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ABSTRACT 

 

Soil fertility management presents the organic farmer with assorted challenges.  

Organic farmers generally don’t follow the typical nutrient prescription approach for 

fertilizing crops as their conventional counterparts do, having to respond to criteria 

established by the USDA National Organic Program (NOP).  Instead they aim towards 

improving the organic matter and biological activity of soil. Often this is achieved 

through the use of composts, either made on farm or purchased. Yet, composting presents 

challenges to the farmer too, requiring considerable land base, specialized equipment, and 

attention to various parameters to ensure compost meets NOP standards.  There are 

alternatives to composts that are less explored in our agricultural system; one of them is 

bokashi. Bokashi is produced by the fermentation of organic materials with a microbial 

inoculant.  The concept of bokashi has East Asia origins, but has been adopted in farming 

communities throughout the world and is gaining recent attention in countries like the 

United States as a way to quickly and efficiently transform food and kitchen wastes into 

an effective soil fertilizer.  Little is known about the characteristics and capabilities of 

bokashi as a soil fertility amendment.  The goal of this project was to compare the use of 

bokashi made from food waste and Effective Microorganisms® inoculum to thermophilic 

compost and vermicompost as soil fertility amendments to grow spinach in greenhouse 

and field environments.   

 

The greenhouse experiment showed that bokashi (B) treatments had different 

fertility characteristics than thermophilic compost (TC), vermicompost (V) and control 

treatments, especially in terms of redox reactive nutrients NO3
--N -, Mn, and Fe, which is 

attributed to the anaerobic process used in its production.  B treatments were 

characterized by initial high concentrations of NH4
+, Mn and Fe, while V treatments were 

characterized by high initial NO3
--N - . However, by the conclusion of the experiment, 

NO3
--N - concentrations were greatest in B treatments, and V treatments had 

concentrations similar to control levels. Aboveground plant height and biomass of 

spinach in V and B treatments was greater than the control.  This experiment suggested 

that B had a comparable performance to V in terms of nutrient supply and spinach 

growth. The field trial showed similar effects of B applications on N speciation and Mn 

and Fe concentrations as observed in the greenhouse experiment.  Spinach from B 

treatments had significantly greater foliar concentrations of N, K, Mn, and Zn, as well as 

a significantly greater marketable yield than all other treatments at the second cutting of 

spinach (p<0.05).  The field trial indicated that EM bokashi made from food waste may 

be a suitable supplemental or alternative soil fertility amendment in organic vegetable 

production systems.  In both greenhouse and field trials, the soil microbial community in 

B treatments had a carbon substrate utilization pattern unique from all other treatments on 

the basis of principal coordinate analysis. These data suggest that bokashi applications 

affect the functional diversity of the soil microbial community.   
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CHAPTER 1. LITERATURE REVIEW 

 

1.1. Sustainable Agriculture and Soil Fertility 

The scientific community has been exploring sustainable production systems to 

provide data in support for an expanding global population while minimizing 

environmental harms (Lima et al., 2015).  There’s an estimated 800 million people 

undernourished worldwide and global population is growing exponentially (FAO 2015).  

It is projected to reach 9 billion people by the year 2050 (Butriss 2010).  Farmers will 

have to produce 50% more food if we are to feed “the 9 billion”. However, expanding 

food production is a complex problem, underlain by questions about sustainable 

expansion of food supply. The mining of mineral fertilizers is not a sustainable practice 

and increased reliance on chemicals combined with extensive cropping has caused soil 

and environmental degradation.  In addition, prime crop land is lost to commercial and 

housing development, valuable topsoil to wind and water erosion, and volatile changes in 

climate are stressing agricultural productivity more than ever (Brown 2010).  There is an 

urgent need to optimize food outputs from the land without causing adverse effects on the 

environment or further contributing to climate change.   

Organic agriculture has been recognized as a way to mitigate some of these issues 

(Brown 2010).  Soil fertility management presents the organic farmer with many 

challenges.  Farmers using organic practices generally don’t follow the typical nutrient 

prescription approach for fertilizing their crops like their conventional counterparts, 
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having to respond to criteria established by the USDA National Organic Program (NOP).  

Instead, they aim towards improving the organic matter of their soil resource, boosting 

biological activity, thus facilitating a slow and persistent release of nutrients to promote 

crop growth.  Often this is achieved through the use of composts, either made on farm or 

purchased. Yet, composting presents challenges to the farmer too, requiring considerable 

land base, specialized equipment, and attention to various parameters to ensure compost 

meets NOP standards.  However, there are alternatives to composts that are less explored 

in our agricultural system and one of those alternatives is bokashi. 

1.2. Bokashi and Effective Microorganisms 

The soil fertility amendment bokashi is being applied in agricultural systems 

throughout the world, yet very little is known about its characteristics and capabilities.  

Bokashi is produced by the fermentation of organic materials typically along with a 

microbial inoculant.  The concept of bokashi has East Asia origins, but has been adopted 

in farming communities across Central and South America.  However, the invention and 

promotion of Effective Microorganisms® (Higa,  University of the Ryukyus, Okinawa, 

Japan), has facilitated the spread of bokashi to countries in the northern hemisphere.  

Effective Microorganisms®, or EM is a blend of microorganisms, primarily lactic acid 

bacteria, coexisting in liquid media of pH of 3.5.  It has been claimed that EM addresses a 

range of environmental concerns including water quality, the remediation of heavy metals 

from soil, and malodor management in composting, however its prominent use is 

improving soil quality and plant growth in agricultural settings (Higa 2003).  EM may be 

diluted and used as a spray to improve plant growth and suppress disease, but it is most 
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effective when combined with organic materials to make bokashi, effectively 

decomposing wastes with no odor, giving way to the fermented soil conditioner (Higa, 

1991).   

Currently the company TeraGanix® (Alto, TX) sells EM-1® and EM·1® Bokashi 

made from rice bran to make soil amendments.  TeraGanix®  has shaped promotion 

efforts towards urban dwellers stating that any type of food wastes can be recycled easily 

and quickly indoors by making bokashi using EM-1® and EM-1 Bokashi bran.  Other 

companies have imitated EM-1 products while making similar claims. For example, SCD 

Probiotics® (Kansas City, MO), sells a liquid microbial inoculant called ProBio Balance 

OriginalTM, being listed as comparable to EM-1®, and is an ingredient in their All 

Seasons BokashiTM, which is claimed to accelerate the decomposition of food waste 

while reducing foul odors, and when used with their All Seasons Indoor ComposterTM, 

transforms food waste twice as fast as composting.  Bokashi is surrounded by bold claims 

as an easy method of producing an effective soil fertilizer, and it is evident that its use is 

spreading throughout the world. However, there is a paucity of scientific research 

supporting these claims.  The following review serves to: 1) present past studies on 

bokashi, highlighting its production methods, diverse characteristics, and performance in 

agricultural systems to show 2) how it may be used as a technology to address the issues 

of food waste in the U.S. and soil fertility management challenges in organic agriculture.  
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1.3. Production and characteristics of bokashi 

1.3.1. Differences in bokashi production 

There are key differences in the way bokashi is created in the United States and in 

other parts of the world.  In the U.S., bokashi is typically made from food waste 

following a two-part process, whereby EM-1® is combined with molasses and water and 

mixed into wheat or rice bran.  The resulting product is synonymous with the prepared 

bran that is sold by companies like TeraGanix and SCD Probiotics.  The inoculated 

bokashi bran is incorporated into food waste inside a closed container and left to ferment 

for two or more weeks. During fermentation,  an acidic leachate containing organic acids, 

alcohols and other metabolites accumulates at the bottom of the container (Alattar 2012), 

These liquids must be drained off to maintain microbial activity.  After two weeks, the 

fermented bokashi is buried in the soil, where a second phase of decomposition ensues. 

During the secondary aerobic phase, the bokashi becomes stabilized in pH, and further 

degrades to release nutrients (Alattar, 2012).  After a two-week stabilization phase, the 

area may be planted.   

The process of making bokashi in countries in Latin America or East Asia 

deviates from the method described above, in terms of both method and materials.  First, 

bokashi is produced from more varied agricultural wastes than in the U.S. where 

primarily food waste is used and the inoculum used may either be EM-1® or a cultured 

yeast isolate (Table 1).  For example, bokashi applied in Mexico was made from sheep 

manure, sugarcane molasses, and yeast as a microbial inoculant, while a bokashi applied 
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in Japan was made from rice bran, millseed cake and fish processing byproduct 

inoculated with EM-1 (Gómez-Velasco et al. 2014, Xu et al., 2000).  Fermentation 

processes may occur in closed containers as in Japan and the U.S. or field pits (Yamada 

and Xu 2001). An example of the latter is a reforestation project where materials are 

combined, moisture maintained at field capacity, turned frequently for a total of 12 days 

until an end product was reached (Jaramillo-López et. al. 2015).  Given the last example 

is more aerobic than bokashis produced in other countries, it serves as an illustration that 

bokashi is poorly defined and that its variability goes beyond feedstock selection.   

1.3.2. Characteristics of bokashi 

Due to the variation in feedstocks used, the chemical characteristics also vary, 

though some studies report that low C:N ratios of 10-11:1 with ammonium as the 

dominant inorganic nitrogen form is a common characteristic (Yamada and Xu, 2001, 

Gómez-Velasco et. al. 2014, Daiss et. al., 2008).  There has been poor characterization of 

other macronutrients and micronutrient levels in bokashi amendments themselves, 

although some efforts have been made to explain its effects on soil fertility once its 

applied (Hu and Qi, 2013).  Similarly, little work has been done to characterize the 

microbial community and other biological characteristics of bokashi amendments, 

although, some attempts have been made to analyze biological aspects of bokashi 

application to soils. Collectively, acid and alkaline phosphatase and urease activity all 

increased after bokashi amendements to soil in coffee systems (Gómez-Velasco et. al. 

2014).  Another study evaluated the effects of EM bokashi applications on soil bacterial 
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community structure and found that the amendment altered community structure in the 

short term, however in less than one year the indigenous soil community structure 

returned (Mayer et. al., 2010).   

1.4. Effects of bokashi on crops and soils 

1.4.1. Review of bokashi studies  

Research reported in the current literature focuses on a wide range of variables, 

making it difficult to draw any general conclusions. In only 31 studies identified by a 

Web of Science search, bokashi was studied in grains, legumes, vegetables, coffee and 

even ornamental flowers (Table 2).  Some general patterns of soil fertility and crop yield 

resulting from different treatments of EM, EM bokashi, or other preparation of bokashi 

are summarized below. Nonetheless, a large gap in bokashi research remains, 

necessitating further inquiry into its’ chemical and biological properties, details of 

production and effects on plants, despite a brief volume of studies illustrating its potential 

in crop production.  There are questions regarding the processes that render significant 

positive impacts in some studies, and negligible effects in others.   

1.4.2. Bokashi in grain systems 

Hu and Qi (2013) sought to determine whether inoculating composts with EM 

provided benefits to wheat crops and soil quality during an 11-year field experiment in 

China.  Wheat plants receiving the EM treatment had greater stem and leaf dry biomass, 

greater concentrations of nitrogen and phosphorus in the leaves, and greater nitrogen, 

phosphorus, and potassium concentrations in grain than traditional compost treatments.  
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EM compost treatments improved soil fertility parameters more than compost treatments, 

with higher phosphorus and potassium concentrations in EM treatments than those not 

treated.  Researchers reasoned that the organisms introduced with the EM inoculant 

stimulated the decomposition of organic materials and, thus, nutrient mineralization for 

plant uptake, resulting in the positive effects on wheat yields and quality (Hu and Qi, 

2013).  

Corn grown in wetlands during the dry season in Indonesia received applications 

of chicken manure and EM.  Crop yields were increased with application of chicken 

manure, however there was no change with EM treatments.  The chicken manure 

provided an addition of nutrients, and the application of microbes via EM did not 

significantly alter microbial populations, as wetland soils are generally already highly 

microbially active so EM additions had negligible results on the corn crop (Priyadi et. al., 

2005). Another study looked at the effects of bokashi applications on corn grain yields, 

and also investigated its effects on soil biological activity. Application of bokashi either 

alone or in combination with a slow release fertilizer increased acid and alkaline 

phosphatase activity, invertase activity, and number of mychorrhizal spores on corn roots. 

Bokashi applications also improved corn grain yields (Bautista-Cruz et. al. 2014).   

1.4.3. Bokashi use in vegetable production systems 

Effects of bokashi applicatons on Swiss Chard have negligible effect on 

nutritional quality, but affect yield (Daiss et al. 2008). Specifically, swiss chard treated 
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with a foliar spray of bokashi had greater yield without negative impact on vitamin C, 

protein and ascorbic acid content of leaves.  

A mixed vegetable crop study looking at the effects of EM applications on yield 

and produce quality in New Zealand found that treatments of EM with glucose dissolved 

in water increased the yield of onions and pea, and increased the weight of sweet corn 

cobs. Researchers found that the EM + glucose treatment produced more higher grade 

marketable onions.  The treatment did not affect plant nutrient contents of pea and did not 

significantly increase sweet corn tillers or number of cobs per plant. The researchers also 

compared carbon mineralization rates of soils treated with a liquid EM + glucose 

treatment with a plain liquid glucose treatment and found an 8% increase in the amount 

of C mineralized with the EM + molasses treatment compared to the molasses treatment, 

suggesting again that the microbial addition of EM increases organic matter 

mineralization rates, freeing up more nutrients for plant uptake (Daly and Stewart, 1999).   

A greenhouse study with tomatoes indicated that application of EM with stone 

powder and as liquid fertilizer increased fruit yields.  Tomato plants receiving the 

treatment also had lower incidences of blossom end rot compared to the control, which 

may be attributed to calcium supply from the stone powder, however no measurable 

differences were seen regarding soil nutrient levels between treatments (Ndona et. al., 

2011). 
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1.4.4. Bokashi in coffee agroecosystems 

Gómez-Velasco et al. (2014) studied coffee growth and soil biological properties 

across three organic treatments of compost, vermicompost and bokashi.  The bokashi 

used in the study was not inoculated with EM, but instead with yeast.  Bokashi treatments 

significantly increased the number of leaves per plant compared to other treatments.  The 

largest increase in fresh shoot and root weight occurred with bokashi treatments.  

Changes in acid and alkaline phosphatase and urease activity occurred across all 

treatments, with compost and bokashi causing greater increases in activity than 

vermicompost.  The authors emphasize differences in microbial properties of each 

amendment but instead attributed differences in soil and plant factors to the different 

feedstocks and, thus, different C:N ratios of organic amendments (Gómez-Velasco et. al., 

2014). 

1.5. Bokashi and food waste 

Food waste is the second largest component of municipal solid waste in the 

United States, accounting for approximately 18% of the waste stream, which is about 30 

million tons every year (U.S. EPA 2016).  According to the U.S. Environmental 

Protection Agency, less than 3% of this waste is currently being diverted from landfills, 

mainly through composting. In the United Kingdom, about 6.7 million tonnes of food 

waste ends up in landfills (Waste and Action Resources Program 2008).  The need to 

diminish the amount of food waste going into landfills is recognized by policy makers 

and legislators around the world.  In September of 2015, the United Nations General 

Assembly made a goal to halve the amount of food waste going into landfills by the year 



10 

 

2030 as part of the 2030 Sustainable Development Goals (UNGA 2015).  In the U.S. the 

state of Vermont passed Act 148, Vermont’s Universal Recycling Law in 2012, banning 

the disposal of food wastes into landfills by the year 2020 (VT ANR 2016).  Recycling 

nutrients from food wastes through the production of soil fertility amendments may offer 

a valid solution to this pressing issue.  It is possible to make composts derived primarily 

from food waste that are fit to be used in crop production (Wang et. al., 2016).   

There are projects underway that focuses on composting primarily food waste. In 

2012 companies General Mills and Olam formed the GO program whereby they produce 

over 15,000 tons of compost made from primarily tomato skins and provide it for farmers 

to use (Olam International 2015).  In another example, Emory University Hospital has 

been separating food wastes to be picked up by a recycling company where it is 

combined with other materials to make composts (Emory Report, 2010).  Though there 

has been success in food scrap programs in larger facilities, installing municipal 

composting programs has still been a challenge in many states.  A report by the state of 

Illinois states that a main challenge of municipal waste composting is the lack of 

consistency of materials (IFSC 2015).  Thermophilic composting requires a proper C:N 

ratio of feedstocks for the effective decomposition of wastes, and it is a challenge to 

monitor the assortment of feedstocks coming in.  However, when food wastes are used to 

make bokashi, there is less of a concern over the composition of wastes and the resulting 

C:N ratio.  A company called Vokashi, based out of Brooklyn, NY works with people 

living in urban communities by administering bokashi bran and buckets for people to 

collect and treat kitchen waste and employees later pick up and use the bokashi in urban 
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gardens (Vokashi 2016). Vokashi states on their website that even meat can be put into 

bokashi buckets.  Bokashi offers a tangible solution to the issue of food waste in urban 

communities, since it can be done in a single bucket, a more flexible composition of 

feedstock may be used, and many proponents claim less odor is involved compared to 

composting.  The issue of food waste is large and complicated, and surely requires more 

than one solution, however bokashi certainly appears to be a plausible option for urban 

communities, potentially lowering the amount of food waste going into the municipal 

waste stream.   

