¹, T², T³, and T⁴ samples were significantly greater 
(P≦0.0001) and the T⁵ treated sample was similar. Both the T⁶ (6.69 pH) and OM⁶ (6.53 
pH) samples were significantly less (P≦0.0001) than the control. 

The T" (6.98 pH) and SOIL (6.90 pH) pH measurements were not significantly 
different and significantly greater (P≦0.0001) than the OM" treated soils (6.70 pH). 

Electrical Conductivity of Soil Amended with IMO 4 Produced at Various 
Locations Along a Transect, Compared to Organic Matter

The T¹, T², T³, T⁴ and T⁶ samples (1.01, 1.12, 1.40, 1.18, 1.18 mS cm⁻¹, 
respectively) were significantly greater (P≦0.0001) in electrical conductivity (EC) (Table 
3.4) than the corresponding OM treated soils (OM¹, OM²,OM³, OM⁴, OM⁵, OM⁶) (0.72, 
0.43, 0.57, 0.60, 0.57 mS cm⁻¹, respectively), with the exception of the T⁵ sample (0.20 
mS cm⁻¹), which was significantly less (P≦0.0001) than the corresponding OM⁵ sample 

(0.50 mS cm⁻¹).  All of the samples were significantly greater (P≦0.0001) than the control 
sample (0.38 mS cm⁻¹) with the exception of the OM² which was similar and T⁵ sample 
being significantly lower (P≦0.0001). 

Table 3.4 includes a summary of the CO₂ respiration of the T" (1.01 mS cm⁻¹) and 
OM" (0.56 mS cm⁻¹) as compared to the SOIL (0.38 mS cm⁻¹).  The T" samples were 
significantly higher (P≦0.0001) in EC than the OM" and SOIL samples, which were not 
significantly different. 

3.6 

Carbon Dioxide Respiration Rate of Soil Amended with IMO 4 Produced at 
Various Locations Along a Transect, Compared to Organic Matter Samples 

The effect of soil inoculation with IMO 4 and OM treated soils on carbon dioxide 
respiration rate (CO₂) was varied (Table 3.4).  The T¹, T², T⁵, and T⁶ samples (82, 231, 
149, 165 mg m⁻³ d⁻¹, respectively) were significantly greater (P≦0.0001) than the 
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corresponding OM treated soils (65, 182, 115, 133 mg m⁻³ d⁻¹, respectively), and the 
OM³ (164 mg m⁻³ d⁻¹) and OM⁴ (132 mg m⁻³ d⁻¹) treated soils were significantly greater 
(P≦0.0001) than the corresponding IMO 4 treated soils (111, 65 mg m⁻³ d⁻¹, 

respectively).  All samples were significantly greater (P≦0.0001) than the control (33 mg 
m⁻³ d⁻¹).

Table 3.4 includes a summary of the CO₂ respiration of soils amended with IMO 4 
and OM treated soils produced at various locations. The T" (133.78 mg m⁻³ d⁻¹) and 
OM" (132 mg m⁻³ d⁻¹) treated soils were not significantly different, and both were 
significantly greater (P≦0.0001) than the control (33 mg m⁻³ d⁻¹).

Dehydrogenase Enzymatic Activity of Soil Amended with IMO 4 Produced 
at Various Locations Along a Transect, Compared to Organic Matter 
Samples 

The effect of soil inoculation with IMO 4 and OM treated soils on dehydrogenase 
enzymatic activity (DHA) was extremely varied (Table 3.4).  The OM¹ and OM⁶ (0.4, 0.3  
μg TPF/g soil/hr, respectively) samples were significantly greater (P≦0.0001) than the 
corresponding IMO 4 samples (0.0, 0.0 μg TPF/g soil/hr, respectively), with wide 
deviations.  The T⁴ soil samples (0.4 μg TPF/g soil/hr) were significantly greater 
(P≦0.0001) than the corresponding OM⁴ treated soils (0.2 μg TPF/g soil/hr), and the 
remaining samples were not significantly different.   Only the OM¹ and the OM⁶ treated 
soils, plus both T⁴ and OM⁴ samples were significantly greater (P≦0.0001) than the 

control (0.00 μg TPF/g soil/hr).
(Table 3.4) includes a summary of the mean dehydrogenase enzymatic activity of 

soils amended with IMO 4 and OM samples produced at various locations. When 
comparing the T" (0.1 μg TPF/g soil/hr) and OM treated soils (0.2 μg TPF/g soil/hr, they 
are similar, but only the OM" treated soils were are significantly greater (P≦0.0001) than 
the SOIL (0.0 μg TPF/g soil/hr).
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3.7

Measurements of Plants Amended with IMO 4 Produced at Various 
Locations Along a Transect, Compared to Organic Matter

Table 3.7 is a summary of the measurements of corn grown in IMO 4 sample 
treated soils.  The results of this analysis were varied.  The OM¹, T², OM³, T⁴, and the 
OM⁶ (32.5, 23.9, 29.6, 39.37, 40.8 cm, respectively) were significantly greater 
(P≦0.0001) than the corresponding samples (23.6, 13.0, 18.8, 25.3, 26.8 cm, 

respectively).  The T⁵ (30.6 cm) and OM⁵ (25.9 cm) samples were not significantly 
different.   When compared to the control (11.6 cm), all samples were significantly 
greater (P≦0.0001), except the OM² and the T³ samples, which were not significantly 
different.  

The T" (27.2 cm) and OM" (27.8) plant heights were not significantly different 
and both were significantly greater (P≦0.0001) than the SOIL (15.4 cm).

Only the T⁴ (4.4 g) and the OM⁶ (3.6 g) samples showing a significantly greater 
weight (P≦0.0001) than the corresponding samples (1.5,1.8 g, respectively).  The 

remaining samples were all similar when compared to the corresponding samples.  
When compared to the control (0.4 g), OM¹ (2.1 g), T² (1.1 g), OM³ (2.0 g), T⁴ (4.4 g), 
and the T⁵ (1.9 g) samples were significantly greater (P≦0.0001).  

 The T" (1.9 g) and OM" (1.8 g) treated plant dry weights were not significantly 
different and both were significantly greater (P≦0.0001) than the control (1.2 g).

 The OM¹, OM³, and OM⁶ samples (438, 310, 483 cm², respectively) were 
significantly greater (P≦0.0001) than the corresponding IMO 4 treated samples (205, 
124, 346 cm², respectively).  The T², T⁴, and T⁵ treated samples (173, 636, 343 cm², 
respectively) were significantly greater (P≦0.0001) than the corresponding OM samples 
(65, 243, 201 cm², respectively).  The OM¹, OM³, OM⁴, and OM⁶ samples were 
significantly greater (P≦0.0001) than the control (53 cm²). The T⁴, T⁵, and T⁶ samples 

were significantly greater (P≦0.0001) than the control, and the remaining samples were 
not significantly different to the control.
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The T" (304 cm²) and OM" (290 cm²) plant heights were not significantly different 
and both were significantly greater (P≦0.0001) than the SOIL (183 cm²).

 3.8

Plant Macronutrient Content of Plants Amended with IMO 4 Produced at 
Various Locations Along a Transect, Compared to Samples Amended with 
Organic Matter

Table 3.8 is a summary of the plant macronutrient composition (C, N, Nitrate-N, 
Nitrate-N, P, K, Mg, Ca) of plants grown in soil amended with IMO 4 and OM samples 
produced at various locations. The results of this analysis were varied.

There was no significant difference found between the IMO 4 and the 
corresponding OM sample treated plants in Ca and Sulfur (S).  Only the OM¹ (39.93 %) 
and T⁵ (40.11 %) sample treated plants were significantly greater (P≦0.0001) than the 
corresponding T¹ (38.73 %) and OM⁵ (39.03 %) sample treated plants in C, with the 
remaining samples being similar to the corresponding sample treated plants. Only the 
OM² sample treated plants (3.19 %) were significantly greater (P≦0.0001) than the 
corresponding T² sample treated plants (1.23 %) in N, with the remaining samples being 
similar to the corresponding sample treated plants. The same OM² sample treated plant 
tissue sample (0.23 %) was significantly greater (P≦0.0001) than the corresponding T² 

sample treated plants (0.12 %) in P, with the remaining samples being similar to the 
corresponding sample treated plants. Only the T¹ sample treated plants (0.30 %) were 
significantly greater (P≦0.0001) in Mg than the corresponding OM¹ sample treated 
plants (0.21 %), with the remaining samples being similar to the corresponding sample 
treated plants.

 Only the OM¹, T⁴, and T⁵ sample treated plants (39.93, 40.22, 40.11 %, 
respectively) were significantly greater (P≦0.0001) than the control sample treated soils 

(38.95 %) in C, with the remaining sample treated plants being similar to the control. 
The OM² (3.19 %) and T⁶ (2.11 %) sample treated plants were significantly greater 
(P≦0.0001) than the control (1.09 %) in N, with the remaining sample treated plants 
being similar to the control.  The T¹, T², and OM³ sample treated soils (0.25, 0.23, 0.21 
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% respectively) were significantly greater (P≦0.0001) in P concentration than the control 

sample treated plants (0.13 %), with the remaining sample treated plants being similar 
to the control.  The control was significantly greater (P≦0.0001) than all of the sample 
treated plants analyzed, in Ca (0.37 %) and S (0.17 %), and only the OM³ sample 
treated plants (0.34 %) were as concentrated in Mg as the control (0.34 %), will all other 
sample treated plants measuring significantly less (P≦0.0001) than the control and OM³ 
sample treated plants. 

There was no significant difference between any of the sample treated plants in 
C and N.  The T" (0.19 %) and OM" (0.17 %) were similar and significantly greater 
(P≦0.0001) than the control  (0.13 %) in P. The T" (0.24 %) and OM" (0.24 %) were 
similar and significantly less (P≦0.0001) than the control (0.37 %) in Ca. The T" (0.26 

%) and OM" (0.25 %) were similar and significantly less (P≦0.0001) than the control 
(0.34 %) in Mg. The T" (0.10 %) and OM" (0.13 %) were similar and significantly less 
(P≦0.0001) than the control (0.17 %) in S.

Visually, all of the corn plants harvested in this experiment showed signs of 
micronutrient nutrient deficiency, especially in N and P.  Each sample plant showed 
symptoms of stunted growth and chlorosis. The control sample plants were the most 
symptomatic of nutrient deficiencies. Based on sufficiency ranges of macronutrients in 
corn as described by Reuter and Robinson (1986) (whole tops; < 30.5 cm) and by Mills 
and Jones (1996) (whole tops; < 61 cm), none of the sample treated plants possessed 
sufficient macronutrient concentrations for proper growth, with the exception of the OM³ 
sample treated plants which had significant Mg (0.34 %) and S (0.15 %) concentrations.  

Plant Micronutrient Content of Plants Amended with IMO 4 Produced at 
Various Locations Along a Transect, Compared to Samples Amended with 
Organic Matter

Table 3.9 is a summary of the plant micronutrient composition (Cu, Fe, Mn, Zn) of 
plants grown in soil amended with IMO 4 and organic matter samples produced at 
various locations along a transect.
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There was no significant difference found between the IMO 4 and the 
corresponding OM sample treated plants in Zn.  Only the OM² (161.71 ppm) and OM⁶ 
(137.50 ppm) sample treated plants were significantly greater (P≦0.0001) than the 

corresponding T² (4.02 ppm) and T⁶ (6.81 ppm) sample treated plants in Cu, with the 
remaining samples being similar to the corresponding sample treated plants. Only the 
OM² sample treated plants (445.10 ppm) were significantly greater (P≦0.0001) than the 
corresponding T² sample treated plants (41.53 ppm) in Fe, with the remaining samples 
being similar to the corresponding sample treated plants. The same OM² sample treated 
plant tissue sample (62.34 ppm) was significantly greater (P≦0.0001) than the 
corresponding T² sample treated plants (15.50 ppm) in Mn, with the remaining samples 
being similar to the corresponding sample treated plants.

 The OM¹, OM², OM ₃ and OM⁶ sample treated plants (46.57, 161.71, 74.40, 
137.50 ppm, respectively) were similar to the control sample treated soils (137.91 ppm) 
in Cu, with the remaining sample treated plants being significantly less (P≦0.0001) than 

the control. The OM² sample treated plants (445.10 ppm) were significantly greater 
(P≦0.0001) than the control (127.90 ppm) in Fe, with the remaining sample treated 

plants being similar to the control.  The T² (62.34 ppm), T⁶ (56.65 ppm), and OM⁶ 
sample treated soils (43.42 ppm) were significantly greater (P≦0.0001) in Mn 
concentration than the control sample treated plants (25.53), with the remaining sample 
treated plants being similar to the control.  The  T⁴ (14.90 ppm) and OM⁵ sample treated 
plants (13.68 ppm) samples were significantly less than the control (29.31 ppm) in Zn, 
with the remaining sample treated plants being similar to the control. 

There was no significant difference between the mean plant micronutrient 
composition of the sample treated plants for all of the micronutrients analyzed.

Visually, all of the corn plants harvested in this experiment were nutrient deficient.  
Each sample plant showed symptoms of stunted growth and chlorosis. The control 
sample plants were the most symptomatic.  Based on sufficiency ranges of 
micronutrients in corn as described by Reuter and Robinson (1986) (whole tops; < 30.5 
cm) and by Mills and Jones (1996) (whole tops; < 61 cm), there was adequate Cu 
concentrations in the plant tissue samples from OM treated samples, but not in most of 
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the IMO 4 samples analyzed. Mostly, the plant tissue samples had low to adequate Fe, 
Mn, and Zn, which suggested there should not have been a micronutrient deficiency 
issue with the corn plants produced in this experiment. 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Discussion
 
Physical, Chemical, and Biological Properties of IMO 4 as Compared to 
Organic Matter (OM)

Portions of each IMO 4 sample were sterilized to develop a substrate that 
possessed the same physical, chemical, and biological properties of IMO 4 devoid of 
any microorganisms. This sterilized form of IMO 4 was used to simulate the addition of 
organic matter (OM) with similar physical and chemical properties as the IMO 4 soil 
inoculant.  With the only differentiated factor being the presence of the indigenous 
microorganism found in each sample of IMO 4, this experiment tried to determine how 
important inoculation of indigenous microorganisms and fermentation of the nutrient rich 
substrates is to the IMO 4 production process.  

The selected physical property analysis of IMO 4 in the form of bulk density (D!) 
(Table 3.1) and total water holding capacity (WHC) (Table 3.1), of IMO 4 (IMO4), as 
compared to OM, were significantly different. Every sample of the IMO 4 was 
significantly lower (P≦0.0001) than the OM and control (sterilized soil) samples.  Since 

IMO 4 is a compost composed mostly of wheat mill run, typical soil-microorganism 
aggregation relationships do not apply because the particle density structure of IMO 4 
prevents aggregation.  Therefore, this difference in physical properties can be attributed 
to a lower concentration of microorganisms and microbial biomass then found in IMO 4 
samples.

