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ABSTRACT

	Soil health has long been viewed as an integral part of long-term agricultural production. However, producers in Tennessee do not have the ability to determine soil health without the input of an expert in the field. While there are soil health tests available in the state, none have shown accurate results when tested. Recently, a new soil health test was introduced to the market and claims to be accurate in Tennessee. This test, microBIOMETER, uses microbial biomass as a direct corollary to soil health and presents microbial biomass as a soil health score. The test presents significant economic and technical advantages over other soil health tests and methods for estimating microbial biomass. Given these advantages, it is important to determine if microBIOMETER is accurate at determining soil health or microbial biomass. It was expected that microBIOMETER would not be accurate as a measurement of soil health, given the volatile nature of microbial biomass in soils. It was believed to be possible that microBIOMETER represents an improvement over current methods in estimating microbial biomass. After the research, it was found…




TABLE OF CONTENTS

INTRODUCTION	1
Introduction	1
Purpose of Research	2
Literature Review	2
History of Soil Health	2
Soil Health Tests in Tennessee	6
CHAPTER I MICROBIAL BIOMASS AND SOIL HEALTH	14
Abstract	15
Materials and Methods	15
Significant Findings	18
Discussion of Results	18
Pathways for Future Research	18
Figures	18
CHAPTER II MICROBIOMETER AS AN ESTIMATOR OF MICROBIAL BIOMASS	20
Abstract	21
Materials and Methods	21
Significant Findings	21
Discussion of Results	21
APPENDIX	23
CONCLUSION	24
REFERENCES	25
VITA	34