1.6. Challenges of on-farm composting 

Organic farmers may use a combination of composts, manures, legumes, and 

other commercial nutrient sources to manipulate nutrient levels and build organic matter 

(Baldwin 2006).  However, organic farmers in the United States depend heavily on 

composts to manage soil fertility and quality, alleviating reliance on inorganic fertilizers 

and manures (Evanylo et. al. 2008).  Widely applied in organic production systems, 

composts have been shown to improve soil fertility, and crop productivity, with yields 

rivaling or surpassing those achieved in conventional agriculture (Drinkwater et. al., 

1995; Badgley et. al., 2006; Diacono & Montmenurro 2010).  However, composting on 

farm does not come without its challenges.  Some of the main issues pertaining to on 

farm compost production include the land area required, equipment costs to make the 

compost, and the finesse involved in ensuring proper processes ensue.   

Thermophilic compost is produced through the aerobic decomposition of organic 

matter facilitated by microorganisms.  The benefits of applying thermophilic compost are 
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well documented and ample research exists regarding its successful use as an organic 

amendment (Diacono & Montmenurro 2010).  The regular application of composts can 

improve soil quality through increased organic matter, improved soil structure and 

biological activity.  Thermophilic compost is produced by heaping organic matter into 

piles or windrows and supplying regular aeration. In supplying adequate oxygen for the 

decomposition process, piles typically reach temperatures between 45-65oC, which kills 

pathogens and weed seeds, making it safe to use on crops (Goyal et al. 2005).  Typically, 

oxygen is supplied either via ducts installed beneath the aerated static piles or windrow, 

or through physical turning.  Most farmers who produce compost on farm use the latter 

method, which is labor intensive, and may require a substantial area of land to form the 

windrow, as well as potentially expensive equipment such as a front end loader and 

compost spreader (Tiquia & Tam 1998).  This is a lengthy process, taking anywhere from 

3 months to a year to produce mature compost, depending on the climate, frequency of 

turning, feedstock used and C:N ratio. The C:N ratio is important to optimal composting 

and curing time and serves as an indicator of compost maturity. Farmers may buy in 

bulking agents such as saw dust, straw or wood chips to attain the proper final C:N ratio, 

15-20:1 depending on the feedstock used (Tognetti et al. 2007).   Currently organic 

vegetable farmers in the United States produce compost with varied recipes, some 

resources coming entirely from their own farm, but most using some materials acquired 

off-farm. Attaining the proper C:N ratio for optimum decomposition rates may be viewed 

as an added challenge to the farmer. Some farmers may buy-in all of the compost to meet 

their needs for the season, which does not necessarily support a closed resource loop.  
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Vermicompost is becoming a more widely used strategy of handling and utilizing 

organic wastes in agricultural production.  Vermicomposting combines the action of 

microorganisms and earthworms, typically the epigeic Eisenia fetida (Red Wiggler) to 

decompose organic matter.  Earthworms possess a gizzard, allowing them to grind 

organic matter and thus producing finely aggregated worm castings with high surface 

area, porosity and cation exchange capacity (Shi-wei and Fu-zhen 1991, Albanell et. al. 

1988).  These properties may contribute to the increased nitrification rate occurring in 

vermicompost, with resulting nitrate concentrations as much as 500 times as thermophilic 

compost (Austin 2015). 

The decomposition process in vermicomposting is a mesophilic process, so to 

ensure weed seeds and pathogens no longer remain, material may be thermophilically 

composted before or after worms are released (Ali et. al. 2015).  An optimal stocking 

density of 1.6 kg worms m-2 is proposed (Ndegwa et.al. 2000). Vermicompost piles must 

be kept between 50-80% moisture for the earthworms to maintain their rate of sexual 

development, so moisture must be monitored and adjusted properly, particularly during 

the summer when temperatures are higher (Dresser & McKee 1980; Dominguez & 

Edwards 2005).  The optimum temperature range favoring earthworm metabolism, 

growth, reproduction, respiration, and affiliated microbe activity is 25-37˚C (Ali et. al., 

2015).  Depending on the aforementioned variables, the time to generate a completed 

product ranges from one to six months.   

High in plant essential nutrients N, P, and K, and shown to have positive effects 

on crop growth, the challenges of vermicomposting lie in its production (Ali et. al., 2015; 
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Shukla & Singh 2010).  To produce enough to meet whole farm needs requires expensive 

infrastructure and bears the risk of having to replace the red wigglers at great cost when 

their population crashes. So careful attention must be paid to temperature, aeration and 

moisture so as not to stress them.  Certainly vermicompost is a successful amendment, 

but might there be another simpler practice with faster turnover available for organic 

growers to turn farm wastes into effective fertility amendments? 

Bokashi may address some of the challenges involved in producing composts and 

vermicompost.  As stated previously, C:N ratio is less of a concern, therefore a flexible 

composition of feedstock may be used.  It takes a shorter period of time to make, at most 

two months compared to at the typical three month or longer period for composting.  The 

initial process may require less labor, as continual turning of the bokashi is not required 

as is in composting and therefore expensive equipment to turn windrows is not required.  

Likewise the careful attention to temperature and moisture required to successfully use 

earthworms for composting is not needed in bokashi.  
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Table 1.1. Summary of feedstock and inoculants used to make bokashi  

Feedstock Inoculant Author(s)/Information Source 

Chicken manure, wheat bran,  EM-1® Daiss et. al. (2008) 

Sheep manure, sugarcane molasses  Yeast Gómez-Velasco et. al., (2014) 

 Cow manure (1000 kg), ground 

corn stocks (300 kg), fine charcoal 

(100 kg), wheat bran (25 kg), brown 

sugar (4 kg) 

Yeast, local 

soil 
Jaramillo-López et. al. (2015) 

Plant residues, poultry litter, bone 

mean, castor cake 
EM-1® Lima et. al. (2015) 

Wheat bran,, molasses EM-1® Mayer et. al. (2010) 

Molasses (8 ml), rice bran (3.5 kg) 

and rice husk (2.0 kg), rapeseed oil 

mill cake (1.5 kg), and fish meal (1.0 

kg)  

EM-1® Yamada and Xu (2001) 

Chicken manure, coffee husks, saw 

dust, rice bran, molasses, forest 

litter/topsoil 

Forest 

litter/topsoil 
Co-op in El Salvador 

Cow manure (300 kg), Wheat straw 

(200 kg),, ground corn stalks (300 

kg), ash/charcoal (50 kg), molasses 

(8 L) 

Yeast, local 

soil 
Co-op in Mexico 
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Table 1.2.  Summary of EM, EM bokashi and other types of bokashi. 
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CHAPTER 2. A GREENHOUSE STUDY EXPLORING THE USE OF BOKASHI 

AS A SOIL FERTILITY AMENDMENT 

 

2.1.Abstract 

Bokashi is a soil fertility amendment that is used in farming systems worldwide, 

however its characteristics and capabilities are largely unknown as it has not been 

thoroughly researched.  Produced by a fermentation process with the use of the microbial 

inoculant Effective Microorganisms ® (EM), it has been promoted as a way to transform 

food waste requiring less time and space than aerobic composting methods, and can then 

be used to improve soil quality.  The purpose of this study was to explore chemical 

attributes of bokashi made from EM and food waste and its effects on soil fertility and 

spinach growth in a greenhouse study.  The experiment included amendments (i) EM 

bokashi, (B) (ii) thermophilic compost (TC), (iii) vermicompost (V) applied at two 

different rates, 20 lb N ac-1 and 100 lb N ac-1 to a sandy loam soil, and a control receiving 

no fertility input.  Spinach biomass was improved by B 100 lb ac-1  (B 100) and V 100 lb 

ac-1  (V 100), and initially V 20 lb ac-1  and V 100 treatments improved aboveground 

height the most, however, B20 and B 100 plants compensated their growth in two weeks.  

B20 and B 100 treatments increased soil Ammonium-N concentrations initially, while V 

20 and V 100 initially increase Nitrate-N concentrations.  At the conclusion of the 

experiment, B 100 had the greatest Nitrate-N concentrations.  Carbon substrate utilization 

patterns were unique in B treatments from TC, V, and C, with the B microbial 

community initially utilizing carbohydrates to a relatively greater degree than V,TC, and 

C microbial communities.  In conclusion, bokashi may be a feasible soil fertility 

amendment to be used as an alternative or supplement to composts.   
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2.2.Introduction 

2.2.1. Introduction 

Bokashi is a soil fertilizer of Japanese origin made by fermenting organic wastes 

with a microbial inoculant.  Its use has spread to farming communities in countries such 

as Nicaragua, Mexico, El Salvador, and China, its production varying greatly in the 

materials used.  Bokashi use has even extended to developed countries such as the United 

States, where the microbial inoculant Effective Microorganisms® (EM) is used.  EM is a 

consortium of lactic acid bacteria, photosynthetic bacteria and yeasts developed by 

Japanese researcher ,Teruo Higa, and has been promoted as the ideal blend of microbes to 

use in bokashi systems.  There are companies that sell various products and materials for 

the purpose of making EM bokashi and many of these market towards urban dwellers as 

a way to manage household and kitchen wastes, promoting “bokashi composting” as a 

fast, easy, minimal space required, and odor-free alternative to composting.  While 

holding such claims, the use of bokashi as a soil fertility amendment is lacking a 

significant foundation of research to support these claims.  Some studies have shown 

improvements in soil fertility and crop growth with bokashi applications, while others 

have reported negligible effects (Gómez-Velasco et. al. 2014, Lima et. al. 2015, Xu et. al. 

2001, Mayer et. al. 2010).  For example, a study in China showed that EM bokashi 

treatments significantly increased grain yields, nutrient content in straw and grain, and 

straw biomass in wheat (Hu and Qi, 2013). However a multi-year study conducted in 

Switzerland showed inconsistent effects of EM bokashi on the yields of potatoes, winter 
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barley and alfalfa (Mayer et. al. 2010).   Moreover, of the few accessible published 

studies, even fewer have been completed with bokashi that was produced of food waste.  

Because bokashi is currently being promoted in the United States as a way to utilize 

kitchen and food waste, with negligible empirical backing, this study serves as an 

important contribution to soil fertility research.  

2.2.2. Objectives and Hypotheses 

The objective of the study was to quantify plant growth with spinach as a model 

crop, soil fertility and soil microbial community in soil amended by two different 

application rates of three fertility sources (bokashi, compost, and vermicompost). The 

experiment was conducted in a controlled greenhouse setting. Given that bokashi is 

produced through a fermentation process rather than aerobic decomposition, we 

hypothesized that nutrient composition in bokashi-treated soil would differ from the other 

treatments, particularly in terms of nitrogen speciation and redoximorphic micronutrients 

Mn and Fe. In terms of plant growth, we hypothesized that the low application rate 

treatments would have shorter shoot and root lengths and less biomass than the high 

application rate treatments, regardless of the type of amendment. We expected that sole-

carbon source utilization patterns would differ in B-treated soil than all other treatments, 

again due to the anaerobic process it undergoes before it is introduced to the soil.   
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2.3.Methods 

2.3.1. Experimental Design 

A completely randomized design was employed testing 7 treatments with 5 

replications for a total of 35 experimental units.  The treatments included Thermophilic 

Compost (TC), Vermicompost (V), Bokashi (B), each applied at two rates, 20lb N/acre 

(22.4 kg/ha) and 100lb N/acre (112 kg/ha), and a control (C) of a Windsor sandy loam 

soil.  Amendment application rates were calculated based on total N content, factoring in 

the availability coefficient, based on the C:N ratio of each amendment (Baldwin and 

Greenfield 2009).  Due to the differences in TN and C:N of each amendment, different 

weights of each amendment were applied accordingly (Table 2.1). The maximal 

allowable amount of Chilean nitrate to be applied to crops is 20% of the crops N need, 

therefore we based the two application rates on 20% and 100% of a spinach plant N 

requirement grown in a sandy soil (100lb N/acre or 112.1 kg/ha).  

Square plastic pots (10 cm in width and 12 cm in depth) were filled with 

approximately 1000 cm3 of field soil.  The appropriate weight of amendment was applied 

to the soil surface and mixed into the top 8 cm.  Bloomsdale Longstanding, an heirloom 

variety of Spinacia oleracea (spinach) with savoyed leaves was used for the experiment.  

Three spinach seeds, were planted 2 cm deep in each pot.  Pots were placed on a bench in 

the University of Vermont greenhouse, where the temperature was controlled at 65˚F 

during the day and 55˚F during evenings.  The photoperiod was set to 14 hours of light 

per day. Pots received 500 ml of water each upon seeding and were assumed to be at field 

capacity once they stopped freely draining.  At this point, their weight was recorded.  In 
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the subsequent weeks, each pot was weighed twice per week and the appropriate amount 

of water was added to return each pot to field capacity. 

2.3.2. Amendments 

Vermicompost used in the study was obtained from Worm Power (Avon, New 

York). The feedstock components include primarily solid dairy manure, with small 

amounts of silage to achieve an initial C:N ratio of 30:1.  To achieve organic 

certification, these feedstocks  are composted in forced air static piles for 10 days, 

reaching  temperatures between 140 and 170˚F required for certification. Subsequently 

this immature compost is added to a vertical, continuous-flow vermicomposting bed 

populated by Eisenia fetida (Red Wigglers).  The finished product is a blend of worm 

castings with a C: N ration of 12:1 to 10:1. (Wormpower, Avon, NY).   

Thermophilic compost used in the experiments was obtained from Vermont 

Compost (Montpelier, Vermont).  It is made up of a blend of cow, horse and chicken 

manure, hardwood bark, hay, silage, and some food waste.  The combined product is 

arranged in windrows inside high tunnels, getting turned every five days.  Materials reach 

temperatures at or above 131˚F for at least 15 days and are then moved out of the hoop 

house to further mature for 4 months.  A small amount of peat moss is added to the 

compost before the final product is packed and shipped (VT Compost, Montpelier, VT) 

Bokashi was made at the University of Vermont, using wheat bran and food waste 

as feedstock in a three-part process as follows: 

Part One: Bokashi Bran. Three ounces (85 g) of molasses and 3 oz of Effective 

Microorganisms (EM-1) inoculant (TeraGanix Inc., Alta, TX) was dissolved in 1 gallon 
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(3.8 L) of non-fluorinated water.  This mixture was added to 12 lb (5.4 kg) of wheat bran, 

thoroughly mixed so that contents were at field capacity, and put inside double-layered 

garbage bags with all oxygen removed.  Contents were allowed to ferment in a dark dry 

place for two weeks.   

Part Two: Food Waste Bokashi.  Food waste was obtained from the University of 

Vermont food court, and processed so that no material was greater than 10 cm in width or 

length. Waste consisted of primarily bread and rice with some mixed vegetable and fruit 

scraps.  All materials were thoroughly mixed to create as uniform mixture as possible. 

Inside 5 gallon buckets fitted with spouts, alternate layers of 5 cm of food waste and 1 cm 

of EM bran were arranged to the top of each bucket and compacted tightly to remove as 

much oxygen as possible.  Buckets were left with lids on for 3 weeks, periodically 

draining off liquid from spouts.   

Part Three: Processing and Stabilization. This intermediate product was further 

processed.  To stabilize the amendment pH, three gallons of food waste bokashi was 

placed into an empty 5-gallon pail.  Then Windsor loamy sand was poured in a layer on 

top of this to simulate burial in the field. This was repeated for three buckets total.  The 

buckets were left for two weeks.  After two weeks, 10 cores of bokashi amendment were 

taken from the center of the buried layer in each bucket using a soil corer (Figure 2.1).  

These samples were thoroughly mixed.  A subsample was taken for analyses and the 

remainder was used for the container experiment.     
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2.3.3. Soil sampling and chemical analyses 

For chemical analyses, soil from each pot was sampled upon seeding (Day 0) and 

at the completion of the experiment (Day 41).  Five samples were taken per pot using a 

hollow plastic tube 0.5 inches in diameter to a depth of 6 cm and homogenized.  Soil 

samples were dried at 55˚C, ground and passed through a 2 mm sieve, and analyzed in 

the laboratory for total C and N, plant available P, nitrate-N, ammonium-N, Ca, Mg, Fe, 

Zn, Cu, Mn and Na.  For Biolog assays, three pots from the B 100, TC 100, V 100 and C 

treatments were sampled in a similar fashion.  Samples were frozen to be used to perform 

the assay on a later date.   

Total carbon and nitrogen in soil were measured by placing approximately 30 mg 

of soil that had been ground into a powder into tin capsules.  Weight was recorded and 

then samples were analyzed using a CN elemental analyzer (FlashEA 1112 CN Analyzer, 

Thermo Fisher Scientific, MA).  

Plant available phosphorus and Ammonia-N and Nitrate- N were measured with a 

Lachat Autosampler (Hach Company, Loveland, CO).  For plant available P analyses, 4 g 

of soil was extracted with 20 ml of Modified Morgan’s solution, while the extracting 

agent for inorganic N analyses was 1 M KCl solution.  Research in states throughout New 

England has shown the Modified Morgan’s solution (1.25 M ammonium acetate, pH 4.8) 

to be a good indicator of plant availability (Jokela et. al. 2004).  Slurries were agitated for 

15 minutes on an automated shaker and then filtered using a Whatman #2 filter paper.   

Plant available nutrients Mg, Ca, Fe, Zn, Cu, Mn, and Na were measured with an 

Inductively Coupled Plasma Spectroscopy Analyzer (Optima 3000 DV, Perkin Elmer, 



29 

 

Waltham, MA) after extraction of 4 g of soil with 20 ml of Modified Morgan’s solution.  