There was little significant difference in the chemical properties, including the pH 
(Table 3.1), electrical conductivity (EC) (Table 3.1), and plant available macro- and 
micro-nutrient concentrations (Tables 3.2 & 3.3) when IMO 4 samples were compared to 
the corresponding OM samples, as well as the mean total analysis of nutrient 
concentrations of the two treatments (Tables  3.2 & 3.3). Any outliers could, most likely 
be due to the heterogenous substrate that makes up IMO 4 and the consortia of 
microorganisms who could inhabit the material sampled, displaying radically different 
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results.  This occurrence supported by Guo et al. (2007) who studied microbial 
composition of composts from processing to maturity. 

 It is important to note that the control (composed of sterilized soil), has a 
drastically different composition than the IMO 4 and OM samples.  As noted in the 
materials and methods, the sterilized soil content is only 50% of the total density and 
less than half of the total volume of IMO 4 or OM, so the higher organic matter content 
of treatment samples should be considered during comparison.

The most significant difference between the IMO 4 and the OM samples was the 
carbon dioxide respiration rate (CO₂) (Table 3.1) and the dehydrogenase enzymatic 
activity (DHA) (Table 3.1) of the material.  Analysis showed that IMO 4 had a 
significantly greater (P≦0.0001) microbial density than the OM samples, which had little 

to no microbial activity (Table 3.1).  This data supports the claim that the IMO 4 samples 
used in this experiment were significantly more (P≦0.0001) microbial active than the OM 
samples.  

It is worth noting, the control in this experiment (sterilized soil) differs greatly from 
the IMO 4 samples in physical, chemical, and biological properties.  Any comparisons 
should consider these differences in properties.

IMO 4 and Its Relationship with Carbon and Nitrogen

Comparative data for carbon or nitrogen concentrations in organic matter 
samples was assumed, as described in materials and methods (Table 3.2).  Since the 
method for carbon and nitrogen analysis included first oven drying the samples exactly 
as described in the method for dry heat sterilization, the identical methodologies 
forfeited the need for analysis of sterilized samples.  It can be assumed they possess 
exactly the same total carbon and total nitrogen concentrations as the corresponding 
sample, as indicated by an asterisk in Table 3.2.  This assumption is supported by the 
Nitrate-N and Ammonium-N concentrations of the same material (Table 3.2) and their 
lack of statistical difference between corresponding treatments.
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The analysis of the IMO 4 used in this experiment shows a very significant 
positive relationship between carbon, nitrogen and microbial activity (Table 3.10). This 
correlation is supported by Doran (1987) who reported a direct relationship between soil 
microorganism and distributions of carbon, specifically in the form of water-soluble 
carbon, and nitrogen forms in the soil matrix. Parr et al. (1994) showed soil microbial 
growth and activity of soil microorganisms after application of compost to soil.  In their 
experiment, the rate of utilization of substrate carbon as an energy source by soil 
microbe flora and/or soil inoculant rapidly increased followed by a decrease, which 
returned to control values if more carbon and was not provided within 20 days after 
inoculation.  The direct correlation between soil carbon and soil nitrogen (Table 3.10) 
means the rise and fall of soil carbon would also apply to soil nitrogen. If the IMO 4 
substrate used to inoculate soils in this experiment possibly had a disproportionate 
carbon to nitrogen ratio (C:N Ratio), then it would not have the same effect than if it had 
an ideal C:N ratio. The relationships between the microbial populations density and the 
carbon and nitrogen concentrations in IMO 4 could indicate there is a greater potential 
for IMO 4 as a soil inoculant if soil carbon or nitrogen concentrations where altered 
through fertilization.   

In this experiment, when IMO 4 was applied to the soil before planting, the mean 
concentrations of total C, N, Nitrate-N, and Nitrate-N found in the IMO 4 samples do not 
indicate an ideal ratio of carbon to nitrogen to be effective as a microbial bio-stimulant.  
The low N concentrations found in the soil (Table 3.5) and in the IMO 4 substrate (Table 
3.2) were most likely not enough to sustain the necessary microbial metabolic activities 
for survival.  The C:N ratio of the soil was also likely effected by the addition of shredded 
paper mulch to the top layer of soil to prevent solarization of the inoculating 
microorganisms.  This really accessible and easily degradable carbon source was 
quickly consumed by microorganisms early on during the greenhouse experiment and 
had to be replaced after just 3 weeks.  Any nitrogen in the soil would be consumed by 
microorganisms to metabolIze the increased carbon and be lost through plant 
absorption.  None of the soil samples analyzed have adequate concentrations for 
proper corn crop production in Andisol soils.
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The potential survival of the IMO 4 in the soil environment was not determined in 
this experiment, so it is hard to say if any of the microorganisms from the IMO 4 were 
present in the soil media after inoculation.  Observations during a similar experiment by 
Drenovsky et al. (2005) detailed the poor performance of manufactured bio-inoculants 
that were marketed to improve plant performance through the inoculation of soil-borne 
plant growth promoting regulators (PGPR) into the soil versus the improvement to plant 
performance by applying an indigenous microorganism-rich bio-stimulant in the form of 
compost.  They discovered a greater soil microbial mass in both sterilized and 
indigenous microorganism-rich soils that were amended with compost.  They 
hypothesized that the carbon source was crucial to the survival of microorganisms in the 
soil, and the additions of compost provided this needed organic carbon, while 
inoculating the soil with microorganisms suited for the specific environment being 
amended.  However, Drenovsky et al. (2005) did not determine if the microorganisms 
present in the soil after compost applications were the same as those found in the 
compost before application. They conclude that the relationship between soil carbon 
and rhizospheric microbial activity is dependent on the concentration of carbon and 
soluble nitrogen as a resource for metabolic activity.  

Soil pH and EC were the only two soil factors significantly affected (P≦0.0001) by 

the application of the IMO 4 treatment compared to OM.  A strong positive correlation 
between the pH of IMO 4 inoculated soil and the CO₂ respiration rate (r²=0.32; P≦0.05) 
and dehydrogenase enzymatic activity (r²=0.47; P≦0.0001) of the IMO 4 inoculant 
exists.  But when compared to the control sample, it can be determined that the IMO 4 
might not have been responsible for the rise in soil pH, but, on the other hand, due to 
the increased soluble nutrients in the organic matter samples (Marumoto et al., 1982), a 
reduction of pH of the organic matter treated samples likely occurred (Wolf et al., 1989).  
If further examination shows IMO 4 has an effect on soil pH, this significant relationship 
could lead to research detailing the capacity for IMO 4 as a soil conditioner.  
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The Physical and Chemical Properties of Corn (Zea mays)

The plant tissue analysis of the Zea mays samples indicate there was not 
enough nutrients taken up by the plant for proper corn production in Andisol soils 
(Reuter and Robinson, 1986; Mills and Jones, 1996). Also, a significant negative 
correlation between plant height (r²=-0.73; P≦0.0001) and weight (r²=-0.65; P≦0.0001) 

was found with soil microbial carbon dioxide respiration rate.  This could indicate 
nutrient resource competition between the soil microorganisms and the plant.  If a 
symbiotic relationship should occur between the soil microorganisms and the plants, 
first there must be enough nutrient resources to go around for everybody. Without 
adequate nutrients, there is little potential for cooperation. Muyang et al. (2014) found 
that when measuring plant physical properties of Irish Potato (Solanum tuberosum) at 
eight weeks of growth after inoculation of IMO 4 (Park and DuPonte, 2008), there was a 
significant improvement to plant height, dry weight, and total leaf area, as compared to 
the control.  This data directly supports the results showing IMO 4 having a significant 
improvement to plant height (P≦0.0001),  plant dry weight (P≦0.0001), and total leaf 
area (P≦0.0001).  However, soil organic matter in the form of dry heat sterilized IMO 4 
(Qin et al., 2014) shows a similar result to plant height (P≦0.0001),  plant dry weight 

(P≦0.0001), and total leaf area (P≦0.0001), which no other study on IMO 4 has looked 
at. 

Just as IMO 4 and the soil inoculated with IMO 4 were directly dependent with 
carbon and nitrogen availability, the plant tissue analysis showed a significant negative 
correlation between the plant height and weight and IMO 4 C (Height r²=-0.54;  
P=0.0004; Weight r²=-0.49; P=0.0017), N (Height r²=-0.60; P≦0.0001; Weight r²=-0.57; 
P=0.0001), and Nitrate-N concentrations (Height r²=-0.59; P≦0.0001; Weight r²=-0.51; 

P≦0.0001).  According to the statistical analysis, without adequate nutrient availability 
for microorganisms from soil C and N, competition for resources limited the effect of 
IMO 4 soil inoculation on plant production. 

The experiment data shows several correlations between IMO DHA properties 
and plant properties, but most significantly is the relationship between IMO 4 DHA 
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properties and plant tissue total carbon concentration (r²=0.62; P≦0.0001).  This 

dominant correlation relationship supports the idea that any effect on plant dynamics 
that IMO 4 can provide is strictly due to the addition of carbon and nitrogen to the soil 
environment and would best be described as a pure substrate effect, similar to a report 
by Schenck zu Schweinsberg-Mickan and Muller (2009).  In this report, they state that 
with the addition of EM versus sterilized EM to soils, the microbial inoculant struggled to 
survive due to competition, limited nutrient availability, and lack of adaptability of 
inoculating microorganisms.  Schenck zu Schweinsberg-Mickan and Muller (2009) 
concluded the only improvements to soil dynamics were through the addition of carbon 
and nitrogen via the substrate. 

Conclusion

The varied data found in this trial could point future research in many directions, 
which has been the plight of the agricultural microbial ecologists since the beginning of 
this biological specialty.  Baker (1968), Papavizas and Lumsden (1980), Kloepper et al.
(1989) discussed the commonality of inconsistencies and unpredictable data obtained 
from soil experiments examining indigenous microorganisms, and that theoretical 
principles behind microbial inoculation with bio-stimulants should yield positive results 
but rarely do.  However, despite potential experimental methodology inconsistencies, 
definitive conclusions can be made about the potential of IMO 4 as an agricultural soil 
inoculant.

After several selected physical, chemical, and biological analyses of soils treated 
with IMO 4 and simulated organic matter in the form of sterilized IMO 4 (OM), it was 
presently determined that IMO 4 soil inoculant shows no more significant potential to 
improve soil dynamics than the addition of organic material. The low concentrations of 
nitrogen in IMO 4 could be responsible for the lack of significant microbial effect it has 
on soil and plant properties. The experiment data indicates that the addition of this 
limited nutrient during production might significantly alter IMO 4 formulation and its 
effect on soil and plant dynamics.  However, more research must be conducted to 

92



completely answer the question whether or not IMO 4 effects soil dynamics over a 
longer period of time in field soils and if these effects are economical when compared to 
composts.

The experimental data shows there are many negative correlations between soil 
microbial population density on soil and plant characteristics, suggesting the greater the 
microbial density the poorer quality production.  This suggests that without a nutrient 
source for the microorganisms, there is competition between the inoculated microbes 
and the plants, resulting in a negative effect of IMO 4 on plant productivity. Parr et al. 
(1994) determined that soil carbon to nitrogen ratio is most influential factor to plant 
production and soil health.  The relationship that carbon and nitrogen has with all other 
elements in the soil, as well as all microbial activity, is unmatched. 

Wang et al. (2014) demonstrated how the addition of nitrogen fertilizers to IMO 4 
substrate after production can positively effect plant and soil properties.  In their 
experiment, farmers utilized IMO 5 (a similar product composed of 10% IMO 4, 10% 
chicken manure, 10% sheep manure, 10% fish waste, 10% green waste, and  50% 
compost) and found significantly greater leaf area, chlorophyll content, total nitrogen, 
total potassium, iron, manganese, zinc, and copper concentrations in plant tissue 
samples of kale (Brassica oleracea).  This trial shows what the potential significance of 
nutrient additions to IMO 4 could be and how they may effect soil and plant properties.  
IMO 4 might not be the soil inoculant that Cho and Koyama (1997) envisioned.  Perhaps 
the formula was not finished and a material more resembling IMO 5, with a balanced 
C:N ratio, might be the soil inoculant Cho was hoping for when he and his colleagues 
began the natural farming marketing campaign. 

Ibrahim et al (2012) conducted a similar experiment on observing the effect of 
IMO 4 on soil chemical and biological properties and crop yield of leafy vegetables 
(Brassica alboglabra, Brassica chinensis and Lactuca sativa).  Their results mirror this 
experimental data and support the claim that no evidence exists proving IMO 4 soil 
inoculant (Park and DuPonte, 2008; Cho and Koyama, 1997; Cho, 2010; Cho and Cho, 
2010; Zakaria, 2008; Wang et al., 2014; Dorman and Wang, 2014; Abu-Baker and 
Ibrahim, 2014; Ibrahim et al., 2012; Wang et al., 2012; Reed, 2013; Lamban et al., 2011; 
Muyang et al., 2014; Sumathi et al., 2012) has any effect on soil and plant dynamics. 
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 For years sustainable farmers and scientist have proven the positive effect of the 
application of autochthonous microorganism-rich composts to agricultural soils, and 
researchers have shown that the addition of composts increases microbial populations 
of soils 5-60% (Angers et al., 1993; Fliessbach et al., 2005; Ros et al., 2006; Rumberger 
et al., 2004; Tabucchi et al., 2008; Tiquia et al., 2002; Zaman et al., 2004), but there is 
still no evidence IMO 4 alone can effect soil dynamics in the same way, so until further 
agricultural soil inoculation research on IMO 4 are conducted, continuous additions of 
composts and mulch are recommended as the primary soil bio-stimulant used by 
sustainable farmers and specifically the Korean Natural Farming community. 

Based on the data reported in this experiment, the potential for Cho’s (1997) 
vision of IMO 4 as a unique, antithetical bioremediation tool has merit.  In areas where 
nutrient availability is periodic or sporadic and a consistent source of soluble carbon, 
like in livestock pens, holding, breeding, or waste management systems, the IMO 4 
could reduce foul odors, insect infestation, and provide a safe and effective probiotic for 
rooting and digging animals like swine or fowl.  This utilization of IMO 4 is currently 
practiced by Korean Natural Farmers and has been reported on several times (Fischer, 
2010; Reed, 2013; Yanagita et al., 1999;  DuPonte and Fischer, 2012; Gatphayak et al., 
2009a; 2009b; Radovich et al., 2014; SomaSekhar et al., 2013; DuPonte, 2010; NRCS, 
2012; Cho and Koyama, 1997; Knock and DuPonte, 2011).  Further research should be 
focused in the use of IMO 4 as a bio-remediation tool for use with livestock waste 
management systems. 