LIST OF TABLES

Table 1. TBD.	4










LIST OF FIGURES

Figure 1. Experimental Plots at WTREC.	10
 











13

[bookmark: _Toc289175819][bookmark: _Toc83796596]INTRODUCTION 

[bookmark: _Toc83796597]Introduction 
As a land grant university, one of the functional pillars that the University of Tennessee must uphold is Extension. Per the Smith-Lever Act of 1914, the purpose of Extension is to ensure that agricultural research findings are shared with producers to improve agricultural practices. Over the last few decades, soil health has become an increasingly researched and discussed idea in soil science. Along with an increase in the number of publications on soil health, there have also been the development of several soil health tests across the nation. 
	However, while the body of scientific knowledge on soil health has grown, that increase in knowledge has not been reflected in the communities outside the scientific community. Most producers in Tennessee recognize the importance of healthy soil, yet there are no easy methods for a producer to quantifiably measure their soil health. To date, soil health has been a qualitative evaluation of a soil system, rather than a quantitative evaluation. A producer who is not a trained soil scientist has no way to evaluate the health of their soils unless they pay to use one of the existing soil health tests (i.e., the Haney or Cornell Soil Health Test) or has a NRCS soil scientist evaluate their soils. In this way, Extension has fallen behind the current knowledge available to the community of soil scientists.
	A company called microBIOMETER saw a need for a cheap and quick to use soil health test that required no technical skills and developed such a test. Their test measures the microbial biomass and fungal to bacterial ratio of a soil and presents these as the determining criteria of the health of a soil system. Unfortunately, microbial biomass and fungal to bacterial ratios alone are likely not enough to determine the overall health of a soil system. However, the test still has a few potential uses that could help bridge the current gap between research findings and extension in the field of soil health. Soil health is affected by a complex list of biological, physical, and chemical characteristics of a soil. Microbial biomass is one of these characteristics, and therefore does give some insight into the health of a soil.
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The stated purpose of this research is to verify and validate the potential of microBIOMETER as a soil health test in Tennessee. Compared to other soil health tests, microBIOMETER is more technically and economically accessible to Tennessee producers. While microBIOMETER will likely never be capable of making a direct measurement of soil health due to the variability of microbial biomass in soils, the economic and technical advantages are such that it is worthwhile to know the potential benefits and uses of the microBIOMETER test to Tennessee producers. Therefore, this research will be centered around two tasks: (1) analyzing the efficacy of the new microBIOMETER process of estimating soil microbial biomass, and (2) measuring and analyzing trends in microbial biomass and fungal to bacterial ratio compared to soil health (treatment regimens), soil water content, time of the year, and temperature in the long-term cotton plots at the West Tennessee Research and Education Center in Jackson, TN. The knowledge gained in this research will build upon that of past research projects at the same site that have dealt with soil health and microbial biomass as an indicator of soil health and allow for a broad review of the potential of microBIOMETER to be used as a soil health test in Tennessee.
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[bookmark: _Toc83796600]History of Soil Health
To my knowledge, the phrase “soil health” was first used in scientific literature by Vice President Henry A. Wallace in the year 1910 while the Vice President was a graduate student at Iowa State University. However, in his paper, Vice President Wallace only used the term, and did not define it (Wallace, 1910). Based on his writings and general knowledge of soil health at the time, it is likely that Wallace was using “soil health” to refer to soil fertility. In these early stages of soil health as a concept, a healthy soil was a soil that had the physical and chemical properties to be a fertile medium for plants to grow in. Notably, this disregards the importance of biological characteristics in soil health. 
	Biological components were not considered in soil health until 1931 when Stafford discussed the negative impact on soil health that some planting regimes in forestry can have (Stafford, 1931). However, even though some biological factors had now been considered with soil health in a peer-reviewed publication, biological factors in soil health were not widely utilized. This is evidenced by the Agricultural Adjustment Administration’s 1936 publication “Soil Health and National Wealth”, in which biological factors received only a few brief lines about their impact on soil health (Brevik, 2018). Biological factors are notably absent again in soil health publications until 1956, when Tarrant wrote about the effects of slash burning. Tarrant notes that burning can destroy organic matter and soil microorganisms that are important to soil health but fails to go into any depth on the subject (Tarrant, 1956). 
It is not until 1971 that viewing soil health through the lens of production and fertility is challenged in scientific literature. When answering questions from members of the Commonwealth Section of the Royal Society of Arts after reading his article “High Crop Yields”, Sir Joseph Hutchinson said “All of us who are farmers have seen farms that have been built up into a very high state of soil health, let us say, rather than soil fertility, and which have been cashed by a single man in his lifetime. This is one of the greatest problems that now needs to be faced…” (Hutchinson, 1971). While the paper does not go into any depth on this distinction, Hutchinson is challenging the idea that a soil should be measured solely by its productivity and recognizes poor farming practices as dangerous. The idea that soil had benefits beyond production value was expanded upon by Cox in his 1975 publication. In this article, Cox describes how part of what a healthy soil does is to buffer against the effects of soil-borne diseases (Brevik, 2018). Support for Hutchinson’s argument that soil health is a problem that needs to be faced is found in a 1977 article by Banathy. In the article, Banathy argues that short-term economic gains are being prioritized over long-term soil health even though it is known that the long-term effects of poor soil health can be very costly (Brevik, 2018).
In the same year that Banathy makes this argument, one of the first true definitions of soil health in scientific literature is given by George. In the paper, George describes soil health as “the inherent replenishment of nutrients in the soil through the process of weathering and soil formation” (Brevik, 2018). This definition still focuses on soil health as a means of discussing fertility, however. Throughout the 1980s, this trend tended to persist, though there was some acknowledgement of other impacts of soil health. In 1987, Hill recognized soil health as an important piece of natural capital that is essential to production operations (Hill, 1987). In 1988, Jain describes soil health as being linked to environmental health and discusses soil health’s role in helping feed India’s growing population (Jain, 1988). However, even though some benefits of soil health were being researched, the overall amount of research into soil health was still quite low.