The slurry was agitated for 15 minutes on an Excella E1 Platform Shaker (New 

Brunswick Scientific, Enfield, Connecticut, USA) and then filtered using a Whatman #2 

filter paper.  Nutrients in results and discussion sections are discussed using their 

elemental name; the prefixes ‘Modified Morgans extractable’ or ‘plant available’ are 

omitted. 

2.3.4. Plant Measurements 

The number of seeds per pot that germinated were recorded on days 7 and 14.  

Plant height was recorded on days 14, 17, 19, 21, 25 and 40.  All pots were thinned to 1 

plant per pot as soon as the first true leaf was observed, which varied by treatment and 

experimental unit.  At the completion of the experiment, the entire plant in each pot was 

harvested and total length (TL) from root to leaf tip, root length (RL) and aboveground 

height (AGH) was measured and recorded.  Aboveground biomass was cleaned of any 

soil, dried in an oven at 50˚C and weighed.   

2.3.5. Carbon-source utilization profiles 

Ecoplates (Biolog Inc., Hayward, CA, USA) were used to assess the functional 

diversity of the microbial community adapting a method from Garland and Mills (1991).  

Ecoplates are 96 well microplates that contain 31 different sole carbon substrates and a 

water control each replicated 3 times across one plate.  1.0 g of soil (f.w.) was diluted 

1:10 with deionized water and placed on a reciprocal shaker for 1 hour. The sample 

solution was diluted ten-fold and 150 µl of the resulting solution were pipetted into each 

well. The plates were incubated at 22˚C for 72 hours.  Absorbance at 590 nm was 
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measured at time 0, 24, 48, and 72 hours with a Model EL 311 Automated Microplate 

Reader (Bio-Tek Instruments Inc., Winooski, VT, USA).   

Biolog data were transformed and analyzed as described by Garland (Garland, 

1997).  The average well color development (AWCD) of each sample was calculated as 

the mean difference of substrate well absorbance and control well absorbance (Garland 

and Mills, 1991). To address differential rates of color development across plates due to 

differences in inoculum density, absorbance values were transformed by subtracting 

control well absorbance from substrate well absorbance and dividing by the AWCD of 

each plate.  Further analysis was performed on sample data when the AWCD fell 

between 0.8 and 1.  

2.3.6. Statistical Analysis 

Germination data were transformed as the arcsine of the square root of the 

proportion of seeds that germinated for each pot.  Soil chemistry, spinach aboveground 

height, germination, root length, and biomass were analyzed by analysis of variance 

(ANOVA) to detect differences between treatments, and repeated measures ANOVA was 

used to detect differences within treatments through time.  Ad-hoc comparison of means 

was performed using Tukey multiple comparison t-test (p<0.05).  Statistical analyses 

were performed using JMP 12 (SAS Institute, Gary, IN).   

Absorbance data from Biolog plates was used to perform a principal components 

analysis to identify trends in carbon substrate utilization of samples using XLSTAT 

(Addinsoft New York, NY). 
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2.4.Results 

2.4.1. Soil Fertility 

Repeated measures ANOVA indicated significant effects of treatment and time on 

soil nutrient concentrations (Table 2.6). Regarding nitrogen, at planting, V 100 pots had 

the highest NO3
--N concentrations, approximately 50 times the concentrations of the 

control plots. V20 and B20 had the next highest NO3
--N concentrations with 6 and 4 

times the concentrations of the control plot (Table 2.2). At harvest B 100 had the highest 

concentration of NO3
--N measuring 4 times that of the control. V100 pots had decreased 

to half the concentration in the control pots.  

In terms of NH4
+ -N concentrations, B100 initially had the highest concentration 

at planting of 288.4 mg kg-1, while B 20 had  112.20 mg kg-1 , compared to 4.6 mg kg-1 

for control soils. At harvest, soil NH4
+ -N concentrations still remained the greatest in B 

100 pots; however, had decreased to 14.03 mg kg-1. 

At the start of the experiment, B 100 and TC 100 treatments had the highest 

concentrations of P at 195 and 155 mg kg-1, respectively (Figure 2.2).  V 100 followed 

with 101.4 mg P kg-1, and the control pots had 15.14 mg kg-1.  By the end of the 

experiment, P concentrations had significantly decreased in all treatments except for TC 

100. treatments.   

Soil potassium concentrations were greatest in B 100  treatments at the beginning 

of the experiment at 1321.85  mg kg-1, followed by V 100 at 852.85 mg kg-1 and TC 100 

at 657 mg kg-1 (Figure 2.3).  B 20 was the only treatment of the low application rate that 
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had a significantly greater K concentration of 392.75 mg kg-1 compared to the control at 

22.64 mg kg-1.  At the end of the experiment only TC 100 had significantly different K 

levels. Mean soil K had significantly decreased by the end of the experiment for all 

treatments but V 20 and control pots.  

B 100 had the greatest Fe concentrations of all treatments at planting at 18.1 mg  

kg-1, followed by B 20 treatments at 8.46 mg  kg-1 ( Figure 2.5).  Control pots had 2.7 mg 

kg-1 mean Fe levels.  At harvest, B 100 and B 20 still had the highest Fe levels; however, 

they had significantly decreased to 7.79 and 6.82 mg kg-1.  There were no significant 

changes in any of the other treatments from the beginning and end of the experiment.   

Mean soil Mn levels followed a similar pattern as Fe, where B 100 had the 

greatest Mn concentration of 98.6 mg  kg-1, followed by B 20 with 29.56 mg  kg-1 (Figure 

2.4).  Control mean Mn concentration was 2.81 mg kg-1.  By the end of the experiment 

Mn levels had significantly decreased from initial levels except for TC 100 and the 

control. B 100 remained the treatment with highest Mn levels at 29.43 mg kg-1.   

2.4.2. Plant Measurements 

Germination rates were not effected by treatment 7 or 14 days post-seeding 

(F=1.0214, df=34, p=0.432; F= 0.6922, df= 34, p=0.658).  V 100 treatments appeared to 

have the highest germination rate 7 days post-seeding  and all treatments had greater than 

66% germination rate 14 days post-seeding (Figure 2.6). 

Aboveground height (AGH) of spinach plants was measured for the first 25 days 

of growth, and then again at harvest on day 40 (Figures 2.7 and 2.8).  Treatment and time 
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effects were  apparent during the  initial 25-day growth period (F=6.9833, df=164, and 

p<0.0001).  On Day 14,  V20 spinach had the greatest aboveground height at 0.92 cm, 

followed by TC 20 plants at 0.44 cm and V 100 plants at 0.3 cm (Figure 2.6).  All other 

treatments could not even be measured at this time point.  By Day 17 V 20 plants still 

appeared to be the tallest, however there were no statistical differences between any of 

the treatments.  There was still no measurable AGH for TC 100 pots at this time point.  

Day 19 the only treatments significantly different from one another were V 20 at 2.8 cm 

and TC 100 at 0.6 cm.  Control plants were 1.125 cm tall at this time.  This same trend 

persisted on Day 21 and 25.   

Aboveground height at harvest revealed greater differences across treatments than 

during the initial growth period (Figure 2.8).  B 100 plants appeared to have the greatest 

AGH at 20 cm, though this was not significantly different from AGH of V 100, B 20, and 

V 20 treatments with 17.6, 15.1 and 13.8 cm, respectively.  TC 100 appeared to have the 

lowest AGH at 6.16 cm.  The control plants had a slightly higher AGH at 7.44 cm, 

though this was not statistically significant.  

In terms of root length, results indicate that V 100 plants had a greater root length 

than control and TC 100 plants at 15.3 cm compared to 7.5 and 9.9 cm, respectively 

(Figure 2.8).  None of the other treatments could be statistically separated from each 

other. 

  Aboveground biomass appeared greatest in B 100 treatments at 0.935 g, though 

it was not statistically different from V 100 at 0.734 g and B 20 0.394 g, respectfully 

(Figure 2.9).  TC 20, TC 100 and control treatments appeared to have the lowest biomass 
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at 0.106, 0.036, and 0.065 g, respectively, though these were not statistically different 

from V 20 and B 20.   

2.4.3. Carbon source utilization patterns 

The hypothesis that B has a different microbial community function was 

supported by the carbon substrate utilization patterns.  At planting, B treatments had a 

sole-carbon-source utilization pattern distinct from TC, V, and C treatments at the 

beginning of the experiment based on the principal components analysis (PCA) of 

transformed optical density data (Figure 2.11). PC1 and PC2 explained 62.96% of the 

variation in the data, with PC1 explaining 49.84% and PC2 13.12%, respectively.  B has 

its own distinct grouping on the upper right quadrant of the score plot, illustrated by its 

relatively higher PC 1 scores falling between 6 and 7, contrasting with TC, V and C, 

which have much wider ranges in PC1 scores in the -5 to -1 range.   

 Sample separation on the score plot may be attributed to differences in carbon 

source utilization, which can be further examined by looking at the correlation of the 

original variables to the PCs.  Following Garland and Mills (1991), the carbon sources 

most influential in discerning the community in one sample from another were defined as 

those having at least half of their variance explained by PC 1 or PC 2 (Table 2.3).  A 

positive correlation between carbon substrate and a PC is related to a higher coordinate 

value of that PC, meaning for example, that substrates with positive correlations to PC1 

are related to samples with higher PC1 coordinate values. However poor correlation of a 

PC to a carbon source does not signify that substrate was not utilized, rather it means that 

the variation of its utilization cannot be attributed to treatment effects.  
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Exploration of PC1 shows that the microbial community in B treatments utilized the 

following in a greater degree than TC, V and Control treatments: seven of the nine 

carbohydrates (β-Methyl-D-Glucoside, D-Xylose, N-Acetyl-D-Glucosamine, D-

Cellobiose, Glucose-1- Phosphate, α-D-Lactose, and D, L-α- Glycerol Phosphate), two 

carboxylic/acetic acids (2-Hydroxy Benzoic Acid, D-Malic Acid), the amino acid L- 

Phenylalanine, and the polymer Glycogen (Table 2.3).  However, some were used to a 

relatively lesser degree by the B microbial community than TC, V, and C communities: 

two carbohydrates (Pyruvic Acid Methyl Ester and D- Mannitol), three carboxylic acids 

(D- galacturonic acid, D- Glucosaminic Acid and Itaconic Acid), and three amino acids 

(L-Arginine, L-Asparagine, and L-Serine).  Samples were not easily separated by 

treatment along the PC 2 axis.  

The PCA of samples taken at harvest showed a similar pattern as samples taken at 

planting, with the B treatment separated from the TC, V, and C treatment, mainly along 

PC1 (Figure 2.12).  PC1 and PC2 accounted for 33.72 and 18.53% of the variation in the 

data.  Exploration of PC 1 shows that B microbial community utilized the following 

substrates to a relatively greater degree than TC, V, and C soil communities: six 

carbohydrates (β-Methyl-D-Glucoside, D-Xylose, N-Acetyl-D-Glucosamine, D-

Cellobiose, α-D-Lactose, and D, L-α- Glycerol Phosphate), and two substrates in 

carboxylic/acetic acid group (D-Galactonic Acid γ-Lactone, D-Malic Acid).  TC, V, and 

C soil communities utilized the following carbon substrates to a relatively greater degree 

than B soil communities: the carbohydrate i-Erythritol, four substrates in the 

carboxylic/acetic acid group (D-Galacturonic Acid, D-Glucosaminic Acid, Itaconic Acid, 
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and α-Ketobutyric Acid), three amino acids (L-Arginine, L-Asparagine, and L-Serine), 

the Polymer Tween 40, and Putrescine (Table 2.4).  Samples were not well separated by 

treatment along PC 2.   

 

2.5.Discussion 

2.5.1. Soil Nitrogen 

Nutrient composition of bokashi is not widely reported, and there are few studies 

that have shown how nutrient levels change in bokashi-amended soil over time to which 

we can compare our findings. Yamada and Xu (2001) conducted a study in which they 

collected nine different EM bokashi products from farmers and analyzed their 

chemistries, finding that the average total C and N to be 44.5% (±2.7%) and 4.5% 

(±0.6%), yielding a C:N ratio of 10.3.  The bokashi product used in our study had 46.9% 

C, 3.5% total N, with a C: N ratio of 13.2, however the products analyzed in Yamada and 

Xu’s study were composed of mainly rice bran, differing from the food waste and wheat 

bran feedstock used in our study.  However, EM bokashi is characterized by high NH4
+ -

N and low NO3
--N which is attributed to the suppression of aerobic nitrification in the 

presence of anaerobic conditions (Yamada and Xu, 2001).  These researchers found mean 

NH4
+ -N and NO3

--N concentrations to be 1007 mg kg-1 and 85 mg kg-1, respectively, 

which is comparable to the nitrogen speciation of the EM bokashi product used in our 

study, which had 1410 mg kg-1 NH4
+ -N and 85 mg kg-1 NO3

- -N.   

Upon introduction of bokashi to the soil, nitrification rates will depend on soil 

conditions.  Though this study did not measure nitrification rates directly, but rather 
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products of net nitrification from bokashi treatments.  B 100 treatment had the highest 

concentration of NO3
- -N  at harvest, despite having a markedly lower concentration at 

seeding of 10.98 mg NO3
- -N  kg-1 than V 100 which had 200 mg NO3

- -N  kg-1 .  

Anaerobic digestate is similar to bokashi, characterized by NH4
+ -N which is quickly 

nitrified and supplied to plants, making it a suitable fertility amendment for short season 

crops such as spinach (Alburquerque et al. 2012, Montemurro et al. 2015).  We reason 

that the high ammonium concentration in the bokashi treatments served as a supply for 

nitrification and thus created a steady supply of NO3
- -N  to the plant. Upon introduction 

of the bokashi to the soil, aerobic nitrifying bacteria began to convert NH4
+ -N  to NO3

- -

N  while a large amount of the NO3
- -N in the V pots was likely lost to leaching 

throughout the experiment since levels had significantly decreased to 0.37 mg kg-1 and 

2.89 mg kg-1 from 26.23 mg kg-1 in V 20 and 200 mg kg-1  in V 100 treatments. 

2.5.2. Soil P and K 

It is known that the fertility capacity of an amendment is dependent upon both the 

materials and methods used to produce it, and the supply of its nutrients will differ in the 

soil to which it is applied (Lima et. al., 2015).  For example, three EM bokashi receipes 

had differing effects on two contrasting types of soil after two 30 day cycles of tomato 

cultivation (Lima et al. 2015).  Specifically, two tropical Oxisol soils with relatively high 

base saturation were amended with the EM bokashi made from primarily plant residues 

and poultry litter resulting in 440 mg K kg-1 and 248 mg K kg-1, respectively, while 

concentrations of plant available P were 361.27 mg kg-1 and 794.27 mg kg-1, respectively. 

Both the potassium and phosphorus concentrations exceeded those in this study (213.62 
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mg K kg-1and 26.91 P mg kg-1 respectively in B100 treatment).  These differences likely 

reflect feedstock composition and soil type. The soil in the present study was sandy, 

characteristic of a low cation exchange capacity and in turn low base cation storage.   

2.5.3. Soil Fe and Mn 

We expected that concentrations of redox elements Fe and Mn would initially be 

greater in bokashi treatments than vermicompost and compost due to the reduced 

conditions created by the anaerobic process, and our data supported this hypothesis.  

Bokashi had the highest concentration of Fe with 28.5 mg kg-1, compared to compost and 

vermicompost which had undetectable amounts. Fe concentrations on the first sampling 

date were the greatest in B 20 and B 100 treatments as expected, and remained so through 

harvest sampling.  Concentrations significantly decreased, however, suggesting that there 

was likely some plant uptake and leaching, but that a portion became unavailable due to 

oxidation once aerobic conditions established.   

 Unexpectedly, Mn was more concentrated in the thermophilic compost than 

bokashi.  Perhaps this is due to an error in analysis of the initial bokashi amendment, as 

we expected a higher concentration than was found. Boechat et. al. (2013) studied five 

different types of bokashi products, one of them made primarily of fermented organic 

waste from the fruit pulp industry, and found concentrations of Fe and Mn to be 701.08 

mg kg-1 and 68.43 mg kg-1, respectively.  That feedstock is comparable to what was used 

to make the bokashi in our study, as much of the food waste was comprised of fruit and 

vegetable seeds and peels, and though the Mn concentration of the food waste EM 

bokashi may not be as high as 700 mg kg-1, it would certainly make more sense if it were 
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higher than the measured 25.5 mg kg-1.  The bokashi was a very chunky material, and 

though best efforts were made to collect a homogenized sample, it is possible we did not 

analyze a representative sample for Mn concentrations.  Nonetheless, the pattern that Mn 

content was greater in B treatments than vermicompost and the control met our 

hypothesis. 

2.5.4. Plant Responses 

Contrary to our hypothesis, plant growth was not directly associated with 

application rate of fertility amendment. Instead, the effect of application rate depended on 

the source. In terms of aboveground height, the V 20 treatment improved lengths the 

most initially, which aligns with previous research (Austin 2015).  It has been shown that 

vermicompost addresses early nitrogen deficiencies in crop production due to its high 

nitrate concentration, and thus can be incorporated into potting mixes for transplants to 

facilitate an earlier transplant date (Austin, 2014).  It appears that bokashi may also 

provide similar benefits, as shoot length of B 20 and B 100 treatments soon caught up to 

V 20 and V 100 treatments by February 8, and by harvest, there were no significant 

differences in aboveground height between V 20, V 100, B 20, and B 100 treatments.   

