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Introduction

	Changes in weather patterns are causing production issues (such as flooding and droughts) for farmers that requires research be done to identify possible climate change adaptations (Adams et al., 1998). The objectives of this study will be to provide useful information that can be implemented into agricultural management practices to improve cropping system resiliency. Floods and droughts are a couple of the climate change weather pattern impacts that producers may have to deal with (Adams et al., 1998). Both of these issues can be potentially devastating for a year’s entire crop as well as have tertiary impacts (such as eutrophication or erosion) on the surrounding ecosystem (Mustroph, 2018). Intense rainfall can turn some fields into ponds which causes planting delays, crop failure, yield losses, nutrient losses to leaching/runoff, and soil erosion (Mustroph, 2018). Similarly, droughts can cause crop failure, yield losses, degradation of soil organic matter (SOM), and soil erosion (Wilhite, 2000). 

The dynamic intersection of physics, chemistry, and biology makes studying soils challenging. Some research indicates that more resilient soils are less affected by both excess and limited rainfall (Lal, 2015). Soils regarded as “healthy” can have more resilience to negative weather-based challenges (Lal, 2015).

Why are soils important?

How are soils necessary for the world?

Are healthy soils better than poor soils, how do we know?
Soil Health History

	The definition of soil health is commonly accepted as “the capacity of a specific kind of soil to function, within natural or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, and support human health and habitation” (Kremer, 2017; Doran and Zeiss, 2000). Soil quality is often used synonymously with soil health (Doran and Parkin, 1996), though some still find separations between the two terms (Gregorich and Carter, 1997). The United States Department of Agriculture (USDA) states that “healthy soil is the foundation of productive, sustainable agriculture” (2020). The USDA lists the “principles for improving soil heath” as “minimizing disturbance, maximizing soil cover, maximizing biodiversity, and maximizing presence of living roots” (2020). These principles are the foundation of this experiment. This paper will explore these principles as used in this experiment. Cover crop species common in the southeastern USA will be used to evaluate their impact on water infiltration and soil microbial biomass as indicators of soil health.


Reducing Fallow
	Fallow (leaving land to rest) remains a common practice in arable regions of the world with the intent to store water in the soil profile to be used by following crops (Nielsen and Calderon, 2011). Fallow ground is commonly the choice for producers who have not been introduced to cover crops, initial costs, or proper timing. (Dhuyvetter et al., 1996). In a 10-year study done by Garcia-Gonzalez et al., significant differences were observed between barley (Hordeum vulgare L.) and vetch (Vicia sp. L.) cover crop treatments compared to a traditional fallow for C sequestration, N retention, soil structural stability, water holding capacity, saturated hydraulic conductivity, and nitrate leaching (2018). Replacing fallow with cover crops has been shown to improve soil erosional effects and degradation to soil properties compared to traditional fallow practices (Blanco-Canqui et al., 2013, 2010). Holman et al. found that forage crops are an alternative to cover crops for farmers with a strict budget or necessary ROI (2018). The benefits from reducing fallow align directly with the soil health management principles listed by NRCS (2019). 


Tillage reduction
	Prior to the Dust Bowl era (1931-1939), moldboard plow tillage was the most common land preparation practice of farmers (Huggins and Reganold, 2008). Following the exposed tragedy of intensive tillage practices, a change of farming methods was coming. The 1960’s brought the beginnings of research and methods of no-till agriculture. No-tillage is defined by Merriam-Webster as “a system of farming that consists of planting a narrow-slit trench without tillage and with the use of herbicides to suppress weeds.” While not inaccurate, no-till planting methods can be traced back to 8000 B.C. when “planting sticks” were used to plant seeds in individual holes prior to the earliest plows (ugginsH Huggins and Reganold, 2008). The University of Tennessee has played an important role in this research. The University of Tennessee Institute of Agriculture’s (UTIA) West Tennessee Research and Education Center (WTREC) in Jackson, TN (Madison County) still maintains some long-term no-till research plots dating back to 1981 (Nouri et al., 2018). There are many benefits from reducing or discontinuing tillage, such as: reduced erosion, increased organic matter, increased soil structure, and increased biological diversity (Graybill, 2020). While adoption of this more modern practice does require some potential equipment upgrade costs, eventually the savings that no-till can bring are evident (Epplin, 2007). 