	It was not until the 1990s that soil health became a common research topic. Google Scholar has 235 papers available for the 1980s that include the phrase “soil health”, but in the 1990s, that number jumped to 1740 (Brevik, 2018). In 1992, Haberern is the first person to describe the need for a soil health index (Haberern, 1992). It is interesting to note that in this same paper, Haberern predicts “an awakening of intense interest, research, and education in the whole area of … soil quality…” (Haberern, 1992). Haberern’s prediction holds true as the 1990s not only contain a debate on how to define soil health, but also evidence that producers began to widely accept the concept of soil health (Romig et al, 1995), and a debate on whether soil health and quality refer to the same idea (Garlynd et al 1994, Romig et al 1995).
As mentioned, several definitions of soil health and quality were proposed in scientific papers in the 90s. In 1994, Larson and Pierce argue that soil quality is defined by a combination of factors that represent the biological, physical, and chemical components of a soil. They listed these functions as: (1) “provide a medium for plant growth and biological activity”, (2) “regulate and partition water flow and storage in the environment”, and (3) “serve as an environmental buffer in the formation and destruction of environmentally hazardous compounds (Larson & Pierce, 1994). Acton and Gregorich proposed that soil health should refer to more than the fertility and productivity of a soil and defined soil health as “the soil's fitness to support crop growth without resulting in soil degradation or otherwise harming the environment” (Acton & Gregorich, 1995). Doube and Schmidt proposed a less production centric definition based on soil’s interactions with all plants. They defined soil health as “Healthy soils are those in which the capacity of plants to convert sunlight and CO2 to structural carbohydrate remains near the upper limits of potential productivity over an extended period” (Doube & Schmidt, 1997). However, these definitions have been shadowed by Doran et al’s 1996 definition of soil health, which is still the primary definition of soil health in scientific literature today. Their definition of soil health is “the continued capacity of soil to function as a vital living system, within ecosystem and land-use boundaries, to sustain biological productivity, maintain the quality of air and water environments, and promote plant, animal, and human health” (Doran et al, 1996).
Doran and his colleagues firmly established what soil health was going into the 2000s. Once the definition and idea of soil health was established in scientific literature, the number of studies performed increased exponentially compared to previous years (Brevik, 2018). New publications on soil health typically related to the importance of management by producers and other land managers on the health of a soil. In one of his papers, Doran states “the ultimate determinant of soil quality and health is the land manager”, which highlights the importance that producers have in maintaining healthy soils. Doran also recognizes the scientific community’s impact on land management by saying “Scientists can make a significant contribution to sustainable land management by translating scientific knowledge and information on soil function into practical tools and approaches by which land managers can assess the sustainability of their management practices” (Doran, 2002). Doran helped lead the push to translate scientific knowledge into tools for land managers and co-authored a 2000 paper on how to manage soils to enhance or maintain soil health and notes that “anthropogenic reductions in soil health … are of pressing ecological concern” (Doran & Zeiss, 2000). The 2000s also saw a push to identify indicators of soil quality, led by van Bruggen and Semenov in 2000 (van Bruggen & Semenov, 2000). 
The 2010s brought about continued interest in soil health and the founding of several institutes to perform research into soil health and to promote practices to improve soil health. These included the formation of the Soil Health Institute in 2013 and creation of the Soil Health Division in the National Resource Conservation Service in 2014 (Brevik, 2018). 
Today, the National Resource Conservation Service (NRCS) also offers the most utilized definition of soil health in non-scientific communities. They give this definition for soil health: “the continued capacity of soil to function as a vital living ecosystem that sustains plants, animals, and humans”. This definition is essentially a pared-down version of Doran’s earlier definition of soil health. The NRCS also lists five functions of a healthy soil: (1) regulate water, (2) sustain plant and animal life, (3) filter and buffer potential pollutants, (4) cycle nutrients, and (5) provide physical stability and support. Again, the NRCS is simplifying earlier work, this time from Larson and Pierce in 1994. 
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	There are several soil health tests available in Tennessee. For the purposes of this section, I will focus on three of the available tests: the Cornell Comprehensive Assessment of Soil Health, the Haney Soil Health Tool, and the Alabama Soil Quality Index. The Cornell Soil Health test claims to be the first publicly available soil health assessment (Moebius-Clune et al, 2016). The Haney Soil Health Test is focused on biological factors and is the most similar to the microBIOMETER test. The Alabama Soil Quality Index is one of the newest soil health tests on the market and is the first soil health test designed to work in the Ultisols of the Southeast (Bosarge, 2015). These tests and their efficacy in Tennessee will be compared to microBIOMETER.
	The Cornell Soil Health Test began as a Program Work Team of interested producers, researchers, Cornell Extension specialists, and private contractors in the early 2000s (Moebius-Clune et al, 2016). Among other accomplishments, this team brought forth the first soil health assessment protocol for their area (Moebius-Clune et al, 2016). This project eventually led to the creation of the Cornell Comprehensive Assessment of Soil Health (CASH) (Moebius-Clune et al, 2016). CASH is based on evaluating ten parameters: soil texture, available water holding capacity, field penetrometer resistance, wet aggregate stability, organic matter content, soil proteins, soil respiration, active carbon, and macro- and micro-nutrient content (Moebius-Clune et al, 2016). These soil health indicators were selected because of their sensitivity to changes in management practices, their ability to represent important soil processes, their consistency and reproducibility, the ease and cost of sampling, the cost of analysis, and ease of interpretation for users (Moebius-Clune et al, 2016). These ten parameters can also be augmented with additional, optional indicators like heavy metal content, root pathogens, and salinity (Moebius-Clune et al, 2016).