Several studies have explored yield and plant growth responses to EM and EM 

bokashi applications, reporting findings similar to the present study, though many past 

studies compare EM and EM bokashi applications to mineral fertilizer applications.  Daly 

and Steward (1999) conducted a study whereby a liquid fertilizer of EM and molasses 

was applied to various vegetable crops, finding that this treatment increased onion yields 

by 29%, pea yields by 31% and sweet corn cob weights by 23%, however this was 
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compared to a control receiving no fertilizer inputs.  When compared to a mineral 

fertilizer, EM bokashi increased root and shoot dry matter of peas (Pei-Sheng and Hui-

Lian, 2002).  In our study we found that B 20, B 100, and V 100 were most successful at 

increasing aboveground biomass, with biomass in these treatments being approximately 

14, 6 and 11 times that of the control pots.  Similar results were found in a study on 

cotton, whereby yields were increased when EM was applied in conjunction with organic 

and mineral nutrient sources (Khaliq et. al. 2005).  Khaliq et. al., (2005) concluded that 

EM increased the efficiency of both the organic and inorganic nutrient sources.  Taking 

into account specifically results from the nitrogen analysis, it is certain that bokashi 

treatments had a greater supply of plant available nitrogen left at the termination of the 

experiment, however we cannot say for certain that this is due to the EM inoculant, or the 

fact that the bokashi amendment had such a high initial NH4
+-N content due to the 

suppression of nitrification facilitated by the fermentation process. 

2.5.5. Carbon utilization patterns of the microbial community 

Biolog Ecoplates are used to distinguish microbial communities in different 

environmental samples based on their utilization patterns of 31 different carbon 

substrates.  Numerous studies have been performed using this method, however it has 

mainly been used as an exploratory tool, in that differences between communities are 

illustrated but little discussion as to how or why these differences occur in regards to the 

specific carbon substrates utilized (Baath et. al., 1998, Campbell et. al., 1997, Girvan et. 

al., 2003, Lin et. al., 2004). Generating data through the Biolog Ecoplate approach is 

fairly easy, however the interpretation of the data has been critiqued (Preston-Mafham et 
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al. 2002).  Each well in the plate contains a carbon substrate along with a tetrazolium dye 

that is reduced when sample microorganisms utilize the substrate, which introduces bias 

as certain bacteria and no fungi are capable of reducing it.  Other limitations of the 

Ecoplates include variations in inoculum density and incubation time, and setting 

incubation temperature to appropriately reflect community response (Preston-Mafham et 

al. 2002).  It is due to these limitations that Biolog Ecoplates are generally not used to 

characterize communities, and instead more commonly used in comparative research 

(Stefanowicz 2006). With these limitations in mind, below we make general inferences 

about the differences in carbon substrate utilization patterns.   

Results from the present study indicate that bokashi samples were separated from 

vermicompost, compost and control samples on the basis of PCA at both post-seeding 

and post-harvest sample times.  The most likely contributor to the differences in carbon-

source utilization patterns of the microbial community is the anaerobic process of bokashi 

production, compared to the aerobic conditions present in the TC, V, and control soils.  It 

is unclear why the soil microbial community in B samples was utilizing carbohydrates to 

a relatively greater degree than in V, TC, and C samples, however it may be related to the 

level of decomposition of each of the amendments.  It has been shown that during the 

final stages of thermophilic composting process, carbon content, particularly 

carbohydrate-carbon content decreases (Tang et. al., 2006).  Since V, and TC undergo 

aerobic, thermophilic processes, it is possible that they had a lower carbohydrate content, 

and therefore the microbial community was utilizing less of these at sampling times. In 

contrast bokashi was in the beginning stages of the decomposition process once it was 
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applied to soil, so there was likely a high amount of readily decomposable carbohydrates, 

explaining why in general these were used to a greater degree at both sampling times than 

all other treatments.  This may also be  supported by the lower C content of V and TC 

amendments compared to bokashi.  

2.6.Conclusion 

2.6.1. Conclusions 

Based on the results from the present study, the following conclusions can be drawn 

for the use of EM Bokashi made from food waste as a soil fertility amendment: (1) EM 

bokashi treatments had a longer lasting source of plant available N in inorganic forms 

than thermophilic compost and vermicompost, (2) B treatments increased aboveground 

height and biomass, which may be attributed to the longer term supply of N combined 

with the suitable levels of P and K, (3) the anaerobic process of bokashi production 

increased the availability of micronutrients Mn and Fe through reduction processes, (4) 

the microbial community in bokashi treatments had a carbon-substrate utilization pattern 

distinct of all other treatments, whereby B soil communities utilized more carbohydrates 

than soil communities in other treatments, which we attribute to different production 

processes.  Finally, we conclude that EM bokashi made from food waste may be a 

suitable supplemental or alternative fertility amendment in organic vegetable production 

systems.   
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2.6.2. Contributions 

This research addressed several research gaps in EM bokashi research.  This study 

was one of few studies using other organic amendments as comparison treatments.  

Moreover, this may be the first study completed on the EM bokashi produced from food 

waste in the United States. EM bokashi was characterized by high ammonium and low 

nitrate content and that its application to soil improved plant growth and yield. These 

results advance the knowledge of bokashi regarding nutrient characteristics and its effects 

on soil.    The present study showed that bokashi treatment samples exhibited carbon 

substrate utilization patterns distinct from all other treatments, mainly in the utilization of 

carbohydrates. Finally, of the limited EM bokashi studies published, most have been 

conducted in a field setting, so our study offers insight into the characteristics and 

behavior of EM bokashi as a soil fertility amendment in a controlled environment, where 

there is inherently less variability in site characteristics.   

2.6.3. Future Work  

Future research in EM Bokashi applications could go numerous directions.  First, 

continued contribution of fertility attributes and subsequent effects on soils would be 

helpful.  The microbial community and its function in bokashi amendments needs to be 

more thoroughly researched.  Several claims have been made that the use of the EM 

inoculant in bokashi improves nutrient mineralization from organic matter, though this 

mechanism has never been studied or proven.   Claims have also been made that the 

combination of EM inoculant and fermentation process creates bioactive substances such 

as plant hormones that promote plant growth, however again this has not been thoroughly 
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researched or proven (Higa 1991, Higa and Parr 1994).  Gaps remain in EM Bokashi 

research, however the results from the few studies that do exist show it to be a promising 

fertility amendment in a variety of different farming systems. 
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Table 2.1. Application weights of each amendment for 20 lb N/acre and 100 lb N/acre 

rates. 

  Total 

N (%) 
Total C 

(%) 
C/N 

Weight (g) 

applied per pot 

 

Amendment: Soil ratio 

(g) 

  

  

20 lb 

N/acre 
100 lb 

N/acre  
20 lb N/acre 

100 lb 

N/acre  

Vermicompost 3.41 38.05 11.15 2.71 13.56 .002 .012 

Thermophilic 

Compost 1.16 20.38 17.62 19.94 99.70 .018 .091 

Bokashi 3.54 46.85 13.25 2.61 13.06 .002 .012 
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Table 2.3. Correlations of carbon source variables to principal components 1 and 2 for 

analysis of soils from B, V, TC and C treatments from January 21 sampling.  Carbon 

sources included in table are those with r≥ |0.5|. 
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Table 2.4. Correlations of carbon source variables to principal components 1 and 2 for 

analysis of soils from B, V, TC and C treatments from March 1 sampling.  Carbon 

sources included in table are those with r≥ |0.5|. 
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Table 2.6. ANOVA table for a model considering time and treatment effects on fertility 

atributes 
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Figure 2.1.  Diagram of bokashi bucket setup showing bokashi and soil layer and area of 

sampling for the finished product.   
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Figure 2.2. Comparison of plant available phosphorus in soil across treatments at 

planting and harvest times of spinach plants. B= Bokashi, TC=Compost, V= 

Vermicompost, C= Control, 20= 20% N rate, 100= 100% N rate.   Units are mg kg-1.  

Different letters denote significant differences between treatments.  An asterisk (*) 

denotes significant differences between sample dates. 
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Figure 2.3. Comparison of soil potassium (Modified Morgans extractable) concentrations 

across treatments at planting and harvest times of spinach plants. B= Bokashi, 

TC=Compost, V= Vermicompost, C= Control, 20= 20% N rate, 100= 100% N rate.   

Units are mg kg-1.  Different letters denote significant differences between treatments.  

An asterisk (*) denotes significant differences between sample dates. 
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Figure 2.4. Comparison of soil manganese (Modified Morgans extractable) 

concentrations across treatments at planting and harvest times of spinach plants. B= 

Bokashi, TC=Compost, V= Vermicompost, C= Control, 20= 20% N rate, 100= 100% N 

rate.   Units are mg kg-1.  Different letters denote significant differences between 

treatments.  An asterisk (*) denotes significant differences between sample dates. 
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Figure 2.5. Comparison of soil iron (Modified Morgans extractable) concentrations 

across treatments at planting and harvest times of spinach plants. B= Bokashi, 

TC=Compost, V= Vermicompost, C= Control, 20= 20% N rate, 100= 100% N rate.   

Units are mg kg-1.  Different letters denote significant differences between treatments.  

An asterisk (*) denotes significant differences between sample dates. 
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Figure 2.6. Germination rate of spinach seeds across different treatments on 01/28/2016 

and 02/05/2016.  Similar letters denote no significant differences (p<0.05). 
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Figure 2.7. Comparison of shoot length over the first 16 days of growth.  B= Bokashi, 

TC=Compost, V= Vermicompost, C= Control, 20= 20% N rate, 100= 100% N rate. 

Different letters denote significant differences between treatments.   
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Figure 2.8. Comparison of shoot length across treatments at harvest.  Different letters 

signify significant differences (p<0.05).   
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Figure 2.9. Comparison of root length across treatments.  Different letters denote 

significant differences (p<0.05).   
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Figure 2.10. Comparison of aboveground biomass across treatments.  Different letters 

denote significant differences (p<0.05).   
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Figure 2.11. Ordination produced from principal components analysis of optical density 

data from Biolog assay performed on January 21 soil samples. 
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Figure 2.12. Ordination produced from principal components analysis of optical density 

data from Biolog assay performed on March 3 soil samples 

  



65 

 

CHAPTER 3.  A FIELD STUDY COMPARING BOKASHI, THERMOPHILIC 

COMPOST, AND VERMICOMPOST AS SOIL FERTILITY AMENDMENTS IN 

ORGANIC SPINACH CULTIVATION  

3.1. Abstract 

Bokashi is a soil amendment prepared by fermentation of organic materials, and 

may be an effective soil fertility tool for farmers, however compared to compost and 

vermicompost, bokashi is much less studied.  Promoted advantages of bokashi over 

compost are that it doesn’t require specific C: N ratio of feedstock materials, it takes less 

time and space to produce, and it has minimal odor.  We investigated the use of bokashi 

made using the microbial inoculant Effective Microorganisms and food waste by 

comparing its effects on soil fertility characteristics and spinach growth against more 

commonly used soil amendments, thermophilic compost and vermicompost, in a field 

study during the spring of 2016.  We anticipated that bokashi would require more hand 

labor so an economic analysis was conducted to determine economic feasibility of using 

bokashi in an organic vegetable system. 

Results from the field experiment indicated that bokashi (B) was characterized by 

a high Ammonium-N content, which increased initial ammonium concentrations of the 

field soil, to be later nitrified as was proven by observed nitrate concentrations in B 

treatments on June 23.  B applications improved marketable yields of spinach during the 

second cutting beyond thermophilic compost, vermicompost and control treatments.  The 

foliar concentrations of K, Mn, Fe, and Zn were increased by B treatments. Differences in 

feedstock and production processes contributed to differences in carbon substrate 

utilization patterns in the soil microbial community.  Results from the economic analysis 

indicated that the high available nitrogen content and capacity to improve yield may 

offset the increased hand labor requirement of applying bokashi.  We conclude that 

bokashi may be a viable soil fertility amendment to be used in organic vegetable 

production systems in the Northeast.   
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3.2. Introduction 

3.2.1 Compost, vermicompost and bokashi 

Bokashi is a soil amendment prepared by fermentation of organic materials, and 

may be an effective soil fertility tool for farmers, however compared to compost and 

vermicompost, bokashi, is much less studied.  Like compost it can be produced with a 

variety of different feedstocks, thus giving value to organic materials that would 

otherwise be labelled as waste.  However, one advantage of bokashi is that the initial C: 

N ratio of the recipe does not have to be 30:1. 

Widely applied in organic production systems, composts have been shown to 

improve soil fertility, and crop productivity, with yields rivaling or surpassing those 

achieved in conventional agriculture (Drinkwater et. al., 1995; Badgley et. al., 2007; 

Diacono & Montmenurro 2010).  Research on vegetable farms in the eastern United 

States demonstrated improved soil quality with compost applications by increasing soil 

organic matter, cation exchange capacity and beneficial soil microorganisms, and 

decreasing pathogen populations and bulk density (Bullock et. al., 2002; Neher et al., 

2015).  Extensive research has gone into identifying and developing the key factors and 

conditions for producing high quality composts.  Typically, composts are produced 

thermophilically, relying on microorganisms to aerobically decompose organic matter 

over time, flowing through different temperature stages, reaching a maximum in the 45-

65oC range, followed by a cool down phase, to eventually reach maturity (Goyal et al. 

2005).  Thermophilic composting (TC) is highly dependent on the initial C/N ratio of the 
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combined feedstocks, ideally between 25:1 and 30:1, along with other parameters such as 

moisture, temperature and aeration (Tognetti et al. 2007).  

Thermophilic composting on farm, requires considerable land area, equipment 

such as a windrow turner and compost spreader, and careful attention to proper 

proportions of carbon and nitrogen components (Fabian et. al. 1993).  These needs 

present challenges to the organic farmer.  It can take anywhere from three months to one 

year to achieve a mature end product, depending on climate and the definition of maturity 

(Tiquia & Tam 1998).   

Vermicomposting deviates from TC by utilizing epigeic worms such as Eisenia 

fetida, or red wigglers, and the unique microbial community within the worm gut, to 

decompose organic materials.  High in plant essential nutrients N, P, and K, and shown to 

have positive effects on crop growth, the challenges of vermicomposting lie in its 

production (Ali et. al., 2015; Shukla & Singh 2010).  This process is similarly very 

sensitive to heat and temperature; as red wigglers can easily become stressed (Dresser & 

McKee 1980; Dominguez & Edwards 2005).  The optimal temperature for 

vermicomposting is around 25oC and encourages a mesophilic microbial community. The 

time vermicompost takes to reach maturity varies from one to six months, depending on 

process and whether a thermophilic phase precedes vermicomposting to achieve organic 

certification.   

In comparison, bokashi, is produced via fermentation by primarily lactic acid 

bacteria. Bokashi typically takes less than two months to prepare, does not need constant 

aeration, and a flexible composition of feedstock may be used.  A two-step process, a 
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microbial inoculant containing primarily lactic acid bacteria is first added to rice, wheat 

or other type of bran with molasses and fermented for two weeks.  The resulting product, 

bokashi bran, can be used on its own as a fertilizer, or incorporated into any type of 

organic waste regardless of C/N ratio, and left to ferment for two more weeks before 

applying it to soil. Most published bokashi studies have been done using Effective 

Microorganisms® (EM) as the microbial inoculant in the bokashi preparation (Higa, 

1993) which is claimed to be the ideal inoculant for use as a soil fertilizer and plant 

feeder. EM is promoted to accelerate the breakdown of organic matter, and help produce 

bioactive substances such as hormones and antioxidants that may promote plant growth 

(Higa and Parr, 1994).   

Though scant mentioned or studied in soil fertility research, bokashi is utilized 

globally to produce crops successfully and many studies have shown it to have positive 

effects on soil fertility (Boechat et.al., 2013; Gómez-Velasco et. al., 2014; Lima et. al. 

2015).  Recipes vary across studies however, and accordingly, so do results in terms of 

the biological and chemical properties of the amendment, and its effects on plant growth.  

Gómez-Velasco et. al. (2014) conducted an agronomic study with coffee using bokashi as 

a treatment, made from sheep manure, sugarcane molasses, and yeast as a microbial 

inoculant and reported a C:N ratio of 11:1 of the final product.  Results of the study 

showed that bokashi application increased soil enzyme activity and also coffee shoot 

growth (Gómez-Velasco et. al. 2014).    In contrast, Mayer et. al. (2010) prepared bokashi 

from wheat bran and EM-1, and found negligible effects of bokashi on soil 

dehydrogenase activity or on the yields of potatoes, barley and alfalfa. However, they did 
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find that bokashi amendments increased nitrogen mineralization potential (Mayer et. al., 

2010).   

3.2.2. Research gap 

Though bokashi has been studied in the context of many different crops, there is a 

paucity of information of its effects on soil fertility, and even less information of its 

effects on nutrient concentration in foliar tissues.  The function of the microbial 

community has also been inadequately studied.  Many of the studies performed have 

compared bokashi to mineral fertilizers, rather than making comparisons with other more 

common organic fertilizers. And lastly, there are very few reported studies on bokashi 

made from fermented food waste.  As food waste bokashi is becoming a more popular 

way for urban dwellers to transform kitchen waste in developed countries such as the 

U.S., this type of bokashi deserves further exploration.   