Future versions of this experiment should include trials that utilize the results 
found in this experiment.  Alternative sterilization techniques might be adopted to ensure 
100% complete sterilization of all the appropriate experiment materials.  Wolf et al. 
(1989) suggests the use of mercuric chloride, which resulted in minimal changes to soil 
chemistry and physical properties during sterilization.  Additional sanitation measures 
could be conducted through he use of a hermetically sealed, bio-technology 
greenhouse appropriate for soil microbial testing and cross-contamination prevention, or 
a more laboratory based growth experiment might be well suited for IMO 4 trials. 
Periodic physical, chemical, and biological analysis of the IMO 4, controlled experiment 
soil, and plant properties throughout the duration of the experiment would yield some 
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insight into the dynamics of IMO 4 soil inoculation. Due to the site-specific adaptability 
of the IMO 4 microorganisms, it might be appropriate to conduct greenhouse 
environment experiments at each of the IMO 4 production sites and observe the if 
autochthonous microorganisms are more effective near the immediate area of IMO 4 
production. Treatments should be increased to include many types of compost, mulch, 
and humic substances.  Genetic analysis of the microorganisms throughout the 
experiment might indicate what microorganisms are present in the IMO 4 and the ones 
found in treated soils.  Denaturing or temperature gradient gel electrophoresis  (Muyzer 
et al., 1993), or terminal restriction fragment length polymorphism (TRFLP) (Clement et 
al.,1998), amplified ribosomal DNA restriction analysis (ARDRA) (Tiquia et al., 2002), 
and 16S rDNA sequence analysis (Borneman and Triplett, 1997) have successfully 
been used to explore microbial diversity and to identify soil and compost 
microorganisms.

Future IMO 4 experiments should include long-term field trials that might prove 
IMO 4 is an effective agricultural soil inoculant through continued applications.  Trials 
could be conducted on various crops to see if there is a comparative difference of IMO 4 
applications on monocotyledon and dicotyledon plants. But, as the data in this 
experiments indicates, the most important future experiment must look at the physical, 
chemical, and biological properties of IMO 4 with the addition of nitrogen fertilizers and 
the effect plant and microbe available nutrients could have on soil dynamics and plant 
production.  
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Treatment n Bulk                         
Density

Total Water Holding 
Capacity pH Electrical 

Conductivity
CO₂ Respiration    

Rate
Dehydrogenase 

Enzymatic Activity

(g cm³) (%) (pH) (mS cm⁻¹) (mg m² d⁻¹) (μg TPF g⁻¹ soil hr⁻¹)

T¹ 3 0.55±0.01 58±3 8.67±0.00 5.82±0.08 725±33 4.2±0.4

OM¹ 3 0.38±0.01 9±3 5.90±0.01 5.26±0.09 5±1 0.0±0.0

T² 3 0.53±0.02 51±7 8.81±0.00 2.83±0.08 799±36 5.6±0.1

OM² 3 0.40±0.00 15±1 7.76±0.00 4.13±0.09 12±1 0.1±0.1

T³ 3 0.53±0.02 53±5 8.45±0.01 4.42±0.32 758±13 5.2±0.8

OM³ 3 0.37±0.00 6±0 6.98±0.00 6.55±0.20 17±2 0.0±0.0

T⁴ 3 0.61±0.03 74±7 8.45±0.00 5.94±0.07 753±12 8.3±0.2

OM⁴ 3 0.40±0.00 14±1 6.95±0.03 6.70±0.05 10±1 0.4±0.1

T⁵ 3 0.67±0.01 91±2 8.46±0.00 4.02±0.12 409±62 7.0±0.6

OM⁵ 3 0.44±0.00 26±1 7.68±0.01 4.49±0.19 2±0 0.0±0.0

T⁶ 3 0.65±0.03 85±8 8.45±0.00 3.45±0.10 573±11 4.2±1.0

OM⁶ 3 0.37±0.00 5±1 6.89±0.00 4.07±0.02 15±2 0.0±0.0

Soil 3 0.43±0.00 22±0 5.93±0.01 1.62±0.16 6±0 0.0±0.0

c c b b b de

f f j c e bc

c c a g ab c

def def d de e ef

c c c de ab cd

f f f a e h

b b c b ab a

ef ef g a e ef

a a c e d b

d d e d e gh

a ab c f c e

f f h e e h

de de i h e iTreatment n Bulk Density Total Water Holding 
Capacity pH Electrical 

Conductivity
Microbial CO₂ 

Respiration Rate
Dehydrogenase 

Enzymatic Activity

(g cm³) (%) (pH) (mS cm⁻¹) (mg m² d⁻¹) (μg TPF g⁻¹ soil hr⁻¹)

T! 18 0.59±0.02 69±7 8.55±0.06 4.41±0.51 669±61 5.8±0.7

OM! 18 0.39±0.01 12±3 7.03±0.28 5.20±0.48 10±2 2.2±0.4

Soil 3 0.43±0.00 22±0 5.93±0.01 1.62±0.16 6±0 0.0±0.0

a a a a a a

b b b a b b

b b c b c c

Table 3.1 Means (±SE) of plant physical, chemical, and biological properties of IMO 4 samples produced at various locations in Hilo, Hawaii, 
along a transect. Means followed by the same letter(s) are not statistically significant at P≦0.05.
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Treatment n Total Organic 
Carbon (C)

Total Nitrogen 
(N)

Nitrate-N             
(NO²-N + NO³-N)

Ammonium-N                           
(NH⁴-N)

Phosphorus                  
(P)

Potassium                        
(K)              

Magnesium                           
(Mg)

Calcium                     
(Ca)

(g kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (g kg⁻¹) (g kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

T¹ 3 149.7±1.08 16.0±0.15 13.38±9.03 6.27±0.67 1.83±0.32 6.75±0.44 2.75±0.17 0.57±0.04

OM¹ 3 149.7±1.08* 16.0±0.15* 10.92±6.14 2.78±0.53 2.46±0.31 8.36±0.31 2.72±0.08 0.43±0.01

T² 3 110.4±2.51 11.5±0.24 5.70±4.76 4.68±0.71 1.14±0.16 9.58±4.57 1.98±0.19 0.61±0.07

OM² 3 110.4±2.51* 11.5±0.24* 10.08±9.01 2.71±1.32 1.42±0.23 4.63±0.06 1.82±0.04 0.46±0.01

T³ 3 154.7±0.27 15.9±0.02 151.42±56.13 8.24±0.19 0.39±0.01 5.80±0.26 1.45±0.73 0.61±0.04

OM³ 3 154.7±0.27* 15.9±0.02* 20.17±16.94 5.19±1.70 0.89±0.07 7.53±0.13 2.38±0.03 0.40±0.02

T⁴ 3 187.5±0.41 20.4±0.05 12.20±9.54 9.54±0.61 3.05±0.19 9.37±0.32 3.45±0.10 0.77±0.03

OM⁴ 3 187.5±0.41* 20.4±0.05* 15.16±11.79 7.44±1.37 3.38±0.39 9.65±0.11 2.62±0.22 0.49±0.01

T⁵ 3 182.7±0.88 17.1±0.03 6.83±3.29 5.48±4.14 2.19±0.14 9.45±0.24 3.57±0.10 0.71±0.02

OM⁵ 3 182.7±0.88* 17.1±0.03* 110.55±15.99 3.66±1.84 1.83±0.10 7.76±0.04 3.03±0.04 0.50±0.01

T⁶ 3 216.2±0.62 20.2±0.06 34.51±27.56 5.09±2.37 3.98±0.24 10.57±0.90 3.88±0.31 0.69±0.05

OM⁶ 3 216.2±0.62* 20.2±0.06* 12.02±8.31 4.16±0.73 2.69±0.26 8.84±0.08 2.09±0.03 0.40±0.01

Soil 3 52.4±0.05 03.9±0.01 12.15±6.78 0.20±0.01 0.00±0.00 0.14±0.00 0.21±0.01 0.66±0.04

c b b a b c e f b c d c d e d e

b c d c d e a b c d d e f g

d c b b c d g a b c f g h c d

b c d f g d g h f g

b c b a a b h i c d h c d

b a b c g h a b c d d e f g g

a b a b a b c a b c a b c a

b a b c a b a b d e f e f g

a b c a b b a b c d e a b c a b a b

a b c d e f a b c d b c d e f

a a b a b c a a a a b c

b b c d c d a b c e f g h g

e d b d i e i b c d

Treatment n Total Organic 
Carbon (C)

Total Nitrogen 
(N)

Nitrate-N             
(NO²-N + NO³-N)

Ammonium-N                           
(NH⁴-N)

Phosphorus                  
(P)

Potassium                        
(K)              

Magnesium                           
(Mg)

Calcium                     
(Ca)

(g kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (g kg⁻¹) (g kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

T! 18 16.69±0.96 1.69±0.09 37.34±18.38 6.55±1.45 2.10±0.18 8.59±1.12 2.85±0.27 0.66±0.04

OM! 18 16.69±0.96* 1.69±0.09* 29.82±11.36 4.32±1.25 2.11±0.23 7.79±0.12 2.44±0.07 0.45±0.01

Soil 3 5.24±0.05 0.39±0.01 12.15±6.78 0.20±0.01 0.00±0.00 0.14±0.00 0.21±0.01 0.66±0.04

a a a a a a a a

a a a a a b

b b a b b b b a

Table 3.2 Means (±SE) of plant available macronutrient concentrations of IMO 4 samples produced at various locations in Hilo, Hawaii, 
along a transect. Means followed by the same letter(s) are not statistically significant at P≦0.05.
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Treatment n Copper                           
(Cu)

Iron                                  
(Fe)

Manganese                   
(Mn)

Sodium                            
(Na)

Zinc                                   
(Zn)

Boron                                 
(B)

(mg kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

T¹ 3 3.96±0.39 0.71±0.03 140.69±12.59 142.02±45.14 33.64±1.50 3.53±1.38

OM¹ 3 2.88±0.04 0.56±0.02 114.96±1.38 113.46±12.00 37.34±0.78 1.96±0.31

T² 3 5.65±0.40 0.71±0.10 100.24±13.43 177.37±62.61 19.77±1.23 2.86±0.40

OM² 3 5.61±0.08 0.47±0.03 86.79±2.00 151.99±25.36 20.19±0.35 1.53±0.30

T³ 3 3.73±0.15 0.67±0.09 236.99±22.08 168.93±52.29 17.53±0.43 2.24±0.17

OM³ 3 2.47±0.11 0.44±0.02 134.45±3.41 138.45±19.73 20.81±0.83 1.82±0.41

T⁴ 3 4.14±0.04 0.75±0.03 133.19±4.03 104.70±12.38 35.11±0.43 2.56±1.34

OM⁴ 3 3.09±0.13 0.53±0.02 105.67±4.07 136.44±19.42 40.44±0.22 1.51±0.82

T⁵ 3 6.16±0.03 0.88±0.05 152.86±5.96 208.77±51.96 37.55±0.22 0.00±0.00

OM⁵ 3 4.51±0.13 0.59±0.04 121.10±1.89 154.64±24.81 36.17±0.92 0.83±0.83

T⁶ 3 4.85±0.74 0.84±0.13 163.42±10.71 198.42±77.83 48.53±3.27 2.84±1.47

OM⁶ 3 2.56±0.24 0.41±0.02 114.45±4.01 124.72±17.64 37.33±2.48 1.50±0.75

Soil 3 4.35±0.15 0.17±0.02 28.80±2.92 112.79±27.25 2.87±0.35 0.45±0.45

d b c d d c a d a

f d e f g d e f a b c d a b c d

a b a b c d f g a e a b

a b f g g a e a b c d

d e b c d e a a e a b c d

f f g d c e a e a b c d

c d a b c d c e a c d a b c

e f e f g f g a b a b c d

a a b c a b c d

c d c d e f d e f a c d b c d

b c a b b a a a b

f g e f a b c d a b c d

c d h h a f c d

Treatment n Copper                           
(Cu)

Iron                                  
(Fe)

Manganese                   
(Mn)

Sodium                            
(Na)

Zinc                                   
(Zn)

Boron                                
(B)

(mg kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

T! 18 4.75±0.29 0.76±0.07 154.57±11.47 166.70±50.37 32.02±1.18 2.34±0.79

OM! 18 3.52±0.12 0.50±0.02 112.90±2.79 136.62±19.83 32.05±0.93 1.53±0.57

Soil 3 4.35±0.15 0.17±0.02 28.80±2.92 112.79±27.25 2.87±0.35 0.45±0.45

a a a a a a

a b b a a a b

a c c a b b

Table 3.3 Means (±SE) of plant available micronutrient concentrations of IMO 4 samples produced at various locations in Hilo, Hawaii, along 
a transect. Means followed by the same letter(s) are not statistically significant at P≦0.05.
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Treatment n Bulk Density Total Water Holding 
Capacity pH Electrical 

Conductivity
Microbial CO₂ 

Respiration Rate
Dehydrogenase 

Enzymatic Activity

(g cm³) (%) (pH) (mS cm⁻¹) (mg m² d⁻¹) (μg TPF g⁻¹ soil hr⁻¹)

T¹ 5 0.54±0.01 53±3 7.06±0.02 1.01±0.03 82±5 0.0±0.0

OM¹ 5 0.58±0.02 65±6 6.83±0.05 0.72±0.03 65±2 0.4±0.2

T² 5 0.56±0.01 60±2 7.10±0.03 1.12±0.05 231±10 0.1±0.1

OM² 5 0.50±0.03 44±9 6.65±0.05 0.43±0.10 182±7 0.0±0.0

T³ 5 0.62±0.02 76±5 7.01±0.00 1.40±0.03 111±4 0.0±0.0

OM³ 5 0.63±0.00 80±1 6.77±0.08 0.57±0.06 164±10 0.0±0.0

T⁴ 5 0.52±0.02 50±7 7.07±0.01 1.18±0.08 65±3 0.4±0.1

OM⁴ 5 0.56±0.00 60±1 6.78±0.01 0.60±0.07 132±2 0.2±0.1

T⁵ 5 0.54±0.01 56±3 6.94±0.03 0.21±0.11 149±9 0.0±0.0

OM⁵ 5 0.55±0.01 57±2 6.67±0.08 0.50±0.04 115±0 0.0±0.0

T⁶ 5 0.53±0.00 51±1 6.69±0.03 1.18±0.00 165±5 0.0±0.0

OM⁶ 5 0.54±0.02 56±6 6.53±0.05 0.57±0.05 133±1 0.3±0.2

Soil 5 0.55±0.01 56±3 6.90±0.07 0.38±0.03 6±0 0.0±0.0

cde bcde a c g d

b b de d h a

bc bc a bc a cd

e f h fg b d

a a ab a f cd

a a efg e c d

de ef a b h a

bc bcd ef e e bc

cd cde cb h d cd

bcd bcde gh ef f cd

de def fgh b c d

cd cde i e e ab

bcd bcde cd g i d

Treatment n Bulk Density Total Water Holding 
Capacity pH Electrical 

Conductivity
Microbial CO₂ 

Respiration Rate
Dehydrogenase 

Enzymatic Activity

(g cm³) (%) (pH) (mS cm⁻¹) (mg m² d⁻¹) (μg TPF g⁻¹ soil hr⁻¹)