	Once these indicators were selected, the results of these parameters were synthesized into a producer friendly report that gave individual scores for indicators, an overall score for soil health, and management suggestions based on scores (Moebius-Clune et al, 2016). CASH operates via users taking soil samples and mailing them to the Cornell Soil Health Lab. Users can select between three types of soil health analysis: an analysis for (1) field crops, dairy operations, and lawns, (2) organic vegetable crop systems, problem area diagnosis, and home gardens, and (3) urban/suburban gardens and landscaped areas (Moebius-Clune et al, 2016). The primary issue with the CASH is that the indicators are compared to references values in the northeast to determine score (Moebius-Clune et al, 2016). This is not a hidden fact, and Cornell’s manual on the CASH notes that CASH was developed “for assessing the health status of soils in New York and the Northeast region” (Moebius-Clune et al, 2016). This causes issues for users outside of the Northeast as soils are highly variable across the United States and the indicator values for a healthy soil in New York are not the same as in Tennessee. This means that CASH has not been an effective tool for Tennessee producers. When comparing soils of various, known qualitative soil health values, Singh found that the CASH assessment did not give statistically significant results between soils of different health values (Singh S., 2018). 
	The Alabama Soil Quality Index (SQI) was developed at Auburn University to address the issue of regional variability. Recognizing that existing soil health tests were not designed to work in the acidic, highly weathered Ultisols of Alabama, researchers created a soil health assessment that worked in their state (Bosarge, 2015). In developing the Alabama SQI, researchers followed five premises that the SQI should do: (1) make producers aware of soil health, (2) suggest ways of improving soil health, (3) be adaptable to existing soil testing methodologies, (4) be relatively inexpensive, and (5) provide information in an easy-to-understand manner (Bosarge, 2015). Researchers then selected soil health indicators that could easily be analyzed in the Auburn soil lab (Bosarge, 2015). This led to the selection of the following soil health indicators to be used in the Alabama SQI: crop yield, soil pH, extractable macro- and micro-nutrients, carbon content, soil organic matter, soil respiration, electrical conductivity, wet aggregate stability, estimated cation exchange capacity, and base saturation (Bosarge, 2015). The values for these indicators in a healthy and unhealthy soil in Alabama were evaluated by analyzing 249 paired samples from across the state and across various soil types (Bosarge, 2015). These paired samples came from producers, landowners, and research facilities with the premise that one of the samples came from a low-yield area of the site and the other sample in the pair came from a high-yield area of the site (Bosarge, 2015). Developers of the Alabama SQI equated a high-yield soil to a soil with a high level of soil health (Bosarge, 2015). 
	The Alabama SQI succumbs to the same issue that renders the CASH not useful in Tennessee. Singh also found that the Alabama SQI does not show significant results between soils of different health in Tennessee (Singh S., 2018). The parameters for an indicator of healthy soil in Alabama are not the same as they are in Tennessee. This is especially true in West Tennessee, where Singh performed his study. West Tennessee has large amounts of soil derived from loess and therefore has a vastly different array of qualities than do the Alabama soils that predominately formed from residual materials and fluviomarine sediments. 
	 The Soil Health Tool developed by Haney and his colleagues aims to provide a better estimation of biological factors in soil health and evaluate soil health on more than just potential for productivity (Haney et al, 2018). Haney notes that soil health assessments prior to his use harsh chemicals and treatments to evaluate indicators like extractable N, P, and K (Haney et al, 2018). The Soil Health Tool is the first test to use organic acids to measure inorganic N, P, and K (Haney et al, 2018). The Soil Health Tool uses three indicators to calculate soil health: the one-day CO2-carbon released by soil respiration, water extractable organic carbon, and water extractable organic nitrogen (Haney et al, 2018). The Soil Health Tool calculates soil health by (CO2-C released divided by Carbon to nitrogen ration) + (water extractable carbon divided by 100) + (water extractable nitrogen divided by 10) (Haney et al, 2018). While Haney states that his test should be applicable anywhere, Singh again found that the Soil Health Tool had no significant results between soils of different health levels in Tennessee (Singh S., 2018).
	Since the above soil health tests are still only efficient in specific areas, that leaves an opening in the market for a soil health test that is widely applicable. MicroBIOMETER claims to fill this opening. The microBIOMETER test only utilizes two indicators of soil health: soil microbial biomass and fungal to bacterial ratio. However, due to the widely variable nature of microbial biomass in soils, microBIOMETER likely does not gather enough information to be able to make a direct measurement of soil health. It is extensively documented that microbial biomass in soils varies temporally (Chu et al, 2003; Maxwell & Coleman, 1995; Maithani et al, 1996; Bardgett et al, 1999; Raubuch & Joergensen, 2002; Mpheshea, 2014; Jiang et al, 2006). Soil microbial biomass also varies with temperature (Curtin et al, 2012; Lipson et al, 2000; Alvarez et al, 1995; Grisi et al, 1998; Walker et al, 2018). Finally, soil microbial biomass can also vary due to changes in soil moisture (Wardle & Parkinson, 1990; Baldrian et al, 2010; Acea & Carballas, 1990; Diaz-Ravina et al, 1995; Jiang-shan et al, 2005). This causes microbial biomass to not be an easily replicable indicator for soil health tests. Microbial biomass may change significantly without soil health changing significantly, and therefore means the microBIOMETER test likely should not be used as a direct measurement of soil health. 
	However, microbial biomass is related to soil health (Sparling, 1997). While incapable of direct measurements of soil health, microBIOMETER does have potential to be of use to Tennessee producers in three other ways. Firstly, a producer can sample across a plot at the same time to get a relative comparison of soil health across said plot. Secondly, a producer could sample at the same location over time in similar conditions (i.e. sample once per year at the same location at the same time with similar time frames since the last rain event). Finally, a producer who is keeping track of microbial biomass changes over time could correlate that with similar changes in other soil health indicators like wet aggregate stability and organic matter. These possible uses have not been verified however, and therefore my research will focus on the efficacy of these uses for Tennessee producers. 
	MicroBIOMETER is also more technically and economically accessible to Tennessee producers than other soil health tests discussed here. MicroBIOMETER costs ten dollars per test, while other tests can cost hundreds of dollars to perform. There is no technical knowledge required to use or understand microBIOMETER. 
	MicroBIOMETER also lacks the independent verification of results that other soil health tests have. To date, any verification of the microBIOMETER test has come from within their own labs, with little outside help from independent researchers. MicroBIOMETER states on their website that there is a 95% correlation between microBIOMETER results and microbial biomass calculated via spectroscopy. A recent publication of theirs claims a 94% correlation between microbial biomass values calculated with microBIOMETER and with carbon fumigation extraction (Fitzpatrick et al, 2020). However, this study utilized only 32 samples to make that comparison, and independent verification of their results with a larger sample size outside their own lab is still needed. 