3.2.3. Objectives and hypotheses 

The focus of this study was to evaluate the effects of EM bokashi on soil 

characteristics and a model crop organic spinach at the field scale, comparing its 

performance with other more regularly used organic soil amendments vermicompost (V) 

and thermophilic compost (TC) and a control (C).  The objectives of this experiment 

were to evaluate the effects of the three organic fertilizers on (i) concentrations of soil 

nutrients, (ii) concentrations of nutrients in spinach leaf tissue, (iii) yield, (iv) soil 

microbial functional diversity, and (v) economic profitability of the spinach crop.  We 

expected that due to the differences in feedstock and the anaerobic process of bokashi 

production, that bokashi amended soils would have both a different nutrient profile than 



70 

 

V and TC.  The anaerobic preparation could specifically have an effect on the availability 

of redox active compounds such as nitrate, iron, manganese, and sulfur.  We also 

expected the microbial communities to have different carbon source utilization patterns, 

due to differences in feedstock, process and stage of decomposition.  Given that the soil 

in the field study plots was nitrogen limiting, we standardized application rates of organic 

amendments by nitrogen content. Controlling for nitrogen, we could test whether bokashi 

would  improved spinach yield and leaf tissue nutrient concentrations over thermophilic 

compost and vermicompost treatments. Finally, economic profitability was quantified for 

bokaski to determine if improvements in yield could offset the cost of hand labor required 

in its field application.  

3.3. Methods 

3.3.1. Field site and experimental design 

The study was conducted at the University of Vermont Horticulture Research and 

Education Center on a Windsor loamy sand soil on a certified organic section of the farm.  

The soil had an organic matter content of 3.54%, 1430.7 mg kg-1 total N, and pH in water 

(1:2) 6.75.  The study area had been occupied by a rye cover crop which was tilled in 

before our experiment was established.   

A completely randomized design was employed with 4 treatments TC, V, B, and 

Control (no fertilizer applied) with three replicates.  Plot sizes were 4’ x 8’ (1.2 m  x  2.4 

m) with a 2’ (0.6 m) wide buffer in between each plot.  TC, V, and B were applied at 100 

lb of N per acre (112 kg per ha), 100% of the N requirement for spinach grown in a sandy 

soil. Amendment application rates were calculated based on total N content (TN), 
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factoring in the availability coefficient, based on the C: N ratio of each amendment 

(Baldwin and Greenfield 2009).  Due to the differences in TN and C: N of each 

amendment, different weights of each amendment were applied accordingly (Table 2). 

Spinacea oleracea (Spinach )cultivar Corvair plants were transplanted on May 14 2016 

(Day 14) in three rows with 15 inch (38 cm) between row spacing and 4 inch (10.2 cm) 

in-row spacing.  All transplants were 2.5 inches (6.4 cm) in height with a fully developed 

first true leaf upon transplanting. 

Bokashi was applied to respective treatment plots on April 30 (Day 0). Three 

trenches were dug in each plot using a hoe, each 8 feet (0.3 m) long, 8 inches (20.3 cm) 

deep and 6 inches (15.2 cm) wide, spaced according to transplant spacing.  Ten pounds 

(4.5 kg) of bokashi were applied to each trench, filling each trench four inches high, and 

then backfilled with soil to achieve a level surface.  This process occurred two weeks 

prior to transplanting so that the amendment pH could raise from its initial value of 4.2.  

Vermicompost and thermophilic compost were broadcast on appropriate plots and 

incorporated using a broad fork on May 12 (Day 12), two days prior to transplanting.   

Soil samples were collected on May 16 (Day 16), June 5 (Day 36), June 23, (Day 

54) and July 31 (Day 92). Nine subsamples taken to a depth of 6 inches (15.2 cm) in a 

“W” systematic pattern in each plot using a 0.5-inch diameter tubular soil sampler, 

combined and thoroughly mixed.  A sample of approximately 5 g was taken from that 

mixture to be analyzed for soil properties. 1 g was used fresh for soil Biolog assays and 

the remainder was dried at 50˚C for 8 hours and put through a 2 mm sieve for chemical 

analyses.  
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Spinach was harvested twice and coincided with soil sampling on Day 22 and Day 40 of 

the experiment. Plots were left fallow after day 40 until day 78 until the last soil sample 

was taken.    Pegomya hyoscyami (spinach leafminer), damaged the study site prior to the 

first harvest.  Spinach leafminer damage removes the chlorophyll from the plants, 

however plants will continue to produce more leaves if not overcome by the attack.  For 

the Day 22 harvest, yields were separated into marketable and unmarketable yield, 

collecting all damaged parts of the plant from each plot separately from the marketable 

leaves of each plant.  On Day 40 only marketable yield was collected, as the leafminer 

adults had completed their life cycle and all leaves damaged and with eggs on them had 

been removed during the prior harvest.  Plant samples were weighed fresh and dried at 

50˚C for 24 hours.  Samples from marketable yield collections were ground using a 

coffee grinder to be further analyzed for chemical constituents.      

3.3.2. Amendments 

Vermicompost used in the study was obtained from Worm Power in Avon, New 

York (http://www.wormpower.net/). The feedstock components include primarily solid 

dairy manure, with small amounts of silage.  Materials are composted in oxygenated bins 

for 40 days, reaching temperatures between 60 and 80˚C.   The resulting product is 

layered across continuous-flow beds inhabited by Eisenia fetida (Red Wigglers) 

earthworms.  The finished product is a blend of worm castings and other worm-disturbed 

organic matter. 

Compost used in the experiments was obtained from Vermont Compost in 

Montpelier, Vermont (http://www.vermontcompost.com/).  It is made up of a blend of 
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cow, horse and chicken manure, hardwood bark, hay, silage, and some food waste.  The 

combined product is arranged in windrows inside high tunnels, getting turned every five 

days.  Materials reach temperatures at or above 131˚F for at least 15 days and are then 

moved out of the hoop house to cure for 4 months.  A small amount of peat moss is added 

to the compost before the final product is packed and shipped. 

Bokashi was made at the University of Vermont in the Soil Sciences lab using the 

two-part process detailed below: 

Part One: Bokashi Bran.  Three ounces of molasses and 3 oz (85 g) of Effective 

Microorganisms (EM-1) inoculant (TeraGanix Inc., Alta, TX) was dissolved in 1 gallon 

(3.8 L) of distilled water.  This mixture was added to 12 lb (5.4 kg) of wheat bran, 

thoroughly mixed so that contents were at field capacity, and put inside double-layered 

garbage bags with as much oxygen removed as possible.  Contents were fermented for 

two weeks.   

Part Two: Bokashi. Food waste was obtained from the University of Vermont 

food court, and processed so that no material was no greater than 10 cm in width or 

length. Food waste consisted of primarily fruit and vegetable scraps.  All materials were 

thoroughly mixed to create as uniform mixture as possible. Inside 5 gallon buckets fitted 

with spouts, alternate layers of 5 cm of food waste and 1 cm of bokashi bran were 

arranged to the top of each bucket and compacted tightly to remove as much oxygen as 

possible.  Buckets were left with lids on for 3 weeks, periodically draining off liquid from 

spouts. The resulting product from this process was the bokashi used in the study plots.   
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Samples of each amendment composed of 12 subsamples were collected and dried at 

50˚C and sieved (<2 mm) for chemical analyses.   

3.3.3. Soil analyses 

Total carbon and nitrogen in soil was measured by placing approximately 30 mg 

of soil that had been ground into a powder into tins.  Weight as recorded and then 

samples were analyzed using a CN elemental analyzer (FlashEA 1112 NC Analyzer 

ThermoFisher Scientific, MA).  

Plant available phosphorus and Ammonia-N and Nitrate- N were measured with a 

Lachat Autosampler (Hach Company, Loveland, CO).  For plant available P analyses, 4 g 

of soil was extracted with 20 ml of Modified Morgan’s solution, while the extracting 

agent for inorganic N analyses was 1 M KCl solution.  Research in states throughout New 

England has shown the Modified Morgan’s solution (1.25 M ammonium acetate, pH 4.8) 

to be a good indicator of plant availability (Jokela et. al. 2004).Slurries were agitated for 

15 minutes on an automated shaker  and then filtered using a Whatman #2 filter paper.   

Nutrients Mg, Ca, Fe, Zn, Cu, Mn, and Na were measured with an Inductively 

Coupled Plasma Spectroscopy Analyzer (Perkin Elmer Optima 3000 DV, Waltham, MA) 

after extraction of 4 g of soil with 20 ml of Modified Morgan’s solution.  The slurry was 

agitated for 15 minutes on an automated shaker) and then filtered using a Whatman #2 

filter paper.  In results and discussion sections soil nutrients are referred to in their 

elemental name; prefixes ‘Modified Morgans extractable’ or ‘plant available’ are 

omitted.  
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3.3.4. Plant analyses 

Spinach leaf tissue was analyzed for foliar nutrients by a microwave digestion 

method.  Briefly, 20 ml of nitric acid was added to 0.3 g of dried spinach leaf tissue and 

digested, then diluted to 50 ml with distilled water to be run on the ICP-AES.    

3.3.5. Functional diversity of soil microbes  

Ecoplates (Biolog Inc., Hayward, CA, USA) were used to assess the functional 

diversity of the microbial community adapting a method from Garland and Mills (1991).  

Ecoplates are 96 well microplates that contain 31 different sole carbon substrates and a 

water control each replicated 3 times across one plate.  1.0 g of soil (f.w.) was diluted 

1:10 with deionized water and placed on a reciprocal shaker for 1 hour. The sample 

solution was diluted ten-fold and 150 µl of the resulting solution were pipetted into each 

well. The plates were incubated at 22˚C for 72 hours.  Absorbance at 590 nm was 

measured at time 0, 24, 48, and 72 hours with a Model EL 311 Automated Microplate 

Reader (Bio-Tek Instruments Inc., Winooski, VT, USA).   

Biolog data were transformed and analyzed as described by Garland (Garland, 

1997).  The average well color development (AWCD) of each sample was calculated as 

the mean difference of substrate well absorbance and control well absorbance (Garland 

and Mills, 1991). To address differential rates of color development across plates due to 

differences in inoculum density, absorbance values were transformed by subtracting 

control well absorbance from substrate well absorbance and dividing by the AWCD of 

each plate.  Further analysis was performed on sample data when the AWCD fell 

between 0.8 and 1. Carbon substrates were also distinguished into five different guilds: 
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Carbohydrates, Carboxylic/Acetic Acids, Amino Acids, Polymers, and Amines/Amides 

for discussion purposes of the statistical analyses (Table 3.3).   

3.3.6. Economic Analysis 

The variable used in the economic analysis were the costs of the amendments per 

acre, cost of applying each amendment, and the income of the fresh marketable yield per 

acre at the wholesale price for organic spinach. Prices and dry weight were obtained from 

Worm Power for the vermicompost and Vermont Compost for the thermophilic compost.  

The price for bokashi was calculated using the cost of materials and time required to 

produce one pound of amendment.  The revenue from each plot was determined by 

multiplying the metric ton per hectare harvested by the terminal market price.  Gross 

profit was calculated by subtracting total costs (materials and time) from the revenue 

from each plot.  

3.3.7. Statistical analysis 

Soil and plant chemistry, yield, and carbon substrate guild data were analyzed by 

analysis of variance (ANOVA) to detect differences between treatments, and repeated 

measures ANOVA was used to detect differences within treatments over time.  

Comparison of means was performed using Tukey multiple comparison t-test (p<0.05).  

Analyses were performed using JMP 12 (SAS Institute, Gary, IN).   

Absorbance data from Biolog plates was used to perform a principal components 

analysis to identify trends in carbon substrate utilization of samples and a principal 

response curve was constructed to assess treatment effect on variation in carbon substrate 

utilization through time.  The principal component analysis was conducted with XLSTAT 
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(Addinsoft, New York, NY) and the principal response curve was constructed with 

CANOCO software version 5 (Van den Brink and Ter Braak 1999).  

 

3.4.Results 

3.4.1. Soil pH 

 The pH of the three amendments differed with Bokashi having the lowest 

pH of 4.23 compared to the more neutral pH for the thermophilic (pH 7.5) and the 

vermicompost (pH 6.7).  By Day 16 when spinach was transplanted, soil pH in B differed 

less than half a pH unit (6.28) from the control (6.75).  Thereafter, it fluctuated between 

6.19 and 6.83, with a final pH of 6.27.  The pH in V (6.9) and TC (6.78) plots were 

similar to the control on May 16 and remained relatively consistent through the duration 

of the experiment with concluding pH values falling to 6.55 and 6.60, respectively, 

compared to the control (6.63). 

3.4.2. Nitrogen 

Soils with bokashi applications contained different nitrogen speciation than soils 

receiving thermophilic compost, vermicompost, and no fertilitizer applications. Both 

NH4
+ - N and NO3

- -N were affected by treatment and time (Table 3.11) Initially, B 

treatments had the greatest NH4
+ -N concentration (49.93 mg kg-1) of any treatments 

(Figure 3.2). Forty days later NH4
+ -N diminished to 5.53 mg kg-1  in B yet remained 

greater  than the other treatments consistently through time.   

The fate of NO3
- -N was more varied than NH4

+ -N over time (Figure 3.3).  V 

treatments had the greatest initial NO3
- -N concentrations (70.76 mg kg-1) initially, but 
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decreased to 10.20 mg kg-1 by Day 54 of the experiment. Conversely, NO3
- -N 

concentrations in B steadily increased from 5.83 to 34.31 mg kg-1 in four weeks, when it 

was significantly greater than the other treatments at Day 54. NO3
- -N concentrations of 

the other treatments decreased from the initial to the final sampling date with the notable 

exception of the control plots on Day 36 when NO3
- -N concentrations were measured to 

be 50.23 mg kg-1.  Final NO3
- -N concentrations were about 10 mg kg-1 for all treatments 

with no significant differences among them. 

Total combined species of inorganic N also varied by  treatment and time (Table 

3.11).  Total inorganic nitrogen (TIN) concentrations for V and B had the highest mean 

concentrations in the beginning of the experiment at 82.4 and 55.77 mg kg-1, respectively, 

while concentrations in TC and C were 28.1 and 19.3 mg kg-1, respectively (Figure 3.4). 

TIN was similar between treatments on June 5, but greater in B than other treatments on 

June 23 B.   

The application of bokashi had an effect on the concentration of total nitrogen in 

spinach leaf tissue (Table 3.12). Though mean nitrogen concentration in spinach leaf 

tissue did not differ among treatments at the first harvest, at the second harvest there was 

significantly higher nitrogen in spinach leaf tissue from B (44,313 mg kg -1) compared to 

V (31,464 mg kg -1), TC (35,065 mg kg -1), and C (33,351 mg kg -1) (Figure 3.9).  Mean 

N concentration significantly decreased in V treatments from the first to the second 

cuttings, while all others showed no significant differences through time.   
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3.4.3. Phosphorus and Potassium 

Significant treatment and time effects were found on concentrations of plant 

available phosphorus (Table 3.11). Mean plant available phosphorus concentrations were 

greater in B, V, and TC plots than in the control on May 17th (Figure 6a), a trend that 

continued throughout the experiment up to July 31 when there were no more significant 

differences in mean PAP among treatments.  In TC plots, there was a significantly 

smaller mean PAP on July 31 of 60.17 mg kg-1compared to concentrations observed 

during the 1st, 2nd and 3rd sampling points of 72.67, 74.33, and 79.67 mg kg-1.  Despite 

the differences in soil P concentrations, there were no significant effects of treatment or 

time on mean phosphorus levels in spinach leaf tissue (Table 3.12, Figure 3.10a). 

Like for other nutrients, treatment and time significantly influenced mean soil 

potassium (K) levels. On May 17 B, V, and TC had greater mean soil potassium 

concentrations of 474.7, 490.3 and 389.0 mg kg-1 than the control at 144.7 mg kg-1. The 

optimum range of K concentration in soils as defined by the University of Vermont 

Agriculture and Environmental Testing Laboratory is 100-160 mg kg-1.  By the end of the 

experiment, each treatment had significantly smaller K concentrations than observed on 

the first sample date and only V and TC had mean K levels within the optimum range for 

spinach growth (Figure 3.6b).  Mean foliar potassium concentrations were affected by 

treatment and time too (Table 3.12). There were no significant differences in leaf tissue K 

concentrations between treatments at the first harvest, however at the second harvest 

spinach from B had a significantly higher mean K concentration than TC and C (Figure 

3.10b).  TC spinach had a significantly lower mean K concentration at the second cutting 
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than the first, while B treatments showed a significant increase from the first to second 

cutting.   

3.4.4. Redox-active elements 

The concentration of plant available redox active elements iron (Fe) and 

manganese (Mn) soil was affected by amendment applications, particularly the bokashi.  

There were significant effects of treatment and time on mean soil available Fe 

concentrations. Mean soil Fe concentrations were significantly higher in B than all other 

treatments on May 17 (Figure 3.7a).  There were no differences between treatments on 

June 5, and on June 23 there were no differences between B, V, and TC treatments, 

however B was significantly higher than the control. 

Similar effects were observed on available Mn concentrations in soil, i.e., affected 

both by treatment and time. B contained greater mean Mn concentrations (29.65 mg kg-1) 

than other treatments at the beginning of the experiment, but decreased to 8.58 mg kg-1 by 

the end of the experiment (Figure 3.7b).  Concluding Mn concentrations in B were 

similar to TC, but significantly higher than V and C.  B was the only treatment that had 

mean Mn concentrations above the average concentration of 8 mg kg-1 observed in VT 

soils at all sample times throughout the experiment.   