T! 30 0.55±0.01 58±4 6.98±0.06 1.01±0.17 134±25 0.1±0.07

OM! 30 0.56±0.02 60±5 6.70±0.04 0.56±0.04 132±17 0.2±0.07

Soil 5 0.55±0.01 56±3 6.90±0.07 0.38±0.03 33±12 0.00±0.00

a a a a a ab

a a b b a a

a a a b b b

Table 3.4 Means (±SE) of plant physical, chemical, and biological properties of IMO 4 sample treated soils. Means followed by the same 
letter(s) are not statistically significant at P≦0.05.
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Treatment n Total Organic 
Carbon (C)

Total Nitrogen 
(N)

Nitrate-N             
(NO²-N + NO³-N)

Ammonium-N                           
(NH⁴-N)

Phosphorus                  
(P)

Potassium                        
(K)              

Magnesium                           
(Mg)

Calcium                     
(Ca)

(g kg⁻¹) (g kg⁻¹) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (g/kg) (g/kg)

T¹ 5 59.9±05.8 04.3±0.80 2.21±1.49 45.92±8.67 1.07±0.20 125.82±21.34 0.30±0.01 1.01±0.10

OM¹ 5 62.6±04.8 04.5±0.60 4.55±0.70 9.33±3.21 7.00±0.28 230.24±15.86 0.42±0.02 0.92±0.07

T² 5 63.5±03.4 04.4±01.3 2.30±1.13 6.36±2.95 9.58±0.73 113.67±6.03 0.29±0.01 1.01±0.02

OM² 5 58.7±08.3 04.0±0.50 1.70±0.59 2.71±1.64 0.57±0.13 108.62±11.95 0.26±0.01 0.91±0.10

T³ 5 67.9±04.3 04.9±01.6 3.09±1.38 9.32±1.57 0.77±0.28 134.22±8.84 0.30±0.01 1.43±0.09

OM³ 5 53.0±02.8 03.5±0.90 0.46±0.23 3.19±1.43 0.83±0.24 136.55±6.60 0.40±0.01 1.08±0.06

T⁴ 5 59.1±05.7 04.2±01.1 0.33±0.17 5.26±0.86 2.13±0.21 72.84±14.21 0.32±0.02 1.02±0.03

OM⁴ 5 63.8±05.8 04.4±01.2 1.08±0.30 3.64±1.80 1.11±0.18 123.01±6.12 0.32±0.00 0.85±0.03

T⁵ 5 69.1±05.9 04.9±01.6 1.10±0.38 4.62±1.35 9.57±1.24 80.32±14.02 0.30±0.02 0.91±0.04

OM⁵ 5 46.2±04.2 02.9±01.0 1.92±0.58 2.98±1.01 1.21±0.31 112.83±8.06 0.33±0.00 0.87±0.03

T⁶ 5 60.6±04.6 04.2±01.0 16.58±2.80 3.63±2.06 1.10±0.22 83.24±15.40 0.23±0.01 0.81±0.02

OM⁶ 5 51.5±06.8 03.2±0.70 8.54±2.77 2.94±1.86 1.11±0.16 117.09±21.79 0.33±0.02 0.90±0.04

Soil 5 40.3±03.4 02.8±01.0 0.26±0.08 3.50±1.25 0.67±0.18 94.01±21.30 0.30±0.01 0.85±0.04

a b c d a c d a c d b c b b c d

a b c a c b b a a d e

a b c a c d b a b c d e b b c d

a b c d a c d b d b c d e f c d c d e f

a b a c d b d b c b c a

b c d e a d b d b a b

a b c d a d b c e b b c 

a b c a c d b c d b c d b e f

a a c d b a e f b c d e f

d e a c d b c d b c d e f b c d e f

a b c d a a b c d d e f d f

c d e a b b c d b c d e b c d e f

e a d b d c d e f b d e f

Treatment n Total Organic 
Carbon (C)

Total Nitrogen 
(N)

Nitrate-N             
(NO²-N + NO³-N)

Ammonium-N                           
(NH⁴-N)

Phosphorus                  
(P)

Potassium                        
(K)              

Magnesium                           
(Mg)

Calcium                     
(Ca)

(g kg⁻¹) (g kg⁻¹) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (g/kg) (g/kg)

T! 30 6.33±1.65 0.45±0.12 4.27±1.05 12.52±2.50 4.04±0.41 101.68±11.41 0.29±0.01 1.03±0.04

OM! 30 5.60±1.60 0.37±0.12 2.94±0.86 4.00±1.83 1.91±0.22 133.60±11.73 0.33±0.01 0.89±0.05

Soil 5 4.03±0.34 0.28±0.10 0.21±0.08 3.85±1.25 0.67±0.18 94.01±21.30 0.30±0.01 0.85±0.04

a a a a a a b b a

a a a a a b a a a b

a a a a b b a b b

Table 3.5 Means (±SE) of plant available macronutrient concentrations of IMO 4 sample treated soils. Means followed by the same letter(s) 
are not statistically significant at P≦0.05.
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Treatment n Copper                              
(Cu)

Iron                                  
(Fe)

  Manganese                
(Mn)

Sodium                     
(Na)

Zinc                                   
(Zn)

Boron                             
(B)

(mg kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

T¹ 5 3.64±1.82 0.28±0.01 52.72±7.94 99.08±9.42 4.34±1.12 0.00±0.00

OM¹ 5 3.75±0.85 0.45±0.04 85.80±13.61 88.49±4.19 5.70±2.03 0.00±0.00

T² 5 4.71±2.69 0.39±0.03 69.83±10.18 95.21±11.64 5.33±1.12 0.00±0.00

OM² 5 3.42±0.89 0.31±0.02 62.78±5.36 85.17±9.37 4.46±1.33 0.00±0.00

T³ 5 4.44±1.64 0.35±0.02 87.92±7.45 115.03±12.64 3.88±1.29 0.00±0.00

OM³ 5 4.51±1.27 0.34±0.01 59.54±7.46 94.97±24.20 5.45±1.86 0.00±0.00

T⁴ 5 3.45±0.98 0.30±0.03 45.92±3.83 88.61±10.74 4.59±1.42 0.00±0.00

OM⁴ 5 3.48±0.56 0.32±0.01 57.70±14.06 60.23±10.54 4.42±1.25 0.00±0.00

T⁵ 5 3.70±1.11 0.33±0.01 50.18±9.01 71.92±8.98 4.61±2.89 0.00±0.00

OM⁵ 5 3.75±0.88 0.32±0.04 40.99±7.13 79.65±7.12 4.87±1.19 0.00±0.00

T⁶ 5 3.55±0.26 0.29±0.02 40.53±3.68 73.01±5.85 3.79±1.78 0.00±0.00

OM⁶ 5 3.18±0.51 0.32±0.01 64.78±3.59 72.51±8.59 5.03±1.91 0.00±0.00

Soil 5 4.38±1.61 0.31±0.01 42.95±7.96 92.90±6.45 5.59±1.93 0.00±0.00

a d c d e a b a b

a a a b a b c a b

a a b a b c a b a b

a b c a b c d a b c a b

a b c a a a b

a b c d c d e a b a b

a c d c d e a b c a b

a c d c d e c a b

a c d c d e b c a b

a c d d e b c a b

a c d e b c a b

a c d a b c d b c a b

a c d d e a b a b

Treatment n Copper                              
(Cu)

Iron                                  
(Fe)

  Manganese                
(Mn)

Sodium                     
(Na)

Zinc                                   
(Zn)

Boron                              
(B)

(mg kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

T! 30 3.91±1.42 0.32±0.02 57.85±7.01 90.48±9.88 4.42±1.60 0.00±0.00

OM! 30 3.68±0.05 0.34±0.83 61.93±0.02 80.17±8.53 4.99±10.67 29.47±1.60

Soil 5 4.38±1.61 0.31±0.01 42.95±7.96 92.90±6.45 5.59±1.93 0.00±0.00

a a a a a a

a a a a a a

a a a a a a

Table 3.6 Means (±SE) of plant available micronutrient concentrations of IMO 4 sample treated soils. Means followed by the same letter(s) 
are not statistically significant at P≦0.05.
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Treatment n Plant Dry                             
Weight

Plant                                      
Height

Total Leaf                                  
Area

(g) (cm) (cm²)

T¹ 5 1.2±0.2 23.6±2.1 205±18

OM¹ 5 2.1±0.2 32.5±1.7 438±48

T² 5 1.1±0.1 23.9±0.7 173±17

OM² 5 0.3±0.0 13.0±0.7 65±9

T³ 5 0.8±0.1 18.8±1.9 124±14

OM³ 5 2.0±0.6 29.6±3.7 310±86

T⁴ 5 4.4±0.5 39.4±2.0 636±50

OM⁴ 5 1.5±0.3 25.3±1.8 243±33

T⁵ 5 1.9±0.2 30.6±1.0 343±45

OM⁵ 5 1.1±0.2 33.0±25.3 356±243

T⁶ 5 1.9±0.2 26.8±1.9 346±58

OM⁶ 5 3.6±1.1 40.8±4.8 483±138

Soil 5 0.4±0.1 11.6±2.2 53±12

bcd de cde

b bc b

bcd de cde

d f e

cd ef de

bc cd bc

a ab a

bcd cde cd

bc cd bc

bcd cde cde

bc cd bc

a a ab

d f e

Treatment n Plant Dry                          
Weight

Plant                                     
Height

Total Leaf                                 
Area

(g) (cm) (cm²)

T¹ 5 1.9±0.5 27.2±2.9 304±76

OM¹ 5 1.8±0.5 27.8±3.8 290±63

Soil 5 1.2±0.3 15.4±5.4 183±51

a a a

a a a

b b b

Table 3.7 Means (±SE) of the measurements of corn grown in IMO 4 sample treated soils. 
Means followed by the same letter(s) are not statistically significant at P≦0.05.
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Treatment n Total Organic             
Carbon (C)

  Total Nitrogen                
(N)

Phosphorus                
(P)

 Calcium                     
(Ca)

 Magnesium               
(Mg)

Sulfur                                 
(S)

(%) (%) (%) (%) (%) (%)

T¹ 5 38.73±0.23 1.04±0.04 0.25±0.02 0.24±0.02 0.30±0.02 0.09±0.01

OM¹ 5 39.93±0.35 0.83±0.08 0.20±0.02 0.23±0.02 0.21±0.01 0.12±0.02

T² 5 39.16±0.15 1.23±0.14 0.23±0.02 0.22±0.03 0.25±0.01 0.11±0.01

OM² 5 38.47±0.17 3.19±0.28 0.12±0.03 0.28±0.05 0.24±0.05 0.15±0.03

T³ 5 39.39±0.28 1.11±0.11 0.17±0.01 0.27±0.05 0.27±0.01 0.10±0.02

OM³ 5 39.21±0.48 1.62±0.28 0.21±0.05 0.31±0.04 0.34±0.04 0.15±0.03

T⁴ 5 40.22±0.33 0.87±0.06 0.18±0.04 0.21±0.01 0.22±0.03 0.08±0.01

OM⁴ 5 39.48±0.30 1.43±0.24 0.18±0.05 0.21±0.02 0.24±0.03 0.11±0.02

T⁵ 5 40.11±0.23 0.90±0.11 0.18±0.02 0.23±0.01 0.23±0.01 0.10±0.02

OM⁵ 5 39.03±0.27 1.32±0.16 0.17±0.03 0.22±0.01 0.25±0.02 0.11±0.02

T⁶ 5 39.82±0.31 2.11±0.34 0.15±0.02 0.25±0.03 0.29±0.02 0.14±0.03

OM⁶ 5 39.53±0.25 1.55±0.12 0.13±0.03 0.19±0.01 0.23±0.03 0.13±0.02

Soil 5 38.95±0.31 1.09±0.16 0.13±0.02 0.37±0.07 0.34±0.03 0.17±0.03

e f c d e a b c a b b c

a b c e a b c b c c a b c

c d e f c d e a b b c b c b c

f a c a b c b c a b

a b c d e f c d e a b c a b c a b c b c

b c d e f b c a b a b a a b

a d e a b c c c c

a b c d e c d a b c c b c b c

a b d e a b c b c b c b c

c d e f c d e a b c b c b c a b c

a b c d b b c b c a b c a b c

a b c d e b c c c b c a b c

d e f c d e c a a a

Treatment n Total Organic          
Carbon (C)

  Total Nitrogen             
(N)

Phosphorus               
(P)

 Calcium                    
(Ca)

 Magnesium               
(Mg)

Sulfur                                
(S)

(%) (%) (%) (%) (%) (%)

T! 18 39.57±9.52 1.21±0.15 0.19±0.07 0.24±0.06 0.26±0.06 0.10±0.02

OM! 18 39.28±9.44 1.66±0.91 0.17±0.06 0.24±0.08 0.25±0.08 0.13±0.02

Soil 3 38.95±0.31 1.09±0.16 0.13±0.02 0.37±0.07 0.34±0.03 0.17±0.03

a a a b b b

a a a b b b b

a a b a a a

Table 3.8 Means (±SE) of plant tissue macronutrient concentrations of corn grown in IMO 4 sample treated soils. Means followed by the 
same letter(s) are not statistically significant at P≦0.05.
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Treatment n Copper                                                 
(Cu)

Iron                                                           
(Fe)

  Manganese                                                
(Mn)

Zinc                                                        
(Zn)

(ppm) (ppm) (ppm) (ppm)

T¹ 5 5.29±0.71 221.96±157.38 22.11±4.13 33.40±6.05

OM¹ 5 46.57±28.13 109.95±17.11 20.77±2.75 24.32±5.26

T² 5 4.02±0.35 41.53±3.24 15.50±1.84 24.58±2.49

OM² 5 161.71±73.80 445.10±151.01 62.34±13.07 30.95±7.32

T³ 5 3.89±0.40 297.78±171.05 25.28±5.08 25.35±1.61

OM³ 5 74.40±22.78 134.96±22.80 39.59±5.87 30.84±6.84

T⁴ 5 3.34±0.34 123.58±32.18 23.55±1.63 14.90±4.01

OM⁴ 5 24.12±6.96 107.46±10.48 38.90±9.30 17.60±2.74

T⁵ 5 3.52±0.33 88.17±6.85 13.88±0.86 17.24±1.82

OM⁵ 5 21.65±8.39 106.38±9.96 32.94±5.30 13.68±1.59

T⁶ 5 6.81±2.62 98.19±18.14 56.65±9.75 17.91±2.18

OM⁶ 5 137.50±89.98 71.96±11.66 43.42±4.07 22.01±7.11

Soil 5 137.91±95.21 127.90±47.51 25.53±5.25 29.31±7.57

c a b c d e f a

a b c b c e f a b c

c c e f a b c

a a a a b

c a b d e f a b c

a b c b c b c d a b

c b c d e f c

b c b c b c d b c

c b c f b c

b c b c d e f c

c b c a b b c

a b c b c a b c

a b b c d e f a b

Treatment n Copper                                              
(Cu)