Soil Health and Management Practices
	As discussed previously, Dr. Surendra Singh recently completed his Doctoral Degree looking at soil health tests in Tennessee and discovered that the tests currently available on the market do not work in Tennessee. This determination was made based on the body of knowledge regarding how various management practices affect soil health. These relationships will also be important in my research to determine if microBIOMETER can detect differences in soil health. 
	At the West Tennessee Research and Education Center where I will be doing my research, plots are managed with different level of nitrogen application, different cover crops, and different tillage regimes. The following section will briefly discuss the impacts each of these treatments have on soil health.
	Nitrogen fertilizer can have a wide range of effects on soils, including impacting the pH, the microbial community, and the amount of soil organic matter present. Depending on the rate of nitrogen application, these changes can be positive or negative in nature (Singh B., 2018). When nitrogen is applied at a rate equal to or lower than the rate at which maximum yields occur, these changes are typically positive (Singh B., 2018). When applied at this rate, nitrogen can increase the soil organic matter content and cause increases in the population of the microbial community through increased plant growth (Singh B., 2018). However, when applied at a rate higher than the rate at which maximum yields occur, nitrogen fertilizer can become harmful to soil health (Singh B., 2018). In these situations, excess nitrogen in the soils causes mineralization of the soil organic matter and decreases the population of microbial communities (Singh B., 2018). 
	Specifically, at the West Tennessee Research and Education Center where my plots will be located, work from past Master’s candidates have shown the impact that nitrogen fertilizer can have. The best example of this comes from Safak Ceylan’s work. In his thesis, Ceylan showed that at increased levels of nitrogen application, the variability between soil health parameters decreases (Ceylan, 2020). For example, as nitrogen fertilizer application rate increased, Ceylan found that total organic carbon in the system showed less variability between the conventional and no-till plots (Ceylan, 2020). In other words, high levels of nitrogen application can cover up the effects that other management practices have on soil health.
	Cover crops can also play an important role in soil health. Using cover crops can increase infiltration, increase the amount of soil organic matter, promote microbial community growth, reduce erosion, and decrease bulk density among other factors (Haruna and Nkongolo, 2015). Cover crops have been attributed to increasing soil health in both tilled and non-tilled agricultural systems (Balota et al, 2014, Ding et al, 2006, Nunes et al, 2018). These positive benefits of cover crops have been echoed in other papers as well (Jian et al, 2020, Martinez-Garcia et al, 2018, & Wulanningtyas et al, 2021). Furthermore, the type of cover crop used determines the benefits to soil health. Specifically, cover crops from the plant family Fabaceae are better for developing healthier soils. These plants, also called leguminous plants, have symbiotic relationships with bacteria that live in nodes on their roots that allow the plant to be able to fix nitrogen from the atmosphere, while also providing all the other benefits of a cover crop that are discussed above. At the West Tennessee Research and Education Center, two of the cover crop treatments are leguminous species, the hairy vetch, and the crimson clover. Therefore, one can expect these two cover crop treatments to produce the highest level of soil health. The winter wheat cover crop is not leguminous and would not be as conductive to improving soil health as the leguminous treatments but should still provide more benefits than the no cover crop treatment. 
	One of the most important management practices for an agricultural soil’s health is the tillage regime used on the site. The two most common tillage regimes are conventional tillage where the soil surface is disturbed, and conservation or no-till systems where the soil surface stays as unbroken as possible. No-till systems were introduced in the mid-1900s, and since then have been recognized as significantly better for the health of agricultural soil systems (Arshad et al, 1990, Blevins et al, 1977, Blevins et al, 1983, Congreves et al, 2015, Islam & Reeder, 2014, & Jemison et al, 2019). 
	Given the above information on impacts of management practices on soil health, we can form reasonable expectations for what plots at the West Tennessee Research and Education Center should be the healthiest. The plots that combine one of the leguminous cover crops, hairy vetch or crimson clover, with no-till should be the healthiest soils on site. Conversely, the plots that do not receive a cover crop and are under conventional tillage should be the least healthy on site. It is incredibly difficult to quantify soil health, and that is why this research project even exists, but we should be able to expect statistically significant differences in the quantitative value of soil health between those two plots. As mentioned previously, at high levels of nitrogen application this difference in soil health may be overshadowed by the impacts of the fertilizer treatment, but at low to no nitrogen application, there should be statistically significant differences in soil health, that can be seen in tests. Since microBIOMETER claims that microbial biomass is directly related to soil health, then this also means that there should be statistically significant differences between microbial biomass numbers on those plots.
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MICROBIAL BIOMASS AND SOIL HEALTH