Mean levels of foliar micronutrients were similar across treatment and time for Fe 

levels, but varied by treatment and time for both Mn and Zn. Mean manganese 

concentrations in spinach leaf tissue were greater in B plots than C, V, and TC for both 

the first and second harvest (Figure 3.10b).  Mean Zn concentrations were greater in 

spinach leaf tissue from B- and TC- treated plots than control plots in the June 5 cutting, 
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while in the June 23 cutting, B spinach had higher Zn concentration than all other 

treatments (Figure 3.10c) 

3.4.5. Marketable Yield 

Both treatment and time affected spinach yields on the first and second harvest 

dates (F=5.04, df=23, p=0.0036).  There were no differences among treatments and 

control plot at the June 5 harvest (Figure 3.11).  However on the June 23 harvest, 

Bokashi-treated plots yielded significantly greater than all other plots at 1.42 t ac-1, 

compared to 0.47, 0.23, and 0.20 t ac-1  for V, TC and C plots.   

3.4.6. Community level physiological profile 

May 17 soil samples from B treatments had a sole-carbon-source utilization 

distinct from TC, V, and C treatments based on the principal components analysis (PCA) 

of transformed optical density data (Figure 3.12). PC1 and PC2 explained 57.05% of the 

variation in the data, with PC1 explaining 40.33% and PC2 16.72%, respectively.  B has 

its own cluster  on the upper area of the score plot, illustrated by its relatively higher PC2 

scores and PC1 scores falling between -0.09 and 0.85, contrasting with TC, V and C, 

which have much wider ranges in PC1 scores and all PC2 scores being less than 1.   

Sample separation on the score plot may be attributed to differences in carbon 

source utilization, which can be further examined by looking at the correlation of the 

original variables to the PCs.  Following Garland and Mills (1991) the carbon sources 

most influential in discerning the community in one sample from another were defined as 

those having at least half of their variance explained by PC 1 or PC 2 (Table 3).  A 

positive correlation between carbon substrate and a PC is related to a higher coordinate 
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value of that PC, meaning for example, that substrates with positive correlations to PC1 

are related to samples with higher PC1 values. However poor correlation of a PC to a 

carbon source does not signify that substrate was not utilized, rather it means that the 

variation of its utilization is not useful in differentiating samples.   

PC 1 was correlated positively with four carbohydrates (i-erythritol, D-mannitol, 

glucose-1-phosphate, and α-D-Lactose), three carboxylic/acetic acids (D-glucosaminic 

acid, itaconic acid, and α-ketobutyric acid), the amino acids L-threonine and glycyl-L-

glutamic acid, and the polymers α- cyclodextrin and glycogen, and negatively correlated 

with : two carbohydrates  β-methyl-D-glucoside and N-acetyl-D-glucosamine, three 

carboxylic acids D-galactonic acid γ-lactone and D- galacturonic acid, and D-malic acid, 

amino acids L-asparagine and L-serine and putrescine. The first PC did not separate 

samples by treatment, as 2 TC samples, 2 C samples, and 1 V sample have relatively 

higher PCs, and 1 TC sample, 1 C sample and 2 V samples have lower PC 1 values, with 

B samples having PC 1 values near the middle.  However, samples were separated by 

treatment on the basis of PC 2. Analysis of PC 2 indicates that the microbial community 

in soils receiving bokashi utilized several carbohydrates (pyruvic acid methyl ester, α-D-

lactose, and glycerol phosphate), two carboxylic/acetic acids (2-hydroxy benzoic acid, γ- 

hydroxybutyric acid), and L-threonine to a relatively greater degree than microbial 

communities in TC, V and C soils.  Tween 40, a polymer was used to a relatively lesser 

degree by B soil communities than TC, V, and C soil communities.   

Soil samples from June 5 (harvest 1) show a similar trend in the microbial 

functional community as on May 17, as B samples appear to be distinctly separated from 
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V, TC and C samples based on the PCA (Figure 3.13 ).  PC 1 and PC 2 account for 

51.21% of the variation in the data.  Again, samples were not separated by treatment 

along PC 1, however along PC 2 B samples had lower coordinate values relative to V, 

TC, and C samples. PC 2 was strongly negatively correlated to several carboxylic and 

acetic acids (D-Galactonic Acid γ-Lactone, 2-Hydroxy Benzoic Acid), and two polymers 

(Glycogen and α- Cyclodextrin), suggesting that the microbial community in B samples 

utilized these substrates to a relatively greater degree than communities in V, C, and TC 

samples (Table 4).  PC 2 was positively correlated with two carbohydrates (D-mannitol 

and N-acetyl-D-glucosamine), Itaconic acid, L-serine, and Tween 40, indicating that 

communities in V, TC, and C samples were utilizing these substrates to a relatively 

greater degree than the community in B samples.   

The microbial functional diversity in B soil samples were again separated from 

TC, V, and C samples on the basis of PCA in June  23 samples (Figure 3.14).  This 

separation occurred on PC 1 axis which accounted for 36.63% of the variation, as B had 

relatively lower PC 1 values than TC, V, and C.  Analysis of PC1 indicates that TC,V, 

and C soil communities utilized the following substrates to a greater degree than B 

samples: two carbohydrates (pyruvic acid methyl ester and N-acetyl-D-glucosamine), 

several carboxylic and acetic acids (D-galacturonic acid, 4-hydroxy benzoic acid, itaconic 

acid, and D-malic acid), two amino acids (L-asparagine and L-serine), phenylethylamine 

and putrescine. The soil community in B samples utilized the following substrates to a 

relatively greater degree than TC, V, and C samples: several carbohydrates (i-Erythritol, 

α-D-Lactose, D,L-α- Glycerol Phosphate), 2-hydroxy benzoic acid, D-glucosaminic acid, 
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several amino acids (L-threonine, glycl-L-glutamic acid, L-phenylalanine), and polymers 

(α- Cyclodextrin, glycogen). Samples were not distinctly separated along PC 2 by 

treatment.  

PCA of samples revealed separation of soil samples based on treatment on July 31 

(Figure 3.15).  PC 1 accounted for 30.27% of the variation of the data and separated B 

and TC from C and V samples.  B and TC samples had a greater response for wells 

containing N-Acetyl-Dglucosamine, D,L-α- Glycerol Phosphate, γ- Hydroxybutyric 

Acid, D-Malic Acid, Phenylethylamine, and Putrescine, while V and C samples had a 

greater response for wells containing two carbohydrates (i-Erythritol, α-D-Lactose), 

several carboxylic and acetic acids (2-Hydroxy Benzoic Acid, D- Glucosaminic Acid, α-

Ketobutyric Acid), two amino acids (L- Phenylalanine, L-Threonine), and several 

polymers (Tween 40, Tween 80, α- Cyclodextrin) (Table 7).  PC 2 accounted for 19.24% 

of the variation, however samples were not clearly distinguished by treatment along this 

axis.   

3.4.7. Principal response curve 

Principal response curve analysis of carbon substrate utilization through time 

showed significant treatment effects (p=0.002). The PRC of bokashi-treated plots had 

positive canonical coefficients at time point 1, 2 and 3, and then a negative canonical 

coefficient at time point 4.   Vermicompost and thermophilic compost-treated plots had 

positive canonical coefficients at the first time point, and then negative canonical 

coefficients at time points 2, 3, and 4 (Figure 3.16).   Compared to compost and 
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vermicompost plots, bokashi plots showed the greatest deviation from control plots at the 

first sample date.  Over time carbon utilization patterns in bokashi plots became more 

dissimilar from the control, peaking on the positive axis on the third sample date, and 

then dipping well below the baseline, becoming more similar to compost-treated plots.  

The deviation of vermicompost-treated plots from the control remained relatively 

consistent, remaining the most similar to the control throughout time.  The substrates that 

most closely fit to the principal response curves had scores between 3 and -3.   Four 

substrates, D- Lactose, D, Glucosaminic Acid, L-Phenylalanine, and L-Threonine had 

scores between 1 and 3, falling within the range of the bokashi PRC during the first three 

sampling dates.  The most negative PRC score fell within the compost and bokashi 

curves on the 4th sample date and corresponded to D-Malic acid.  

3.4.8. Economic Analysis 

Results from the economic analysis indicate that it was not economically 

profitable to apply any of the amendments.  The price per one kilogram (kg)  of 

thermophilic compost and vermicompost was calculated from the bulk prices of each 

amendment which was $80 per cubic yard for compost and $550 per cubic yard for 

vermicompost, equating to $0.15 per kg and $1.35 per kg respectively.   

To calculate the cost of bokashi, the cost of materials and the time it took to 

assemble the bran and bokashi buckets was calculated.  For calculating the cost for time, 

we assumed a rate of paying an employee $10 per hour.  The cost for materials to 

produce 11.3 kg of bokashi bran was $7.63, equating to $0.67 kg-1  (Table 3.8).  The cost 

to produce 91 kg of bokashi used in the field trial was $32.82, which was calculated by 
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adding the cost of producing 11.3 kg of bokashi bran ($7.63) and the amount of time it 

took to make the bran and assemble the buckets (2 hours), equating to a cost of $0.30 per 

kg of bokashi (Table 3.9).   

The time it took to apply each amendment was measured.  It required 20 minutes 

to apply the appropriate weight of bokashi (4.5 kg) to each plot (2.97 x 10-4 ha). This 

included digging the trenches, applying the amendment into the trenches, and covering 

them back up with soil.  Vermicompost and thermophilic compost was applied using a 

broadfork, and took 5 minutes to apply the appropriate amount to each plot.  Table 3.9 

shows the combined cost of the amendment weight and application time for each 

amendment on a per plot basis, as well as a per acre basis.  The total cost to apply 

bokashi (112 kg ha-1) on a per hectacre basis was $24,925.19 , compared to $20,501.89 

for vermicompost and $17,323.18 for thermophilic compost.   

Average total marketable yield from the first and second cuttings for each 

treatment was converted to tons per hectacre.  Revenue per hectacre was calculated by 

multiplying the terminal market price for organic spinach  ($550 per ton) by the 

marketable yield (USDA Agricultural Marketing Service). Bokashi had the greatest 

revenue of $25,006.52 ha-1, followed by vermicompost ($16,580.41 ha-1), and 

thermophilic compost ($10,600.59 ha-1), while the control plot had the lowest ($8,833.83 

ha-1).   

Total cost was subtracted from treatment to calculate gross profit.  V and TC had 

negative gross profits of -$6,722.59 ha-1 and -$3,921.48 ha-1, respectively.  B followed 

with $81.33 ha-1 and C had the greatest revenue at $8,833.83 ha-1.   
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3.5. Discussion 

3.5.1. Nitrogen 

There is little literature data on bokashi to compare our results to; however, it is 

known that EM bokashi is characterized by high NH4
+-N and low NO3

- -N which is 

attributed to the suppression of aerobic nitrification in the presence of anaerobic 

conditions (Yamada and Xu 2001). Our results align with this finding, as the bokashi 

produced for the present study had markedly more Ammonium-N (1055 mg kg-1) than 

nitrate-N (40.2 mg kg-1).  These values compare with the EM bokashi product made from 

food waste and wheat bran that was used in the greenhouse study where the NH4
+-N 

concentration was 1410 mg kg-1and the NO3
- -N concentration was 85 mg kg-1 (Table 

2.3). 

Even fewer studies have been completed on the effects of bokashi additions to 

soils over time.  Boechat et al. (2013) found in a lab study that net N mineralization 

varied considerably over a 91-day period in an Oxisol amended with organic waste 

materials blended with bokashi. Total inorganic N content variations over time we 

observed in this study may be a reflection of net N mineralization but our study was 

conducted in the field where temperature and moisture variations, and crop uptake would 

have had confounding effects on the temporal pattern. But, even within the speciation of 

inorganic N there was variation in time. It is not surprising that B treated plots had the 

highest concentration of NH4
+-N at each sample date. NH4

+-N concentrations decreased 

in B plots overtime, so a proportion of it might have been lost at ammonia gas in the 

atmosphere.  Other losses might include N2O production during nitrification and plant 
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uptake.  Synonymous to bokashi, anaerobic digestate is characterized by a high 

proportion of NH4
+ -N is quickly nitrified and supplied to the crop (Montemurro et al. 

2015).  Nitrification was observed in B plots as an increase in NO3
--N concentrations on 

the third sample date, when B plots had significantly greater NO3
--N concentrations than 

any other treatment plots (Figure 3.3).  

In contrast to bokashi, the dominant form of inorganic nitrogen in vermicompost 

is NO3
--N , so it is unsurprising that V-treated plots had the highest NO3-N 

concentrations on the first sample date. Earthworms generally promote nitrification 

(Parkin and Berry 1999) which is expressed as greater NO3
--N - concentrations. It is 

unclear whether this is due to their gut flora as the microbiome of the earthworm gut is 

anaerobic (Drake and Horn, 2007). NO3
--N concentrations in V plots decreased 

significantly from the first to the third sample date.  It is likely that considerable amounts 

of NO3
--N were lost to leaching, though plant uptake occurred as well.  When combining 

nitrogen species, B plots had the highest total inorganic nitrogen left in soils at the end of 

the experiment, suggesting that bokashi may provide a supply of plant available nitrogen 

for a more prolonged period of time than vermicompost, and an earlier supply than 

thermophilic compost.  A similar pattern was observed in the greenhouse study, whereby 

the greatest initial concentration of NH4
+-N was observed in bokashi treatments and the 

highest initial concentration of NO3
--N in vermicompost treatments; however, concluding 

concentrations of soil NO3
--N was greatest in bokashi treatments (Section 2.4.1).  

Though our methods focused on the measurement of inorganic forms of N, it is 

relevant to consider the organic forms of N that plants can use and relate that to bokashi. 
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Plants utilize amino acids, amides, and proteins as N soures for plant growth (Paungfoo-

Lonhienne et al. 2008, Näsholm et al. 2009). Amino acids dominate organic N research 

despite accounting for a small amount of the organic N pool, while polymeric N forms 

like peptides and proteins make up a greater fraction of this pool and are important 

sources of free amino acids (Näsholm et al. 2009).We suspect N mineralization rates may 

be similarly high in bokashi as in anaerobic digestate (Alburquerque et al. 2012).  If this 

is true, bokashi would serve as an important source of intermediate bioavailable organic 

N species like peptides and proteins, which are important sources for plant available 

amino acids.    

The concentrations of N in spinach leaf tissue aligns with soil inorganic nitrogen 

results.  There was no difference in foliar N concentrations at the first harvest, however at 

the second harvest, spinach from B-treated plots had a higher N concentration, coinciding 

with the significantly greater nitrate and total inorganic nitrogen observed in the soil of B 

treatments on that same day.  

3.5.2. Phosphorus and Potassium 

Compost application, especially of manure-based composts, have been shown to 

increase soil P levels in soil (Wong et. al., 1997). Application of amendments increased 

plant available phosphorus concentrations in soil compared to the control plot, however 

further differences were not observed between B, V, and TC at any of the sample points. 

Notably, all plots tested well into the excessive range of soil P levels.  Excess P 

fertilization causes severe water quality problems in surface waters of Vermont (Ishee et. 

al., 2015). Compost application both increases P availability in the soil, as well as 
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residual P that may serve as a plant source for P in the long term (Verma et. al., 2016).  

However, over application of P from composts is common when farmers attempt to meet 

crop N needs with composts, resulting in excessive soil P values, as was the case in this 

study.  Historically, the field where the study took place has received annual application 

of manure based compost, offering a viable explanation why control plots tested 4-6 

times that of the optimum range of 7-10 ppm, while plots with amendment applications 

increased levels 8-11 times of the optimum level.  N-P-K ratios of composts and other 

organic amendments is an increasingly important topic in sustainable agriculture research 

(Sadeghpour et. al. 2016).   

B, V and TC amendments increased soil K levels well beyond the optimum range 

of 100-160 ppm.  Plants take up potassium to maintain osmotic potential within their 

cells in the event of drought stress (Wang et. al., 2013). Figure 14 shows the daily 

precipitation received through the duration of the experiment.  There was a total of 0.87 

inches from May 17 (transplant date) to June 2, received on three separate dates 

throughout that time period.  Though one inch of water per week was supplied to plants 

per week through drip irrigation, it is still possible that plants were experiencing drought 

stress at the time of sampling on June 2 since the soil in the study plots is very sandy and 

does not retain moisture well, which may explain the drastic decreases in soil K levels 

from the first to second sample date.   

Differences were not observed in mean P concentrations in spinach leaf tissue 

across treatments or time.  However, at the second harvest spinach from Bokashi-treated 

plots had higher mean foliar potassium levels than compost-treated and control plots.  We 
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reason the higher nutrient levels in B-treated plots are due to the greater concentration of 

inorganic nitrogen available to plants.  Nitrogen and phosphorus are often the limiting 

nutrients to plants in agricultural settings (Koerselman & Meuleman,1997).  We conclude 

that since soil P levels were well above the optimum range, and due to the sandy nature 

of these soils, the soil in study plots were likely N-limited.  A study by Neugschwandtner 

and Kaul (2016) showed that N fertilization increased uptake of calcium, potassium, and 

magnesium in oats residue and grain.  So, plants in B plots were able to take up more 

nutrients like potassium because there was more inorganic N available to them.   