Diverse Crop Rotations
	Continuous cropping (growing the same crop consecutively rather than in a typical rotation) has been shown to have detrimental weed, pest, and disease cycles result from a lack of rotation (Huggins and Reganold, 2008). The poor yields and crop failures that can result from continuous cropping is obviously not desired by producers. An easy way to combat these problematic cycles is to rotate crops, such as a corn-soybean rotation (Huggins and Reganold, 2008). An even better method is to incorporate an additional crop or two into the rotation (Pakeman et al., 2019). The simple function of not growing the same crop in the same place year after year makes it more difficult for weeds, pests, and diseases to negatively impact crops (Pakeman et al., 2019). There are additional benefits of diverse crop rotations, such as enhancing soil carbon (C), nitrogen (N), and microbial biomass (SMB) (McDaniel et al., 2014). Ashworth et al. (2017) shows yield increases when diversity of rotation is increased.

Crop Residues
	The USDA uses a general rule that “soil should be covered whenever possible” (2020). This principle is a foundation of cover crop and increased residue practices. An easy way to increase soil cover is to simply leave the dead plant residue in place. This is possible when tillage is ceased or drastically reduced. Using plant residues or cover crops (living residues) as a means of soil cover is listed as a “strategy for improving soil health” by Magdoff (2001). Tisdale et al. states that crop residue is “the greatest source of soil organic matter” (1985). Weed suppression is an additional benefit of leaving crop residues in place (Barnes and Putnam, 1983).   


Organic Mulches
	Shojaei et al. defines mulch as “a thin layer which is placed on the soil surface and preserves soil, water, and plants” (2019). Mulches are also separated into two descriptive/functional types such as organic mulches (crop residues, plants, manures, straw, leaves) and inorganic mulches (sand, rubber mulch, plaster, cement) (Shojaei et al., 2019). Organic mulches are commonly included in practices designed to increase or sustain soil health (Abawi and Widmer, 2000). These organic mulches can be applied in several different methods depending on the type of mulch being used and amount to be applied, such as by hand or using hand tools for small areas or by mechanical means for larger scale operations.  


Cover Crops
	Cover crops are defined as a non-economic crop grown between the harvesting and planting of cash crops (Singer, 2008). There are many different species and varieties of cover crops available (Maclaren et al., 2019). Cover crops have many benefits, including weed suppression (Fageria et al., 2005), reduction of soil erosion (Kaspar et al., 2001), trapping excess nutrients (Kaspar and Singer, 2008), fixing nitrogen (for legumes) (Blevins et al., 1990), adding organic matter to the soil (Hartwig and Ammon, 2002), and even reducing compaction and mitigation of plow pans (Chen and Weil, 2009). There are also many ecological or ecosystem services provided by cover crops that can benefit wildlife and pollinators of the surrounding area (Bryant et al., 2013). Some producers harvest cover crops (sometimes called “double cropping”), for example winter wheat can be used as a cover crop then grown to maturity and harvested, which can add to the farm revenue for the year (Shapiro et al., 1992). Ongoing work evaluates the forage benefits of some cover crops to assist farmers to find another value-added benefit (Drewnoski et al., 2018). Local extension and Natural Resource Conservation Service (NRCS) offices have resources available to assist producers with cover crop selection and/or planting. 