	There will not be any articles published based on this thesis prior to the thesis being published and will therefore not include a publication statement,
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Soil samples were collected at the West Tennessee Research and Education Center located in Jackson, Tennessee. Samples were taken from the long-term cotton plot that has been under continuous management practices since 1981. At each plot, approximately ten soil cores were taken to a depth of three inches and combined to create a representative sample. All 0lb and 60lb nitrogen treatment replicants were sampled, for a total of 64 plots. The sample was stored in a gallon sized sealed baggy and kept in a cooler to maintain a more constant soil temperature until processing. 
	Prior to processing, soil samples were sieved to remove organic material and aggregates that could impact test results.
	 The following data was collected for every plot sampled: air temperature, soil temperature, microbial biomass via microBIOMETER, time of year, gravimetric water content, fungal to bacterial ratio, cover crop treatment, and tillage treatment. Additionally, for plots 10, 16, 36, 37, 51, 55, 62, 64, 78, 79, 83, 87, 108, 112, 118, and 120, microbial biomass via CFE and SIR were also collected. These plots were selected as they should show the largest differential between soil health and associated factors. They represent combinations of conventional tillage with no cover crops and no till practices with hairy vetch cover crops. The procedures for collecting each data point are as follows.
	Air temperature data was collected by Mr. Wesley Wright (Herbert College of Agriculture). Mr. Wright maintains a continuous weather station at the West Tennessee Research and Education Center and shared data for air temperatures.
	Soil temperature was taken during collection. BRAND thermometers were used to measure the temperature. Thermometers were inserted to a depth of three inches and temperature was recorded after the reading stabilized. 
	Gravimetric water content is determined by dividing the water weight of soil by the wet weight of soil. Wet weight is taken prior to drying, with approximately 40 grams of wet soil. Soil is then oven dried at 105 degrees Celsius for 12 hours and then reweighed. The difference between wet and dried weights gives the water weight and allows for calculation of percent gravimetric moisture.
	Plot tillage treatments are no-tillage and conventional tillage. Plot cover crop treatments are no cover crop, winter wheat, crimson clover, and hairy vetch. Plot nitrogen treatments are 0, 30, 60, and 90lb application rates. These three treatments create thirty-two unique treatment combinations that are replicated four times across the study area. The treatment combination and replicate are recorded in the original data for the creation of the study area, and this was used to determine the treatments for the plots used in this study.
	Fungal to bacterial ratio and microbial biomass via microBIOMETER were both determined by running the microBIOMETER test. MicroBIOMETER was processed for this study using the following methodology:
1. Pass soil sample through a sieve to remove aggregates and organic matter. 
2. Using the provided syringe, loosely fill the syringe with sieved soil to a volume of 1 mL.
3. Compact loose soil to a volume of .5 mL, removing excess soil from the end of the syringe if necessary.
4. Add 9.5 mLs of deionized water to a test tube
5. Add the contents of one extraction powder packet to the test tube and water.
6. Mix contents of extraction packet with water for five seconds using a provided electric stirring wand.
7. Add soil sample to extraction solution in the test tube and mix with electric stirring wand for thirty seconds. 
8. After stirring, allow the test tube to rest for five minutes.
9. After five minutes of rest, gently tap the test tube against a hard surface to get soil that has settled back into solution.
10. Allow the test tube to rest for another fifteen minutes.
11. Using a pipette, take an aliquot from the test tube from just under the surface of the solution.
12. Place three drops of the aliquot onto a provided test card.
13. Using the app, name and analyze the sample.
14. Occasionally, the test card will not be dark enough for the app to analyze and will request the addition of three more drops. Do so if this occurs and reanalyze the sample.
15. If a filtered sample is desired, insert the provided test tube filter into the test tube until water is an inch from the end of the filter tube. At this point, steps 11 through 14 can be repeated for the filtered sample.
16. Once analyzed, the app will provide the user with values for micrograms of biomass Carbon per gram of soil, fungal to bacterial ratio, percent bacterial biomass, and percent fungal biomass.
17. This analysis was performed in triplicate for plots that were 