3.5.3. Redox-active elements 

 The anaerobic and acidic nature of the bokashi improved the availability of redox-

active elements Fe and Mn in B- treated plots.  Of the few studies completed on bokashi, 

very few of them report micronutrient content of the amendment.  Boechat et. al. (2013) 

report concentrations of Fe and Mn of bokashi consisting of fermented fruit pulp waste to 

be 701.08 mg kg-1 and 68.43 mg kg-1, respectively.  The.concentration of Fe and Mn in 

the bokasi amendment used in the present study was 14.4 mg kg-1, which is more 

comparable to the bokashi product used in the greenhouse study (28.5 and 25.5 mg kg-1) 

than to the values reported by Boechat et. al. (2013).  Similar trends in Fe were observed 

in the greenhouse study as the present field study.  Initially B plots had a significantly 

higher concentration of extractable Fe in soils than all other plots.  By the second sample 

date Fe levels in B-treated plots had dropped, which may be attributed to a combination 

of the occurrence of oxidation as aerobic conditions replaced by anaerobic conditions, as 

well as plant uptake.  This is somewhat explained by results of foliar Fe concentrations. 



92 

 

Though there were no significant differences across treatments of plant tissue Fe 

concentrations, B appeared to have higher values in the first harvest, whereas the second 

harvest concentrations appeared relatively more similar across all treatments.   

A similar story holds true for Mn, whereby B plots were significantly higher than 

all other plots, at 29.65 mg kg-1compared to 7.87, 12.81, and 7.6 mg kg-1 for V, TC and C 

plots. Interesting, the initial concentration of Mn in the compost was measured as much 

higher (65 mg kg-1) than in bokashi (42.45 mg kg-1), and almost twice the weight of TC 

(63.75 pounds) was applied as B (30.04 pounds) on a per plot basis, however this was not 

reflected in soil concentrations measured throughout the duration of the experiment.  This 

fact may help prove our reasoning that anaerobic conditions remained for a period of time 

after application due to the moisture microsite effect of the bokashi trenches, leading ot 

improved availability of Mn.  Results from foliar nutrient analysis supports the soil data, 

as Mn concentrations were markedly higher in spinach leaf tissue from B plots than all 

other treatments for both cuttings. 

3.5.4. Marketable yield 

 Along with increased foliar nutrient content, B also showed to provide a slight 

improvement of spinach yields over more commonly utilized amendments vermicompost 

and thermophilic compost.  Though no differences were observed between treatments at 

the first cutting, at the second cutting, bokashi plots had a greater yield than all other 

treatments.  We suspect that this is linked to the prolonged supply of plant available 

nitrogen in bokashi plots, as nitrogen was the most limiting nutrient in this soil.  There 

may also be some other mechanisms occurring related to the application of bokashi that 
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were not explored in this study.  Kitpreechavanich et. al. (2016) conducted a study with 

fermentation of food waste with lactic acid producing bacteria Bacillus subtilis, and 

found that the amendment improved growth parameters of cabbage.  They concluded 

these improvements were due to nitrogen mineralization and p-solubilization of B. 

subtilis, but also to its ability to produce indole acetic acid, a plant growth promoting 

hormone (Kitpreechavanich et. al. 2016).  Many of the species present in the EM 

inoculant are capable of producing plant growth promoting hormones, as well as 

precursors to these hormones, so it is possible that there is a connection between 

increased biomass of spinach from B plots and the production of certain plant growth 

promoting substances by EM-1 species.   

3.5.5. Economic Analysis 

According to the results from the economic analysis, applying vermicompost or 

thermophilic compost was not economically viable.  Applying bokashi provided small 

profit relative to applying no amendment, which proved the most economically viable.  

This may be due to yields that were markedly lower than average spinach yields observed 

throughout the United States.  Yield expectations for spinach in a small scale, mixed 

agricultural system are 16 t ha-1 (Rabin et. al. 2012).  The Agricultural Marketing 

Resource Center reports mean conventional spinach yields to be 19.8 t ha-1, while another 

source reports mean spinach yields on California farms to be 20.6 t ha-1 (AMRC 2015, 

Koike et. al. 2011).  Mean yields in the present study ranged from 1.6 t ha-1  in control 

plots to 4.5 t ha-1 in bokashi treatments, which is still 4.5 times lower than the average 

yields for a mixed small scale farming system.  Nonetheless, we hypothesized that 
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bokashi may not be an economically feasible approach to soil fertility management due to 

manual labor inputs.  Though bokashi required 4 times the amount of labor to apply (20 

minutes per plot), it had a positive gross profit ($81) whereas vermicompost and 

thermophilic compost both had negative gross profits. This is due to the fact that bokashi 

treatments had the greatest yields of all the treatments, a relatively lower amount of it had 

to be applied (half the weight of thermophilic compost), and it costed significantly less on 

a per pound basis ($0.30 per kg) compared to vermicompost ($1.35  per kg), suggesting 

that had we not experienced yield reductions from the spinach leafminer damage, the use 

of bokashi may have provided even greater profits.  We calculated profits for each 

treatment using the same calculated costs and an average spinach yield of 18.1 t ha-1, 

which was calculated using reported values from literature sources (Rabin et al., 

Montemurro et al. 2015).  Holding yields constant across treatments, bokashi 

amendments in this study would provide a profit of $74,625, which is competitive to  

profits achieved with vermicompost ( $79,048) and thermophilic compost ($82,227) 

(Table 3.10). The gap in profits in this set of calculations again reflects the increased 

hand labor costs associated with bokashi application.   

A shortcoming in both of these analyses is that they are both based on one year, 

and many farmers may not apply the same amount of compost year after year, as it is 

expected to provide slower and longer term supply of nutrients, therefore the amendment 

cost could likely be distributed across more than one year.  The opposite is true for the 

vermicompost, in that more of nitrogen is already in a plant available form, so rather than 

applying the total amount required by the crop all at once, a farmer may split the required 
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quantity of vermicompost into two applications, which would reduce the potential of 

leaching.  Regarding application and timing, it seems bokashi may be regarded in similar 

ways as both the thermophilic and vermicompost, in that it has a relatively high available 

nitrogen content from the start, however once it is introduced into the soil the materials 

still require further decomposition, so it is possible it would offer sufficient or near 

sufficient fertility value to crops for the following year.  It would be important to conduct 

the study over multiple years to find out.   

3.5.6. Carbon-source Utilization Patterns 

Similar to the lab experiment (this thesis), bokashi plots appeared to have a 

carbon-utilization pattern distinct from vermicompost, compost and control plots at all 

time points but the last sample date, where bokashi and compost were grouped distinctly 

from vermicompost and control plots on the basis of PCA. The differences in microbial 

functional diversity may be attributed to a combination of the differences in feedstock 

and process used in the production of each compost. The fermentation process used to 

produce bokashi likely selected for a microbial community unique from vermicompost 

and thermophilic compost, both produced aerobically.  The bokashi was introduced into 

an aerobic environment (the soil), and left for two weeks before sampling took place, 

however it is possible that the community related to the anaerobic processes remained 

due to the feedstock of the bokashi, as well as the physical nature of the bokashi.  The 

bokashi was made up of food waste, which has been shown in past studies to have a high 

fat content, creating a fat layer around materials which can inhibit aerobic respiration 

(Wang et. al., 2015, Chang and Hsu, 2008).  Therefore, the fat content inherent of food 
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waste may have inhibited the microbial community of the native soil , favoring those 

associated with the bokashi amendment, resulting in the distinct utilization pattern in the 

beginning of the experiment. Bokashi also had a physical nature unlike the other 

amendments, as the pieces of food waste were much larger and variable in size and 

composition than the thermophilic compost, which is a mix of small granular pieces with 

larger pieces of hardwood bark, and vermicompost which is consistently fine and 

granular.  Because of the chunkier nature of the bokashi, it seemed to absorb more water 

than the vermicompost and thermophilic compost, potentially creating anaerobic 

microsites at the depth it was buried, which causing differences in microbial community 

function.   

The differences in carbon substrate utilization patterns may also be discussed 

from the viewpoint of successional stages of decomposition. Vermicompost had a lower 

C: N ratio (11:1) and the highest nitrate content than the other amendments.  These 

characteristics afford for an easily degradable material when introduced to the soil 

environment, meaning the microbial community, fueled by high inorganic nitrogen 

content, exhausted the easily decomposable organic matter at an early stage.  Significant 

leaching of nitrate was also likely in vermicompost treated plots, slowing further 

decomposition of organic matter.  These two factors combined may explain why 

vermicompost-treated samples did not deviate as much relative to the other amendments 

from the control in the PCAs or the PRC. 

Thermophilic compost did not separate itself from the control on the basis of PCA 

until the fourth sample date, where it was also grouped with bokashi plots.  This trend 
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may also be seen from the PRC, where TC curve begins to deviate more from the 

baseline (control plots) on the third date, but then even more on the fourth date, where the 

TC curve meets with the B curve.  Nutrient release, especially N from the organic form, 

from compost is a delayed process, and C: N ratio of composts influences decomposition 

rates (Hartz et. al., 2000).  In a study of decomposition and nutrient release of compost 

Abdou et. al. (2015) found that 31, 74, and 97% of nutrients N, P, and K were released 

from compost after 63 days, and in another year 58, 60 and 99 % of N, P, and K were 

obtained at 84 days.  Delayed nutrient release and decomposition rates are often why 

farmers are encouraged to plan ahead if fertilizing with compost, calculating both nutrient 

supply that is immediate and longer-term.  The compost used in this experiment was 

made up of hardwood bark, among various animal manures and some food waste.  TC 

had a higher C:N (18:1) and likely more lignin and cellulose content due to the hardwood 

bark, contributing to slower to degradation upon introduction to the soil. By the fourth 

sample date, 10 weeks after the application of compost, decomposition processes may 

have accelerated, causing the microbial community to utilize carbon substrates in a 

similar pattern to bokashi.  As stated previously, we suspect that the bokashi patterns 

were likely different due to anaerobic microsite effects as well as inhibition of 

decomposition by high fat content in the food waste.  However, over time the fat layer 

degraded, and decomposition may have accelerated, with degradation of the easily 

degradable proteins and lipids occurring first, followed by lignin and cellulose. The 

bokashi contained a considerable amount of fruit peels and corn cobs, both high in 

compounds that degrade less easily, so this similarity with the hardwood chips in the 
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compost may contribute to their similar patterns of carbon substrate utilization patterns at 

the end of the study.  Bokashi may act as a fertility amendment that provides nutrients 

early in the season, similar to vermicompost, but also has a component that is slower 

release, similar to thermophilic compost. Its functionality may thus combine positive 

characteristics of vermicopmost and thermophilic compost.  

 

3.6.Conclusion 

3.6.1. Conclusions 

EM Bokashi applications significantly improved soil fertility characteristics of a 

loamy sand soil and increased spinach yields during a 10-week field study in the 

Northeastern U.S.  Based on the results from the present study, the following conclusions 

can be drawn for the use of EM Bokashi made from food waste as a soil fertility 

amendment: (1) bokashi provided a more prolonged supply of inorganic nitrogen to 

plants than vermicompost, and a more readily supply of inorganic nitrogen than 

thermophilic compost, (2) bokashi application increased the nutritional quality of spinach 

by increasing concentrations of potassium, iron, manganese and zinc in spinach leaf 

tissue, (3) marketable yield was slightly greater in bokashi treatments compared to 

regularly used compost and vermicompost, (4) the high available nitrogen content of 

bokashi and the positive effects its application had on spinach yield made it competitive 

economically with vermicompost and thermophilic compost despite additional hand labor 

required in its application,  (5) the microbial community in bokashi treatments had a 

carbon-substrate utilization pattern distinct of all other treatments for most of the 
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experiment which we attribute to a combination of feedstock, anaerobic process, and 

delayed decomposition processes.  Finally, we conclude that EM bokashi made from food 

waste may be a suitable supplement or alternative to compost and vermicompost in soil 

fertility management in organic vegetable production systems, though it is likely better 

suited to small-scale operations, home gardens, and farming in hoop houses.    

3.6.2. Contributions 

This research addressed several research gaps in EM bokashi research.  This study 

was one of few studies that used other organic amendments as comparison treatments.  

Moreover, this is one of even fewer studies completed on the EM bokashi produced from 

food waste.  Results of the present study affirmed that EM bokashi is characterized by 

high ammonium and low nitrate content and that its application to soil can improve plant 

growth and yield.  Our results contributed to the growing body of small studies that have 

published findings on major and minor soil nutrient characteristics of bokashi and the 

soils it is applied to.  Little work has been done to differentiate the microbial community 

in soils amended with EM bokashi compared to other organic inputs, despite the various 

claims made about the application of EM in agricultural systems. However, the present 

study showed that bokashi treatment samples exhibited carbon substrate utilization 

patterns distinct from all other treatments, mainly in the utilization of carbohydrates.  The 

nature of our study differed from many other bokashi studies, as we monitored change in 

fertility characteristics over the course of four sampling dates, compared to the ‘before 

and after’ studies that dominate the literature. Lastly, this is the only study to date that has 

attempted to compare the economic feasibility of using bokashi against compost and 
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vermicompost, which are both more commonly used by farmers in the United States than 

bokashi.   

3.6.3. Future work 

The present study may be improved or expanded upon in different ways.  Most 

importantly, a study of fertility characteristics and soil quality over multiple years would 

be of value to more completely assess the impact of bokashi.  Also, it would be helpful to 

conduct the study using a vegetable crop requiring a longer growing season, and by 

starting the vegetable from seed rather than transplants, since spinach has a relatively 

short growing season and we conducted the experiment using transplants.  Along with 

these considerations of experimental design, it seems one of the remaining largest gaps in 

EM bokashi research is the potential mechanisms and synergies occurring between 

microbes in the EM inoculant and plant roots.  As stated previously, this is one of very 

few studies conducted on the use of EM bokashi made from food waste, so future studies 

that are conducted using a more standardized composition of food waste would create a 

more easily repeatable study.  Lastly, bokashi research would benefit from a more 

detailed economic comparison of using bokashi and other organic fertility amendments in 

organic vegetable cultivation. This may help with determing the optimal scale of 

vegetable production with bokashi. 
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Table 3.1. Weights of amendment applied per plot based on calculated available nitrogen 

using percent total nitrogen and availability coefficients based on C:N ratios. 

 %N %C C:N 

Availability 

Coefficient 

Amount applied (lb) 

per plot (32 ft2) 

B 2.45 45.22 18.49 0.1 30.04 (20 ton/acre) 

V 3.41 38.05 11.15 0.25 8.61 (5.5 ton/acre) 

TC 1.16 20.38 17.62 0.1 63.57 (43 ton/acre) 
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Table 3.3. Carbon substrates in Biolog assays separated into five guilds. 
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Table 3.4. Correlations of carbon source variables to principal components 1 and 2 for 

analysis of soils from B, V, TC and C treatments from May 17th sampling.  Carbon 

sources included in table are those with r≥ |0.5|. 
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Table 3.5. Correlations of carbon source variables to principal components 1 and 2 for 

analysis of soils from B, V, TC and C treatments from June 2nd sampling.  Carbon 

sources included in table are those with r≥ |0.5|. 
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Table 3.6. Correlations of carbon source variables to principal components 1 and 2 for 

analysis of soils from B, V, TC and C treatments from June 23rd sampling.  Carbon 

sources included in table are those with r≥ |0.5|.
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Table 3.7. Correlations of carbon source variables to principal components 1 and 2 for 

analysis of soils from B, V, TC and C treatments from July 31st, 2016 sampling.  Carbon 

sources included in table are those with r≥ |0.5|. 
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Table 3.8. Materials cost to make 12 pounds of bokashi bran.  

Material Cost Cost/Unit Units needed Cost/Material 

Bran $10/25 lb bag $0.71/lb 12 $8.52 

EM-1 $22.99/ 32 oz 

bottle 

$0.40/oz 3 $1.20 

Molasses $7.00/32 oz 

bottle 

$0.20/oz 3 $0.60 
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Table 3.11. ANOVA table for a model considering time and treatment effects on soil 

nutrients. 

 

 

  

F df p

NH4
+ 

-N 38.63 47 <0.0001

NO3
- 
-N 8.99 47 <0.0001

TIN 10.64 47 <0.0001

P 8.2 47 <0.0001

K 7.73 47 <0.0001

Mn 24.13 47 <0.0001

Fe 16.16 47 <0.0001
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Table 3.12.  ANOVA table for a model considering time and treatment effects on foliar 

nutrients.  