Cover crops increase infiltration and protect the soil surface from disintegration by raindrop impacts (Folorunso et al., 1992). The dead roots of cover crops become pathways for water flow (Yu et al., 2016). Cover crops can also reduce compaction (especially brassica cover crops like daikon radishes (Raphanus sativus L.)) (Chen and Weil, 2009). The increase in organic matter from the cover crop residue can improve soil aggregation and aggregate stability in the soil profile (which can increase the water holding capacity) (Kern, 1995). The microbes typically respond with increased activity (Vukicevich et al., 2016) and generally speaking, the overall health and resilience of the soil is better when cover crops are implemented (Ghimire et al., 2019). These processes are also a function of no-till systems because the elimination of tillage allows these beneficial processes to take place (Nunes et al., 2018). This is important because as earthworms transform soil profiles (Ashworth et al., 2017), the soil can move much more water through preferential flow paths (Schaik et al., 2013). Poiseuille’s Law for laminar flow states a doubling of a channel’s radius equates to a 16 times increase in flow potential (Gerke, 2006). This means that if a root channel with a radius of 1-mm is expanded by an earthworm to have a radius of 2-mm, this single channel can now transmit 16 times more water. At a field scale this should have greater effect on combatting more intensive rainfall events by increasing water infiltration rates, reducing runoff, and reducing soil erosion.


Soil Microbial Biomass
	Soil microbial biomass (SMB) is often tied to soil health (SH) and is regularly used as a parameter in SH evaluations (Pankhurst et al., 1995). For this project, the SMB will be measured in units of µg SMB C/g soil-1. Soil microbial populations undergo many changes throughout a calendar year (Lauber et al., 2013). Temperature, moisture, nutrients, and oxygen are some factors that can affect soil microbial populations (Castro et al., 2010). This information may be useful as a method of tracking SMB changes over time, before or after amendment additions, or throughout management transition periods. SMB carbon is typically measured using either a fumigation-extraction (FE) method or a fumigation-incubation (FI) method which uses some portion of the carbon contained in the microbes (Wu et al., 1990). Sequestration of soil organic carbon (SOC) into soils is being evaluated as a potential means of mitigating climate change (Sommer and Bossio, 2014).


Earthworms
	Earthworms can impact infiltration rates at field scale%%. This is my hypothesis for why we could not obtain significant Ksat results. A 1996 masters thesis by Nathan J. Storck looked at earthworm populations over time in both conventional and no-till treatments as well as some cover crop treatments. The conclusion of this study is that when you stop routinely destroying the soil’s structure that the earthworms will reach an equilibrium or carrying capacity for a given area and hence provide a field scale tapestry of preferential pathways for precipitation or irrigation water to infiltrate into the soil profile. After a given period of time, the pathways created by the earthworms negates any possible cover crop impacts to infiltration. Given that the landscapes where my research plots are located have been no-till for more than 2 decades, this would explain why there were no significant differences among the various cover crop treatments at either location despite the temporal variance. The proper way to design and install the experiment would be to start from scratch using tilled ground to begin an incremental no-till sequence which would be split-plotted with cover crop treatments to truly evaluate the cover crop treatment effects adjacent to and apart from long-term no-till practices. I would imagine that after a certain time period (approx. 5 years) that the natural pathways created in the no-till plots without cover crops would begin to narrow in significant difference from any cover crop treatments due to the equilibration of earthworm population carrying capacities. This would also allow researchers to identify which of the commonly used cover crops would be best suited to improve soil health during the transition to no-till and/or which cover crop treatments perform best in the conventional tillage plots to assist producers in improving soil health or even individual soil physical properties. All of this information would be beneficial in identifying methodologies to help producers adapt to climate change issues.