Iron                                                       
(Fe)  

  Manganese                                           
(Mn)

Zinc                                                                  
(Zn)

(ppm) (ppm) (ppm) (ppm)

T! 18 4.48±0.85 145.20±104.04 26.16±4.70 22.23±9.19

OM! 18 77.66±51.78 162.63±146.28 39.66±16.05 23.23±9.12

Soil 3 137.91±95.21 127.90±47.51 25.53±5.25 29.31±7.57

a a a a

a b a a a

a a a a

Table 3.9 Means (±SE) of plant tissue micronutrient concentrations of corn grown in IMO 4 sample treated soils. Means followed by the 
same letter(s) are not statistically significant at P≦0.05.
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Factor IMO 4 Bulk                           
Density

IMO 4 Water                                  
Holding Capacity

IMO 4                                                 
Total N

IMO 4                                                      
Ammonium-N

IMO 4 Total 
Carbon

0.81028
<.0001

0.81015
<.0001

0.97537
<.0001

0.44548
0.043

IMO 4                                                  
P

IMO 4                                                             
K

IMO 4                                                         
Mg

IMO 4                                                          
Ca

0.79196
<.0001

0.63128
0.0021

0.77706
<.0001

-0.70506
0.0004

IMO 4                                               
Cu

IMO 4                                                         
Fe

IMO 4                                                         
Mn

IMO 4                                                          
Zn

-0.47535
0.0294

0.6352
0.002

0.46823
0.0323

0.86552
<.0001

IMO 4                                               
pH

IMO 4                                                           
EC 

IMO 4 CO2                                 
Respiration Rate

IMO 4                                                     
DHA

0.67617
0.0008

0.59163
0.0047

0.49772
0.0217

0.62792
0.0023

Factor IMO 4 Bulk                           
Density

IMO 4 Water                                  
Holding Capacity

IMO 4                                                      
Ammonium-N

IMO 4                                                     
Total C

0.77463
<.0001

0.77449
<.0001

0.54831
0.0101

0.97537
<.0001

IMO 4                                                  
P

IMO 4                                                             
K

IMO 4                                                         
Mg

IMO 4                                                          
Ca

0.76926
<.0001

0.64403
0.0016

0.78656
<.0001

-0.71855
0.0002

IMO 4 Total 
Nitrogen

IMO 4                                               
Cu

IMO 4                                                         
Fe

IMO 4                                                         
Mn

IMO 4                                                          
Zn

-0.53173
0.0131

0.68634
0.0006

0.51207
0.0176

0.86062
<.0001

IMO 4                                               
pH

IMO 4                                                           
EC 

IMO 4 CO2                                 
Respiration Rate

IMO 4                                                     
DHA

0.75036
<.0001

0.71663
0.0003

0.63236
0.0021

0.7077
0.0003

Table 3.10 Summary of significant r² and P values resulting from orthogonal contrasts of IMO 4 characteristics.
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Chapter 4:
The Effect of IMO 4 as an Organic Fertilizer 

Enriched Compost on the Growth and 
Production of Corn (Zea mays) in Andisol Soil

Introduction

The effect of fertilizer enriched composts (FEC) in agricultural microbial 
management has not been evaluated in depth. Some reports have examined the effect 
of FEC on plant production which support the incorporation of additional nutrient 
sources to composts to increase crop yield and reduce the use of fertilizers in both 
conventional and organic farming practices.  Ahmed et al. (2007) found that enriching 
compost with nitrogen fertilizers both during the production of the bio-stimulant and at 
application in the field, increased yield in wheat (Triticum aestivum L.) and corn (Zea 
mays L.) compared to those plants with fertilizer and compost plus fertilizer treatments 
applied during a controlled experiment.  They concluded that the incorporation of FEC 
applications could reduce amendment costs and should be practiced by both organic 
and conventional farmers to best utilize resources. Adamtey et al. (2010) found that 
FEC out-performed many soil treatments including combinations of fertilizers and 
composts alone.  They reported that the high microorganism and nutrient availability 
combination of nutrient enriched composts significantly increased transpiration and 
water-use efficiency as well as dry and grain yield in corn (Zea mays L.). 

One potential substrate for an enriched compost is Indigenous Microorganism 4 
(IMO 4)(Park and DuPonte, 2008; Cho and Koyama, 1997; Cho, 2010; Cho and Cho, 
2010; Zakaria, 2008; DuPonte and Fischer, 2012; Wang et al., 2014; Dorman and 
Wang, 2014; Abu-Baker and Ibrahim, 2014; Ibrahim et al., 2012; Wang et al., 2012; 
Fischer, 2010; Reed, 2013; Lamban et al., 2011; Muyang et al., 2014), which is a form 
of autochthonous microorganism inoculated compost, high in carbohydrates, and a 
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minimal concentration of plant available nutrients.  With high microbial metabolic activity 
and decomposition rate, IMO 4 is one of the most biologically active composts available.  
It is used as a granular top dressed amendment, compost inoculant, livestock bedding 
or feed inoculant, or biological tea concentrate (Cho and Koyama, 1997; Cho, 2010).  
Produced exclusively from agricultural by-products, the application IMO 4 could be a 
cost effective alternative to bio-fertilizers. 

Wang et al. (2014) demonstrated how the addition of nitrogen fertilizers to IMO 4
substrate after production can positively effect plant and soil properties. In their
experiment, farmers utilized IMO 5 (product composed of 10% IMO 4, 10%
chicken manure, 10% sheep manure, 10% fish waste, 10% green waste, and 50%
compost) and found significantly greater leaf area, chlorophyll content, total nitrogen,
total potassium, iron, manganese, zinc, and copper concentrations in plant tissue
samples of kale (Brassica oleracea). This trial shows what the potential significance of
nutrient additions to IMO 4 could be and how they may effect soil and plant properties.

In Chapter 2, a descriptive analysis was conducted on several IMO 4 samples, 
produced along a transect in Hilo, Hawai'i.  The physical, chemical, and biological 
properties of this material was detailed.  The findings showed that IMO 4 had 
appreciable concentrations plant available nutrient, microbial metabolic activity, and an 
alkaline pH near 9.0.  There were few trends on the data that suggested IMO 4 differed 
physically, chemically, and biologically between the production sites, indicating there 
might not be a need for site-specific microorganisms during the production of IMO 4. It 
was suggested that IMO 4 could be utilized as a microbial soil inoculant, but controlled 
experiment analysis was required to test the survival of the inoculating microorganisms 
in the soil environment and the effect of IMO 4 has on crop production.

In Chapter 3, a greenhouse experiment was conducted to determine if IMO 4 
(Park and DuPonte, 2008) had a significant effect on plant or soil properties.  Corn (Zea 
mays) was grown in soil treated with IMO 4 and a simulated organic matter in the form 
of dry heat sterilized IMO 4 (Qin et al., 2014).  It was determined that IMO 4 might have 
potential as an agricultural soil inoculant if it possessed adequate concentrations of 
soluble carbon and nitrogen, but as a soil inoculant alone IMO 4 was most likely 
ineffective due to low survivability of the inoculated microorganisms after application 
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from lack of available nutrients or a drastic physical, chemical, or biological change to 
environmental condition, inhibiting or preventing microbial metabolic activity. 

The objectives of this report are to determine if organic fertilizer amended, 
nutrient-enriched IMO 4 is effective in improving the physical, chemical, and biological 
properties of soil and quantitatively analyze the effect it has on plant growth and 
production, when additional plant available nutrient concentrations are present in the 
form of organic fertilizers.  It is hypothesized that the inoculated microorganisms found 
on the IMO 4 and IMO 4 plus fertilizer substrate will die upon, or soon after, application 
due to a chemical substrate condition change, causing the loss of all microbial 
metabolic activity of the inoculating microorganisms in the IMO 4 sample and resulting 
in similar effects of the treatments on plant growth. This information could lead to more 
research and conclusions surrounding the use of IMO 4 as a soil inoculant, as well as 
allow stakeholders to make the most informed decisions for their farming operations.  
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Materials and Methods

IMO 4 Production Site

The Indigenous Microorganism 4 (IMO 4) samples were produced at the Site 1 
(T¹) (35 m elevation) IMO 4 production site and at the same time as described in 
Chapter 2 and 3 (Table 2.1).

Soil 
The east side of the Island of Hawai'i is a very young, volcanic area with little to 

no soil available for cultivation in many areas.  Farmers in this area have traditionally 
had soil delivered to their land from areas of the island that are much older and have 
experienced erosion, cinder deposits, and (or) soil production.  The IMO 4 production 
sites selected in this experiment have limited soil deposits, are described by the 
National Resource Conservation Service as “cobbly” and “stone” (Wailuku series) or 
more commonly, no soil available to produce IMO 4.  For IMO 4 production and the 
experiment, soil from a farm in Honomu (North Central Hamakua Coast) that had an 
adequate supply of Hilo series Andisol soil needed for the production of IMO 4 and for 
the greenhouse experiment, was utilized.

IMO 4 Sample Production and Preparation

As discussed in Chapter 2 and 3, the IMO 4 was produced based on modified 
methods by Park and DuPonte (2008) or a modified method of Cho and Koyama (1997) 
and used by Zakaria (2006) and Abu-Bakar and Ibrahim (2014), which were researched 
in Muyang et al. (2014), Wang et al (2014), and Dorman and Wang (2014). This 
production system is composed of four parts: IMO 1, IMO 2, IMO 3, and IMO 4.
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IMO 4 and Soil Sterilization 

 Based on the soil sterilization methods described by Qin et al. (2014), 10 kg of 
IMO 4 was dry heated to 165º C for 6 hours in a dry heat oven, for the IMO 4 sample. 
Then the sample were placed in a large desiccator to cool for 2 hours.  This sterilized 
IMO 4 sample was assigned as the simulated organic matter treatment (OM). The 
sterilized samples for analysis were then placed in plastic bags and stored in an extra 
large desiccator.  The OM was brought to the greenhouse for immediate application in 
the greenhouse experiment.  The same methods were employed to sterilize 180 kg of 
field soil for use as the planting media for the corn plant samples.  

Greenhouse Experiment

A greenhouse experiment had begun immediately after the harvesting of the IMO 
4 material and processing of OM.  In a steel framed, open walled greenhouse in 
Hawaiian Acres, Keaau, Hawai'i: latitude: 19º 31’ 24.22”, longitude: 155º 01’ 20.00” and 
elevation: 280 meters with average high/low temperatures at 29/21 ℃. Here, fifty 3.75 L  
grow bags (14 x 11.5 x 19 cm) were filled with dry heat sterilized field soil (Hilo Series) 
(Qin et al., 2014).  These fifty pots were divided into five treatment groups and properly 
labeled.  The soil treatments were IMO 4 (IMO4), IMO 4 plus organic fertilizer (IMO4F), 
organic fertilizer only (FERT), simulated organic matter in the for of dry heat sterilized 
IMO 4 (OM) and no treatment (SOIL) as a control.  The organic matter (OM) treatment 
was used to simulate organic matter with similar chemical and physical properties of 
IMO 4 but without the presence of selected and inoculated indigenous microorganisms, 
because they had been eliminated through dry heat sterilization. Each treatment group 
had its own greenhouse bench which where randomly placed throughout the 
greenhouse in a randomized complete block design (RCBD) with 10 plants per bench 
representing the treatment replications.  

Ten days before planting the soil bags were amended with recommended 
concentrations of coral lime (1700 kg/ha).   Three days before planting, the appropriate 
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soil bags were fertilized with the recommended organic fertilizer applications for corn 
production in Hilo Series Andisol soils in the form of fish meal (10-2-2)(1,008 kg/ha) and 
magnesium sulfate (167 kg/ha).  The IMO 4 and OM applications were also applied to 
the soil surface of the bags at a recommended rate of 1456 kg/ha (6.8 g per bag). 
These application rates were based on recommendations by current natural farmers 
and University of Hawai'i at Manoa Extension Services (DuPonte, 2015). 

A drip irrigation system was set up, that provided 150 ml of water to each grow 
bag twice a day, which are recommended applications based on field cropping 
application rates (Brewbaker, 2003).  Based on recommendations by current natural 
farmers and University of Hawai'i at Manoa Extension Services, the IMO 4 was allowed 
to sit in the soil environment for three days. After 72 hours, three sweet corn seeds 
(Hawaiian Supersweet Hybrid #10) were sown into each grow bag.  A sterile, carbon 
based mulch was used to protect the IMO 4 treatments from solarization, so 8.0 g of 
shredded copier paper was placed on top of the soil in each pot.   

Ten days into the experiment, number of corn seedlings were reduced from 3 
plants to 1 plant per pot, leaving the sample most representative of the group.  Regular 
inspections of the plants and systems were conducted daily.  Integrated pest 
management during the experiment consisted of regular inspections, as well as hand 
removal and low pressure water removal of aphids and other insects. 

After 8 weeks of growth, 5 plants were selected from the group which best 
represented the sample set.  The plants where measured for height, and the whole corn 
plant was harvested from each grow bag based on methods described by (Hue et al., 
2000).  They were then weighed, bagged, properly labeled, and stored in a plant 
transport cooler.  The samples were immediately taken to the laboratory for leaf area 
analysis.  The soil contained in each pot was then individually bagged, labelled, and 
cataloged for various physical, chemical, and biological analysis. The soil samples 
needed for nutrient and chemical analysis were stored at 4º C (Lee et al., 2006).  The 
soil samples needed for biological analysis were taken directly to the laboratory, in 
paper bags, and analyzed.
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Experimental Design

In this experiment, three replicates of each treatment and (or) experimental soil 
samples were tested for physical, chemical, and biological properties.  The data 
presented from in this experiment are the means of these three replicates. A control 
sample of sterilized soil was also analyzed in triplicate and was utilized when comparing 
the treatment effects.

Soil Analysis Physical Analysis
Soil Bulk Density 

Brass cores measuring 5.36 cm in volume were lightly pressed into the soil in 
each pot after harvest and collected for bulk density analysis (Loveday, 1974). These 
cores were then dried at 60º C for 24 hours. After drying, the samples were weighed.  
Bulk density (g cm⁻³) was calculated using the following equation. 