 

  

F df p

N 4.46 23 0.0063

P 1.45 23 0.254

K 3.62 23 0.016

Mn 13.32 23 <0.0001

Fe 1.13 23 0.4

Zn 8.95 23 0.00002
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Figure 3.1. Soil pH across treatment days post amendment application.  B=bokashi, 

V=vermicompost, TC= thermophilic compost, C= control 
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Figure 3.2. Comparison of mean soil ammonium concentrations in treatments days post 

amendment application.Different lowercase letters indicate significant differences 

between treatments within that sample time.  Different capital letters indicate significant 

differences across sampling times for a given treatment (p<0.05) B= Bokashi, V= 

Vermicompost, TC= Thermophilic Compost and C= Control.   
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Figure 3.3. Comparison of mean soil nitrate concentrations in treatments days post 

amendment application.  Different lowercase letters indicate significant differences 

between treatments within that sample time.  Different capital letters indicate significant 

differences across sampling times for a given treatment (p<0.05) B= Bokashi, V= 

Vermicompost, TC= Thermophilic Compost and C= Control.   
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Figure 3.4. Comparison of mean total inorganic nitrogen concentrations in treatments 

days post amendment application.  Dotted red lines indicate the range of N requirement 

for spinach in a sandy soil.  Different lowercase letters indicate significant differences 

between treatments within that sample time.  Different capital letters indicate significant 

differences across sampling times for a given treatment (p<0.05) B= Bokashi, V= 

Vermicompost, TC= Thermophilic Compost and C= Control.   
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Figure 3.5. Comparison of mean total nitrogen concentrations in treatments across days 

post amendment application.  Different lowercase letters indicate significant differences 

between treatments within that sample time.  Different capital letters indicate significant 

differences across sampling times for a given treatment (p<0.05) B= Bokashi, V= 

Vermicompost, TC= Thermophilic Compost and C= Control.   
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Figure 3.6. Comparison of mean concentrations of Modified Morgans extractable 

macronutrients a) phosphorus and b) potassium across treatments and days post 

amendment application.  Note different scales on y-axes in figures.  Dotted red lines 

signify the optimum range of that soil nutrient as determined by the Vermont Agricultural 

and Environmental Testing Laboratory.  Different lowercase letters indicate significant 

differences between treatments within that sample time.  Different capital letters indicate 

significant differences across sampling times for a given treatment (p<0.05) B= Bokashi, 

V= Vermicompost, TC= Thermophilic Compost and C= Control.    
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Figure 3.7. Comparison of mean concentrations of Modified Morgans extractable soil 

micronutrients a) aluminum, and b) iron, across treatments and time.  Note different 

scales on y-axes in figures.  Dotted blue lines indicate the average level of that nutrient 

found in Vermont state soils.  Different lowercase letters indicate significant differences 

between treatments within that sample time.  Different capital letters indicate significant 

differences across sampling times for a given treatment (p<0.05) B= Bokashi, V= 

Vermicompost, TC= Thermophilic Compost and C= Control.  
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Figure 3.8. Comparison of mean nitrogen concentrations in spinach leaf tissue at June 5 

(first cutting) and June 23 (second cutting).  Different letters signify significant 

differences between treatments within that particular harvest time p<0.05).  An asterisk 

(*) denotes a significant difference in yield between harvests within a treatment.  
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Figure 3.9. Comparison of mean concentrations in spinach leaf tissue of a) Phosphorus 

and b) Potassium at harvest 1 and harvest 2.  Different letters signify significant 

differences between treatments within that particular harvest time p<0.05).  An asterisk 

(*) denotes a significant difference in yield between harvests within a treatment. No 

letters indicate no differences of treatment or time.   
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Figure 3.10. Comparison of mean concentrations in spinach leaf tissue of a) Iron, b) 

Manganese, and c) Zinc at harvests 1 and 2.  Different letters signify significant 

differences between treatments within that particular harvest time p<0.05).  An asterisk 

(*) denotes a significant difference in yield between harvests within a treatment. No 

letters indicate no differences of treatment or time. 
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Figure 3.11.  Comparison of marketable yield across treatments for first, second, and 

total harvest.  Different letters signify significant differences between treatments 

(p<0.05).  An asterisk (*) indicates a significant difference between two harvest dates 

within that treatment. 
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Figure 3.12.  Ordination produced from principal components analysis of optical density 

data from Biolog assay performed on May 17 soil samples.  Scores from each sample 

from PC 1 and PC 2 are plotted.  
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Figure 3.13..  Ordination produced from principal components analysis of optical density 

data from Biolog assay performed on June 5 soil samples..  Scores from each sample 

from PC 1 and PC 2 are plotted.  
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Figure 3.14.  Ordination produced from principal components analysis of optical density 

data from Biolog assay performed on June 23 soil samples. Scores from each sample 

from PC 1 and PC 2 are plotted.  
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Figure 3.15.  Ordination produced from principal components analysis of optical density 

data from Biolog assay performed on July 31 soil samples. Scores from each sample from 

PC 1 and PC 2 are plotted.  
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Figure 3.16.   Principal response curves of B, V, and TC samples with the substrate 

utilization pattern of control plots used as a baseline. The scores of the 10 best fit 

substrates are shown on the right axis. The substrate and respective guild it belongs to is 

listed in the table in descending order from highest to lowest scores. Arrows indicate the 

corresponding substrate on the score axis with the information in the table.  
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Figure 3.17. Daily precipitation in inches starting May 14 2016 and ending July 31, 

2016. 
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APPENDIX A: SUPPLEMENTAL DATA FOR GREENHOUSE EXPERIMENT 
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Table 2. Percent total N and C in soil at pre-plantingand post-harvest for treatments in 

greenhouse experiment. 

 

 

  

  
  %N % C 

    Mean Std Dev Mean Std Dev 

Pre-

plant 

b20 0.21 0.02 2.88 0.14 

b100 0.48 0.03 6.91 1.16 

c20 0.11 0.01 1.88 0.08 

c100 0.20 0.03 3.54 0.40 

v20 0.11 0.00 1.70 0.12 

v100 0.21 0.02 2.82 0.18 

control 0.11 0.01 1.54 0.19 

Harvest 

b20 0.16 0.07 1.61 0.19 

b100 0.19 0.06 2.14 0.49 

c20 0.11 0.00 1.85 0.20 

c100 0.23 0.09 3.66 1.66 

v20 0.14 0.02 1.82 0.10 

v100 0.17 0.03 2.02 0.28 

control 0.11 0.00 1.43 0.05 
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Table 3.  Eigenvalues for principal components analyses of pre-planting and post-harvest 

soil samples in greenhouse study. 

  Pre-planting Post-harvest 

  F1 F2 F1 F2 

Eigenvalue 15.450 4.068 10.452 5.745 

Variability (%) 49.838 13.123 33.717 18.533 

Cumulative % 49.838 62.961 33.717 52.250 
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Table 4. Eigenvalues for principal components analysis of pre-planting soil samples in 

greenhouse study.  

Substrates  F1 F2 

β-Methyl-D-Glucoside 0.226 -0.039 

 D-Galactonic Acid γ-Lactone 0.052 0.390 

L-Arginine -0.229 -0.122 

Pyruvic Acid Methyl Ester -0.155 0.123 

D-Xylose 0.223 0.080 

D- Galacturonic Acid -0.234 0.125 

L-Asparagine -0.223 0.022 

Tween 40 -0.247 0.014 

i-Erythritol -0.044 -0.355 

2-Hydroxy Benzoic Acid 0.127 -0.040 

L- Phenylalanine 0.243 -0.049 

Tween 80 -0.226 0.142 

D-Mannitol -0.182 0.015 

4-Hydroxy Benzoic Acid -0.027 0.345 

L-Serine -0.199 -0.001 

α- Cyclodextrin 0.106 -0.362 

N-Acetyl-DGlucosamine 0.208 0.059 

γ- Hydroxybutyric Acid 0.059 0.234 

L-Threonine 0.115 -0.015 

Glycogen 0.165 -0.196 

D- Glucosaminic Acid -0.222 -0.115 

Itaconic Acid -0.178 -0.250 

Glycyl-LGlutamic Acid -0.012 -0.152 

D-Cellobiose 0.248 -0.016 

Glucose-1- Phosphate 0.221 -0.075 

α-Ketobutyric Acid 0.017 -0.158 

Phenylethylamine -0.077 -0.199 

α-D-Lactose 0.248 0.042 

D,L-α- Glycerol Phosphate 0.168 0.208 

D-Malic Acid 0.235 0.052 

Putrescine -0.107 0.283 
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Table 5. Eigenvalues for principal components analysis of post-harvest soil samples in 

greenhouse study. 

  F1 F2 

β-Methyl-D-Glucoside -0.278 -0.097 

 D-Galactonic Acid γ-Lactone -0.206 -0.253 

L-Arginine 0.285 -0.002 

Pyruvic Acid Methyl Ester 0.093 0.011 

D-Xylose -0.228 -0.126 

D- Galacturonic Acid 0.228 -0.040 

L-Asparagine 0.174 -0.104 

Tween 40 0.276 -0.026 

i-Erythritol 0.211 0.196 

2-Hydroxy Benzoic Acid 0.010 0.215 

L- Phenylalanine -0.101 0.198 

Tween 80 0.106 -0.275 

D-Mannitol 0.072 -0.197 

4-Hydroxy Benzoic Acid 0.103 -0.091 

L-Serine 0.243 -0.098 

α- Cyclodextrin 0.059 0.323 

N-Acetyl-DGlucosamine -0.169 -0.197 

γ- Hydroxybutyric Acid -0.095 0.282 

L-Threonine -0.085 0.271 

Glycogen -0.043 0.236 

D- Glucosaminic Acid 0.275 -0.019 

Itaconic Acid 0.232 0.180 

Glycyl-LGlutamic Acid 0.018 0.282 

D-Cellobiose -0.203 0.019 

Glucose-1- Phosphate 0.086 -0.219 

α-Ketobutyric Acid 0.185 0.126 

Phenylethylamine -0.031 0.254 

α-D-Lactose -0.168 -0.016 

D,L-α- Glycerol Phosphate -0.167 0.198 

D-Malic Acid -0.227 0.094 

Putrescine 0.260 0.016 
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APPENDIX B: SUPPLEMENTAL DATA FOR FIELD TRIAL 
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Figure 1. Concentration of soil a) Calcium (Ca), b) Magnesium (Mg), c) Sodium (Na), d) 

Aluminum (Al), e) Zinc (Zn) and f) Sulfur (S) of treatments over time in field 

experiment.   
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Table 6. Percent total nitrogen and carbon in treatments across four sampling dates 

during field experiment.  

    %N %C 

    Mean Std Dev Mean Std Dev 

Day 16 

B 0.22 0.02 3.06 0.34 

C 0.14 0.01 2.05 0.13 

TC 0.16 0.03 2.48 0.46 

V 0.18 0.02 2.51 0.25 

Day 36 

B 0.18 0.03 2.20 0.40 

C 0.15 0.02 1.89 0.19 

TC 0.16 0.02 2.44 0.35 

V 0.16 0.02 2.11 0.35 

Day 54 

B 0.21 0.03 2.56 0.42 

C 0.16 0.01 2.28 0.17 

TC 0.21 0.02 3.10 0.49 

V 0.20 0.03 3.04 0.27 

Day 92 

B 0.23 0.06 2.90 0.72 

C 0.17 0.02 2.25 0.43 

TC 0.20 0.02 2.90 0.32 

V 0.18 0.02 2.60 0.60 
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Table 7. Table of eigenvalues for principal component analyses for Day 16, 36, 54, and 

92 soil samples.   

  Day 16 Day 36 Day 54 Day 92 

  F1 F2 F1 F2 F1 F2 F1 F2 

Eigenvalue 12.503 5.183 9.448 6.427 11.273 4.370 9.385 5.963 

Variability 

(%) 40.332 16.718 30.479 20.731 36.365 14.096 30.273 19.236 

Cumulative 

% 40.332 57.050 30.479 51.210 36.365 50.461 30.273 49.510 
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Table 8. Eigenvalues for principal components analysis of soil samples taken on Day 16 

of field experiment.  

 Substrate F1 F2 

β-Methyl-D-Glucoside -0.241 0.062 

 D-Galactonic Acid γ-

Lactone -0.230 0.203 

L-Arginine -0.105 -0.147 

Pyruvic Acid Methyl Ester -0.075 0.321 

D-Xylose 0.140 0.049 

D- Galacturonic Acid -0.231 -0.087 

L-Asparagine -0.229 -0.187 

Tween 40 0.013 -0.295 

i-Erythritol 0.199 -0.172 

2-Hydroxy Benzoic Acid 0.031 0.335 

L- Phenylalanine 0.048 -0.071 

Tween 80 -0.060 -0.134 

D-Mannitol 0.182 -0.180 

4-Hydroxy Benzoic Acid -0.063 -0.213 

L-Serine -0.205 0.058 

α- Cyclodextrin 0.218 0.168 

N-Acetyl-DGlucosamine -0.228 -0.218 

γ- Hydroxybutyric Acid -0.055 0.242 

L-Threonine 0.155 0.270 

Glycogen 0.198 -0.041 

D- Glucosaminic Acid 0.232 -0.202 

Itaconic Acid 0.213 -0.202 

Glycyl-LGlutamic Acid 0.257 0.012 

D-Cellobiose -0.118 0.013 

Glucose-1- Phosphate 0.204 0.060 

α-Ketobutyric Acid 0.227 0.000 

Phenylethylamine 0.118 -0.132 

α-D-Lactose 0.213 0.249 

D,L-α- Glycerol Phosphate -0.093 0.269 

D-Malic Acid -0.232 0.030 

Putrescine -0.247 -0.078 
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Table 9. Eigenvalues for principal components analysis of soil samples taken on Day 36 

of field experiment. 

 Substrate F1 F2 

β-Methyl-D-Glucoside -0.252 0.066 

 D-Galactonic Acid γ-Lactone -0.244 -0.199 

L-Arginine -0.239 0.037 

Pyruvic Acid Methyl Ester -0.069 0.019 

D-Xylose 0.120 0.015 

D- Galacturonic Acid -0.171 0.009 

L-Asparagine -0.263 0.174 

Tween 40 0.118 0.347 

i-Erythritol 0.195 0.050 

2-Hydroxy Benzoic Acid 0.053 -0.330 

L- Phenylalanine 0.153 -0.074 

Tween 80 0.142 0.138 

D-Mannitol -0.058 0.328 

4-Hydroxy Benzoic Acid 0.139 0.125 

L-Serine -0.191 0.197 

α- Cyclodextrin 0.217 -0.216 

N-Acetyl-DGlucosamine -0.103 0.350 

γ- Hydroxybutyric Acid -0.140 -0.137 

L-Threonine 0.058 -0.146 

Glycogen 0.182 -0.251 

D- Glucosaminic Acid 0.292 0.098 

Itaconic Acid 0.145 0.249 

Glycyl-LGlutamic Acid 0.198 0.121 

D-Cellobiose -0.232 -0.126 

Glucose-1- Phosphate 0.094 0.075 

α-Ketobutyric Acid 0.253 0.160 

Phenylethylamine 0.059 0.014 

α-D-Lactose 0.161 -0.279 

D,L-α- Glycerol Phosphate -0.178 -0.127 

D-Malic Acid -0.178 0.068 

Putrescine -0.257 -0.029 
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Table 10. Eigenvalues for principal components analysis of soil samples taken on Day 54 

of field experiment. 

 Substrates F1 F2 

β-Methyl-D-Glucoside 0.008 0.365 

 D-Galactonic Acid γ-Lactone -0.053 0.209 

L-Arginine 0.075 -0.159 

Pyruvic Acid Methyl Ester 0.211 0.117 

D-Xylose -0.088 -0.208 

D- Galacturonic Acid 0.266 0.131 

L-Asparagine 0.216 -0.070 

Tween 40 0.177 -0.166 

i-Erythritol -0.221 0.030 

2-Hydroxy Benzoic Acid -0.238 -0.203 

L- Phenylalanine -0.212 -0.022 

Tween 80 -0.062 -0.227 

D-Mannitol 0.068 0.128 

4-Hydroxy Benzoic Acid 0.196 0.251 

L-Serine 0.249 -0.003 

α- Cyclodextrin -0.219 -0.066 

N-Acetyl-DGlucosamine 0.236 -0.005 

γ- Hydroxybutyric Acid 0.134 0.194 

L-Threonine -0.159 0.301 

Glycogen -0.165 0.153 

D- Glucosaminic Acid -0.219 0.001 

Itaconic Acid 0.172 -0.119 

Glycyl-LGlutamic Acid -0.171 0.353 

D-Cellobiose -0.111 -0.049 

Glucose-1- Phosphate -0.004 0.308 

α-Ketobutyric Acid -0.082 -0.184 

Phenylethylamine 0.170 -0.219 

α-D-Lactose -0.250 -0.074 

D,L-α- Glycerol Phosphate -0.230 0.036 

D-Malic Acid 0.228 0.099 

Putrescine 0.189 -0.161 
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Table 11. Eigenvalues for principal components analysis of soil samples taken on Day 96 

of field experiment. 

 Substrates F1 F2 

β-Methyl-D-Glucoside -0.154 -0.275 

 D-Galactonic Acid γ-Lactone -0.126 -0.176 

L-Arginine -0.152 0.275 

Pyruvic Acid Methyl Ester -0.104 0.175 

D-Xylose 0.030 -0.151 

D- Galacturonic Acid -0.094 -0.298 

L-Asparagine 0.062 0.324 

Tween 40 0.171 0.111 

i-Erythritol 0.205 -0.207 

2-Hydroxy Benzoic Acid 0.210 0.163 

L- Phenylalanine 0.272 0.092 

Tween 80 0.190 0.112 

D-Mannitol 0.108 -0.226 

4-Hydroxy Benzoic Acid -0.138 0.233 

L-Serine -0.139 0.121 

α- Cyclodextrin 0.193 -0.057 

N-Acetyl-DGlucosamine -0.175 -0.218 

γ- Hydroxybutyric Acid -0.258 -0.083 

L-Threonine 0.283 0.022 

Glycogen -0.119 0.079 

D- Glucosaminic Acid 0.277 0.042 

Itaconic Acid -0.002 -0.182 

Glycyl-LGlutamic Acid 0.139 0.087 

D-Cellobiose 0.107 -0.243 

Glucose-1- Phosphate 0.059 -0.224 

α-Ketobutyric Acid 0.186 0.064 

Phenylethylamine -0.188 0.273 

α-D-Lactose 0.314 0.015 

D,L-α- Glycerol Phosphate -0.164 -0.157 

D-Malic Acid -0.269 0.159 

Putrescine -0.174 0.057 

 