Water Infiltration
	While water infiltration has many different meanings depending on the context, for this project we will focus on saturated hydraulic conductivity. This is defined as the ability of a soil to transmit water under a gradient (Fryar and Mukherjee, 2019). This concept is based on Darcy’s Law, which details how fluids move through a porous medium (Oosterbaan and Nijland, 1994). Saturated hydraulic conductivity is very much determined by the texture of a soil because texture is closely linked to soil pore space (Rawls et al., 1998). Saturated hydraulic conductivity (which is often denoted Ksat, Kfs, or Ks) is a value which corresponds to how much water a given soil can move when the profile is saturated or at field capacity for soil moisture (Ritzema, 2006). The inherent variability of soils is one of the more challenging aspects when studying soil physical and hydrological processes.

Common methods of infiltration measurement
	


Objectives

[bookmark: _Hlk51312032]Saturated Hydraulic Conductivity (Ksat)
· Objective 1: Determine if Ksat rates vary significantly among selected cover crop treatments (including control) of research plots at the University of Tennessee’s Research and Education Center at Milan (UTRECM). 

· Objective 2: Determine if Ksat rates vary significantly among selected cover crop treatments (including control) of research plots at the Middle Tennessee Research and Education Center (MTREC) in Spring Hill, TN.

· Objective 3: Determine if Ksat rates vary significantly among selected cover crop treatments at longer timescales by comparing UTRECM to MTREC.

Soil Microbial Biomass (SMB)

· Objective 1: Determine if SMB values vary significantly among selected cover crop treatments (including control) of research plots at the University of Tennessee’s Research and Education Center at Milan (UTRECM). 

· Objective 2: Determine if SMB values vary significantly among selected cover crop treatments (including control) of research plots at the Middle Tennessee Research and Education Center (MTREC) in Spring Hill, TN.

· Objective 3: Determine if SMB values vary significantly among selected cover crop treatments at longer timescales by comparing UTRECM to MTREC.


Materials and Methods

Research Site Descriptions and Experimental Designs
	Cover crop research plots at two locations within the University of Tennessee’s Institute of Agriculture (UTIA) system of research centers were sampled during this study, one location is in middle Tennessee and the other site is in west Tennessee. These cover crop research plots will be evaluated for differences in two rapid soil health (SH) measurements under various cover cropping treatments in a no-till, corn (Zea mays L.)-soybean (Glycine max L.) rotation system. The soil health parameters we chose to focus on are water infiltration and a rapid field assessment test for determining soil microbial biomass (SMB). Water infiltration, measured as saturated hydraulic conductivity (Ksat), will be used as an indirect measure of differences in soil structure under the selected cover cropping treatments of this no-till, corn-soybean rotation system. The Ksat measurements will be measured using a commercially available automated dual-head infiltrometer. 


The University of Tennessee’s Research and Education Center at Milan (UTRECM)
[bookmark: _Hlk52785623][bookmark: _Hlk53565308]	The west Tennessee site is located at UTRECM in Gibson county. This experiment was established in 2013 as a planting method study to evaluate differences between surface broadcasted seed or drilled seed on a no-till landscape. The experimental design is a randomized complete block design (RCBD) with 4 blocks and 14 treatments or plots per block. All areas are managed for no-till production row cropping using the Tennessee Natural Resource Conservation Service (NRCS) guidelines for seeding rates and crop management. This site falls under the coverage of a center-pivot irrigation system and occasionally receives additional moisture if the adjacent experimental research areas require additional precipitation. Following termination of the cover crops each spring, the plots are planted in a corn-soy rotation. Corn (Zea mays L.) was grown in 2019 and soybeans (Glycine max L.) will be grown in 2020. This location has two primary soil series: Providence silt loam (Fine-silty, mixed, active, thermic Oxyaquic Fragiudalf) and Center silt loam (Fine-silty, mixed, active, thermic Aquic Hapludalf). Prior to 2013, this area was used for production row cropping and a three-year nitrogen (N) study. Each plot measures approximately 13’ x 32’ (3.96m x 9.75m) and receives one cover crop treatment during the non-cropping season. The cash crops are rotated each cropping season, but the plots receive the same cover crop treatments annually. The cover crops being evaluated in this study are: cereal rye (Secale cereale L. or CR), wheat (Triticum aestivum L. or W), a mix of cereal rye & crimson clover (Trifolium incarnatum L. or CRCC), a five species NRCS “soil health” mix containing: cereal rye, crimson clover, whole oats (Avena sativa L.), daikon radish (Raphanus sativus L.), and hairy vetch (Vicia villosa L. or SHM), and a no cover crop control (NCC). This site has been under no-till management for at least 30 continuous years.