Bulk Density (g cm⁻³) = Dry soil weight (g) / Soil Volume (cm³)

Soil WHC 

Before drying the bulk density samples, the soil cores were fixed with an 
absorbent paper on the bottom of the cores.  These cores were placed in a 4 cm dish 
filled with 1 cm of water and allowed to absorb deionized water overnight.  The next day, 
the cores were allowed to drain, the soil content was then weighed at full field holding 
capacity.  After the samples were dried for the bulk density analysis, the soil and IMO 
dry weight was subtracted from the field holding capacity to determine the total water 
holding capacity of each sample (Wilke, 2005).  The data was reported in a percent 
content of the total sample weight.  
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Soil Chemical Analysis
Soil Total Carbon and Total Nitrogen Concentration 

The method described by Sato et al (2014) was used to measure total carbon (C) 
and nitrogen (N) concentrations. For each sample, approximately 8.0 mg of air-dried, 
ground (< 2 mm sieve) soil or IMO was weighed in a 5 x 9 mm tin capsules and the 
exact weights were recorded.  The tin capsules were folded and analyzed using a 
CHNSO Analyzer (Costech Elemental Combustion System 4010, Valencia, CA). 

Soil Nutrient and Sodium Concentration 

To analyze soil content of calcium (Ca), copper (Cu), iron (Fe), phosphorous (P), 
potassium (K), magnesium (Mg), manganese (Mn), sodium (Na), and zinc (Zn), Mehlich 
3 extraction method was used (Mehlich, 1984). 

The extraction procedure began with grinding all of the air-dried soil samples to 
pass through a <2 mm sieve. 2.0 g of each sample was added to a 100 ml glass 
Erlenmeyer flask.  Then, 20 ml of Mehlich 3 extraction solution was added to each flask, 
with a method blank.  These flasks were placed on a reciprocating shaker (200, 4-cm 
recips/minute) for five minutes.  The suspensions were immediately filtered using 
Whitman 42 filter papers, and collected into 50 ml plastic vials. Due to the high 
concentration of colloidal and humic substances, the suspensions had to be filtered 
twice. 

Analysis of the extractions was done on a calibrated inductively coupled plasma 
optical emission spectrometry (ICP-OES)(Varian Vista-MPX ICP-OES, Agilent 
Technologies, Palo Alto, CA)(Munter and Grande, 1981) using multiple element 
standards following manufacturer’s recommendations in the operation and calibration of 
the instrument.  During extraction preparations, most of the samples had to be diluted 
between 100-400x for proper analysis.
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Soil Nitrate and Ammonium 

A modified method for Nitrate-N , and Ammonium-N (Nitrate-N) analysis of each 
soil sample was done on soil extracts using 1.0 M Potassium Chloride (KCl) (Keeney 
and Nelson, 1982) solution. For each sample, 2 g of field moist soil or IMO (ground, < 2 
mm sieve) was added to a 125 ml Erlenmeyer flask. Then, 20 ml of 1.0 M KCl solution 
was added to each flask.  A blank sample of deionized water was carried through 
analysis.  The flasks were covered and placed in a reciprocating shaker for 30 minutes 
(160, 4-cm recips/minute). The suspensions were filtered through Whitman 42 papers 
into 50 ml plastic bottles.The supernatant was turbid due to colloidal materials that 
passed through the filter paper, so each sample was filtered until there was no longer a 
change in clarity. 
 The sample extractions were then immediately frozen. 

Analysis of the extractions was done on a Technicon II Continuous Flow Auto 
Analyzer (Seal Analytical, Mequon, Wisconsin) The data was reported in µmol/L.

Soil Boron 

A modified method for boron (B) analysis was used (Gupta, 1967).  A boron stock 
solution (Ricca Chemical Company, Arlington, Texas) was used to create a low standard 
curve.

In a covered 250 ml plastic Nalgene beaker, 5.0 g of air-dried soil or IMO 
(ground, < 2 mm sieve) was mixed with 25 ml of deionized water in a hot water shaking 
bath for 30 minutes at 80º C.  The suspensions were then filtered using Whitman #1 
filter papers.  The supernatant was turbid due to colloidal materials that passed through 
the filter paper, so each sample was filtered until there was no longer a change in clarity. 
The extractions were analyzed on a calibrated inductively coupled plasma optical 
emission spectrometry (ICP-OES)(Varian Vista-MPX ICP-OES, Agilent Technologies, 
Palo Alto, CA)(Keren,1996), with deionized water as a blank.
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IMO 4 pH 

Using a method described by Arancon (2001), the pH of the IMO 4 samples was 
tested by weighing a 5 g air-dry, <2 mm mesh soil into a cup.  5 ml of distilled reagent 
grade water was added to the cup.  The sample solution was shaken on a reciprocating 
shaker for 30 minutes.  Using a pH meter (Fischer Scientific Accumet AB200, Waltham,  
MA), the values were assessed and recorded to the nearest 0.01 value.

IMO 4 Electrical Conductivity

Using a method described by Arancon (2001), the electrical conductivity (EC) of 
the IMO 4 samples was tested by weighing a 5 g air-dry, <2 mm mesh soil into a cup.  5 
ml of distilled reagent grade water was added to the cup.  The sample solution was 
shaken on a reciprocating shaker for 30 minutes.  Using an EC meter (Fischer Scientific 
Accumet AB200, Waltham, MA), the values were assessed using units mS cm⁻¹ and 
recorded to the nearest 0.01 value.

Soil Biological Analysis
Soil Carbon Dioxide Respiration Rate Analysis

For the determination of the total microbial CO₂ respiration rate, the soda lime 
method was used (Keith and Wong, 2006).  This analysis observed the rate of microbial 
carbon dioxide respiration at the time of harvest and is used as a snapshot of microbial 
activity over the last 24 hours of IMO 4 production.

 To prepare each sample for analysis, 8 grams of soda lime (Alfa Aesar, Ward 
Hill, MA) was placed into a 475 ml glass dish and placed in a drying oven at 105º C for 
24 hours.  After 24 hours, the samples were removed from the oven, quickly covered, 
and placed in a desiccator to cool for 2 minutes.  Immediately after cooling, the samples 
were weighed (g) and their weights were recorded to the nearest tenth-milligram 
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(0.0001 g).  The sample dishes were then quickly sealed for application in the field.  A 
blank dish was carried throughout the experiment.  

In the field, three glass dishes were placed on top of each of the IMO piles.  The 
seals were opened and the lids were removed.  Over top of the glass dish, a larger 1 L 
plastic bowl was inverted and placed so it covered the glass dish.  The plastic bowl was 
slightly pushed into the IMO 4 pile to prevent air from escaping from the area were the 
bowl lip met the IMO 4 pile, ensuring a good seal.  The blank sample dish was placed 
inside a 1 L bowl and the bowl was then covered with it’s plastic lid. After 24 hours, the 
plastic bowls were removed and the glass dishes were quickly covered and sealed for 
transportation to the lab.  

In the lab, the sealed glass dishes were opened one at a time and weighed.  The 
weights were recorded to the nearest tenth-milligram (0.0001 g).  The blank was also 
weighted to determine ambient absorption. This ambient absorption total (g) of the blank 
sample was subtracted from all of the sample weights.  The increase in weight helped 
determine the microbial respiration rate by using the following equation:

E(g CO₂/m²/d¹) = (Soil CO₂ Absorbed *1.69)/Ac/Days of Incubation

Dehydrogenase Enzymatic Activity Analysis 

The method described by Casida et al. (1964) was used to analyze the 
greenhouse experiment treatments and soil for dehydrogenase enzymatic activity 
(DHA).  This analysis looks at the microbial presence in the media over the entire IMO 4 
production timeline.

Analysis began with 20 g of ground (< 2 mm sieve), air-dried soil being mixed 
with 0.2 g of CaCO³.  Three 6 g samples where taken out of this 20 g soil/CaCO³ 
mixture, each being placed in its respective 16 x 150 mm test tube. The test tubes were 
properly labeled, 1 ml of 3% aqueous solution of TTC was added to each test tube, 
followed by 2.5 ml of deionized water.  Each tube was mixed with a glass rod, capped 
with stoppers, and incubated at 37º C for 24 hours. After incubation, the stoppers were 
removed and 10 ml of methanol was added.  The stoppers were put back on and each 
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test tube was shaken for 1 minute. Through a glass funnel plugged with absorbent 
cotton, each sample suspension was filtered into a 100 ml volumetric flask.  Additional 
methanol was used to wash the test tube contents into the funnel.  After all of the 
contents were in the funnel, 10 ml portions of methanol were dumped on the test tube 
contents until the cotton ball no longer contained a reddish color.  The remaining filtrate 
was diluted to 100 ml.

Spectrophotometry analysis was conducted on each filtrate sample using a 
(Thermo Fisher Scientific, GENESYS 20 Spectrophotometer, Waltham, MA) calibrated 
to 485 nm in 1 cm cuvettes with methanol used for the blank.  The amount of TPF was 
calculated by referencing a calibration graph prepared from TPF standards (500, 1000, 
1500, 2000 µg of TPF/ 100 ml-1).  Dehydrogenase enzymatic activity is reported as μg 
TPF/g soil/hr.

Plant Tissue Analysis

Plant Height Analysis

Just before plant harvest, each sample was measured for plant height from the 
base of the corn stalk to the top of the leaf whorl. The measurements were recorded in 
cm (0.1) (Pérez-Harguindeguy et al., 2013).

Plant Dry Weight Analysis

Plant dry weight was calculated using a microbalance and measuring the dried 
plant samples in grams (0.001)(Pérez-Harguindeguy et al., 2013).
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Plant Leaf Area Analysis

After harvesting each plant, the leaf area of the samples was measured (cm²) 
using a leaf area meter (Licor LI-3100C, Lincoln, NE) (Arancon, 2001).   Data was 
recorded in cm² (0.01).

Plant Nutrient Content Analysis

The entire plant tissue samples where dried at 55º C for 12 hours (Hue et al., 
2000) using a dry heat desiccation oven, weighed for dry weight analysis, ground with a 
Digital Wig-L-Bug Mixer/Amalgamator model LPD (Dentsply Rinn, Elgin, IL) to pass 
through a < 2 mm sieve.  The dried, ground samples were placed in small plastic 
sample bags. 

A method described by Sato et al (2014) was used to measure C and N 
concentrations. For each sample, approximately 8.0 mg of oven- dried, ground (< 2 mm 
sieve) plant tissue was weighed in a 5 x 9 mm tin capsules and the exact weights were 
recorded.  The tin capsules were folded and analyzed using a CHNSO Analyzer 
(Costech Elemental Combustion System 4010, Valencia, CA). 

 The remaining nutrient concentrations of phosphorous (P), calcium (Ca), 
magnesium (Mg), sulfur (S), copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn) 
were calculated from additional analysis. From the plant tissue sample bags, 0.25 g of 
sample material was weighed in 21 x 70 mm shell vials and covered. The samples were 
then ashed at 500 º C for 5.5 hours.  After removing the vials from the muffle oven, 10 
ml of 1 M hydrochloric acid is added to each vial.  The suspensions were run on a 
calibrated inductively coupled plasma optical emission spectrometry (ICP-OES)(Varian 
Vista-MPX ICP-OES, Agilent Technologies, Palo Alto, CA)(Munter and Grande, 1981).   
The data was reported in percent mineral content and μg/g when appropriate. 
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Statistical Analysis

The means of parameters were grouped for comparisons using analysis of 
variance (AVOVA) in a randomized complete block design (RCBD).  Differences 
between means were separated by orthogonal contrasts using SAS (SAS Inc., 1990) at 
p<0.05. Correlations were also calculated for all data sets using SAS. 
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Results
The results are divided into the following subsections:

4.1 The physical properties of soil amended with the following: IMO 4 (IMO4), simulated 
organic matter in the form of sterilized IMO 4 (OM), IMO 4 + fertilizer (IMO4F), fertilizer 
(FERT), and no treatment (SOIL).

4.2 The chemical properties of soil amended with the following: IMO 4 (IMO4), 
simulated organic matter in the form of sterilized IMO 4 (OM), IMO 4 + fertilizer 
(IMO4F), fertilizer (FERT), and no treatment (SOIL).

4.3 The biological properties of soil amended with the following: IMO 4 (IMO4), 
simulated organic matter in the form of sterilized IMO 4 (OM), IMO 4 + fertilizer 
(IMO4F), fertilizer (FERT), and no treatment (SOIL).
.
4.4 The growth properties of plants amended with the following: IMO 4 (IMO4), 
simulated organic matter in the form of sterilized IMO 4 (OM), IMO 4 + fertilizer 
(IMO4F), fertilizer (FERT), and no treatment (SOIL).

4.5 The nutrient content plants amended with the following: IMO 4 (IMO4), simulated 
organic matter in the form of sterilized IMO 4 (OM), IMO 4 + fertilizer (IMO4F), fertilizer 
(FERT), and no treatment (SOIL).

4.1

Bulk Density of Soil Amended With Controlled Experiment Treatments

Bulk density (D!) measurements (Table 4.1) of the soil amended with the 
treatments showed  IMO4F (1.71 g cm⁻³) and OM 1.65 g cm⁻³) samples were 
significantly greater (P≦0.0001) in D! than the other samples.  The IMO4 (1.53 g cm⁻³) 
and SOIL (1.56 g cm⁻³) samples were not significantly different, and significantly greater 
(P≦0.0001) than FERT (1.31 g cm⁻³).

The Total Water Holding Capacity of Soil Amended With Controlled 
Experiment Treatments

Total water holding capacity (WHC) measurements (Table 4.1) of the soil 
amended with the treatments showed IMO4F (70.69 %) and OM (65.43 %) samples 
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were significantly greater (P≦0.0001) than the other samples.  The IMO4 (52.94 %) and 

SOIL (56.46 %) samples were not significantly different, and significantly greater 
(P≦0.0001) than FERT (31.19 %).

4.2

Plant Macronutrient Content of Soil Amended With Controlled Experiment 
Treatments

Table 4.1 is a summary of the the physical, chemical, biological, plant 
measurements, and plant available nutrient concentrations of sample treated soils 
amended with IMO 4 (IMO4), simulated organic matter in the form of sterilized IMO 4 
(OM), IMO 4 + fertilizer (IMO4F), fertilizer (FERT), and no treatment (SOIL) samples 
produced at various locations. 