Microbial biomass was also determined via substrate induced respiration. The methodology for running that test during this study is as follows:
1. Sieve soil to remove aggregates and organic matter and homogenize the soil.
2. Determine the amount of soil and yeast extract needed for the test. The test requires a ratio of approximately 20mg of yeast extract for every gram of dry soil. The test is performed with field moist soil, so one must also calculate the amount of field wet soil that is equivalent to a gram of dry soil. 
3. Yeast extract should be prepared at a concentration of 12g yeast extract per liter of deionized water. 
4. For my tests, I used the equivalent of 6 g dry soil weight and added 100mL of 12g/L yeast extract to each sample. 
5. Prepare a negative control that does not receive soil but receives the same amount of yeast extract.
6. Once soil and yeast extract have been added, firmly seal the jar (Mason jars with a septa in the lid were used in this study). 
7. Carbon dioxide content inside the jars is determined using a Infrared Gas Analyzer (IRGA operating information can be found in a separate methodology step list)  at 0 hours, 2 hours, and 4 hours. The 0 hour measurement should be taken immediately after sealing the jars.
8. After the 0 hour measurement is taken, the jars are placed on a shaker plate and rotated at 120 rpm until it is time to take the 2 hour measurement. 
9. After the 2 hour measurement is taken, the jars are returned to the shaker plate and continue to be rotated at 120 rpm until it is time to take the 4 hour measurement.  
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