	Treatment
	Cover Crop
	Drilled rate (kg/ha)
	Broadcasted rate (kg/ha)

	
	
	
	
	

	CRCC
	Cereal Rye
	26
	33
	

	
	Crimson Clover
	16
	20
	

	W
	Wheat
	84
	110
	

	CR
	Cereal Rye
	84
	110
	

	SHM
	Cereal Rye
	17
	22
	

	
	Whole Oats
	22
	29
	

	
	Daikon Radish
	2
	2
	

	
	Crimson Clover
	4
	5
	

	
	Hairy Vetch
	7
	9
	

	NCC (control)
	None
	No planted cover
	

	Table 1. Cover Crop Seeding Rates at Milan
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Figure 1. Experimental Layout of Cover Crop Experiment at Milan


The University of Tennessee’s Middle Tennessee Research and Education Center at Spring Hill (MTREC)
[bookmark: _Hlk47008327]	The middle Tennessee site is located at MTREC in Maury county. This experiment was established in 2018 as a no-till cover crop trial evaluating common cover crop species and/or combinations (mixes) of these same species. The experimental design is a randomized complete block design (RCBD) of 4 blocks with 14 treatments or plots per block. All areas are managed for no-till production row cropping using the Tennessee Natural Resource Conservation Service (NRCS) guidelines for seeding rates and crop management. This site receives only natural rainfall for moisture. Following termination of the of the cover crops each spring, the plots are planted in a corn-soy rotation. Soybeans (Glycine max L.) were grown in 2019 and corn (Zea mays L.) will be grown in 2020. This location has two primary soil series: Maury silt loam (fine, mixed, active, mesic Typic Paleudalf) and Huntington silt loam (fine-silty, mixed, active, mesic Fluventic Hapludoll). Prior to the current experiment, this area was used for crop variety trials as well as a long-term tall fescue dominated sod experiment. Each plot measures approximately 10’ x 30’ (3.05m x 9.14m) and receives one cover crop treatment during the non-cropping season. The cover crops being evaluated in this study are: cereal rye (Secale cereale L. or CR), wheat (Triticum aestivum L. or W), a mix ofwheat & crimson clover (Trifolium incarnatum L. or WCC), a three species NRCS “soil health” mix containing wheat, crimson clover, and Austrian winter peas (Pisum sativum L. or SHM-A), a three species NRCS “soil health” mix containing cereal rye, crimson clover, and Austrian winter peas (SHM-B), and a no cover crop control (NCC). This landscape has been under no-till management for at least 20 continuous years.  






	Treatment
	Cover Crop
	Drilled Rate (kg/ha)

	
	
	
	

	WCC
	Wheat
	28
	

	
	Crimson Clover
	39
	

	W
	Wheat
	84
	

	CR
	Cereal Rye
	84
	

	SHM-A
	Wheat
	28
	

	
	Winter Peas
	10
	

	
	Crimson Clover
	7
	

	SHM-B
	Cereal Rye
	28
	

	
	Winter Peas
	10
	

	
	Crimson Clover
	7
	

	NCC (control) 
	None
	No planted cover
	












Table 2. Cover Crop Seeding Rates at Spring Hill
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Figure 2. Experimental Layout of Cover Crop Experiment at Spring Hill