The IMO4. IMO4F, FERT, and OM treated soils (59.9, 70.6, 64.4, 62.6 g kg⁻¹, 
respectively) were not significantly different in C, and all were found to be significantly 
greater (P≦0.0001) than the SOIL control (40.3 g kg⁻¹).   The IMO4, IMO4F, SOIL, FERT, 
and OM treated soils (04.3, 04.9, 02.8, 04.5, 04.5 g kg⁻¹, respectively) were not 
significantly different in N. The OM treated soils (4.55 mg kg⁻¹) had a significantly greater 
(P≦0.0001) concentration of Nitrate-N than the IMO4, IMO4F, SOIL and FERT treated 

soils (2.21, 0.73, 0.26, 0.70 mg kg⁻¹, respectively), and Ammonium-N analysis showed 
that the IMO4 treated samples (45.92 mg kg⁻¹) were significantly greater (P≦0.0001) 

than the IMO4F, SOIL, FERT, and OM treated soils (10.38, 3.50, 5.11, 9.33 mg kg⁻¹, 
respectively), but this is thought to be an outlier due to the heterogeneous nature of the 
material.  The OM treated samples (7.00 g kg⁻¹) were statistically greater (P≦0.0001) in 
P) concentration than the IMO4, IMO4F, SOIL and FERT treated soils (1.07, 3.59, 0.67, 
0.45 g kg⁻¹, respectively).  The IMO4F treated samples (1.46 mg kg⁻¹) possessed a 
significantly greater (P≦0.0001) concentration of Ca than the IMO4, SOIL, FERT, and 
OM treated soils (1.01, 0.85, 0.69, 0.92 mg kg⁻¹, respectively). Potassium (K) 
concentrations were significantly greater (P≦0.0001) in soils treated with IMO4F and 

OM (201.29 and 230.24 g kg⁻¹, respectively) than with treated with IMO4, SOIL, and 
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FERT (125.82, 94.01, 70.62 g kg⁻¹, respectively).  The IMO4F and OM treatments (0.42 
and 0.42 g kg⁻¹, respectively) were significantly greater (P≦0.0001) than the IMO4, 

SOIL, and FERT treated soils (0.30, 0.30, 0.25 g kg⁻¹, respectively) in Mg.
The IMO4, IMO4F, SOIL, FERT, and OM treated soils were not significantly 

different in Cu, Zn, and B.  Iron (Fe) concentrations were significantly greater 
(P≦0.0001) in the IMO4F and OM treatments (0.39 and 0.45 g kg⁻¹, respectively) than in 

the IMO4, IMO4F, SOIL, and FERT treated samples (0.28, 0.31, 0.25 g kg⁻¹, 
respectively).  The IMO4F and OM treated soils (114.39 and 85.80 mg kg⁻¹, respectively) 
were significantly greater (P≦0.0001) in Mn than the IMO4, SOIL, FERT, and OM 
treated soils (52.72, 42.95, 31.68 mg kg⁻¹, respectively).  The IMO4F treatment samples 
(138.81mg kg⁻¹) were found to be significantly greater (P≦0.0001) in Na than the IMO4, 
SOIL, FERT, and OM treated soils (99.08, 92.90, 58.42, 88.49 mg kg⁻¹, respectively).

pH of Soil Amended With Controlled Experiment Treatments

The IMO4 treated samples (7.06) were significantly greater (P≦0.0001) than the 

IMO4F, SOIL, FERT, and OM treated samples (6.85, 6.90, 6.75, 6.83, respectively) 
when measured for pH (Table 4.1). The IMO4F, SOIL, and OM treated soils were not 
significantly different and significantly greater (P≦0.0001) than the FERT treated 
samples. 

Electrical Conductivity of Soil Amended With Controlled Experiment 
Treatments

The IMO4 treated soils (1.01 mS cm⁻¹) were significantly greater (P≦0.0001) than 
the IMO4F, SOIL, FERT, and OM treated samples (0.88, 0.38, 0.26, 0.72 mS cm⁻¹), 
respectively) when measured for electrical conductivity (EC) (Table 4.1). The IMO4F 
was significantly greater (P≦0.0001) than the remaining samples, followed by the OM 

treated soils which were significantly greater (P≦0.0001) than the SOIL and FERT 
treated soils. The SOIL control was significantly greater (P≦0.0001) than the FERT 

treated samples. 
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4.3

CO₂ Respiration Rate of Soil Amended With Controlled Experiment 
Treatments

The IMO4F (642.62 mg m⁻³ d⁻¹) was significantly greater (P≦0.0001) by at least 6 

fold more than the IMO4, SOIL, FERT, or OM treated samples (82.20,33.12, 33.66, 
65.20 mg m⁻³ d⁻¹, respectively), which were not significantly different in carbon dioxide 
respiration rate (Table 4.1).

Dehydrogenase Enzymatic Activity of Soil Amended With Controlled 
Experiment Treatments

The OM (0.40 μg TPF/g soil/hr) and IMO4F (0.08 μg TPF/g soil/hr) treated soils 
were significantly greater (P≦0.0001) than IMO4, SOIL, and FERT treated samples (all 

samples had a value of 0.00 μg TPF/g soil/hr) in dehydrogenase enzymatic activity 
(Table 4.1).  The IMO4F treated sample was similar to the IMO4, SOIL, and FERT 
samples, however.

4.4

The Plant Dry Weight of Plants Grown in Soil Amended With Controlled 
Experiment Treatments

The OM treated plants (2.14 g) were significantly greater (P≦0.0001) than the 
IMO4, IMO4F, SOIL, and FERT treated plants (1.16, 1.14, 0.42, 0.60, respectively) in 
plant dry weight (Table 4.1).  The IMO4 and IMO4F samples were not significantly 
different and greater (P≦0.0001) than the SOIL and FERT treated plants, which were 

not significantly different. 

The Height of Plants Grown in Soil Amended With Controlled Experiment 
Treatments
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The OM treated plants (32.51 cm) were significantly greater (P≦0.0001) than the 

IMO4, IMO4F, SOIL, and FERT treated plants (23.62, 22.35, 11.56, 18.54 cm, 
respectively) in plant height (Table 4.1).  The IMO4, IMO4F and FERT treated plants 
were not significantly different and greater (P≦0.0001) than the SOIL treated plants.

The Total Leaf Area of Plants Grown in Soil Amended With Controlled 
Experiment Treatments

The OM treated plants (438.14 cm²) were significantly greater (P≦0.0001) than 
the IMO4, IMO4F, SOIL, and FERT treated plants (205.47, 233.16, 52.83, 139.36 cm², 
respectively) in total leaf area (Table 4.1).  The IMO4 and IMO4F samples were not 
significantly different and greater (P≦0.0001) than the SOIL and FERT treated plants, 

which were not significantly different. 

4.5

The Nutrient Content of Plants Grown in Soil Amended With Controlled 
Experiment Treatments

Table 4.2 is a summary of the plant tissue nutrient concentrations of corn grown 
in sample treated soils amended with IMO 4 (IMO4), simulated organic matter in the 
form of sterilized IMO 4 (OM), IMO 4 + fertilizer (IMO4F), fertilizer (FERT), and no 
treatment (SOIL) samples produced at various locations.

Plants grown in OM treated soils had a significantly greater (P≦0.0001) 

concentration of C (39.93 %) than the IMO4, IMO4F, SOIL, and FERT (38.73, 38.20, 
38.95, 38.39 %, respectively), which were not significantly different.   The IMO4, IMO4F, 
SOIL, FERT, and OM plant samples showed a similar concentration of N (1.04, 0.90, 
1.09, 0.97, 0.83 %, respectively).  The IMO4 (0.25 %) and OM (0.20 %) treated plants 
yielded greater P concentrations (P≦0.0001) than the IMO4F, SOIL, and FERT (0.12, 
0.13, 0.14 %, respectively).  The SOIL control (0.37 %) plant samples had significantly 
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greater concentrations (P≦0.0001) of Ca than the IMO 4, IMO4F, FERT and OM treated 

plants (0.24, 0.23, 0.23, 0.23 %, respectively). The IMO4, SOIL, and FERT (0.30, 0.34, 
0.30 %, respectively) treated plants had significantly greater (P≦0.0001) in Mg than the 
IMO4F (0.22 %) and OM treated plants (0.21 %).  The SOIL (0.17 %) and OM treated 
plants (0.12 %) showed a greater (P≦0.0001) concentration of S than the IMO4, IMO4F, 
and FERT (0.09, 0.11, 0.11 %, respectively).

There was no significant difference in all of the samples (IMO4, OM, IMO4F, 
FERT, and SOIL,) in Cu (5.29, 46.57, 224.69, 20.17, 137.91 ppm, respectively), Fe 
(221.96, 109.95, 162.56, 85.87, 127.90 ppm, respectively), and Zn (33.40, 24.32, 28.59, 
25.38, 29.31, respectively).  The IMO4F (35.19 ppm) and SOIL (25.53 ppm) treated 
plant samples were significantly greater (P≦0.0001) than the IMO4, FERT, and OM 

treated plants (22.11, 19.13, 20.77 µg/g, respectively) in Mn, which were not 
significantly different. 
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Discussion

The selected physical property analysis of treated soils was in the form of bulk 
density (D!) and total water holding capacity (WHC)(Table 4.1). The IMO4F and the OM 
treatments were significantly greater (P≦0.0001) in both D! and WHC than all the other 

treatments, with IMO 4 and the control having similar results.  It is thought this 
difference in D! and WHC  was a result of increased microbial presence and total 
organic carbon (Table 4.1).  

This change in D! is supported by the biological properties of soils treated with 
IMO4F and OM which are significantly greater (P≦0.0001) in soil microbial carbon 

dioxide respiration (CO₂) (Table 4.1) and dehydrogenase enzymatic activity (DHA) 
(Table 4.1) than any other treatments. However,  the high standard error values of the 
DHA analysis makes it difficult to assess effect.  The CO₂ respiration rate of the soils 
supports the claim that sterilization methods were effective.  

 The soil WHC was highest with the addition of IMO4 (Table 4.1), followed by the 
IMO4F treatment, OM, SOIL, and the FERT treatment, respectively.  The lack of 
significant correlations throughout the experiment suggests that the inoculating 
indigenous microorganisms found in the IMO4 samples did not survive the soil 
environment due to lack of adaptability or condition change, since the IMO4F and OM 
had sufficient concentrations of necessary nutrients to support the metabolic activities 
and survival of the inoculated microorganisms.

As indicated by the results of Chapter 2 and 3, the most important nutrients for 
metabolic activity and the potential survival of inoculated microorganisms is total organic 
carbon (C) and total nitrogen (N) concentrations.  After the growth of the corn in the soil 
media, there was no significant difference between the C and N concentrations found in 
the treatment samples, however all treatments were significantly greater (P≦0.0001) 
than the (SOIL) control in C (Table 4.2). The IMO4 showed the most significant 
(P≦0.0001) improvement to soil Ammonium-N concentrations, while the OM treatment 
significantly improved Nitrate-N concentrations in a similar way. The shared 
improvement to plant beneficial soil chemistry by the IMO4F and OM was much more 
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obvious when analyzing the data, however.  These two treatments were significantly 
greater and (or) similar in most of the nutrients analyzed, including C, N, Nitrate-N, P, K, 
Mg, Ca, Fe, Mn, and Na, proving that, of the treatments tested, the IMO4F and OM 
treatments are the best approaches for nutrient improvement (Table 4.2).

This data suggests IMO4F can significantly improve soil dynamics. However,  a 
more economically sound and less labor intensive option in the form of organic matter 
(OM) additions should be considered, as they facilitate the retention of more plant 
available nutrients than IMO4 or IMO4F treatments.

The soil pH was effected differently by the various treatments (Table 4.1).  
Compared to the control, there was no significant difference in soil pH with the IMO4F 
treatment, showing that contrary to the data shown in chapter 3 (Table 3.4), with the 
addition of nutrients, the pH was not effected by the application of IMO 4. On the other 
hand, the IMO 4 treatment data is consistent with the finding for pH effect of IMO 4 on 
soil after harvest and possessed the highest pH (P≦0.0001).  The fertilizer treatment 

was the lowest pH, perhaps from the additions of soil Ammonium-N that was not 
consumed by the plant and with little to no microorganisms to utilize the resource.  The 
pH of the fertilizer treatment could have also been effected by the additions of cations to 
the soil solution, ultimately lowering the pH.  The effects on soil electrical conductivity 
were similar to the pH (Table 4.1), except the SOIL sample was significantly less 
(P≦0.0001) than the IMO4. IMO4F, and OM samples, likely due to the addition of 
cations through fertilization. 

Microbial analysis of the soil showed IMO4F and OM both significantly 
(P≦0.0001) increased the DHA of amended soils, as compared to the other treatments, 
but only IMO4F had significantly higher CO₂ at harvest.  This could suggest the IMO4F 
treatment possesses physical, chemical, and biological properties that are conducive to 
inoculant survival. This factor, however, did cause IMO4F to have significantly higher 
plant growth and development than the other treatments. 

IMO4 and IMO4F had a similar effect on plant dry weight, plant height, and total 
leaf area (Table 4.1).  In the case of plant dry weight and plant leaf area, the plants 
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grown in soil amended with IMO4 and IMO4F were significantly greater (P≦0.0001) in all 

these parameters than those plants with fertilizer treatments.  
Despite IMO4 and IMO4F sample treatments causing an improvement to soil 

dynamics and plant health, the most significant improvement (P≦0.0001) to plant dry 
weight, plant height, and total leaf area was seen with the application of the OM 
treatment. The data indicates that the addition of organic matter (OM) to soil has a 
better effect growth and development of corn (Zea mays), than the addition of IMO 4 
(IMO4), IMO 4 with organic fertilizers (IMO4F) and organic fertilizers (FERT) alone, 
when grown in a greenhouse environment and after one treatment application.  As 
suggested in Chapter 3, the only apparent effect IMO4 has on soil dynamics in this 
experiment was strictly a substrate effect, like that described by Schenck zu 
Schweinsberg-Mickan and Muller (2009).

The chemical effect of the treatments on plant nutrient concentrations was 
impacted by all of the treatments.  The greatest concentration of total organic carbon 
was found in the OM treatment (P≦0.0001) (Table 4.2).  All plants had similar nitrogen 
concentrations, indicating the fertilizer applications might not have been enough to 
sustain the plant and any indigenous microorganisms present.  The IMO4 and OM 
treatments had the highest (P≦0.0001) phosphorous concentrations, changes certainly 

caused by the decomposition of organic matter by microorganisms.  The significantly 
greater calcium, magnesium, and sulfur concentrations found in the control samples 
could be an effect of the high concentrations of Ca and Mg found in the Andisol soil 
(Hilo series) used in the experiment (Table 4.2), and without microbial competition for 
these resources there are more mineral forms for plant nutrient up-take.  The plant 
micronutrient concentrations were not significantly effected by any of the soil 
treatments. 

There were no significant correlations found related to the inoculation of soil with 
any of the IMO 4 treatments (IMO4 & IMO4F) on soil dynamics and corn production.  It 
was concluded that when IMO 4 is applied to the soil environment as a bio-stimulant, on 
its own, it improves the physical, chemical, and biological properties of soil and the 
growth and development of corn (Zea mays) by adding soluble nutrients through a 
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substrate effect.  When IMO 4 is applied in conjunction with organic fertilizers, there is a 
positive effect on soil in the form of increased plant available nutrients and soil microbial 
metabolic activity. However,  a much more applicable, economical, sustainable, and 
effective approach to increasing plant health and production should be utilized, by 
sustainable and natural farmers, in the form of organic matter additions like thermophilic 
aerobic composts and mulch. 