Saturated Hydraulic Conductivity (Ksat)
[bookmark: _Hlk46995884][bookmark: _Hlk46483769]	Saturated hydraulic conductivity (Ksat) rates will be measured at UTRECM and MTREC using a SATURO Dual-Head Infiltrometer (METER Group, Pullman WA). This instrument functions as an automated single-ring infiltrometer with two different pressure head levels. The instrument outputs the data into an Excel spreadsheet. This in-situ method of saturated hydraulic conductivity analysis requires no physical samples to be removed from the research plots. 
Below is a summary of the procedural steps: 
· [bookmark: _Hlk52794623]Locate the test location, gently remove any loose surface material and/or trim if needed 
· Install the supplied insertion ring until the flange evenly contacts the ground surface using the supplied rubber mallet and driving plate 
· Fasten the head unit to the insertion ring 
· Connect the supplied tubing lines from the control unit to the head unit 
· Fill the supplied water jugs and connect the supply hoses from the water jugs to the control unit 
· Program the control unit to the desired specifications for the specific soil texture and moisture level using the provided chart (Figure 3)
· Begin the test 
· The device will automatically complete the test and store the data if there are no problems (no water, extreme temperatures, battery voltage, sensor wire issue, leaks)


[image: ]
	Figure 3. Settings chart for SATURO (SATURO manual)


Soil Microbial Biomass (SMB)
	Soil samples will be collected at UTRECM & MTREC and the soil microbial biomass C (values will be measured using the microBIOMETER® rapid test (Prolific Earth Sciences, Montgomery NY). The microBIOMETER® system is a commercially available product which measures soil microbial biomass carbon (µg microbial biomass C/gram of soil) and soil microbial fungal:bacterial (F:B) ratio. This product is portable (smaller than a laptop), inexpensive (< $20), quick (< 30 minutes), and has a video tutorial. The analysis is completed using a free smartphone application. This method is minimally disruptive as it requires small soil probe samples to be removed from the plots for analysis. 

Below is a summary of the procedural steps: 
· Take soil sample from sealed bag and place in size #18 sieving pan and force soil through with safe, hard object (small plastic beaker) 
· Collect 1-ml of sieved soil in provided syringe and compact to 0.5-ml using index finger and syringe plunger, trim soil plug to desired volume (0.5-ml) and discard excess 
· Fill provided capped container with water and pour into provided test tube 
· Add 1 packet of provided prepackaged additive to test tube of water and mix for 5 seconds using provided electronic stirrer 
· Add compacted soil plug to solution and mix for 30 seconds using provided electronic stirrer 
· Place test tube of mixed soil solution into test tube rack and start timer for 5 minutes to allow sediment to settle 
· Carefully tap test tube on hard surface 5 times after timer sounds to ensure proper settling, place test tube back in test tube rack and reset timer for 15 minutes 
· Place provided disposable analysis card on provided monochrome background and add 3 drops of the solution to the card using the provided disposable pipette after time expires 
· Take a picture of the sample card on the background with the free smartphone app to obtain sample results which will be displayed within the product’s mobile application on the smartphone screen 


Statistical Analysis

All collected data was analyzed using JMP Pro 15. Analysis of variance (ANOVA) was completed using a mixed model with sampling settings. Log transformation of the Ksat data was necessary to fulfill the normality of fit assumption. The SMB-C data was normally distributed and did not require any transformation. Our analysis set treatment and location as the main fixed effects. Block and treatment by block nested within location were set as random effects. Least squared means (LSM) and Tukey’s test were also used to separate for significance. The Anderson-Darling test and histogram plots were used to evaluate the normality of ANOVA residuals. A Levene’s test was used to assess the equality of variances for the residuals. Significance was measured using P < 0.05.


Results

[image: ]
-Now what?


Discussion
-what’s needed after results?
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Table2 Soaktime and pressure head configurations

Soil Type

Dry loamy sand

Wet loamy sand

Dry silt loam

Wet silt loam

Dry clay (poor structure)
Wet clay (poor structure)
Dry clay (strong structure)
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