Field application experiments, long term application surveys, or changes in 
fertilizer or IMO 4 concentrations during additional greenhouse trials under the same 
conditions might yield different results.  But, when the chemical requirements for 
biological activity and the formula for sustained plant beneficial microorganism 
population density are considered first, the addition of organic matter rich in organic 
carbon and nitrogen to agricultural soils is the key factor when deciding the best 
approach to bio-stimulation of soil microorganisms (Parr et al. 1994).  The additions of 
cost effective amendments such as heterogeneous mulch, compost, or green wastes 
provide the soil matrix with a greater, more sustained concentration of plant available 
nutrients through the mineralization of the parent material by indigenous 
microorganisms already present on the substrate and in the soil, and the labor intensive 
process of IMO 4 production should be deemed unnecessary, until further experiments 
show a commercial application for the material. 

As suggested in chapter 3, IMO 4 would be more appropriately utilized in 
environments where there is an abundance of nutrients and the mineralization of these 
nutrients is needed quickly, like in waste management systems.  The use of IMO 4 in 
livestock pens (Fischer, 2010; Reed, 2013; DuPonte and Fischer, 2012; Gatphayak et 
al., 2009a; 2009b; Radovich et al., 2014) should be explored further.  Compost 
mineralization, as explored by Abu-Baker and Ibrahim (2014), might be expedited 
through the application on IMO 4 and trials should be conducted to see the effect of 
inoculation to decomposing green waste.  IMO 4 might have potential as a phytospheric 
or rhizospheric inoculant used to prevent or cure plant microbial diseases.  
Bioremediation of sewage or animal waste contaminated areas could potentially be 
facilitated by IMO 4 inoculants.    Waste management in rural areas might be improved 
through incorporating IMO 4 into composting toilets.  Further experimenting on the 
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many potential uses of IMO 4 must be explored and many more research opportunities 
await this unique agricultural bio-stimulant. 
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Treatment n Bulk          
Density

Total Water 
Holding 

Capacity
pH Electrical 

Conductivity
CO₂ 

Respiration 
Rate

Dehydrogenase 
Enzymatic Activity

Plant Dry      
Weight

Plant       
Height

Total Leaf     
Area

(g cm³) (%) (pH) (mS cm⁻¹) (mg m² d⁻¹) (μg TPF g⁻¹ soil hr⁻¹) (g) (cm) (cm²)

IMO 4 5 0.54±0.01 58±3 7.06±0.02 1.01±0.03 82±5 0.0±0.0 1.2±0.2 23.6±2.1 205±18

Organic   
Matter 5 0.58±0.02 65±6 6.83±0.05 0.72±0.03 65±2 0.4±0.2 2.1±0.2 32.5±1.7 438±48

IMO4+Organic 
Fertilizer 5 0.60±0.02 71±7 6.85±0.02 0.88±0.01 643±82 0.1±0.1 1.1±0.1 22.4±0.9 233±27

Organic 
Fertilizer 5 0.46±0.00 31±1 6.75±0.01 0.26±0.04 34±1 0.0±0.0 0.6±0.1 18.5±1.0 139±17

Control 5 0.55±0.01 56±3 6.90±0.07 0.04±0.90 33±12 0.0±0.0 0.4±0.1 11.6±2.2 53±12

c c a a b b b b bc

ab ab bc c b a a a a

a a b b a ab b b b

d d c e b b c b cd

cb cb b d b b c c d

Treatment n Total Organic            
Carbon (C)

Total Nitrogen 
(N)

Nitrate-N             
(NO²-N + NO³-N)

Ammonium-N                           
(NH⁴-N)

Phosphorus                  
(P)

Potassium                          
(K)              

Magnesium                           
(Mg)

Calcium                     
(Ca)

(g kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (g kg⁻¹) (g kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

IMO 4 5 59.9±05.8 04.3±0.80 2.21±1.49 45.92±8.67 1.07±0.20 125.82±21.34 0.30±0.01 1.01±0.10

Organic   
Matter 5 62.6±04.8 04.5±0.60 4.55±0.70 9.33±3.21 7.00±0.28 230.24±15.86 0.42±0.02 0.92±0.07

IMO4+Organic 
Fertilizer 5 70.6±02.3 04.9±0.60 0.73±0.09 10.38±1.52 3.59±0.18 201.29±17.73 0.42±0.01 1.46±0.03

Organic 
Fertilizer 5 64.4±08.7 04.5±01.3 0.70±0.06 5.11±1.43 0.45±0.14 70.62±21.29 0.25±0.01 0.69±0.03

Control 5 40.3±03.4 02.8±01.0 0.26±0.08 3.50±1.25 0.67±0.18 94.01±21.30 0.30±0.01 0.85±0.04

a a b a c b b b

a a a b a a a b

a a b b b a a a

a a b b d b c c

b a b b c d b b b c

Treatment n Copper                          
(Cu)

Iron                                   
(Fe)

Manganese                      
(Mn)

Sodium                     
(Na)

Zinc                                   
(Zn)

Boron                             
(B)

(mg kg⁻¹) (g kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹) (mg kg⁻¹)

IMO 4 5 3.64±1.82 0.28±0.01 52.72±7.94 99.08±9.42 4.34±1.12 0.00±0.00

Organic        
Matter 5 3.75±0.85 0.45±0.04 85.80±13.61 88.49±4.19 5.70±2.03 0.00±0.00

IMO4+Organic 
Fertilizer 5 4.74±2.23 0.39±0.03 114.39±25.03 138.81±15.08 5.01±1.76 0.00±0.00

Organic     
Fertilizer 5 3.28±0.85 0.25±0.02 31.68±6.78 58.42±8.45 2.33±1.10 0.00±0.00

Control 5 4.38±1.61 0.31±0.01 42.95±7.96 92.90±6.45 5.59±1.93 0.00±0.00

a b b c b a a

a a a b b a a

a a a a a a

a b c c a a

a b c b a a

Table 4.1 Means (±SE) of the physical, chemical, biological, plant measurements, and plant available nutrient concentrations of sample 
treated soils. Means followed by the same letter(s) are not statistically significant at P≦0.05.

13
1



Treatment n Total Organic          
Carbon (C)

  Total Nitrogen             
(N)

Phosphorus               
(P)

 Calcium                    
(Ca)

 Magnesium               
(Mg)

Sulfur                                
(S)

(%) (%) (%) (%) (%) (%)

IMO 4 5 38.73±0.23 1.04±0.04 0.25±0.02 0.24±0.02 0.30±0.02 0.09±0.01

Organic         
Matter

5
39.93±0.35 0.83±0.08 0.20±0.02 0.23±0.02 0.21±0.01 0.12±0.02

IMO4+Organic 
Fertilizer

5
38.20±0.36 0.90±0.06 0.12±0.01 0.23±0.01 0.22±0.01 0.11±0.01

Organic   
Fertilizer

5
38.39±0.20 0.97±0.04 0.14±0.01 0.23±0.02 0.30±0.02 0.11±0.02

Control 5 38.95±0.31 1.09±0.16 0.13±0.02 0.37±0.07 0.34±0.03 0.17±0.03

b a a b a b

a a a b b a b

b a b b b b

b a b b a b

b a b a a a

Treatment n Copper                                              
(Cu)

Iron                                                       
(Fe)  

  Manganese                                           
(Mn)

Zinc                                                                  
(Zn)

(ppm) (ppm) (ppm) (ppm)

IMO 4 5 5.29±0.71 221.96±157.38 22.11±4.13 33.40±6.05

Organic         
Matter 5 46.57±28.13 109.95±17.11 20.77±2.75 24.32±5.26

IMO4+Organic 
Fertilizer

5
224.69±153.98 162.56±71.23 35.19±1.01 28.59±9.73

Organic   
Fertilizer

5
20.17±8.52 85.87±13.20 19.13±3.85 25.38±1.37

Control 5 137.91±95.21 127.90±47.51 25.53±5.25 29.31±7.57

a a b a

a a b a

a a a a

a a b a

a a a b a

Table 4.2 Means (±SE) of the plant tissue nutrient concentrations of corn grown in sample treated soils. Means followed by the same 
letter(s) are not statistically significant at P≦0.05.
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Conclusion

 
The review of existing literature discussing the use of Indigenous Microorganism 

4 (IMO 4) in agriculture found in Chapter 1 showed there is an increasing interest by the 
research community in natural farming practices despite limited reliable data on the 
effects of applications of IMO 4 on soil and plant dynamics.  When this thesis was 
designed in 2011, there was little information available discussing IMO 4 in respected 
agricultural journals, but since then, there have been many research projects developed  
and publications disseminated discussing natural farming and the use of IMO 4.  
However, the information provided by the recent research projects have been difficult to 
relate due to the many variables and limiting factors associated with the production and 
use of IMO 4.  A lack of standardized production methods by the natural farming 
community and researchers makes determination of the effect of IMO 4 difficult, simply 
due to the nature of IMO 4 product, which utilizes local plant and agriculture by-product 
raw materials and indigenous microorganisms.  These heterogenous mixtures of 
materials and microorganisms are challenging to compare, as differences in parent 
material, available minerals, and microorganism consortia function and density could 
yield varying results.  

But how could the data acquired become more useful when comparing results?  
The University of Hawai'i has effectively become the main theatre of research of natural 
farming techniques in the United States and has developed close relationships with 
natural farming stakeholders and researchers.  As the flagship institution for the 
research of sustainable, natural farming techniques, they should continue funding the 
research and development of these techniques and allow laboratories like the 
Sustainable and Organic Farming Systems Laboratory and extension services like the 
College of Agriculture and Human Resources Extension Service to conduct 
experimental trials on the use and production of these sustainable practices and 
materials.  Only then, after an academic institution begins to seriously invest in the 
stakeholders utilizing these practices, the university could begin to standardize methods 
for production and application of these sustainable, natural farming materials.  With 
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standardized practices, researchers worldwide could begin down a unified path of 
collectively finding the best methods for each region of production and application.  

In Chapter 2, the physical, chemical, and biological properties of several samples 
of IMO 4, produced along an elevation gradient, were compared to one another in an 
effort to determine if the properties of the various IMO 4 samples similar or varied.  The 
results showed few significantly different physical, chemical, and biological properties 
among the samples, possibly indicating that there is little statistical difference between 
IMO 4 samples.  Few significant differences between the samples could indicate that 
the location of production and application of IMO 4 might have little importance to the 
physical, chemical and biological properties of IMO 4. This could challenge the claim 
that each IMO 4 batch is different and should only be utilized in site specific locations.  A 
greenhouse experiment observing the effects of IMO 4 on the dynamics of soil and 
sample plant production was recommended. 

Several results of the experiment conducted in Chapter 2 indicate IMO 4 could 
have potential as a soil inoculant, as well as a waste management or bioremediation 
tool. This would, however, be dependent of whether or not the inoculating indigenous 
microorganisms could survive the change in environment, successfully compete for 
available resources, and adapt to a change in chemical condition after soil application.  
As compared to the control, IMO 4 had a significantly (P≦0.0001) lighter, less dense 

physical condition, a significantly greater (P≦0.0001) concentration of plant available 
nutrients, and a statistically higher rate (P≦0.0001) of microbiological metabolic activity.  
It was concluded these properties of IMO 4 are unique, but only an experiment 
observing the effect of IMO 4 on soil dynamics and plant health would indicate if IMO 4 
has potential as a commercially applicable soil inoculant. 

In Chapter 3, the physical, chemical, and biological properties of several samples 
of IMO 4 (IMO4), produced along an elevation gradient, were compared to simulated 
organic matter (OM) samples, in the form of dry heat sterilized (Qin et al., 2014) IMO 4.  
The goal of the experiment was to observe if the indigenous microorganisms inoculated 
onto the IMO 4 substrate had an effect on soil dynamics and plant production.  
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It was determined that the presence of the indigenous microorganisms on the 
IMO 4 substrate upon inoculation into the soil did not show any significant effect on soil 
dynamics and plant production.  There was no evidence that the inoculating 
microorganisms on the IMO 4 substrate survived the inoculation process.  It was 
concluded that the limiting factor for the survival of the inoculating microorganisms could 
be the presence of microorganisms or the available organic carbon or nitrogen.  
Previous reports indicate that proper carbon to nitrogen ratios could change the 
survivability rate of the inoculating microorganisms, so a greenhouse experiment 
observing the soil application of IMO 4 with the addition of organic fertilizers was 
recommended.  Also, more research was called for in the use of IMO 4 as a waste 
management or bioremediation tool in soilless environments, like livestock pens.

A greenhouse experiment observing the effect of IMO 4 when applied in 
conjunction with organic fertilizer applications on soil dynamics and plant growth was 
described in Chapter 4. Various soil treatments including IMO 4 (IMO4), IMO 4 plus 
fertilizers (IMO4F), fertilizer only (FERT), simulated organic matter in the form of dry 
heat sterilized IMO 4 (Qin et al., 2014) (OM), and a no treatment control (SOIL) were 
examined and compared for physical, chemical, and biological properties.  They were 
used to treat soil that was used to grow samples of corn.  There was significant 
improvement (P≦0.0001) to the soil dynamics of pots treated with IMO4 plus fertilizer 

(IMO4F)  and organic matter (OM), as compared to the other treatments.  However, 
when plant growth and production was observed, the organic matter (OM) samples had 
the most significant (P≦0.0001) positive effect on the plant height, dry weight, and total 
lead area of corn (Zea mays).  

It was determined that IMO 4 (IMO4) and IMO 4 plus organic fertilizers (IMO4F) 
both significantly improved soil properties and plant production, but the greatest positive 
overall effect to soil dynamics and plant growth and production was with the addition of 
organic matter (OM).  From an economic stand point, organic matter (OM) additions are 
much less expensive and labor intensive than the production of IMO 4 as described by 
Park and DuPonte (2008).  It was concluded through the analysis of the soil after 
treatment, that the indigenous microorganisms inoculated onto the IMO 4 substrate did 
not survive the inoculation process, and that any improvement that occurred to soil 
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dynamics and/or plant health was strictly a substrate effect caused by the 
decomposition and the mineralization of the parent material. It was recommended that 
more research be conducted on IMO 4 applications in soilless environments as a 
bioremediation tool, like livestock pens.  

For now, it is recommended the current use of IMO 4 as a soil inoculant should 
be suspended by all natural farmers and stakeholders until further research is 
conducted, and the use of organic matter applications in the form of mulches and 
composts should be utilized as the most effective known natural farming soil bio-
stimulant currently available. 
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